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Abstract

This thesis describes the study of a range of ion-molecule reactions at very low collision
energies using a newly developed experimental technique which involves the reaction of
velocity-selected beams of translationally cold neutral molecules with very low kinetic
energy ion ensembles. These studies have been enabled by the construction of a
new apparatus for trapping and laser-cooling gas phase atomic ions (°Ca™). The
laser-cooling process results in the formation of ordered, low kinetic energy, lattice-
like ion structures, also known as “Coulomb crystals”. The properties of single and
multicomponent Coulomb crystals (which may also involve molecular ions), and their
manipulation via modulation of the applied fields, are explored experimentally and with
the use of molecular dynamics simulations. Variations in the laser-cooling parameters
are shown to result in different steady-state populations of the electronic states of *°Ca™
involved with the laser cooling cycle, and these are modelled within an appropriate
theoretical framework.

The imaging of “°Ca* fluorescence as a function of time allows the study of various ion-
molecule reactions at collision energies around 300 K, with single ion sensitivity. These
reaction studies are extended to low-temperature (collision energies close to 1 K), by
combination of the ion trap apparatus with a bent quadrupole guide velocity-selector.
lon-molecule collision energies are shown to be variable over a short range through a
change in the quadrupole guide voltage, or the ion trapping parameters; the effect of
these modulations on the rate constant is explored for Ca®t + CH;3F.

Bimolecular rate constants for the reactions of *°Ca™ with CHsF, CH,;F5 and CH5Cl
have been determined for a range of “°Ca™ state populations, allowing resolution of
the global rate contributions from the ground and combined excited states. These
results are analysed in the context of capture theories and ab initio electronic structure
calculations. In each case, suppression of the ground state rate constant is explained
by the presence of either a submerged or real barrier on the ground state potential
surface. Rates of reaction from the combined excited states are generally found to
be in line with capture theories, and in some cases variation is found between the
high and low collision energy regimes. Molecular product ions generated in these
experiments have been shown to be sympathetically-cooled into the crystal structure,
and subsequently identified through resonance-excitation mass spectrometry. Molecular
ions were also produced by multiphoton laser ionisation of a thermal background gas
of OCS molecules. An ion-molecule reaction involving a molecular ion, that of charge
transfer between OCS™* and NDj3, has been studied at a collision energy near 1 K for
the first time using sympathetically-cooled OCS* and velocity-selected ND3. These
experiments illustrate the generality of the techniques described herein, and should
lead to many possibilities for future studies.
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Chapter 1

Introduction

In recent decades, a great deal of progress in the field of cold matter has enabled the
production of atoms and molecules with ever-decreasing translational and internal
energies. Such developments have bolstered research in a number of exciting areas
in chemical physics, and particularly fascinating from a chemical perspective is the
study of chemical processes in the low temperature regime. Ranging in scope from
bimolecular reactions and inelastic scattering through to processes such as Bose-
Einstein condensation, the interaction of chemical species at very low energies can
give rise to phenomena that deviate markedly from expectations based on higher
energy observations and experience. Therefore, low temperature reaction studies
represent a unique opportunity to gain fundamental insights into the behaviour

and interaction of matter, as well as other physical phenomena.

At higher energies, chemical species have a characteristically broad population
distribution over their internal rotational and vibrational quantum states. Ad-
ditionally, bimolecular collisions occur over a wider range of angular momentum
states, as more energy is available to surmount centrifugal barriers. This means
that a wider range of quantum states contribute to the rates of higher energy chem-

ical processes, and this increased averaging can obscure some of the more subtle
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aspects of the reaction dynamics (e.g., reactive resonances). However, as the en-
ergy is lowered, the population of the internal states must collapse into the lowest
available states, and reactive collisions are ultimately restricted to the lowest an-
gular momentum state (which is the regime of s-wave scattering). Investigation of
the intricate details of low-energy state-resolved reaction dynamics can in the end
only afford us an increased understanding of processes at higher energies, where

thermal averaging will be more prevalent.

Key features of low energy chemical dynamics, which are expected to become dom-
inant in the ultracold regime, are the quantum phenomena that emerge when the
de Broglie wavelengths (A = h/p) associated with interacting chemical species be-
come comparable in size to the range of the forces governing their interaction.
In nuclear physics, this criterion was reached for collisions of sub-atomic particles
such as protons or neutrons many decades ago; even at very high kinetic energies
the associated de Broglie wavelengths of these particles exceed the extremely short
range of the nuclear forces*. Thus quantum phenomena such as s-wave scatter-
ing, resonances and tunnelling became major features in the landscape of nuclear
physics as far back as the early twentieth century. However, the forces that govern
the interactions between atoms and molecules are very much longer range than
the nuclear forces, typically operating at distances measured in Angstroms. This,
in conjunction with their larger masses, means that atoms and molecules must be
cooled to very low energies in order for their de Broglie wavelengths to exceed these
distances (e.g. , the de Broglie wavelength of a CH3F molecule is 0.3 A at 300 K
but 30 A at 30 mK). It is only in recent years that advancements in experimental
techniques have allowed the production of atoms and molecules at kinetic energies

low enough to facilitate investigation of these same phenomena at the atomic and

*For example, in collisions between protons and neutrons at ~1 MeV or 10'° K, the associated
de Broglie wavelengths are in the region of ~30x107% cm, whereas the strong nuclear force
becomes non-negligible only at separations less than about ~2-2.5x10713 cm [1].
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molecular levels.

In this thesis, we adopt the conventions of the cold matter field, within which the
term “cold” has come to represent temperatures ranging from around 10 K down
to about 1 mK, and sub-millikelvin temperatures are described as “ultracold”. To
put these temperatures in perspective, consider that the coldest naturally occur-
ring region in the observable universe is the so-called Boomerang nebula, which
at its coldest has a temperature of ~1 K [2]. The low temperature stems from
an extremely fast adiabatic expansion of gas (164 km/s), driven by a large rate
of mass-loss from the dying central star. A thick outer envelope of CO absorbs
microwave radiation at 3 K, shielding the inner adiabatic expansion from ther-
malisation to the microwave background temperature [2]. Thus, this structure is
the only known example of a naturally occurring region at a temperature lower
than the 2.728 K of the cosmic microwave background. In contrast, temperatures
increase somewhat inside the giant interstellar clouds of dust particles and gas
molecules that constitute about 10% of the matter in the Milky Way galaxy. Typ-
ical conditions in these clouds range from number densities n ~ 10?-10% cm =2 and
temperatures of 50-100 K in the more diffuse areas, to n ~ 10* cm™® and tem-
peratures of 5-10 K in the cold dense cores of more concentrated aggregates [3].
Despite the very low densities in these regions, collisional processes do occur on
the very long timescales of the astrophysical medium. Temperatures between 100
200 K can occur in the upper atmosphere of Earth, or in the atmospheres of other
planets such as Saturn’s moon Titan. Thus, in so far as is known, temperatures

less than approximately 1 K are the sole preserve of the laboratory.

Despite the somewhat artificial nature of laboratory experiments involving cold
and ultracold atomic and molecular collisions, there remain many examples of

naturally occurring chemical processes where an improved understanding may be
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dependent on such work. An intriguing example of a poorly understood process in
the cold regime, which occurs outside our everyday experience in the upper atmo-
sphere and in interstellar chemistry, involves the behaviour of acids such as HCI in
nanoenvironments at very low temperatures (as opposed to their behaviour in bulk
water at room-temperature). HCI dissociation and the subsequent solvation of the
charged fragments has recently been studied at 0.37 K using helium nanodroplets,
and this work illustrated the requirement of no fewer than four H,O molecules for
complete dissociation [4]. This seemingly esoteric cold chemistry could have sig-
nificant implications for our understanding of how chlorine-containing compounds
damage the ozone layer in the upper atmosphere. In the 10-25 K temperature
range, barrierless ion-molecule reactions involving many polar and non-polar neu-
tral molecules dominate the chemistry of cold interstellar gast, and are crucial in
driving processes such as star formation [3]. While computer modelling of these
clouds requires knowledge of the rate constants for the relevant reactions at these
temperatures, the vast majority have not been measured experimentally at present
[6]. In the absence of these data, a strong theoretical understanding is paramount
in making rational predictions of these values, and experimental studies remain the
proving ground of theory. Similarly, a better understanding of chemical reactivity
at still higher temperatures would be invaluable in the research of processes in the
atmosphere such as OH*radical chemistry [8], and in the atmospheric evolution of
Earth and other stellar bodies. For example, the atmosphere of Saturn’s moon
Titan®, which ranges in temperature between 94-200 K, is widely considered a
natural laboratory in which to understand the early atmospheric development of

Earth [9].

TMore recently the significance of neutral and radical reactions has also been recognised [5].
fRecently, cold matter techniques involving Stark deceleration and electrostatic trapping
(covered later) were used to directly measure the radiative lifetimes of the Meinel system of OH
[7].
$Titan is the only body in the solar system besides Earth and Venus with a thick atmosphere
and solid surface.
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As well as providing a strong test of our fundamental understanding of chemical
dynamics, access to the cold and ultracold regimes is an enabling factor for progress
in a host of other fields. For example a single laser-cooled ion confined in an ion trap
closely approximates the spectroscopic ideal of a particle at rest in a perturbation-
free environment. High resolution spectroscopic studies benefit from the reduced
Doppler broadening of measured linewidths, and longer observation times which
mitigate transit-time broadening [10]. In frequency metrology such systems are
very promising for the realisation of optical clocks, with accuracies around two
orders of magnitude higher than current microwave primary standards [11,12].
Increases in measurement precision have prompted investigations into the possible
time variation of physical constants [13,14] as well as the search for an electric
dipole moment of the electron [15]. Attempts are also being made to detect very
small parity-violating energy differences (~107' J mol™ or 100 aeV) between
different enantiomeric forms that occur on account of the electroweak interaction
[16]. The advancement of research into quantum information processing has relied
heavily on ultracold systems such as a string of trapped laser-cooled ions, and there
has been recent interest regarding the use of dipolar molecules trapped in optical
lattices [17,18]. As an example, the first experimentally-demonstrated quantum
byte relied on a string of eight laser-cooled “°Ca* atoms in a linear Paul trap, a
system very much like that used for the work in this thesis [19]. Systems involving
quantum degenerate gases may be used in the study of many-body quantum effects

[20-22], and in the exploration of condensed matter physics [23, 24].

1.1 Production of cold atoms and molecules

Techniques for cooling atoms rely heavily on laser-based methods such as Doppler

cooling or the optical molasses technique, which can provide a pathway to the
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ultracold regime. Generally, achieving temperatures in the microkelvin regime and
below requires additional methods such as the evaporative cooling of atoms in
magnetic traps, which involves slowly reducing the depth of the potential well and
gradually losing the highest energy atoms in the ensemble. Techniques for loading
atoms into magnetic traps for the purpose of evaporative cooling involve either
buffer gas cooling [25], or Zeeman-slowing followed by magneto-optical trapping
and subsequent transfer to a magnetic trap [26]. Evaporative cooling has allowed
the cooling of atomic ensembles into the nanokelvin regime and allowed practical
demonstration of Bose-Einstein condensation (BEC) in a large number of atomic
samples [27-29]. These quantum degenerate gases, first predicted in work by Bose
and Einstein in 1924-5 [30,31], are a celebrated example of the dominance of

quantum phenomena in atomic or molecular samples at very low energy.

Molecules are a much more difficult proposition than atoms for direct laser-cooling,
chiefly due to the complexity of their energy level structures and the related dif-
ficulty of establishing a closed cooling cycle. This difficulty arises because elec-
tronic excitation usually results in spontaneous decay to a plethora of rovibra-
tional states, with branching ratios that depend on Franck-Condon factors and
dipole selection rules. According to the total angular momentum selection rule
AJ = 0,£1,J = 0 <+ 0, up to three repumping lasers would be required per
vibrational level (assuming no hyperfine structure), and depending on the Franck-
Condon factors there may be decays to a wide range of vibrational levels (poor
vibrational selectivity is usually the dominant problem). Despite such factors,
recent proposals have shown that certain simpler molecules may be amenable to
laser-cooling, as favourable Franck-Condon factors suppress certain decay routes
[32,33]. Therefore, certain molecules (in either the ground state or a metastable
excited state), may require a lower and therefore practically achievable number of

repumping lasers. Molecules such as TiO and TiS, which have no hyperfine struc-



CHAPTER 1. INTRODUCTION

ture, optimal Franck-Condon factors, and only one allowed decay route per vibra-
tional level have been singled out as excellent candidates for direct laser-cooling
with the use of pulsed electric fields to nonadiabatically remix the ground-state
magnetic sublevels [32]. Simulations performed for TiO suggest the viability of
this approach in the creation of a magneto-optical trap for certain polar molecules
[32]. In a similar vein, Demille et al. have recently demonstrated the optical cy-
cling and deflection of a beam of SrF molecules using one main pump laser, one
vibrational repumping beam, and with a magnetic field employed to remix the
ground Zeeman sub-levels [34]. Tt is envisaged that the straightforward addition
of a second vibrational repumping laser could enable direct laser-cooling, through

an increase in the photon scattering rate from ~150 to 10° photons/s.

To mitigate the difficulty of implementing a closed cooling cycle, a number of
broadband laser cooling schemes have been suggested [35-37]. These generally in-
volve the sequential redistribution of the vibrational and/or rotational populations
into the ground states through application of a suitable multiple single frequency

laser system or a shaped mode-locked femtosecond laser.

Laser-based methods have also been proposed that do not require any repumping
lasers. For example, in the case of the OH radical, Robicheaux has proposed
driving a two-photon stimulated Raman transition in the terahertz regime using
high-finesse cavities to drastically reduce the decay times under vacuum [38]. A
magnetic field acts on the change in magnetic moment when the internal state
changes in order to remove a substantial amount of energy with the absorption of

relatively few photons.

The coldest molecules produced to date have been formed by the association of
already-ultracold laser-cooled alkali metal atoms via three-body collisions, photoas-

sociation or magnetic Feshbach resonance tuning. Indeed this latter technique,
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which involves the sweeping of magnetic field strength such that free ultracold
atoms are made isoenergetic with weakly-bound molecular states, has allowed the
recent formation of molecular BECs [39-41]. However, these techniques are not
widely applicable due to the initial requirement of a conveniently laser-coolable
atomic species. Alternative methods have been developed that do not involve
Doppler laser-cooling, but rather make use of electric or magnetic fields to slow
molecules. These include Stark, Zeeman and optical deceleration [42—44], which
can be used to decelerate molecules into the millikelvin temperature range, and
which depend on the electric or magnetic dipole moment or polarisibility of the
molecule. Stark deceleration in particular is discussed further in Section 4.2.3.
Lasers may however be employed to optically pump certain molecules and facili-
tate magnetic trapping after a period of electrostatic deceleration. Such an optical
pumping scheme has been demonstrated experimentally for NH [45], opening up
the possibility of accumulating the NH radicals in a magnetic trap. Electric fields
may also be employed to filter out the pre-existing slower moving molecules in
a thermal gas sample [46]. This is termed velocity-selection, and is discussed in

detail in Section 4.2.2.

A number of methods make use of collisions or atomic/molecular interactions to
remove molecular kinetic energy. Kinematic cooling involves inelastic scattering
between the species in two crossed supersonic molecular beams, where each beam
has a narrow well-defined velocity distribution. A subset of the collisions involve
scattering angles and recoil velocities that cancel out the velocity vector of one of
the collision partners in the laboratory frame [47,48]. Alternatively, molecules can
be cooled through collisions with a colder species. In buffer gas cooling, repeated
collisions with a low temperature gas (usually helium) rapidly cool all the available
degrees of freedom of a molecule. This is a reasonably general technique, requiring

only that the species in question survives multiple collisions with the buffer gas.
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However, separation from the buffer gas requires molecular confinement while the
buffer gas is pumped away e.g., via magnetic field trapping, and often the challenge
is to remove the buffer gas efficiently. Molecular ions may also be translationally
cooled through their Coulomb interaction with a laser-cooled atomic ion ensemble
within an ion trap; this is known as sympathetic-cooling [49-54], and forms the

basis for the reaction experiments described in Chapter 7.

Thus, methods for the production of cold molecules can be broadly separated
into two categories. Indirect methods, such as photoassociation and Feshbach
tuning, produce molecules at the lowest temperatures, but are restricted to a very
limited number of species (typically alkali dimers). Direct methods (the remaining
examples) can be applied to a more chemically diverse range of molecules, but
are at present restricted to temperatures in the millikelvin regime and higher. A
detailed description of the techniques available for this purpose is beyond the scope
of this thesis; the interested reader is referred to a number of adroit review articles
[55,56]. Those methods employed in the current work are outlined in more detail

in later sections.

Despite the large amount of progress made in recent years in the development of
techniques for cooling atoms and molecules, their application to chemical problems
in the cold and ultracold domains has been comparatively rare. In part, this is due
to the relatively low molecular fluxes produced by many of the methods outlined
in this section, and a marked lack of generality with regard to the identity of the
species they produce. Lower reactant number densities result in fewer collisions
and therefore a low rate of product generation; this creates difficulties with regard
to the detection of the products. Many of these problems may be mitigated by
studying ion-molecule systems, which offer a number of advantages in this regard.

Firstly, ion-molecular reactions are frequently barrierless, and therefore occur with
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relatively large rate constants at low energy. Additionally, ions may be robustly
trapped with the use of electric fields, allowing a long interaction time. Thus
trapped-ion systems are sensitive to even very low molecular fluxes, and product
ions can be detected at a single particle level. This would be of little use if the
products could not accumulate, but it is in fact possible to trap the product ions
generated in these reactions, assuming the trap depth is greater than the nascent
kinetic energy of the product ions. The strong confinement possible for charged
species means that typical trap depths are large enough to successfully confine
the product ions for even rather exothermic reactions. Lastly, sensitive detection
methods such as in situ mass spectrometry allow the accurate identification of

trapped atomic or molecular ions.

The work presented in this thesis makes use of the combination (for the first time)
of a laser-cooled trapped-ion apparatus with a quadrupole guide velocity-selector
for cold neutrals, and details the study of a range of ion-molecule chemical reactions
in the cold regime. In light of the fact that ion-neutral molecule reactions are the
subject of the experimental studies later in this thesis, where appropriate, further

discussion in this chapter will be oriented towards ion-molecule systems.

1.2 Gas phase chemical reactions at low tempera-
tures

For a great many chemical reactions, a positive-energy saddle point in the reaction
potential energy hypersurface separates the reactants from the products. In this
case, the reactants require an activation energy to surmount the potential barrier
and form the products, and this energy can arise from thermal fluctuations given
a high enough temperature. However, as the temperature falls, less energy is

available for scaling the barrier and consequently fewer collisions result in reaction.

10
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Ultimately, even for small barriers, the rate constants for these types of reaction
become negligible in the limit of very low temperaturesY. This Arrhenius-like
dependence on the temperature is well explained by a variety of transition-state

theories (TST) [57].

Whereas the rates of chemical reactions involving an activation barrier may be-
come vanishingly small as the temperature is lowered, certain classes of reaction
remain fast even into the cold regime, and in fact their rates can exhibit an in-
verse temperature dependence. These so-called “barrierless” reactions dominate
the landscape of fast low-temperature reactions. Examples include radical-radical,
radical-neutral and ion-neutral molecule reactions, as well as certain unimolecular
decompositions, reactions of electronically/vibronically excited molecules (includ-
ing Rydberg states) and even some atom-molecule reactions [55]. As discussed
previously, these types of barrierless reactions are predominant in both the high
atmosphere, particularly the lower stratosphere where temperatures are around
200 K, and in interstellar gas clouds where they occur at temperatures between

about 5 and 25 K.

In the low temperature limit, the long-range region of the intermolecular potential
exerts a large influence on chemical reactivity; the reactants are travelling more
slowly and thus sample this region for an increased length of time. Significantly,
it is this part of the potential which controls the orientation of the approaching
reactants [58,59], and investigation of these influences on reactivity is facilitated
at lower energies. Also, these long-range interactions are relatively weak in com-
parison to the effect of externally applied electric and magnetic fields, suggesting
that such applied fields can provide an extra degree of control over the rate and

outcome of chemical processes in this regime. The shifting of molecular energy

YQuantum mechanical tunnelling through the reaction barrier provides some exceptions, par-
ticularly for light atoms.
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levels with external magnetic or electric fields could allow an excited bound level
of the reactive complex to be brought into or out of resonance with the collision
energy leading to enhancement or suppression of the reaction efficiency. Moreover,
external fields can mix states so that forbidden electronic transitions become al-
lowed to a controllable degree; in this way the reaction rate may be controlled by
the field strength (for examples see [60] and references therein). Also, the ability
to trap slow moving atoms or molecules may provide us with the chance to study
reactions with increased sensitivity, given the potential for interaction times in vast
excess of those available through traditional molecular beam techniques. This is
especially true in the case of ion-molecule reactions where the product ions may be
accumulated in the trap and measured over a period of minutes or even hours. How-
ever, trapping may be less advantageous in this regard for neutral molecules which
are often confined in specific low-field seeking quantum states; inelastic scattering
mechanisms can often cause trap loss and in the end a consideration of detection

efficiency is key [61].

1.2.1 Theoretical descriptions of barrierless processes

In considering barrierless processes theoretically, it is convenient to consider motion
on an effective potential surface described by the sum of an appropriate interaction
potential and a term that accounts for the conservation of angular momentum in
the collision. Given a simple isotropic inverse power law for the intermolecular

potential the effective potential would be thus:

e

Vege (1) 5 (1.1)

2
where the impact parameter of the collision b is related to the orbital angular
momentum [, reduced mass p and relative velocity v, according to | = pv.b.

The impact parameter describes the distance of closest approach for a trajectory
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in the absence of intermolecular interactions. This means that, even in the absence
of a chemical barrier along the reaction coordinate, there can still be an effective
barrier stemming from the orbital angular momentum of the collision. This aspect
of barrierless reactions contributes in part to a qualitative understanding of how
reaction rates may increase at lower temperature. A reduced relative velocity,
and therefore orbital angular momentum, results in a smaller centrifugal barrier
contribution to the effective potential (however this may be counterbalanced by
the fact that the collision frequency decreases with velocity, and the mean energy
available to surmount the barrier is lower). In very low rotational quantum states
the rate constant may also be greatly enhanced; this is due to the increased ability
of the collision complex to “lock-in” to a more favourable orientation. In other
words, the rotational wavefunctions of the lower rotational quantum states have an
increased polarisability. Theoretical treatment of this requires an explicit inclusion

of anisotropic contributions to the intermolecular potential as we shall see shortly.

Many theoretical approaches — the so-called “capture theories” — of ion-molecule
reactions assume that motion along the reaction coordinate proceeds classically,
and that if the centrifugal barrier is successfully negotiated, the resultant ion-
molecule complex will decompose into the products with unit probability!l. For
a given collision energy this defines a maximum angular momentum and impact
parameter by,..(E.) for the reaction that allows the Langevin cross-section to be
calculated via

oL(E.) = 72, (E,), (1.2)

max

which, given the isotropic potential in Eq. 1.1, can be calculated to be:

wm=r(55) ()" (13

Integration over a thermal distribution of collision energies yields the thermal rate

IThese treatments thus ignore the internal states of the reactants.
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constant for a reaction involving this isotropic potential, which has the following

temperature dependence [62]
k(T) oc T1/272/9), (1.4)

Considering first an ion-molecule reaction involving a non-polar neutral molecule,
the dominant force arises from a charge-induced-dipole interaction which varies as
1/r%. Thus, for this potential energy function, we can see that this approach yields
a rate constant independent of temperature. Such is the case for the Langevin
ion-molecule capture theory (the simplest of the capture theories), which assumes
an isotropic charge-induced-dipole interaction and ignores molecular rotation. The

expression for the Langevin rate constant is given by (in SI units):

b 2re o 1/2 (15)
b V47T€0 Hx .

where i, is the reduced mass of the collision complex and & = «a/4me, is the
molecular polarisability volume. Typical rate-constants calculated via this method

3

are around 1x107% ecm?® s7!; for example Langevin theory predicts a rate constant

of 8.7x1071° ¢cm? s~! for the reaction of Ca* + CH;F.

One extension of the Langevin theory, proposed by Bowers and Su [63,64], is the
Average Dipole Orientation (ADO) theory, which represents an attempt to account
for the charge-dipole interaction, which occurs in reactions involving polar neutral
molecules. ADO theory augments the Langevin expression with a temperature-
dependent term, to provide an approximate description of the charge-permanent-
dipole interaction. The more convenient parameterised form of the rate constant

is as follows:

Lie 9 1/2
kADO == ]CL + 27TC(T)47T€0 (p, 7T]€T> . (16)

Here the additional term results from an averaging of the ion-dipole interaction

over the classical rotation of the molecule, where y is the dipole moment and C/(7")
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is a function of /& that describes the tendency of the dipole to assume a particular
orientation through interaction with the ion. Typical values are thus slightly larger
than those of the Langevin expression; for example in the reaction of Ca™ + CH3F,

kapo = 1.79 x 1072 cm? s~! at a temperature of 300 K.

4

N

Adiabatic Potential (10'2 a.u.)

-4 ‘ ‘ ‘
0 5 10 15 20
Intermolecular separation (ao)

Figure 1.1: Examples of rotationally adiabatic potential curves generated for the
reaction of an ion and diatomic molecule, in this case H" and HCL. The curves
shown correspond to diatomic rotational quantum numbers j = 0-20 (ascending in
energy as j increases). In all cases the projection of the total angular momentum
on the internuclear axis, €2 = 0.

More advanced capture theories treat molecular rotation by calculating radial po-
tential curves for all relevant initial rotational quantum states of the molecules in-
volved. This approach forms the basis for the Statistical Adiabatic Channel Model
(SACM) of Troe and co-workers [65], and the rotationally adiabatic, capture cen-
trifugal sudden (ACCSA) theory developed by Clary [66,67]. Both methods take
into account the quantisation of the total angular momentum, which is especially
important at very low temperatures where only a few angular momentum states

may contribute to the rate constant. These two approaches have been shown to be
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equivalent when averaged over a thermal distribution of collision energies [68], and
for the analysis of the ion-molecule reactions presented later we rely on ACCSA cal-
culations. ACCSA theory explicitly treats the molecular rotation via the formation
of an effective Hamiltonian for the ion-molecule system. By invoking the centrifu-
gal sudden approximation (CSA) [67] this Hamiltonian can be diagonalised over a
grid of fixed internuclear separations to generate a series of rotationally adiabatic
potential energy curves (see Fig. 1.1). Each curve correlates at large internuclear
separation with a unique rotational eigenstate of the molecule, and can be used to
calculate a rotationally state-selected capture cross-section. As mentioned earlier,
this is done by calculating whether there is enough collision energy to surmount
the barrier determined by the combination of the rotationally adiabatic poten-
tial energy curve, and a centrifugal barrier contribution determined by the total
angular momentum of the collision. Thermal state-selected rate constants may
be determined by integrating over a Boltzmann distribution of translational ener-
gies. Similar averaging of these rotationally state-selected rate constants yields the

thermal rate constant.

All of the capture theories discussed so far treat motion along the reaction co-
ordinate classically. Quantisation of this translational motion is not expected to
become important until reactions are carried out in the low limit of the cold regime
and into the ultracold domain, where collision energies correspond to temperatures
less than 1 mK [69]. More complicated and computationally more expensive quan-
tum capture theories are necessary in this regime. In addition, quantum capture
calculations require large basis sets for barrierless reactions due to the large number
of quantum states supported in the deep potential wells, and the general need to
include hyperfine levels which are more important at low temperature [70]; these
factors increase the computational expense of these calculations still further. Fur-

ther detail regarding quantum capture theories is omitted here on account of the
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fact that translational quantum effects are not believed to be significant for the
temperature ranges of the present work. Classical capture theories have had great
success in reproducing the rate constants of barrierless ion-molecule reactions over
a wide range of temperatures and down to around 10 K [6]. Their success relies
in part upon the centrifugal barrier appearing at large internuclear separations,
which is often the case for ion-molecule reactions given the long-range nature of
their intermolecular forces.

“Outer” transition
| state or “capture”

“Inner” transition
state complex
Reactants ==

Products

van der Waals

reactant complex van der Waals
product complex

y

Reaction Coordinate

Figure 1.2: Schematic diagram of the reaction profile for a “barrierless” reaction
in the context of the two transition state model. Horizontal lines at the transition
states represent the energy levels there.

An appreciation of the validity of capture theory rate constant predictions can
be gained by considering a “two transition state” model of chemical reactions, as
illustrated in Fig. 1.2, which is often invoked in the theoretical analysis of reac-
tions at low temperatures. This theory considers both an outer transition state
arising from the capture of the free reactants to form a van der Waals complex,
and an inner transition state corresponding to formation of a covalently bound

complex at shorter range. These transition states arise due to the fact that forma-
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tion of a chemical bond requires a particular orientation of the reactants in order
to maximize the overlap of the electronic orbitals involved in the incipient bond.
This places a restriction on the range of reactive orientations, and the orienta-
tional requirements for bond formation are often different from the lowest energy
orientations in the long-range part of the intermolecular potential for either the
approaching reactants, or the separating products. This means that, along the
reaction coordinate, it is very common for there to be a van der Waals potential
minimum either side of the complex associated with bond formation (see Fig. 1.2),
and these give rise to the inner and outer transition states as defined above™.
Although the importance of the transition state in determining the dynamics is
strongly acknowledged, the influence of van der Waals forces in the region of the
potential surface far from the transition state can also be decisive in determining
the kinetics. For example, in the reaction Cl + HD the product branching ratio
is sensitive to van der Waals forces in the entrance channel, especially for lower
rotational quantum states [58]. For this reason, and the fact that the properties
of the inner transition state arise from a fine balance between long-range inter-
actions, short-range repulsions and chemical bonding, there is a large reliance on
ab initio calculations in the analysis of these types of reactions. A van der Waals
potential minimum in the product channel is generally less important with regard
to the kinetics [71], although exceptions do exist. One such special case is the
reaction of F + HD, which shows a reactive resonance in the HF + D product
channel that gives rise to a pronounced forward-scattering peak in the calculated

F+HD (v =0, j =0) HF (v =3) + D differential cross-section [72, 73].

Long-range capture theories can therefore often overestimate the rate constant on

**The existence of the inner transition state can also be rationalised in terms of the free
energy: the orientational requirements for bond formation mean that entropy decreases with the
reactant separation. At the same time the strength of the newly forming chemical bond increases
as the reactants approach. The interplay between these two factors results in the formation of a
maximum in the free energy pathway at a separation of roughly 2-4 A, i.e., a transition state.
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the basis that they assume a unit reaction probability if the outer transition state
is surpassed. However, should the inner transition state lie close to, or above, the
asymptotic energy of the reactants, it can in fact be the dominant kinetic bottleneck
[71]. Thus the energy of the inner transition state relative to that of the asymp-
totic reactant fragments is important in determining the relative importance of
short-range interactions. Notable examples can be found in the reactions of O(*P)
with various alkenes, for which the reaction rates tend to correlate with this energy
separation [74]. A consideration of the entropy change at the inner transition state
is also paramount. In general the larger the number of rotational modes in the
fragments, the greater the decrease in the entropy (or number of states) as free
rotation becomes heavily restricted at the inner transition state. This, in conjunc-
tion with increased steric repulsion effects means that the inner transition state is
expected to be more important for two non-linear polyatomic molecules, and less
important for atom-diatom reactions. However the type of interaction is also im-
portant, for example ion-molecule, radical-molecule or radical-radical. In general,
the weaker the intermolecular potential, the higher in energy the inner transition
state becomes relative to the reactants. In addition, the position of the outer bar-
rier moves to closer range where chemical bonding effects may become important.
The relative importance of the inner and outer transition states in determining the
dynamics can be expected to have a certain temperature dependence. One may
consider a statistical view in which the number of states at the outer transition
state increases faster with rising temperature than the number of states at the in-
ner transition state. Equally, one can think about the dynamics of a single collision
in which, given greater thermal energy, the system can explore larger regions of
the intermolecular potential, thereby reducing the chance of traversing the inner
transition state. Hence, at higher temperatures the tighter inner transition state

usually provides the dominant contribution to the rate, especially if the entropy
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decrease is large. At low temperatures, given an inner transition state lying below
the reactants in energy, the global rate is often determined by the rate for forming
the van der Waals complex, and thus the outer transition state can become domi-
nant in this limit [75]. In general both inner and outer transition states should be
considered when rationalising kinetic predictions'’, as stressed by Greenwald et al.
[76] in their study of radical-molecule reactions. These ideas are considered further

in the context of the experimental results presented in Chapter 6.

1.2.2 Experimental studies of ion-molecule chemistry

We now turn our attention to the experimental methods that have been employed
for the study of low temperature ion-molecule chemistry. Beginning in the 1980s,
most of the early techniques for studying ion-molecule reactions at temperatures
below 80 K relied upon two general cooling methods, often described as cryogenic

cooling and expansion techniques respectively.

Cryogenic cooling techniques involve the use of liquid helium (or other cryogens)
to maintain the walls of the experimental apparatus at very low temperatures,
thus thermalising any admitted gases to similar temperatures. Early measurements
involved a selected ion drift flow tube (SIFT) apparatus which could be cooled with
liquid helium as well as electrically heated, allowing studies between approximately
45-400 K [77]; soon temperatures as low as 20 K were routinely accessible [78]. Ions
produced in the source chamber are mass selected and injected into a drift tube
containing a buffer gas with an arbitrary admixture of neutral reactant. The ions
are thermalised rapidly via collisions with the buffer or reactant gas, and reactions
subsequently occur downstream within the drift tube. This is followed by the

measurement of ion currents by a channeltron at the far end. These techniques

" The simple expression 1/Nf; = 1/NI 4+ 1/NJ ., is often used to relate the number of
states at the inner and outer transition states to the effective transition state number of states
NI

eff
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are limited by the condensation of neutral reagent on the walls of the vessel. To
avoid this the neutral reagent partial pressure must be much lower than its vapour
pressure at the wall temperature; unless the vapour pressure is particularly high
this requires the use of low concentrations of reagent which negatively influences the
kinetics. Ultimately this limits the choice of low temperature neutral reagents to
those with very high vapour pressures such as hydrogen and its isotopomers. This
limitation does not apply to the ionic reagent as ions can be maintained far from the
vessel walls using electric fields, however this means that the ions are not strictly
equilibrated to the apparatus temperature. In a similar vein, Dunn and coworkers
have developed cryogenically cooled Penning trap experiments, which allow rate
measurements of reactions such as CHj + Hy — CH3.H; to be performed down
to 13 K [79]. However, the use of condensable gases at low temperature still limits

the choice of neutral reagent.

Figure 1.3: Photo of a 22-pole ion trap, mounted onto the two stages of a cold
head. Reproduced from reference [80].

Stimulated by the liquid helium-cooled Penning trap of Dunn et al., Gerlich and co-
workers have also developed cryogenically cooled multipole ion traps (in particular

the 22-pole trap, see Fig. 1.3) for confining molecular ions at low translational
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temperatures [81]. Through the use of dense buffer gases, very efficient relaxation
of all degrees of freedom of the stored ions is realised. Typical reaction experiments
involve filling the trap with ions, and admitting buffer gas and reactants to the
trap chamber. After an arbitrary time period the ions are extracted from the trap,
mass analyzed and detected. Variation of the extraction pulse delay and reactant
pressure allow rate constants and branching ratios to be measured [82-84]. The
benefits of higher order multipole traps, which have steeper potentials and larger
field-free trapping volumes, include significantly reduced trap-induced ion heating
due to the fast oscillating electric fields of radiofrequency (RF) ion traps*. The
influence of the RF fields on the ion kinetic energies will be an important factor in
the work presented later in this thesis. This method can be used to study processes
at temperatures down to approximately 10 K which is the present temperature
limit of this trapping technology [80]. In general this temperature limit arises due
to the condensation of neutral gas on the chamber walls, just as in the case of

cryogenically cooled SIFT measurements.

Expansion techniques rely on the supersonic expansion of a high pressure gas (nor-
mally a mixture of a given species and a buffer gas) through a small aperture into
a vacuum. Multiple collisions between the molecules in the expansion produce an
internally cold beam with a narrow velocity distribution travelling at high speed
[85,86]. However, despite their wide ranging use in experimental science, crossed
supersonic beams are difficult to apply to very low collision energy studies. Al-
though the mean collision energy can be reduced at shallow crossing angles, the
spread of velocities limits the collision energy resolution. Nevertheless, seeding

both reagent species into one beam can result in low temperature reactions [87],

HRF fields produce a driven oscillation in which the ion’s energy is on average conserved
because momentum of the ion and the applied force are 7/2 out of phase. Collisions between
trapped ions and background species cause random phase shifts that result in energy from the
RF field coupling into the motion of the ion; the magnitude of the coupling depends in part on
the strength of the RF field.
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and the possibility of accelerating an ionised component of the beam into a neutral
reagent also present in the beam has been demonstrated successfully in the study

of the Hj + H, reaction [88].

50-100 sIm carrier gas (He, Aror N,) +
precursor + reagent

axisymmetric Laval nozzle

boundary layer sets
scale of apparatus laser-induced fluorescence

(LIF) detected by
photomultiplier tube

nozzle throat diameter
3 mm-—5cm

uniform supersonic flow

pulsed photolysis and T=7-220K
LIF lasers pass through p=10"=10'8 cm2
nozzle and along flow chamber pressure 0.1 — 0.25 mbap

pumping speed ~ 30000 m? hr!

Figure 1.4: Schematic diagram of the CRESU apparatus depicting the Laval nozzle
and supersonic flow, combined with pulsed laser photolysis laser induced fluores-
cence (LIF) detection permitting the study of neutral-neutral reaction kinetics at
extremely low temperatures. Reproduced from reference [89].

The isentropic expansion of a buffer gas through a specially designed axisymmetric
convergent-divergent “Laval” nozzle creates a collimated supersonic flow that has
a genuine thermal equilibrium. The expansion is slow enough to ensure uniformity
in temperature, density, and velocity for several tens of centimetres and some
hundreds of microseconds downstream of the nozzle exit. However, expansion
is rapid enough that condensation is avoided. Each temperature and pressure
requires a separate Laval nozzle to be machined, with a carefully calculated internal

profile [90]. This methodology, developed by Rowe et al. and termed the CRESU
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technique [6, 90], has allowed ion-molecule reactions to be studied over a wide range
of temperatures, down to as low as 7-8 K, although 15 K is more typical. Also,
in the late 1980’s I. W. M. Smith adapted this technique to study fast radical-
neutral reactions, for example CN + O, [91]. However, when performed in the
manner of a continuous flow, this method is extremely expensive due to the high
powered vacuum pumps and large volumes of helium buffer gas, reactant and
precursor which are required. In particular, this means that the use of isotopically
substituted reagents would be very costly. This method has been developed further
by M. A. Smith et al. [92,93], and the most recent incarnation involves a pulsed
system wherein buffer gas, neutral reagent and ion precursor are expanded through
the Laval nozzle in 10 Hz pulses. lons are generated by multiphoton ionisation at
a distance of 10-30 nozzle diameters downstream of the nozzle where the velocity
is almost at the hypersonic limit. The flow continues to expand downstream and
the ions eventually react with the neutral molecules. A moveable time-of-flight
mass spectrometer perpendicular to the flow monitors reagent and product ion
signals as a function of distance from the ionisation beam. Whilst the pulsed
design means that lower vacuum pumping rates and smaller volumes of gas are
needed, the lowest temperatures yet achieved with this method (~53 K) are higher
than for the continuous flow case. In both cases, the density continuously drops
along the flow direction, and earlier in the beam the neutral-neutral collision rate
is negligible which creates a non-Maxwell-Boltzmann velocity distribution in the
flow. Despite this, it has been shown possible to assign a well defined average
kinetic energy [94], however rotational temperatures can diverge considerably from

this kinetic temperature.

Both cryogenic cooling and supersonic expansions are used in the merged beam
techniques developed by Gerlich et al., which involve the merging of a well char-

acterised beam of slow ions with an internally cold supersonic neutral beam to
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produce reactive collisions at low relative velocities [80,95]. Cryogenically cooled
radiofrequency traps assist in the generation of the slow ion beam which is guided
in a wire quadrupole through a mass filter. Mass-selected ions are subsequently
deflected by a weak magnetic field and injected at the desired velocity into another
guide such that they are co-linear with a pulsed supersonic expansion of neutral
molecules (the ions may be pulsed in unison). In general this type of apparatus
is very challenging to operate however. The results depend critically upon the
operating conditions of the supersonic beam, and a quantitative analysis requires
measurement of the rotational distribution produced during the expansion. Efforts

in this area appear to be ongoing [80].

Reactive and inelastic collisional studies at a tunable collision energy are possible
using crossed molecular beams in which one of the beams is passed through a Stark
decelerator, either to reduce the beam energy or to produce velocity-selection. At
the moment these experiments are focused on the study of inelastic scattering,
for example between decelerated OH radicals and velocity-selected Xe atoms [96].
Higher energy resolution is envisaged through the use of two crossed Stark decel-
erators, whose construction is in progress [97]. One could envisage the use of such
an apparatus for cold ion-molecule reactive collision experiments in the future,

although this remains speculative.

Although not an ion-molecule system, it is worth noting the achievements of Jin,
Ye and coworkers, who have succeeded in studying the reactions of ultracold KRb
molecules [98], formed via Feshbach resonance tuning [99] in an optical trap. This
is the first study of quantum-state controlled chemical reactions in the ultracold
regime. As might be expected in the ultracold regime, the observed reaction rates
were seen to be determined by long-range scattering dynamics dictated by quan-

tum statistics, angular momentum barriers, and threshold laws. Reactions between
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fully spin-polarised KRb molecules were observed to be 10-100 times slower than
reactions observed in a spin-mixed sample, suggesting that even something as seem-
ingly insignificant as the flipping of a single nuclear spin can dramatically influence

the reaction dynamics.

1.3 Experimental studies involving trapped and laser-

cooled ions

1.3.1 Experimental developments

Before describing various chemical studies, we now review briefly some of the ex-
perimental developments involving trapped laser-cooled atomic ions (however a
detailed discussion of many of these points is delayed until Chapter 2). Owing to
their charge, ions may be readily confined in specially designed traps that make
combined use of static and radiofrequency electric fields to generate an effective
three dimensional potential minimum at the centre of the trap. In general, traps
are designed such that the ions can be treated as moving within a harmonic ef-
fective trapping potential, which simplifies analysis. Suitable trapped atomic ions
can then be translationally cooled through the application of Doppler laser-cooling,
which exploits the momentum transfer associated with the absorption of photons
to reduce the translational temperature of the ions into the millikelvin regime. At
low enough energies, typically below 100-150 mK, the laser-cooled ions will con-
dense into ordered lattice structures known as Coulomb crystals. The ions within
these structures are strongly localised, with a characteristic spacing of 10-25 pum,
and very low kinetic energies (typically Fyy,/ks = 10 mK near the trap axis¥).

These properties, and the long lifetimes of these ion crystals within the trap (typ-

YOne must be mindful of the dominant contribution to the ion effective kinetic energies which
arises away from the trap axis due to the oscillating radiofrequency fields.
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ically hours) make Coulomb crystals a very attractive system for the study of cold

chemistry [100].

=
I A

Figure 1.5: Illustration of sideband cooling. A laser resonant with the first red
detuned motional sideband promotes a trapped ion to the excited state, but with
one less quantum of energy in its vibrational motion within the trap. From here
the most probable decay is to the ground state, but without a subsequent change
in its motional quantum number. This step is cycled to achieve the population of
the zero-point level.

In the regime where the linewidth I' of an internal transition in a trapped ion is
much smaller than the trap frequencies (also called the Lamb-Dicke limit), mo-
tional sidebands can be resolved in the absorption spectrum of the ion. These
sideband frequencies correspond to the transitions between the different motional
eigenstates for the ground and excited electronic states of the trapped ions within
the effective harmonic potential of the trap — analogous to the transitions between
the vibrational levels of a harmonic oscillator. In this regime, and for small num-
bers of ions, these sidebands can be exploited by employing an additional laser,
resonant with the first red detuned motional sideband, in order to reduce the vi-

brational quantum number (denoted here as n) of ions in the harmonic trapping
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potential. Each excitation results in |g,n) — |e,n — 1) followed by a preferred
spontaneous decay described by |e,n — 1) — |g,n — 1). The cycle is repeated
until the vibrational zero-point energy is reached, whereupon no more absorption
occurs (see Fig. 1.5). Sideband cooling, first proposed by Wineland and Dehmelt
[101] in 1975, allows the cooling of the ions to translational temperatures in the
microkelvin range. However, for dipole transitions, I' is generally of the order of
several MHz, and very strongly confining trapping fields and narrow cooling-laser
bandwidths are therefore required to resolve these motional sidebands [102]. This
technique is limited to small samples of ions (usually arranged along the axis of
the trap in string configurations), therefore it is more applicable to areas such as

quantum information processing than reaction studies involving large crystals.

A development very much of use in reaction studies is that of sympathetic-cooling,
which exploits the fact that trapped molecular ions may be translationally cooled
through their Coulomb interaction with the laser-cooled atomic ions. In this way,
molecular ions can be cooled to kinetic energies similar to those of the laser-cooled
ions (210 mK), and this means that a certain degree of generality is afforded
through the use of Coulomb crystals. Thus, trapped laser-cooled ions also share
many of the potential applications already cited for cold atoms and molecules,
for example the high resolution spectroscopy of sympathetically-cooled molecular
ions has been demonstrated [103]. At the same time, constituent ion mass/charge
ratios are amenable to in situ non-destructive identification via techniques such
as resonance excitation mass spectrometry [104-106] (which is detailed in Chapter
5). These techniques, along with the monitoring of the fluorescence produced by
the laser-cooled ions, can allow the measurement of changes in the composition
of ion crystals as a function of time. This allows the investigation of low energy
processes occurring within the crystal, such as reactive and inelastic collisions, and

makes Coulomb crystal based systems an ideal candidate for the study of various

28



CHAPTER 1. INTRODUCTION

ion processes.

Figure 1.6: Schematic diagram of the optical rotational cooling scheme demon-
strated by Drewsen et al. [107]. The solid black line represents the driven rovi-
bronic transition, with the wavy lines indicating electric dipole allowed sponta-
neous decays. Blue lines indicate blackbody radiation induced transitions that
redistribute the rotational population.

Sympathetic-cooling is generally only effective in reducing the translational en-
ergy of the molecular fraction because of the isotropic 1/r nature of the Coulomb
interaction between the ions. Additionally, large differences in the energy scales
of rovibrational and translational transitions mean that the internal degrees of
freedom are not efficiently coupled to the translational motion* [109]. However,
proposals exist for methods to optically cool the internal states of large classes
of trapped molecular ions. Such proposed schemes generally include the use of
additional lasers to drive infra-red vibrational transitions, or Raman transitions
between vibrational levels, resulting in rovibronic decays to lower rotational lev-

els, mediated by blackbody radiation or filtered broadband light sources [110-113].

*Although schemes for strengthening this coupling have been proposed [108].
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Recently, two such schemes have been experimentally demonstrated. The first, de-
veloped by Drewsen and coworkers [107,113], and illustrated by Fig. 1.6, involves
the rotational cooling of sympathetically-cooled MgH™ molecular ions through the
coupling of an additional laser to the [v = 0,j = 2) — |v = 1,j = 1) transi-
tion. Once excited to this upper state, the population will decay to either the
rovibronic ground state [v = 0,7 = 0) or |v = 0,7 = 2); the latter case will
simply result in re-excitation. Blackbody radiation (BBR) induced dipole-allowed
transitions will redistribute rotational population from higher rotational states to-
wards |v = 0,7 = 2) from which it will be efficiently removed (as will population
transferred by BBR induced transitions from [v = 0,5 = 0,1)). This technique
has resulted in the achievement of rotational temperatures corresponding to about
20 K, with 37% of the population detected in the rovibronic ground state. The
second method, which has been demonstrated by Schiller et al. [114] (see also a
similar proposal in Ref. [111]), is essentially similar to the previous case, but with
a second additional laser driving the [v = 0,j = 1) — |v = 2,5 = 0) transition. Us-
ing this method, a ground state population fraction of >0.78 has been achieved for
sympathetically-cooled HD" molecules, corresponding to a rotational temperature
of about 26.5 K in this case. At present these effective rotational temperatures
could also be achieved through a cryogenic setup, however optical cooling is faster,
more convenient and does not compromise the translational temperature of the

sample.

Lastly, the use of Fabry-Perot type cavities, in conjunction with single ions or larger
ion crystals, promises to be of some importance for advancements in quantum in-
formation processing, and more general investigations into light-matter interaction
[115-121]. Inside a high-finesse cavity, the electromagnetic field becomes quantised
into discrete cavity modes. This has implications for the way in which matter con-

fined inside the cavity interacts with light, including the possibility of coherent
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control of quantum states with single photons. Ion crystals offer a number of ad-
vantages in these studies relative to trapped neutral atoms. Firstly they may be
more tightly confined, and for longer periods of time. Additionally, the spatial
structure of the ion lattice means that the decoherence rate due to collisions is
low, and there is an inherent ability to study interactions between the ordered
ion lattice and a standing wave light-field generated inside the cavity. In the case
of neutral atoms, such spatial ordering would require the use of optical lattices.
Optical pumping and state preparation are also relatively easily achieved in ion
crystals, owing to the low optical density of these systems. Thus, Coulomb crys-
tals in high-finesse cavities represent a promising medium for realising a variety of

quantum-information devices, such as a quantum memory for light [116].

1.3.2 Chemical studies involving Coulomb crystals

The ion-neutral reactions most easily studied with Coulomb crystals are those in-
volving the direct reaction of the laser-cooled atomic ions themselves, although
other reactions may also be studied using sympathetically-cooled molecular ions.
A selection of these types of studies are summarised in Table 1.1. Initial experi-
ments involved the formation of cold trapped CaO™ ions by the reaction between
laser-cooled Ca™ ions and neutral O, [122,123]. The reaction Mg* + Hy — MgH™
+ H and its deuterated analogues were also studied, and both the reaction rates
and branching ratios were deduced [50]. Charge-exchange reactions such as Mg?* +
Oy — Mg' + OF and #Ca't + 19Ca — *Ca + *°Ca™ have also been studied [124].
Many reactions proceed from the ion ground state, but there are those that require
significant photoexcitation of the ions in order to proceed, for example (Be™)* +
HD — BeHt(BeD") + D(H) [125] and (Mg")* + Hy(D3) — MgHt(MgD*) +
H(D) [50]. Molecular ion-neutral reactions have also been studied using molecular

ions embedded in a laser-cooled atomic ion crystal, for example the back reaction
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CaO" + CO — Ca™ + CO, [122,123], and most notably the astrophysically im-
portant reaction Hy + Hy — Hi + H [125,126]. Unimolecular photodissociation
studies have been also been performed on sympathetically-cooled molecular ions,
most notably in the characterisation of the photodissociation pathway of aniline
[105]. This study involved the frequency measurement of the centre-of-mass vi-
brational modes in pure and bi-component two-ion crystals through the scanning
of the frequency of a time-varying force on the ions; these mode frequencies can
be related to the mass/charge ratios of the sympathetically-cooled molecular ion.
Such “resonance-excitation mass spectrometry” is also used to support the work
in this thesis and is described in detail in Chapter 5. In general however, the reac-
tion studies performed thus far cannot really be deemed cold chemistry because,
whilst the trapped ions may have low kinetic energies, the neutral reactant is typi-
cally introduced as a room-temperature gas. In this instance the kinetic energy of
the neutral reactants dominates the ion-neutral collision energy distribution. By
way of example, collisions of laser-cooled Ca™ ions with room-temperature CH3F,
CHyFy and CH3Cl molecules (see Chapter 6) occur with average kinetic energies
between (Eeon)/ks ~ 200 and 350 K, depending on the reduced mass of the collision

partners.

The use of a translationally cold reactant molecular beam, in conjunction with
suitable Coulomb crystals (those with minimal effective ion kinetic energies), is
a step towards true cold chemistry. This technique circumvents the limitations
imposed by the use of condensable gases at low temperatures. The ion crystals
can be reacted directly with an incident beam of cold neutral molecules, generated
by recently developed techniques such as velocity-selection or Stark deceleration,
with very high sensitivity (a single reactive collision can be observed in the right
conditions), and long interaction times (typically hours). Product ions generated in

any reaction are sympathetically-cooled by the atomic ions and incorporated into
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Process Examples Refs
Atomic ion-molecule Ca® + Oy — CaO™ 4+ CO [122]
reactions Mgt + Hy — MgH* + H [50]
Mg* + Dy — MgD* + D [50]
Bat + Oy — BaO" + O [127]
Ba® + N,O — BaO™ + NO [127]
Ba® + COy — BaO™ 4+ CO [127]
(Bet)* + HD — BeH' + D
~ BeD* + H [125]
(Mg+)* + HD — MgH* + D
— MgD* + H [128]
Molecular ion-molecule H3;O% 4+ NH; — H,O + NHY [129]
reactions Hi + Hy, — Hf + H [125, 126]
Hy + HD — H,D*™ + H, [126]
Hi + Oy — Hy + HOZ [126]
CaO* + CO — Cat + CO, [122]
BaOt + CO — Bat + CO, [127]
Charge-exchange HCat 4+ Ca — MCa + 0Cat [124]
reactions Mg*" + Oy — Mg™ + OF [124]
Photodissociation MgH* + hv — Mg™(Mg) + H(HT) [51]
CeHsNHY + hv — CsHY + HCN [105]
C5H;_ + hv — C—CgH;— + CoH, [105]
C30Hy604 (GAHT) + hv — fragments [130]

Table 1.1: Selected experimental studies involving laser-cooled atomic ions in ra-
diofrequency traps. Studies presented in this thesis are omitted.

the crystal, assuming that their nascent kinetic energy is less than the trapping
depth [50,131]. The ability to translationally cool molecular ions through their
Coulomb interaction with the laser-cooled atomic ions promises a certain degree of
generality in the choice of reagents. Work presented herein involves the coupling of
a velocity-selected translationally cold neutral molecular beam into an ion crystal

in an effort to study reactive collisions at low kinetic energy. As such, Coulomb
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crystals and the techniques involved in their application to this study are discussed

in greater detail in the ensuing chapters.

1.4 Qutline of this thesis

This thesis concerns the application of Coulomb crystals, involving laser-cooled
40Ca* ions, to the investigation of ion-neutral molecule chemical reactions at low
collision energies. Having surveyed the landscape of cold chemistry in Chapter 1,
Chapter 2 explores the theory behind trapping and laser-cooling ions, and the for-
mation of Coulomb crystals at low energy. In these Coulomb crystals, the Ca™ ions
are cooled through their interaction with two sources of continuous laser radiation.
Therefore, Chapter 2 also provides a theoretical framework for understanding this
interaction, and for simulating the electronic quantum state populations of a laser-
cooled “°Ca™ ion. Chapter 2 also outlines the structural simulation of Coulomb
crystals via molecular dynamics computation. These simulations allow the pro-
duction of simulated analogues of experimental fluorescence images, discussed in

Chapter 3, which are key in elucidating ion numbers and temperatures.

In Chapter 3 many of the practical details associated with producing and manip-
ulating both single and multi-component Coulomb crystals are detailed. These
methods are employed in reaction studies involving Cat and CH3F which are de-
scribed in Chapter 4. Also detailed here is the coupling of an ion trap apparatus to
a quadrupole velocity-selector for the first time. The quadrupole velocity-selector
acts as a source of translationally cold neutral molecules and allows the study of ion-
molecule reactions at low collision energies. Rate constants obtained from these
low-energy experiments are contrasted with those obtained from reactions car-
ried out at collision energies corresponding to room-temperature, and the methods

for determining the rate constants for these reactions are outlined. Resonance-
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excitation mass spectrometry techniques employed in the non-destructive in situ
identification of reaction products are presented in Chapter 5, along with results

collected in support of the reaction studies presented in this thesis.

In Chapter 6 the focus will turn to the results of more detailed studies concerning
a range of reaction systems involving Ca™. These centre on the investigation of the
dependence of the overall rate constant on the relative populations of the Ca™ elec-
tronic states. Manipulation of the laser-cooling parameters allows us to separate
the contributions to the global rate constant from the ground and combined excited
states of Cat. These results are analysed in the context of capture theories and
ab initio electronic structure calculations. Again these studies involve reactions
with neutral molecular samples at room temperature, and with translationally-
cold molecules (with (Fyy,)/kg < 5 K). Chapter 7 concerns the extension of our
investigations to more general cold bimolecular ion-molecule reactions which in-
volve Ca™ only as a spectator; Chapter 8 concludes and suggests extensions and

improvements to the experiments considered in this thesis.
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Chapter 2

Trapping and laser cooling of ions

2.1 Introduction

This chapter is primarily concerned with the principles and theory behind the
spatial confinement of ions and the removal of their translational energy via laser-
cooling. Having covered the basics behind ion trapping, the focus will be on the
design and use of the linear Paul trap, and a description the motion of ions con-
fined within it. There will then be an overview of laser-cooling before we concen-
trate specifically on the Doppler cooling of Ca™ to temperatures in the millikelvin
regime. This leads to discussion regarding the formation and nature of ion crys-
tals, and the introduction of the fluid model of a trapped charged plasma. There
then follows a brief section which outlines the modification of existing molecu-
lar dynamics software and describes it’s application to the simulation of Coulomb
crystal structures. Finally, there will be a brief derivation of the Optical Bloch
Equations (OBE), which underpin the calculation of the steady-state electronic

quantum state populations of Ca™ later in this work.
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2.2 lon trapping

2.2.1 Principles

The first hurdle to be overcome on the path to achieving a sample of translationally
cold localised ions is their collective spatial confinement. Given the electrically
charged nature of ions, it follows that electric fields may be of use to this end via
the generation of some kind of electrostatic potential minimum from which the

ions cannot escape.

The partial differential equation which governs electrostatic potentials is the Laplace
equation:

V3¢ = 0. (2.1)

Re-written in three dimensions,

2 2 2

g;; + qu; + Zj; =0 (2.2)
it is clear to see that there can be potential minima in no more than two dimensions
at any given time, with a potential maximum required in the third dimension
in order to balance the equation. This reflects the fact that a true electrostatic
potential minimum (or maximum) is not achievable in free space. Earnshaw’s
theorem which prohibits static electric fields from trapping charged particles follows
directly from this [132]. Therefore in the case of charged particles, the best trapping
potential achievable with static fields is a 3D saddle point, for which motion in one
particular degree of freedom is destabilised by the presence of a potential maximum.

This problem is circumvented by the use of dynamic or time-varying electric fields.

If the electric fields are abruptly flipped back and forth in the correct way, the
orientation of this saddle-point potential can be repeatedly flipped between two

orthogonal orientations. For a charged particle moving in this potential, this means
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that the unstable degree of freedom is also being flipped back and forth between
two orthogonal axes at a given rate. If the saddle-point is changing orientation
fast enough relative to the motion of a charged particle moving in this potential,
dynamic confinement becomes achievable*. In practice the rapid re-orientation of

these fields can allow multiple charged particles to be confined simultaneously.

The linear Paul trap is one such trap design arising from these ideas, and involves
the use of electrodes to which a combination of radiofrequency (RF) and static
DC voltages are applied. The linear Paul trap is used exclusively during the work
described in this thesis, and detailed description is therefore limited to this design
alone. However there are alternative designs such as the hyperbolic Paul trap [133]
and the race-track trap [134]. The Penning trap [135] is another alternative design

which involves the combination of electrostatic and magnetostatic fields.

Ion trapping is much more robust than the trapping of neutral atoms for the very
reason that the electrostatic charge on an ion confers a stronger interaction with
external electric fields. Even very hot ions may be successfully confined in a trap via
in situ ionisation of the corresponding neutral species; this can occur cumulatively
as the neutral beam is negligibly affected by the trapping fields. In contrast, neutral
atoms must be decelerated to low energies before they can be magnetically and/or
optically trapped (for example Zeeman slowing), as the available interactions are

weaker in terms of their effect on the motion of neutral atoms.

*An oft-cited mechanical analogue of some value is the idea of a ball confined to the surface
of a rotating saddle (or more correctly a saddle flipping between orthogonal orientations). If the
saddle rotates too slowly, the ball will roll down one side. If the saddle rotates at just the right
speed then as the ball begins to roll down the side, the steeper section will rotate in front of its
path just in time to return it towards the centre. If the saddle rotates too quickly the ball can
receive a large enough impulse to push it over the saddle edge in any direction.
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2.2.2 The linear Paul trap
Design

The linear Paul trap (LPT) [136] is very similar in design to the quadrupole mass
filter, which was developed in part during the 1950’s by Wolfgang Paul [137] and
for which he shared the 1989 Nobel Prize in physics [138]. The LPT is especially
useful for its ability not only to trap and store ions, but also to function as a mass
filter and spectrometer. These functions complement each other very well for the
purpose of studying reactions involving trapped ions, and offer a non-destructive

path to the identification of ions trapped in situ (these techniques are detailed in

Chapter 5).
+Vgg + Uend 2z,
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Figure 2.1: The design of the linear Paul trap, including the voltage configuration
for ion trapping.

The LPT is based on a quadrupole design, with four cylindrical rods each sepa-
rated lengthwise into a number of electrode segments. Each of these segments is
separated by insulating material (in our case, the machineable glass ceramic MA-
COR) in order to allow independent voltages to be applied to each electrode. The
most basic design employed in the present work involves three separate electrode

segments per rod, with each of the four rods being identical in geometric design.
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Dynamic trapping in the z and y directions (radial trapping relative to the trap
z-axis) is achieved by applying oscillating RF voltages, Vrr = £Vir o cos(Qrrt),
equal in magnitude but opposite in polarity, to the two diagonal sets of electrodes
comprising the quadrupole trap. These voltages create a saddle-like potential that
is orientated along either the x or y axis and flips at the rate of once per RF
cycle. As discussed above, when oscillating in the correct frequency range these
fields result in a time-averaged pseudopotential minimum at the trap axis, but
destabilise charged particle motion along this axis. To introduce axial trapping as
well, an additional static DC voltage, U.yq, is applied to the electrodes at either
end of the trap — the so-called end-cap electrodes. These voltages are indicated

in Fig. 2.1.

In these types of quadrupolar traps a harmonic trapping potential is desirable,
because it means that the equations of motion for a single ion in the trap may
be cast in the form of the well-studied Mathieu equations, described in the next
section. In actuality, hyperbolic electrode geometries would be required to form a
true harmonic potential, and it is purely for convenience and ease of manufacture
that cylindrical rods are used instead. However, given the right choice of ry and
rod radius [139] the electric potential near the centre of the trap is, to a close

approximation, harmonic or parabolic in form.

The full electric potential in the trap may be generated via multipole expansion
(equivalent to Taylor expansion about the trap centre), whereupon the harmonic
approximation to the true potential is made by discarding terms of greater than
quadratic order. The resulting harmonic potential may be expressed in the follow-
ing form (NB: Vip is defined as a peak-to-peak voltage throughout the equations

in this thesis, but its quoted values are in terms of zero-to-peak amplitudes unless
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stated otherwise):

V [B2 a2
¢re(,y,t) = % ( 2y ) cos(Qrpt), (2.3)
7o
/{Uen ZE2—|— 2
¢end($a Y, Z) = 2 d <Z2 - Y ) 5 (24)
25 2
¢ = OrRF + Pend- (2.5)

The factors ry and z relate to the trap geometry as indicated by Fig. 2.1, and &
is also a geometric coefficient uniquely determined for a given trap design. For our
trap design this was done by fitting the analytical potential above to a SIMION
simulation of the fields resulting from our particular trap geometry; values of these

important factors are included within Table 2.1

RF frequency Qrrp 27 x 3.850 Mhz
RF voltage Ver 50-250 V
Endcap voltage Uena 0.1-40 V
Endcap separation 229 5.0 mm
Diagonal electrode surface separation  2rq 7 mm
Geometric factor K 0.244
Electrode radius R 4 mm

Table 2.1: Typical trap parameters used for the stable trapping of **Ca* ions

During the course of the work in developing the experiments described in this
thesis, three similar designs of the LPT were used. The first was a five segment
design arising from an initial limitation in our ability to apply both a DC and
RF voltage to the same electrode simultaneously. The end-cap electrodes were
thus separated out and positioned between the longer RF electrodes. With new
electronics the simpler symmetric three segment trap was employed, where the
axially confining DC voltage could be applied in combination with the RF to

all the end-cap electrode segments as described above. In subsequent reaction
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studies involving the velocity-selector (detailed in Chapter 4), the asymmetric three
segment LPT was used in an effort to offset the geometric trap centre closer to
the exit of the velocity-selector. This was done in order to increase the number
density of velocity-selected neutral molecules at the position of the trapped ions,
and improve sensitivity to low fluxes. Thus, this is the trap used for the majority
of the work presented in this thesis, although the principles remain the same for
all three designs. The geometric factors, electrode radius, zy, rg, for these traps
remain the same and are listed in Table 2.1. For the asymmetric 3-segment trap

the electrode lengths are 11 mm, 5.5 mm and 23.5 mm long respectively.

===
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Figure 2.2: The three designs of our linear Paul trap. (a) Early 5-segment design
where the end-caps appear as separate electrodes (2nd and 4th segments), due
to limitations in our electronics. (b) Symmetric 3-segment design where both
RF voltages and static end-cap voltages are applied to the end electrodes. (c)
Asymmetric 3-segment design, employed during reaction studies in a bid to increase
guided neutral molecule flux at the crystal (see later chapters).

The motion of ions in the trap

Oscillating quadrupole fields are special for the very reason that the equations of
motion for a single ion can be reduced to a set of decoupled one-dimensional differ-
ential equations of the Mathieu type. This is advantageous because the solutions
of the Mathieu equations are well understood, with the stability of a trajectory
dependent on only two dimensionless parameters and not on the initial conditions

of the ion [82,140].

Given the total electric potential in the form of Eq. 2.5, the Newtonian equations

of motion for a particle of charge () and mass m may be written according to
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F=ma=—-QF =—-QV¢ as:

—kQUqy Vi
:'B'—l—( KQQ d—i-Q IEFCOSQRFt){E:O (2.6)
mzg mr§
—KQUen Vi
@4—( KQQ a_Q RQFCOSQRFt>y_O (2.7)
mzg mrg
26QUen
mzg
These may then be written in the form of the Mathieu equations,
d*u
12 + [aw — 2qucos(2T)ju=0; w € {z,y, 2}, (2.9)

by making the substitution 7 = Qrpt/2 into equations 2.6, 2.7 and 2.8:

0? —4KkQUey 4QV;
f—i— ( KQQ 5 d Q2 RQF cos27'> x=0 (2.10)
or mziQsr Mg
Py —4£QUenq 4QVrr
92 ( 7oy R TOU RN 27‘) y=0 (2.11)
0*‘RF 0°'RF
0%z 86QUend
o+ (mz(?Q%F) z=0. (2.12)

Finally, direct comparison of these equations with the form of the Mathieu equa-

tions yields the dimensionless Mathieu parameters:

_% o 4QUend

< p— p— p—— 2.1

@ by 2 ngQzRF (2.13)
2QVRr

= —qy = — . L = 0. 2.14

4 4y mr%Q%{F ¢ ( )

The motion of an ion moving in these fields can be adiabatically separated into a
higher frequency driven oscillation, termed the micromotion, and a lower frequency
drift, known as the secular motion. The micromotion does not occur on the trap
axis but increases towards the RF electrodes which drive it. In unstable trajectories
the amplitude of this micromotion increases exponentially with time and the ions

can either be ejected from the ion trap or crash into one of the electrodes. If
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the trajectory is stable — and stability in general is elaborated on in the next
section — the ion’s secular motion can be interpreted in the context of a time-
independent effective potential, V*, which arises from this adiabatic approximation.
An abbreviated derivation of this pseudopotential can be found in Appendix A,
and a more complete description can be found in [82] and the references therein —
we simply quote the main results here. The expression for the time-independent
effective potential, V*, experienced by an ion of mass, m, and charge, ¢, may be

written as:
¢’E}
4mS)2

V*(Ro) = + q®, (2.15)

and the associated equation of motion for the smooth secular trajectory can there-
fore be expressed as:

mRy = —VV*(Ry). (2.16)

Note that the first term in Eq. 2.15 is effectively a time-averaged potential resulting
from the oscillating RF fields (which have amplitude Ey and angular frequency 2);

in the second term, ®g represents the potential arising from the static fields.

By analogy to a quantum harmonic oscillator, the harmonic pseudopotential may
also be written:
1 1,

V*(r, z) = §mwfr2 + §mwzz2 (2.17)

with » = y/22 4 y? the radial distance from the trap axis, and z the axial distance
from the trap centre. The corresponding secular motional frequencies w, and w,

are given by
%2 a‘QRF

5 (2.18)

It is important to note that when w; is properly substituted for, there is no mass
dependence of the axial potential, but there is a (% + constant) mass dependence
in the radial potential. The radial potential is therefore steeper for lighter ions,

leading to a radial separation of ions with differing mass (assuming like charges),
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with lighter ions preferentially trapped closer to the trap axis. This is an important

point, and will be returned to in due course later in this thesis.

The pseudopotential model is a useful tool as it simplifies the treatment of the ion
motion considerably. Its use facilitates calculation of the secular motion and the
associated secular temperature of an ion ensemble, and helps establish the criteria
for the stable trapping of the ions. In Section 2.5 there is an introduction to the use
of molecular dynamics simulations for the purpose of modelling Coulomb crystals,
and in this regard in particular a reduction of the full treatment to one involving
only the pseudopotential proves very useful. Larger crystal simulations may be
carried out faster, and at greater timescales, and without loss of information given
situations where the RF oscillation of the fields is not of great importance (calcula-

tion of secular temperatures, crystal structure and also ion number determination).

Stability

A direct result of the decoupling of the equations of motion in the harmonic po-
tential is that the stability of a single ion trajectory within the trap is dependent
purely on the values of a and ¢, and not on the initial conditions. This means
that a stability “map” can be generated in the (a,q) parameter space. For cer-
tain values of a and ¢ there will be stable confined ion trajectories regardless of
the initial position of the ion in the trap or the phase of the RF fields. However,
outside these zones of stability resonances exist that couple energy from the oscil-
lating RF fields into the ion micromotion such that the ion oscillation amplitude
increases exponentially, resulting either in expulsion from the trap or collision with

the electrodes.

Another way to consider these stability diagrams is to consider the potentials once

again. The harmonic axial potential is effectively a saddle point with a minimum
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in the axial direction (ensuring axial trapping), and maxima in all radial directions.
As such it provides a defocusing effect in the radial direction. The stable regions
are those in which the dynamic radial trapping fields can counteract this defocusing

and provide stable dynamic radial trapping as well.
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Figure 2.3: Stability regions for a single ion in a linear Paul trap, obtained via
analytic solution of the Mathieu equations. Grey shaded areas represent regions
of stable trapping.

Stability diagrams may be generated either by analytical solution of the Mathieu
differential equations, or via classical trajectory numerical simulations performed
over a grid in (a, q) space. As can be seen from the analytical solution in Fig. 2.3,
there are a number of separate stability regions within which ion trajectories will be

confined indefinitely within the trap. In practice, with reference to the expressions

fOI' (ai7 %)7
a, 4QUend
@ Gy 2 szgQ%{F ( )
2QVRr
« = — = —_—— , A O’ 220
1 O mréQe ¢ ( )

it can be seen that only the quadrant negative in both a, and ¢, can be used in
the case of a charged particle in a linear Paul trap, as the product of ) and the
trapping voltage must be positive. In most cases, only the lowest stability region is

used due to the practicality of achieving the necessary parameters experimentally.
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The right hand panel of Fig. 2.3 shows the region within which we have practical
access, based on Ug,q = 0-100 V and Viyr = 0-300 V, with trap parameters listed

in Table 2.2.

Mathieu a, parameter ay/Usna —5.3 X 1074Vt
Mathieu ¢, parameter qx/ Vrr 6.7 x 1074V ~1!

Radial frequency wy /27 40-360 kHz
Radial trap depth D, <12.3 eV
Longitudinal frequency w, /2w 20280 kHz
Longitudinal trap depth D, <1.2eV

Table 2.2: Typical Mathieu parameters, secular frequencies and trap depths used in
the stable trapping of *°Ca™ ions, given where necessary values from Table 2.1, and
typical working voltage ranges of Usq = 1-20 V, Vgp = 200-400 V peak-to-peak.

Numerical generation of the stability regions is achieved by first modelling the
trapping fields through the use of SIMION. A 3D grid of electric field gradients
derived from a computer model of the electrodes are passed to a FORTRAN pro-
gram which uses them to repeat multiple single-ion trajectory simulations over a
grid in (a,q) space. The trajectories are calculated via 4th-order Runge-Kutta
integration of the Newtonian equations of motion, with a fixed time-step much
smaller than the length of an RF period. The simulations are propagated up until
a user-defined time cap, and the lifetime of the ion in the trap is recorded in each
case. A lifetime value less than the simulation time cap indicates that the ion
has either been ejected from the trap, or has collided with an electrode, and is
therefore in an unstable region of the map. In general a time cap of 1 ms appears
adequate for convergence. Experimental generation of the single ion stability zone
is performed by repeatedly loading a single ion into the trap and, over a grid of
Vrr values, increasing U,,q upwards from 0 V until the ion is lost, or the maximum

achievable voltage reached.

The numerical simulation of stability diagrams for the (a,q) region practically
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Figure 2.4: (a) Numerically generated stability region (boundary in red) overlaid
across the grey shaded stability region obtained via analytical solution of the Math-
ieu equations. In order to match the two regions, a k value of 0.152 was required
to achieve the correct relative scaling of the analytical boundary in voltage space.
(b) Measurements of experimental single-ion stability overlaid across the analytical
stability zone in grey. Solid lines represent experimentally probed points: triangles
indicate the point at which the ion was lost from the trap as U.,q was increased,
squares denote a practical inability to probe further in U.,q due to voltage lim-
itations. The dashed black line indicates practical voltage limitation in Vzp. In
order to match the two stability regions in voltage space, a x value of 0.186 was
required when transforming the analytical stability region from (a,q) space. Both
the numerical calculations and the experimental data relate to the earliest trap
used: The 5-segment symmetric LPT.

accessible to us was of importance in the early development of the experiment;
it provided information regarding the voltages necessary for stable trapping with
our particular experimental setup. Fig. 2.4(a) shows a comparison between such
a numerically generated stability diagram (whose stable boundary is overlaid in
red) and the analytical stability region denoted by the grey shaded area. For this
particular calculation, trajectory simulations were performed on a million evenly
distributed points in the region a = —1.50-0, ¢ = —5-0, with a 1 ms time cap.
The starting position of the ion was a point 0.2 mm displaced from the trap centre
in all axes, and the starting velocity was 400 m/s corresponding to a “°Ca™ ion
generated from a beam of Ca atoms with a kinetic energy estimated to be Ey,/kg =

600-900 K. The plot in Fig. 2.4(b) shows a comparison between experimentally-
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determined single-ion stability and the analytical stability region, with the latter
shaded in grey once again. The overlaid vertical stripes illustrate the directly
probed experimental values. For a single trapped *°Ca* ion Vzr was kept constant
whilst Ugnq was increased slowly until the ion was lost from the trap. Ions were
lost at the ends of probe lines terminated with a triangle, whilst the square tips
indicate an inability to increase Ug,q further due to limitations in the electronics,

with the ion remaining trapped at that final probed value.

In both cases the analytic stability zones have been scaled into voltage parame-
ter space with an appropriate choice of the geometric factor s, which is unique
to a particular field geometry and accounts for the deviation of that field from
harmonicity. Discrepancy between the values of x required for the mapping of the
analytical stability region onto the numerical and experimental stability regions
in Fig. 2.4 (k = 0.152 and 0.186 respectively), may be attributed to imperfec-
tions in the experimental setup. For example slight electrode misalignment, stray
fields/patch potentials, and small fluctuations in applied electrode voltages can all
lead to a shift in k away from that of the numerical model. Owing to the fact that
some of these contributions do not remain static, x can be seen to vary over a small
range over the course of months of experimentation, and in general small correc-
tions in the value of k used in the molecular dynamics simulations described later,
are necessary in order to accurately simulate experimentally observed Coulomb

crystal structures.

An interesting feature of the numerical stability map, is the presence of islands
of instability within the overall envelope of the stable region, as well what appear
to be a bifurcations near the tip where the numerical stability region appears to
truncate. Both panels of Fig. 2.5 contain magnified regions of Fig. 2.4(a). Panel (a)

illustrates a small thread of instability penetrating into the main stability region,
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whilst (b) illustrates the bifurcations at the lower tip of the numerical stability

region, and its discontinuation towards larger Ug,q and Vgg.
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Figure 2.5: Numerically generated stability region overlaid (with boundaries in
red) across the grey shaded stability region obtained via analytical solution of the
Mathieu equations. Islands of instability exist within the overall envelope of the
stable region.

These instabilities are sometimes also called non-linear resonances, and can oc-
cur for a number of reasons. In numerical simulations involving only a single ion
in the trap, the main contributing factor is the use of non-hyperbolic electrodes.
The analytical stability region, based on the eigenvalues of the Mathieu operator,
assumes a perfectly harmonic potential which requires a hyperbolic electrode ge-
ometry. Higher order terms in the true potential generated by a set of cylindrical
electrodes, which are discarded in the harmonic approximation that allows the in-
vocation of the Mathieu equations to describe trapped ion motion, can lead to the
appearance of these instabilities. Furthermore, in our SIMION model the cylindri-
cal electrodes of the linear Paul trap are approximated in a cubic grid with a cell
diameter of 0.1 mm (the electrode radii are 4 mm), which presumably leads to a
further deviation of the numerically-generated fields from harmonicity. Additional
factors that can cause non-linear resonances are the Coulomb interactions between

multiple trapped ions (with a dependence on the number of ions), misalignment
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between the electrodes that comprise the LPT, fabrication errors, field distortion
in the edge regions, insulator charging, and noise in applied voltages [141]. To the
best of our knowledge these effects have not been observed in our experimental
work in the small region of the stability map that we are limited to, and warranted

no further investigation with regard to the context of our work.

Stability diagrams also give some insight into the mass-filtering capabilities of the
LPT. It is possible to perturb the trapping fields in such a way as to preferentially
lose ions with a larger or smaller mass/charge ratio from the trap, providing a way
to selectively filter or purify the crystal. This is made possible by the dependence
of the (a, q¢) parameters not only on the voltages but on the ion mass/charge ratios
as well. This means that species with differing mass/charge ratios occupy different
positions in (a, ¢) space for a given set of voltages. Therefore mass-filtering involves
manipulating the applied voltages such that one species is moved outside of a stable
trapping region whilst the others remain inside it and in a confined trajectory.
However, there can be complications involving the space-charge interactions of
multiple trapped ions, and this can lead to different results based on the crystal

composition [142].

The filtering of ions with a larger charge/mass ratio is best achieved by g,-filtering.
The voltage Vi is slowly increased with the ions in a non-crystalline phase, pushing
all species towards larger ¢ values. The different species will sequentially reach the
edge of the stability region starting with the ions with the largest charge/mass ratio.
In contrast the best way to filter out ions with smaller charge/mass ratios is to use
ax-filtering, wherein U,,q is increased, pushing the various species to more negative
ay values until the desired species are ejected. Alternatively, for ions with small
charge/mass ratios, addition of the static voltage configuration U 4, also known

as Ugc (see Section 3.3.2 for a description of this configuration), allows preferential
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loss from the trap. Geometrically this can be understood as a squeezing of the ion
cloud along a radial axis orientated along the trap diagonal. This squeezing pushes
heavier ions closer to the electrodes where the vastly increased micromotion causes

them to escape from the trap or crash into the electrodes.

2.3 Laser cooling of trapped ions

2.3.1 Introduction to laser cooling

Given an ensemble of translationally hot confined ions, the next step in the gen-
eration of a Coulomb crystal is to reduce the kinetic energy of the ions below the
threshold required for phase change into crystalline lattice-like form. The primary

method available is that of Doppler laser-cooling.

Laser-cooling of trapped ions, and the trapping and laser-cooling of neutral atoms
were together first seriously proposed in 1975 by Hansch and Schawlow and inde-
pendently Wineland and Dehmelt [143, 144]. In both cases the cooling mechanism
relies on the momentum change associated with absorption of a photon, whose
frequency is Doppler shifted into resonance with an atomic transition for atoms or
ions travelling towards the source of the counter-propagating laser field. So-called
Doppler laser-cooling of trapped ions was first performed in 1978 with Mg and
Ba™ ions [145]. In 1982 Metcalf and Phillips first showed how a thermal beam of
neutral sodium atoms could be laser-cooled using an inhomogeneous magnetic field
to tune the resonant frequency of the atoms as they were slowed by the laser (an
alternative is to tune the laser frequency itself, known as chirp cooling). In doing
so they slowed the beam from 1100 m/s to 40 m/s, corresponding to a translational
temperature of ~2 K [143]. In 1985 Chu et al. managed to cool sodium atoms

to around 240 pK [146], which represents the Doppler cooling limit (explained
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further in the next section), using 3 orthogonal pairs of counter-propagating laser
beams, a configuration termed optical molasses. Later in 1985 these techniques for
slowing neutral atoms allowed the first confinement of laser-cooled atoms in the
earliest magnetic traps, which were followed closely by development of the deeper

magneto-optical trap (MOT) in 1987.

In 1988 it was discovered by Phillips et al. at NIST that the temperature of atoms
in optical molasses were below the Doppler limit predicted by simpler two-level
atom cooling theory; they measured temperatures as low as ~43 uK in samples
of sodium atoms [147]. This was explained, in theory extended by Dalibard and
Cohen-Tannoudji [148], and Chu [146], via the consideration of multiple atomic
energy levels and the spatial variation of laser polarisation in the optical molasses.
These techniques were subsequently dubbed sub-Doppler or polarisation gradient

cooling.

Further advances in Sisyphus cooling techniques [149] allowed temperatures to
approach the smaller recoil limit, where the momentum of an atom is the same
as the photon momentum — this represents the lowest temperature achievable for
an atom in constant interaction with a light field. Later, methods such as Raman
cooling and velocity-selective coherent population trapping allowed cooling below
the recoil limit, to temperatures in the nK regime [150,151]. This latter scheme
relies on the stochastic nature of spontaneous emission to enable the atoms to
randomly walk into a select region of velocity space where their velocity is less
than the recoil velocity. At this point they are decoupled from the laser field via
transfer to an optically transparent electronic state. In 1995 three separate groups
transferred laser cooled atoms to magnetic traps and used forced evaporation to
cool the atomic sample below 1x10~7 K. This led to the first observation of Bose-

Einstein condensation in a dilute atomic vapour [27], where all the atoms are in the
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lowest energy level. In this case temperature, in the usual sense of a distribution

amongst energy levels, loses its meaning.

The original reason to cool atoms — which is to say, reduce their translational
energy — was to facilitate more precise spectroscopic measurements and later to
improve atomic clocks. At the current time there exists a wide variety of research
areas which rely on these techniques, such as the fields of quantum information
processing where focused lasers interrogate single trapped and laser-cooled ions,
high-resolution spectroscopy, and the study of chemical reactions and collisional

processes at progressively lower energies.

2.3.2 Doppler cooling of Ca™ ions

The principle of laser-cooling is based on the fact that a quantum of light possesses
an associated momentum, p = h/\ = hk, where k = 2w/ is the wavenumber. If
the frequency of the light is resonant with an atomic transition, it may be absorbed
by the atom and in doing so, according to the law of conservation of momentum,
transfer its momentum Ak to the atom. If the atom was travelling opposite to
the direction of photon propagation, it will be slowed or translationally cooled
by the photon absorption, and if travelling away its velocity would be increased.
In order to tip the balance in favour of a net cooling effect, the frequency of
the laser light is detuned, within a certain effective range, to longer wavelength
than the target atomic transition (red-shifted). This exploits the Doppler effect
to ensure that more photons are absorbed by atoms propagating counter to the
photon direction than those travelling in the same direction. Counter-propagating
atoms observe a photon frequency which is Doppler-shifted towards the atomic
transition, increasing the absorption probability. In contrast, atoms moving away
from the photons observe an even greater red-shifted photon wavelength and thus

there is a corresponding decrease in absorption probability.
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Having absorbed the photon and been excited to a higher electronic state, the
slowed atom or ion may then re-emit the photon via spontaneous emission re-
sulting in another atomic momentum change. In general the spatial probability
of spontaneous emission is symmetric which means that, over the millions of ab-
sorption/emission cycles necessary to cool from thermal temperatures into the mK
regime, the momentum change due to emission will effectively average to zero.
This means that there will be a net cooling effect given a closed cooling cycle. The
shorter the lifetime of the upper state, the faster the photon scattering rate I'pys,
where I is the decay rate and pss is the upper state population, and in principle the
more efficient the cooling. The force on the atom in the direction of laser cooling is
the rate of change of momentum due to scattering, simply Akl pss. An expression

for pae from the literature for a 2 level atom [132] is

o 80/2
1480+ (2A/T)2

P22 (221)

where A is the laser detuning and the on-resonance saturation parameter sq is

given by:
_20p

So F2

(2.22)

The Rabi frequency §2 corresponds to the strength of the coupling between the
laser field and the atomic transition. Substituting these equations into the light

force equation gives us

QQ
F = hkD (r2+292+4a2)' (2.23)

A common technique is the use of two counter-propagating lasers in order to provide
a restoring force about a central point for an atom moving counter to one beam
and in the same direction as the other. If we account for the Doppler shift kv in
the observed laser frequencies where v is the atom’s velocity (parallel to the two

beams), we can write the total force as the sum of the forces of each of the beams.
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Force is defined as positive in the direction of the atom motion:
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Figure 2.6: Light forces as a function of the ion velocity, with A =1'/2, Q = 1. F,
is the force from the laser whose photons propagate in the same direction as the
ion, and F_ the light force of the counter-propagating beam, and the ion’s velocity
is defined in the positive = direction.

If we treat the force in terms of a friction coefficient 5 via F' = —fv, a Taylor series

expansion around v = 0 allows us to define

6ARTAD s so(2A/T)

(I'2 + 202 4 4A2)2 (11 50 + 2A/T2) (2.25)

b=

In order for this friction force to slow the ions, the detuning, A, must be positive,
and this corresponds to a wavelength red-shifted from the atomic transition as ex-
pected from the discussion above. In Fig. 2.7, the friction coefficient S is plotted as
a function of detuning for various values of the on-resonance saturation parameter
so- It can be seen from the plot in Fig. 2.7 that for optimal cooling the detuning
should have a value of A = I'/2 with sy = 2 and therefore, via the relation in

Eq. 2.22, the Rabi frequency should have a value of 2 = I'. The plot in Fig. 2.6
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illustrates the dependence of the forces (independent and total) on the ion velocity

for A =T/2.
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Figure 2.7: Friction coefficient $ as a function of the laser detuning for different
values of the on-resonance saturation parameter sg. It should be noted that this
relatively simple model is increasingly limited in accuracy as sy increases beyond
a value of ~1-2 because the transition becomes saturated, limiting the photon
scattering rate and therefore the friction coefficient.

In reality the momentum change associated with the spatially symmetric sponta-
neous emission cannot be completely disregarded as previously suggested. In fact
it leads to a limitation on the temperatures that can be reached using Doppler
laser-cooling alone — the so-called Doppler cooling limit. Each spontaneous emis-
sion results in a momentum change, hk, of the atom in a random direction, and
over time this corresponds to a random walk in momentum-space with step-size hk
and a frequency which is the scattering rate I'pys. For a random walk such as this
the distribution will be centred on the atom’s initial momentum, which is to say
that the average momentum change will indeed average to zero, (p) = 0. However
the mean square displacement will be finite (p?) # 0, which means there will be
a spread in the momentum distribution (p?) — (p)? corresponding to a non-zero

temperature. The final steady-state temperature will be a reflection of the bal-
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ance between the outward diffusion of this distribution in momentum-space, due
to spontaneous emission, and the cooling rate or rate of contraction of the distribu-
tion, due to absorption. The rate of diffusion, R4, can be expressed as twice the
diffusion coefficient, D, on account of having two lasers coupled to the transition;
D may be expressed in terms of the random walk step-size and frequency [132]

allowing;:

Rug = 2D

At
= 2(hk)*Tpge
S0
1+ 59+ (22)2

= (hk)*T (2.26)

The rate of cooling, R...1, depends on the friction coefficient, £, and the momentum

[152] such that substitution of 8 allows:

5%
ARG se(2A/T)
T m (Itso+ (2A/T)2)2 (2:27)

Rcool =

Assuming the detuning is set for optimal cooling (A ~ I'/2) as shown in Fig. 2.7,

and assuming a low laser intensity such that sy < 1 we obtain:

1

Raig = E(hk)2I‘so (2.28)
2

Reool = 2hk230%. (2.29)

In the steady-state these rates must sum to zero, therefore with the help of the

relation
1 (r*)
—kpTp = —~ 2.30
kel =<~ (2.30)
we can write:
Al
Ty = — 2.31
P okg (2.31)
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where T is the Doppler temperature limit. Thus the minimal temperature for
Doppler laser-cooling (assuming low laser intensities*) is purely dependent on the
natural linewidth of the cooling transition. For *°Ca* whose main cooling transi-

tion at 397 nm has a decay rate of I' & 130 MHz, Tp corresponds to ~0.5 mK.

In practice for laser-cooled ions in RF traps, anharmonicities in the trapping fields,
along with space-charge interactions between multiple ions, cause a coupling be-
tween the translational degrees of freedom such that laser-cooling from a single
direction can cool trapped ions efficiently enough for many purposes — quite a
contrast with the six lasers required for cooling and trapping a neutral atomic gas
in an optical molasses. Additionally there are often more than 2 levels involved
within a given atomic cooling cycle, but all the same a closed cooling cycle is emi-
nently achievable for simpler atomic species such as *°Ca* and other group 1 and

2 ions, often with the addition of extra lasers to couple other transitions.

The treatment of Doppler laser-cooling described above is based on a free particle,
and of course we are dealing with ions trapped in an effective potential minimum.
The motional frequencies of our linear Paul traps are of the order of 100-400 kHz
and since the cooling transitions decay at the rate of 10*-10° kHz the ions are
well approximated as free particles with respect to the laser-cooling. The motion
of the ions in the potential does however introduce sidebands in the absorption
spectrum at the motional trap frequencies. Given our trapping frequencies and
laser bandwidths, these sidebands are not resolved and have no bearing on the

work described heref.

The electronic quantum states involved in the laser-cooling of *°Ca™ are illustrated

*If this assumption is not made we ultimately obtain the expression Tp = %

therefore higher laser intensities (larger values of sg) result in a higher temperature limit.

"In the regime where sidebands can be resolved, extra lasers tuned to the sideband transitions
may be used to cool to the vibrational ground state of the trap [102] — see Section 1.3.1 for further
detail.

and

29



CHAPTER 2. TRAPPING AND LASER COOLING OF IONS

\

4p 2|:>3/2

4p 2|:)1/2

2
_— 3d°D,,
/
Re-pumping Transition /7 3d 2D "
866.214 nm 7 7 3
Main Cooling Transition 10.7 MHz ~23’\ //\) s Metastable States
396.847 nm 27
130.1 MHz AN
q/{\/ Q@/
>/ /\q?/
Va4

4s 2§, , I <

Figure 2.8: Low-lying electronic quantum states of *°Ca™ illustrating transitions
used in the closed laser-cooling cycle. Natural linewidths of the transitions are
given in parentheses.

in Fig. 2.8, which also contains the decay rates (the inverse of the natural lifetimes)
and wavelengths of the transitions. The main cooling transition occurs between
the 4s %S/, and 4p *Py/o levels at 396.847 nm. There is a complication in that
the 2P1/2 state can decay both to the ground state and to the metastable 3d 2D3/2
state, with a branching ratio of about 1:12 in favour of the ground state. The
metastable state decays only very slowly back to the ground state, on account
of the transition being electric dipole-forbidden. Any attempt to drive the main
transition alone would result in optical pumping of the population into the ?Ds o
state, and laser-cooling would fail as the scattering rate would become too small.
In order to ensure a closed cooling cycle, a second “repumper” laser is employed
at 866.214 nm in order to pump the population back up from the metastable state
to the 2P, /2 state, from which it is most likely to decay rapidly to the ground state
via spontaneous emission. The calcium sample used to generate our ions contains

the natural relative abundances of the various calcium isotopes. “°Ca constitutes
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the major fraction at 96.94%, with the other major stable isotopes being: #?Ca
(0.647%), **Ca (0.135%), and **Ca (2.086%) [153]. Isotopic shifts in the cooling
transitions are of the order of GHz and therefore it is only really possible to cool

the ions of a single isotope with a single laser system.

In general most of the work presented here only requires laser-cooling to be im-
plemented from a single direction. As explained, the coupling of the translational
degrees of freedom (via the Coulomb interaction and anharmonicities in the po-
tential) means that cooling can still be very efficient with crystals of greater than
~10-20 ions. When working with smaller ion numbers, in particular with just 1-2
ions, cooling from a second direction is generally required to maintain adequate
secular temperatures. For work involving ion numbers of this order (see Chapter
5), this is performed by splitting off a component of the main 397 nm beam and in-
troducing it into the chamber on an axis perpendicular with respect to the original

cooling axis.

2.4 Coulomb crystals

As described so far, an ensemble of trapped ions, or one-component plasma, may
be laser-cooled very effectively to temperatures in the millikelvin range. The struc-
ture of such an ensemble is governed by the balance of the Coulombic repulsion
forces between ions, their kinetic energies or effective translational temperatures,
and the effective trapping forces generated by the LPT fields. At translational
temperatures of a few hundred millikelvin or more, the ions have enough kinetic
energy to overcome the Coulomb repulsion of their surrounding neighbours and
move freely. As translational temperatures are reduced below this limit and the
ions become more localised in the effective potential minimum, they will be less

able to overcome the repulsion of their nearest neighbours and will become more
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confined between them. At a certain point there exists a phase transition into a
crystalline state where the ions form an ordered 3D lattice-like structure known
as a Coulomb crystal (see Fig. 2.9), although they are more correctly described
as a gas phase plasma of like-charged Coulomb interacting particles. Within the
crystal structure, and for typical trapping parameters, ion spacings are of the order
of 10-20 pm and therefore four orders of magnitude larger than that of a familiar
solid-phase crystal. Coulomb crystals are thus not crystals in the conventional

sense as they have no true translational symmetry?.

Figure 2.9: Stereoscopic image pair generated from MD simulation of a 400-ion
prolate Coulomb crystal, with each ion represented by a shaded sphere. By focusing
beyond the page, the left and right images can be merged into a third virtual image
giving the impression of depth (viewed best at arm’s length). The major axis of
the crystal is parallel to the z-axis, which is represented by the cylindrical rod.
Shading is depth dependent, graduating from light to dark from +z — —=z.

Matter in this state is believed to exist in the interior of white dwarf stars and
the crust of neutron stars [154, 155] and other dense stellar objects [156], and is
therefore of interest to astrophysics and indeed astrochemistry. In general most of

the plasmas that occur naturally in the universe are believed to be two (or more)

HIn very large ion crystals a bce structure has been observed in the core — see Section 3.3.1.
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component plasmas (TCP) [155], where a lattice of heavy like-charged particles are
immersed in a sea of lighter oppositely-charged particles such that the plasma as a
whole remains neutral, for example a lattice of heavy nuclei immersed in a dense
electron gas. Originally proposed theoretically by Wigner [157], and therefore
termed “Wigner crystals”, the first consideration of this type of crystalline phase
involved the formation of a bee lattice by electrons at low enough densities within
a metal. Since the first theoretical treatment, those systems have been realised
only in one or two dimensions, for example on the surface of superfluid helium or
in carbon nanotubes [158,159], and the (somewhat) erroneous term of “Coulomb
crystal” was carried over to describe these analogous structures involving atomic

or molecular ions.

The ratio between average nearest-neighbour Coulomb potential energy, F,, and

kinetic or thermal energy, Fi, is expressed by the plasma coupling parameter:

E, Q?

F T e— L e
Ek 47T€0(LWSICBT ’

(2.32)

3

3 = mng! for the ion density

where as is the Wigner-Seitz radius defined by %7‘(’&
at zero temperature, ng, the particle charge, ), and the ensemble temperature,
T. The plasma coupling parameter is a measure of the thermodynamical state
of the plasma. Spatial correlation between ions (i.e., liquid-like behaviour with
short range order) exists for I' 2 2 [160]; below this value the plasma is in the gas
phase. Theoretical treatment [161] and molecular dynamics simulations [162, 163]
have demonstrated that crystallisation to the solid phase occurs for parameters of
[' 2 150-170 and this is well supported by experiment [164,165]. Ion densities
in a LPT are limited by Coulomb repulsion to approximately 10® ions/cm? [43].

Given Eq. 2.32 the phase transition to the crystalline state occurs at or below

T ~ 100-150 mK.

Even in a crystalline state, ions may still diffuse throughout the lattice structure.
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Figure 2.10: Diffusion in an ion crystal. In this axial view of a time-averaged
ion crystal at 6 mK the trajectory of a single ion is shown in green. During the
exposure time of 5 ms the ion diffuses through the whole ensemble. This simulation
did not include micromotion, no heating or cooling were applied. Reproduced from
reference [166].

Molecular dynamics simulations involving the harmonic pseudopotential have in-
dicated that on the typical timescale of an experimental image (~0.5-2 s) a single
ion’s trajectory may span several metres on account of the non-zero secular kinetic
energy [166] (see Fig. 2.10). Along with the ion’s micromotion, this results in a
contribution to the blurring of experimentally imaged ion fluorescence, which may
be considered a plot of ion spatial probability density. Each of the bright spots
observed in experimental images of the 397 nm fluorescence therefore represent
lattice positions rather than single ions. In a typical 800-ion prolate crystal, the

distribution of micromotion amplitudes spans approximately 0-7 ym depending on
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Figure 2.11: Trajectory of a single ion extracted from a molecular dynamics simu-
lation of a Coulomb crystal comprising a few hundred ions, with a secular temper-
ature of approximately 20 mK. This illustrates the diffusion of this particular ion
through the crystal at these secular temperatures, with the ion’s smooth secular
motion superimposed upon its jagged micromotion. The amplitude of the micro-
motion can be seen to increase as the ion ventures further from the z-axis towards
the electrodes. Simulation performed by J. M. Oldham.

ion-electrode proximity (See Fig. 3.14). Further consideration of the simulation of

experimental images can be found in Section 3.1.2.

2.4.1 The fluid model for a trapped charged plasma

A trapped one-component plasma in a liquid phase may be treated theoretically as
a macroscopic charged fluid, allowing a number of useful relations to be generated
[167,168]. In particular, as the temperature approaches zero, simple analytical
treatment involving the assumption of no net force on any plasma region allows
the derivation of the number density. If the force on each ion is assumed to be

Z€ro,

Fion = _Qv¢total = 07 (233)
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then the total potential, ¢yota1, Which is the sum of the trapping potential (i.e.,
the harmonic pseudopotential) and the electric potential of the ions, is constant
within the plasma. This implies a balance between the electric field due to the

space-charge interactions between ions and the effective trapping forces:

¢trap + ¢ion = const. (234)

Using the Laplace equation, VZ¢oa = 0, in conjunction with Gauss’ law within
the ion plasma, V2@, = —Qng/€o, and using the harmonic pseudopotential to
describe the trapping fields in the LPT results in the following expression for the

zero-temperature number density [160, 169]:

2
€0V (2.35)

ny = ——o—
mQEers

where typical parameter values are listed in Tables 2.1 and 2.2. Thus in terms of
the trapping fields, the number density is dependent only on Vgr and not on the
end-cap voltage Ug,q. This charged fluid treatment is performed in the limit of
T — 0, however at low temperatures the plasma does not remain a liquid; instead
it crystallises into the aforementioned lattice-like structure comprising concentric
ellipsoidal shells. One might assume that the fluid model description becomes
erroneous in this regime, however it has been shown to remain applicable given a
large enough crystal (ion numbers 2 100) [160, 170]. The fluid model also allows
the calculation of the dimensions of the ensemble’s ellipsoidal structure in the
effective trapping fields [167,170]. The assumption of constant number density in
larger crystals is used in the work described in later chapters where we treat the
number of ions in a given crystal as being proportional to the crystal volume. This
facilitates the calculation of rate constants for direct reactions of “°Ca*t where the

product ions are heavier than “°Ca™ itself (see Section 4.3.2).
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2.4.2 A brief discussion regarding “temperature” in the context

of Coulomb crystals

The term “temperature” is used a lot in this thesis with regard to the laser-cooled
ions confined in the trapping potential of the LPT. It is worth stating a little more
carefully what is meant in this case, as it is a somewhat erroneous usage of what

is a thermodynamic quantity.

A temperature value implies a characteristic energy distribution, and is often as-
sociated with the Maxwell-Boltzmann distribution of velocities in an ideal gas or
the Boltzmann distribution of population over rotational, vibrational or electronic
states. For example in the latter cases, at a temperature, T', the population in a

given state, n;, with energy, F;, is given by

Ej
no_ g€ (2.36)

N Zgiei ’“giT

where N is the total number of states and Z gief’ﬂE?%T is simply the associated
partition function, @), which can be thought oi“ as a measure of the spread of the
population over the given states. Temperature in this thermodynamic sense is a
parameter of the state of a closed system in thermal equilibrium with its surround-
ings [132]. The assignment of temperature to a laser-cooled sample of atoms is
therefore rather inappropriate, as there is interaction with the surroundings (ab-
sorption and emission of light) and no real heat exchange (although there is energy
exchange). Furthermore, though there may exist a steady-state it cannot truly
be considered thermal equilibrium. Additionally, there is the complication of the
RF-induced micromotion, which confers a distinctly non-Maxwell-Boltzmann-like
distribution on the effective kinetic energies of ions in the trap (although this van-

ishes at the central trap axis and, given weak enough coupling between the radial
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and axial degrees of freedom, the axial velocity distribution is well approximated

by the Maxwell-Boltzmann distribution).

As discussed in Chapter 2.2.2 the motion of ions in the trap is separable into the
lower frequency oscillation (secular motion) and the higher frequency micromotion
driven by the oscillating radiofrequency fields. The notion of temperature is di-
rectly applicable to the secular motion, with the secular velocity distribution of a
Coulomb crystal conforming well to a Maxwell-Boltzmann distribution at the asso-
ciated temperature [171]. Therefore it is somewhat justifiable to consider the secu-
lar temperature 7. in the true thermodynamic sense, although this is a somewhat
grey area for a sample of laser-cooled atoms as discussed. However the effective or
total kinetic energy distributions do not follow a Maxwell-Boltzmann distribution,
due to the dominant contribution of the micromotion, and it is therefore erroneous
to consider an effective temperature T,g in the same manner. Effective kinetic
energies are nevertheless often quoted in Kelvin for convenience, and this may
be interpreted as (Eyinefr)/kp; we may also use the term “effective translational

temperature” to refer to this latter quantity.

Later when we discuss neutral molecular reactants we may also use the term tem-
perature as synonymous with translational temperature where Ty, = mv?/2kg.
However, in the case of the velocity-selector for example, molecules are still rota-
tionally hot in the sense that the distribution of the population over the rotational
states is well-approximated by a Boltzmann distribution at 7' = 300 K [43]. Like-
wise, a discussion of low-temperature reactions may imply a small collision energy
or small Ti;, value in the centre of mass frame of the approaching reaction partners.
This is purely for convenience: It is recognised here that a truly cold or ultra-cold
reaction is one in which all degrees of freedom, both internal and external, are

minimally excited.
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2.5 Molecular dynamics simulations of Coulomb crys-
tals

Molecular dynamics (MD) simulations involve the numerical computation of the
time-evolution of a bonded and/or non-bonded poly-atomic system. From the
folding or solvation of proteins to the behaviour of an ensemble of laser-cooled
ions, the basic framework for MD simulation remains much the same. In general
the system is first defined through the use of input files to determine the atoms
involved and their relationships (i.e., bonded/non-bonded, and the forces acting
between them). The evolution of the system can then be calculated based on the
integration of the Newtonian equations of motion, with an integrator that can
be customised to the regime at hand. Traditionally the most computationally
expensive part of these simulations is the force calculation, which is necessarily

performed at every time step.

Our usage of MD simulations is primarily aimed at simulating the experimental
crystal images generated by projecting the 397 nm spontaneous fluorescence onto
a charge-coupled-device (CCD) camera system. As we shall see, closely matching
experimental fluorescence images with simulated images allows the accurate de-
termination of ion temperatures as well as the number of different ion species in
the trap. This latter use is particularly important in the case of multi-component
crystals where non-fluorescing ions are usually only detected via the structural
distortions they cause in the fluorescing fraction of the crystal. In the case of
some reactions of single component crystals, certain approximations (described in
detail in Section 4.3.2) allow rate constants to be obtained from the experimen-
tal images alone. However, simulations are extremely useful, or even necessary,
for obtaining rate constants for reactions involving multi-component crystals, or

direct reactions of pure crystals involving a product species lighter than that of
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the reactant ion. Details regarding the production of experimental and simulated

images are discussed later in Sections 3.1.1 and 3.1.2 respectively.

For our studies involving Coulomb crystals we searched for pre-existing MD soft-
ware which would be easily modifiable to our exact specifications. Use of the latest
existing software affords us the luxury of well-refined algorithms designed to allow
fast simulation of systems of thousands of ions. Early on we identified the MD
package ProtoMol [172] as ideally suited to our needs. The source code was freely
available and allowed us not only to be sure of what was being calculated, but also

to modify the forces involved and more closely mimic our experimental situation.

2.5.1 ProtoMol

Overview

ProtoMol is an object-oriented, modular C++ framework for molecular dynamics
simulations, which started life as the PhD project of Thierry Matthey [173]. It
is designed to be easily modifiable and extendable, and incorporates a number of
efficient algorithms and techniques (including parallelisation) for high performance
demands. The use of fast electrostatic force evaluation algorithms like Ewald, par-
ticle Mesh Ewald, and Multigrid summation further enhances performance, which
is particularly important given the need to simulate large numbers of Coulomb-

interacting ions in large crystals.

ProtoMol already had an integrator optimised for use with a Paul trap type system,
however, certain modifications (programmed mainly by J. M. Oldham [171]) were

implemented in order to more accurately model our experimental situation.
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Force model modifications

The total force on any given ion in the simulation is calculated at each time-step
from the summation of trapping forces, inter-ion Coulomb repulsion, laser-cooling

and stochastic heating forces:
Ftotal = Ftrap + FCoulomb + Flaser + Fheat- (237)

In the original code only the trapping and inter-ion repulsion forces were included,
along with a general “thermostat” for bringing the temperature of the ensemble
towards a pre-designated value. This thermostat was removed on the grounds of
being unphysical and replaced with a force to model the laser-cooling, as well as
a stochastic heating term to account for random heating due to collisions with

background gases.

The trapping term was modified from a time-independent force to a time-dependent
one to model the RF trapping fields more accurately; also included was the option
to use either the analytic potential (Eq. 2.5) or a grid of field gradients imported
from SIMION. The latter option tended to be much slower and was ultimately not
used a great deal. The trapping force based on the analytic potential for a given

ion is thus

Ftrap,i = QiEtrap,ia (238)
where
Var cos(Qppt kUgn
Eirapi = w (25 —yi) + 7d (22 — (zs + 1)) - (2.39)
0 0

In order to account for inter-ion Coulomb repulsion, Feouomn takes the form of a
simple pairwise summation of the Coulomb force between ions. In this case any

polarisation of the ions is ignored and they are treated as point charges:

FCoulombﬂ' == Z %f‘m (240)
J#

2
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In order to model the laser-cooling, a simple z-axis viscous damping term was
implemented, on account of the axial laser-cooling setup we employ experimentally.

The force on a particular ion is modelled according to

Flaser,i - _Bzz (241)

where the viscous damping term [ is described by Eq. 2.25, repeated here for

clarity,
so(2A/T)
(1+s0+ (2A/T)2)2’

and for which a typical value is § = 870 m/s [171].

B = 4hk? (2.42)

Lastly there is the matter of the stochastic heating term F,;. This term is there to
prevent the simulated ions ultimately cooling to zero temperature (in the absence
of any RF micromotion), and is something of a catch-all term to include the various
heating contributions that can arise experimentally, the main examples of which are
the photon emission recoil and random collisions with background gas molecules.
This term involves adding a randomly selected velocity kick to each ion in each
degree of freedom at every time-step. Initially these velocities were chosen by
multiplying a user-specified magnitude vector by a random number between -0.5—
0.5. This was later replaced by selecting velocities at random from a Gaussian
distribution whose FWHM is determined by a user-specified vector. In either
case this term affords the user control over the final temperature of the simulated
crystal, and allows a range of temperatures to be simulated for direct comparison

with experimental images.

Additional modifications to the program were mostly for the purpose of outputting
raw information about the ions themselves, such as their positions and velocities at
designated time-steps. This raw data can be processed further to obtain secular and

effective temperatures/kinetic energies, crystal aspect ratios and 3D histograms of
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the ion positions over time. In order to obtain secular temperatures, the kinetic
energy due to the oscillating micromotion is ignored by considering the average
velocity of each ion, ¢, over each RF period:
n 2 n 2 n 2
V7 average = (Z vm/n> - < Z vy,i/n> + ( Z vz,i/n> , (2.43)
step=1 step=1 step=1

where n is the number of time-steps in an RF cycle. In this way the velocities
contributed by the fast oscillatory motion cancel out, leaving only the contribution
from the large scale secular motion. The average kinetic energy for each RF period
can then be summed and averaged for the ensemble over a large number of RF
periods to arrive at the final secular kinetic energy or temperature. In contrast,
the effective kinetic energy of the crystal is calculated by considering the average
speed of each ion over an RF period. In this case the kinetic energy of the fast
micromotion is included with that of the secular motion, resulting in the true av-
erage effective kinetic energy, which is usually presented as a temperature through

division by kg (as discussed in Section 2.4.2).

The aforementioned 3D histograms of ion spatial intensity are used to simulate
experimental fluorescence images. A discussion of the CCD imaging system used
to image Coulomb crystal fluorescence, and the subsequent simulation of these
images through MD simulations, may be found in Sections 3.1.1 and 3.1.2 respec-
tively. The tools provided by molecular dynamics simulation are invaluable to the
characterisation of single and multi-component Coulomb crystals, and are invoked
often in this work. Deeper examination of the behaviour and properties of ion
crystals, especially under a variation of the applied fields, may be found in Section

3.3.1.
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2.6 Modelling electronic quantum state populations
of trapped and laser-cooled ions

In later chapters, a knowledge of the steady-state populations of the low-lying elec-
tronic states of *°Ca* ions in the presence of two near-resonant laser fields will be
required. Determination of the population fractions allows the study of the varia-
tion in the rates of reaction of a sample of *°Ca™ ions at different degrees of total
excitation, thereby yielding information on the reaction rates for different elec-
tronic quantum states. This section introduces a theoretical basis for determining

these populations experimentally.

In order to model the steady-state (and time-evolution) of the electronic quantum
state populations of °Ca*, in interaction with two near-resonant laser fields, we
invoke and solve the Optical Bloch Equations (OBE). Within the OBE framework,
the three lowest-lying electronic states of Ca™t can be treated as a three-level system
in the absence of a magnetic field. However, if the degeneracy of the spin-orbit
states is raised by an external magnetic field to a significant degree, an eight-level
treatment may become more appropriate [174,175]. As 4°Ca* possesses no nuclear

spin (I = 0) there is no hyperfine splitting to consider.

The rest of this chapter concentrates most heavily on the derivation and solution
of the OBE in terms of a three-level treatment. Most of the key points in both the
derivation of the OBE and the resultant state dynamics can be illustrated using
this treatment, and its relative simplicity facilitates clear presentation. In addition,
much of the early experimental analysis was performed using the three-level OBE
treatment because it is computationally less expensive than the eight-level version.
For example, the three-level treatment was relied upon to investigate the effect of

both non-zero ion axial velocities and fluctuations in the laser frequencies on the
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state populations of ions in a typical Coulomb crystal (see Section 6.1.2).

Ultimately, as explained further in Chapter 6, an eight-level treatment was relied
upon for the calibration of the laser intensities experienced by the Coulomb crys-
tals in later reaction experiments. For this reason, the final part of this chapter
introduces an eight-level treatment and, without resorting to a complicated deriva-
tion (which may be found in the literature [174, 175]), provides the necessary detail
to allow its solution as performed for the work in Chapter 6. A brief comparison
of results obtained from the three- and eight-level OBE treatments is made in

Appendix G.

The following experimental details are common to both treatments: The two laser
fields with which the ions interact are both generated by Toptica DL-100 diode
lasers operated at 396.847 nm and 866.214 nm, as indicated within Fig. 2.8. These
lasers are both estimated to have linewidths of the order of several MHz, and
hereafter shall simply be referred to as the 397 nm (blue) or 866 nm (red) laser,
for convenience. Natural linewidth values used for the treatment of *°Ca™ are also
shown in this figure, and have been taken from the literature [176]. Photons arising
from stimulated emission occupy the same light mode as the photons that induce
their emission, therefore they travel on an axis perpendicular with respect to the
imaging direction and are not observed. Experimentally, resonance fluorescence is
detected purely due to the spontaneous decay from the 4p 2P; /2 excited state to
the 4s %S, 2 ground state. The rate of resonance fluorescence, I'sg7, is therefore
proportional to the population of the 4p 2P, /2 state. Thus, resonance fluorescence
intensity provides a useful handle with which to probe the 2P, /2 population: In
Chapter 6 (and Appendix G) the theoretical treatments outlined here are tested
via the comparison of experimental and simulated fluorescence excitation spectra.

Within the basis for the three-level OBE treatment, which is shown in Table 2.3,
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the population of the 4p 2Py o state is denoted pas(t).

State Label Population

4s 2519 1) p11(t)
4p *Pijy  |2) p2a(t)
3d 2D3/2 |3> pgg(t)

Table 2.3: State basis and population labels used in the three-level OBE treatment.

2.6.1 The Optical Bloch Equations for a three-level system in

the absence of a magnetic field
Introduction

An ensemble of laser-cooled ions, each of which may either be in the electronic
state denoted [1), |2) or |3) at a particular time, represents a statistical mizture
of pure states. In order to model the dynamical evolution or steady-state fraction
of the population of these states, we therefore invoke a treatment based on the
use of the density matrix. Density operator techniques are well-established for
describing systems such as the one under discussion, and therefore an abbreviated
introduction addressing both the need for a density operator and its formalism is

presented in Appendix B.

The form of the density matrix operator can be expressed as

p= 3 pula)l (2.44)

a,b=1,2,3
where the diagonal matrix elements pi11, pao and p33 correspond to the expectation

values for finding the ion in the corresponding states |1), |2) or |3) and therefore

Tr(p) = pi1 + pa2 + p3s = L. (2.45)
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The off-diagonal matrix elements, or coherences, represent the interference effects
that can occur between the states when they comprise a linear superposition. The

evolution of the density matrix is governed by the Liouville equation:

(0) = - H(1), (1) (2.46)

where H (t) is the Hamiltonian matrix, and whose form we will now consider for the
case of the Ca™ three-level system. Subsequently, we will account for decoherence
effects such as spontaneous emission and finite laser linewidth, which we have thus

far ignored, by including another term in the Liouville equation.

The Hamiltonian matrix and revised Liouville equation

The Hamiltonian that describes the system comprises three parts, a term describing
the atom, a term describing the laser fields, and a final term accounting for their

Interaction:

ﬁ == f{atom + f{ﬁeld + ﬁint- (247)

Given the prior definitions of the three atomic states under consideration (Ta-

ble 2.3), we can define H,iom in terms of the atomic frequencies w, by

3
Hopom = Y _ hw,la)(al. (2.48)
a=1

It is convenient to begin to write these operators in matrix formulation in the basis

la) with a = 1,2, 3 as follows:

w; 0 0
Hyom = 0| 0 w, 0
0 0 ws
w; —wy 0 0
= h 0 0 0 , (2.49)
0 0 ws—ws
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where the energy of state |2) has been chosen as the zero point.

Single-mode laser light fields with high photon numbers can be treated to a very
close approximation as classical monochromatic electromagnetic waves. The two
lasers are thus described by E = Ey, cos(wpt) + E; cos(w,t), with laser linewidths de-
noted I'y, and I';., where the subscripts b and r denote the 397 nm and 866 nm lasers
respectively. Typical laser powers are in the region of 0.5 mW and 5 mW at 397 nm
and 866 nm respectively. This corresponds to ~10' or 10! photons/s respectively,
values much greater than the typical scattering rates of ~10% or 107 photons/s in
either case. Any absorption of photons from the beam by the ions will have a
negligible effect on the energy of the beam. Therefore we disregard I:[ﬁe]d and ad-
ditionally the effect of the atom-laser interaction on the light field. The atom-laser
interaction is then restricted to the electric dipole interaction (ignoring electric and

magnetic moments of higher order).

The interaction Hamiltonian can therefore be written according to

A~

H, =-D-E, (2.50)

where D is the atomic dipole operator

D=c| 4 |, (2.51)

which may also be expressed using the atomic eigenvectors as

D= 3 Dula) (2.52)
a,b=1,2,3

with dipole matrix elements

D., = (a|DIb). (2.53)
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For a transition between states |a) and |b) the atomic dipole is thus given in terms

of what are effectively raising and lowering operators:
D — Dy (a) (0] + |8} al). (2.54)

A number of assumptions are made at this stage. Firstly, given that the 3d ?Ds /s
to 4s 25, /2 transition is electric dipole-forbidden, the 2D3/2 state is treated as
stable, which is a good approximation given that its decay occurs on a timescale
~10% times larger than the other transitions under consideration. This means that
we can ignore this transition entirely, and consider only the transitions |1) <> |2)
and |2) <> |3). We can also assume that there is no interaction between the 397 nm
beam and the 866 nm transition and vice-versa, because in each case they are so
far from resonance. For simplicity let us consider the contribution to ﬂint from the

1) <+ |2) transition, Hiy, according to
Hiye = His + Hap, (2.55)

as the result is analogous for H;,. Given Eqgs. 2.50, 2.54, and the classical wave

description we can write

A~

H12 = _ﬁ12'E12

DBy cos(wnt) (|1)(2] + 2)(1). (2.56)

Using the relation cosf = 1/2(e + e71),

; D,E . . ‘ .
I_I12 _ 1; b<‘1><2’(elwbt+€_lwbt)+ ‘2><1’(e1wbt+e—1wbt))
hQ . . . |
= - (y1><2|(elwbt + e )+ [2) (1] (e + elwbt)), (2.57)

where ), = (—D12Ey)/h is the characteristic Rabi frequency that defines the
strength of the coupling between the laser and the atomic dipole (for information

on how the Rabi frequencies are calculated experimentally see Section 6.1.3). By
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transforming into a reference frame rotating at the atomic transition frequency,
via a unitary transformation Hyy = UH Ut with U = €12¢2)(2] (see Appendix

C for further explanation), we may factorise Eq. 2.57 into

ﬁ12 = - (‘1><2|(61Abt + efi(w12+wb)t) + ’2><1|(671Abt 4 ei(szron)t))’ (2.58)

where Ay, is the detuning of the 397 nm laser away from resonance (wy, — wi2). As
we have invoked the dipole approximation, via Eq. 2.50, we have assumed the laser
field is near resonance with the atomic transition. Therefore Ay, < (w2 + wp) and

+HAvt  These faster oscillations

eF@iztwn)t wil] oscillate much more rapidly than e
are assumed to average to zero on any appreciable timescale and therefore we make
the rotating wave approximation (RWA) and set any et!(@2+«) terms to zero,

before transforming back to the original frame via the reverse operation H, =

U TﬁlgU which yields:

A hQ) : .
fi, = 1 (|1><2|ew ¥ |2><1|e—W), (2.59)
and by analogy,
heY,

H;, =

5 (|3> (2]e™rt + 12) <3|e—w) . (2.60)

The interaction Hamiltonian may therefore be written according to Eq. 2.55 as:

0 et 0
Hint =h %e_i“’bt 0 %B_iwrt ) (261)
0 et 0

and the full Hamiltonian, according to Eqgs. 2.47, 2.49 and 2.61, may then be

written as:
W1 — Wy %eiwbt 0
H=~h %e_iwbt 0 %@_iwft . (262)
0 %ei‘“rt Wg — Wa

We may further simplify the full Hamiltonian, by transforming into a reference

frame rotating at the laser frequencies. The operator that performs this can be
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represented in terms of the atomic eigenvectors as:

U = e ™' 1)(1] + |2)(2] + e

3)(3), (2.63)

and also in matrix notation as:

et 00
U= 0 1 0 , UUT=UU =1. (2.64)
0 0 et

In matrix form the transformed Hamiltonian and density operators may be written

as (see Appendix C):
o =UpU" |  H =UHU'—inUU", (2.65)

and the resulting transformed Hamiltonian matrix is:

Ay, 200
’_ Q .
H=n| & o 2 [, (2.66)
0 2 A
where the laser detunings are defined as:
Ap = wp — (We — wy), (2.67)
Ay = w — (wy — ws). (2.68)

For convenience we now assume the use of the transformed Hamiltonian and density

matrices without including the associated notation.

We now have our full Hamiltonian, and in conjunction with a density matrix con-
taining the initial state populations, we can now use the Liouville equation (as
specified by Eq. 2.46) to calculate the time evolution of the populations. However
before doing so we must account for the as-yet unconsidered decoherence effects
that exist in this system. Decoherence effects arise from the spontaneous emis-

sion from the upper excited state to both the ground state and metastable state,
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and also in the two independent laser phase fluctuations. These decoherence ef-
fects are accounted for in this treatment by the addition of the Lindblad operator,
L(p), to the Liouville equation (this operator is unaffected by any of the frame

transformations done so far) which gives us:

p= 314+ L), (2.69)

where

A

L(p) = =5 3 (Ch.Cui + #C1,Co — 26 C) (2.70)

er—t

The sum over m represents a sum over all the relevant operators (', which describe

the various dissipative processes, and these are as follows:

Coi = V/Tal1)(2) (2.71)
Cos = V/T2f3)(2 (2.72)
Gy = V2m|1)(1 (2.73)
C. = V21, 3)(3). (2.74)

The operators Cyy and Cos represent the spontaneous decay from the excited state
to the ground and metastable states respectively. The operators Cy, and C, account
for the finite laser bandwidths of the diode lasers, with the 397 nm and 866 nm laser
bandwidths denoted I',, and I', respectively. The first two terms in the Lindblad
operator describe the removal of population from the excited state and evolution
of the coherences, whereas the last term introduces the decaying population into
the lower states, and is often called the “feeding term”. The first two terms may

be incorporated into an effective Hamiltonian as follows using Eqgs. 2.69 and 2.94:

p = —% (Hp — pH) — %Z (érLéIIlp + pértlém - 26H1péjrl)
R 1h A A AA
= 3 (Hp — pH*> + Z CA'mpCA?; (2.75)
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where the effective Hamiltonian

~ iR oy -
— T
H= <H— . > jcmcm) (2.76)

is no longer Hermitian.

Solution of the Optical Bloch Equations for a three-level atom in the absence

of a magnetic field

With the revised Liouville equation (Eq. 2.75), we arrive at an expression that
governs how the N x N density matrix, and therefore the electronic state popula-
tions, evolve with time. Taking advantage of the linearity of this equation in the
components of the density matrix, p, we are able to transform it into a system of

linear equations — the so-called Optical Bloch Equations:
pi=Y _ Myp;. (2.77)
J

Here, p is a column vector that holds that holds the N? elements of the density

matrix

P = p1, 12, P13, -, P32, sl (2.78)

and M is the N2 x N? Liouvillian matrix. M retains all the information necessary
for the evolution of the system and is formed from effective Hamiltonian and feeding
terms according to Eq. 2.75 (see Appendix D for further discussion, along with
MATLAB code for solution of the OBE). Therefore all the experimental parameters
such as the laser detunings, Rabi frequencies, natural and laser linewidths are

contained in this matrix.

Given the matrix equation

p=Mp (2.79)
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and assuming that M is time-independent, we are able to integrate Eq. 2.79 and

arrive at an expression for the populations at time ¢ using the matrix exponential:
p(t) = e™p(0), (2.80)
where p(0) are the normalised initial populations such that

> mt)=1 vt (2.81)

The steady-state solution can be obtained via Eq. 2.79 by first setting p = 0 such
that
0 = Mpgs (2.82)

where pg is the steady-state density matrix. Before solving this equation for pgg, the
normalisation condition must be enforced by replacing one of the linear equations

contained therein with

> =1 (2.83)
resulting in (assuming the top/first lilnear equation is replaced):

x = Mpg (2.84)
where for the three-level system

x"=[10000000Q0] (2.85)

and where M is identical to M except that the top row has been replaced such
that (in MATLAB notation)

M(1,:)=[10001000 1] (2.86)

M(2:9,:) =M(2:9,:). (2.87)

Solution of the resulting equation can then be carried out very easily numerically.

In MATLAB this is achieved using the backslash operator: p,, = M\X.
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Solutions for some general cases

The evolution of the three state populations under certain conditions is now briefly
examined to illustrate some important features of the dynamics. In these calcu-
lations the initial density matrix is prepared to correspond to a fully populated

ground state.

o o o
EN o)) ©

Population Fraction

o
\S)

0 0025 005 0075 041 0125
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Figure 2.12: The evolution of state populations with parameters: Qp9/27 =
12 MHz, Q32/27 = 0 MHz, Ay /27 = A, /2m = 0 MHz, I'y /27 = T, /27 = 0 MHz,
and the spontaneous decay rates have been set to zero to illustrate the undamped
Rabi oscillations.

The simulation shown in Fig. 2.12, which is calculated in the absence of the 866 nm
laser (§232/2m = 0 MHz), and without any spontaneous decay contributions (I'12 =
['3s = 0 MHz), clealy shows the expected Rabi oscillation between the states
coupled by the 397 nm laser. If the spontaneous decay is accounted for, the states
for 9°Ca* evolve according to Fig. 2.13. The Rabi oscillations are damped by the
spontaneous decay, and the lack of repumping results in all the population being

optically pumped into the 3d D3> metastable state.

If the repumper laser is coupled in by setting a non-zero Rabi frequency, the ini-

tial Rabi oscillations are quickly damped as the populations tend towards their
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Figure 2.13: The evolution of state populations with parameters: Qp9/27 =
12 MHz, Q32/27 = 0 MHz, A, /27 = A,/2m = 0 MHz, I'y /27 = T, /27 = 0 MHz,
and the spontaneous decay rates have been set to those of *°Ca*. This demon-
strates optical pumping into the 3d 2Ds metastable state, which occurs without
the presence of a repumping laser. ’

steady-state values. The simulation shown in Fig. 2.14 illustrates this, and in-
cludes non-zero laser linewidths along with non-zero detunings for either laser.
The steady-state population fractions in each of the three electronic states exhibit
a dependence on the Rabi frequencies and laser detunings, and are therefore read-
ily manipulated experimentally. Work in Chapter 6 capitalises on this situation,
and investigates the influence of different steady-state population distributions on
the rate of reaction of Ca™ with a number of molecular species, in two different

collision energy regimes.

An important feature of this system is the ability to pump population into states
which do not interact with the light fields; these states can be described by a su-
perposition of the pure electronic states and therefore by the off-diagonal elements
or coherences in the density matrix. This behaviour is analogous to a Raman tran-
sition between the ground and metastable states, and occurs when both 397 nm

and 866 nm laser detunings are equal. Population of these coherent states can give
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Figure 2.14: The evolution of state populations with parameters: Q9/27 =
125 MHz, Qsp/2m = 12 MHz, A /27 = 10 MHz, A,/27 = 30 MHz, I',/27 =
5 MHz, I',/27 = 5 MHz, spontaneous decay rates are those of ¥°Cat. The pres-
ence of a repumper laser closes the optical cycle and results in a finite steady-state
population fraction in each of the three electronic states.

rise to “dark resonances” in resonance fluorescence excitation spectra, where the
population of the 4p 2Py, state (p22) drops to zero (see Fig. 2.15). In this limit
no fluorescence can be observed because the rate of fluorescence is proportional
to poo, hence the term “dark resonance”. The population of an optically decou-
pled superposition state such as this is a purely quantum mechanical phenomenon,
and is known as coherent population trapping (CPT) or electronically induced
transparency (EIT). In contrast, optical pumping describes the population of a
single uncoupled pure state (usually via spontaneous emission) and not a coherent

superposition; optical pumping can therefore be described classically.

In general pyy becomes fully depopulated when the detuning of both lasers are
equal and their linewidths are equal to zero (in the absence of other sources of
decoherence such as mj -mixing due to Larmor precession in a magnetic field).
Non-zero laser linewidths are a reflection of phase noise and introduce decoherence

into the system. In terms of the OBE treatment this dephasing results in a decay
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Figure 2.15: The evolution of state populations with parameters: Q5/27 =
18 MHz, Q35/27 = 10 MHz, Ay/2r = 20 MHz, A,/27 = 20 MHz, I',/27 =
[',/2m = 0 MHz, and spontaneous decay rates are those of “°Ca™. This demon-
strates the population of the coherences between the ground and metastable states
and the depopulation of the 4p Py, state, resulting in the loss of observable fluo-
rescence and the occurrence of a so-called dark resonance. Non-zero laser linewidths
will mitigate this effect slightly as shown in Fig. 2.16.

in the population of the coherences in the density matrix, partially destroying the
coherent superposition between the ground and metastable states. This means
that the population of the 2P, /2 excited state no longer drops all the way to zero
and fluorescence will still be observed even when the laser detunings are equal.
The simulation in Fig. 2.16 illustrates the resultant “washing-out” of these dark
resonances as a consequence of increasing laser linewidths. Further discussion
regarding fluorescence excitation spectra and related phenomena can be found in
Chapter 6, and in particular Section 6.1.3 where simulated excitation spectra are

compared with experimental scans in order to calibrate effective laser intensities.
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Figure 2.16: Resonance fluorescence excitation spectra with parameters:

Q45/27m = 30 MHz, Q35/2m = 15 MHz, A}, /27 = 50 MHz, spontaneous decay rates
are those of °Cat. (a) I',/27 =T,/27 = 0 MHz, (b) I',/27 = I',/2m = 0.5 MHz,
(¢) I'y/2m =T, /2w = 2 MHz. Dark resonances occur where the laser detunings are
equal, although non-zero laser linewidths introduce decoherence into the system,
reduce the extent of pyy depopulation, and broaden observed dark resonances.

2.6.2 The Optical Bloch Equations for an eight-level system in

a magnetic field
Introduction

The three-level treatment of Ca™ effectively ignores the fact that each of the three
states previously considered consists of (2.4 1) spin-orbit sub-levels (labelled with
the m; quantum number), with each set of m states degenerate in the absence of
a magnetic field. The excitation of population between these various sub-levels is
dependent on the polarisation of the laser coupling them according to the following
selection rules: ot — Am; = +1, 7 — Amy = 0. Given that both the 397 nm and
866 nm diode lasers are linearly polarised they can excite only Am; = 0 transitions,
whilst spontaneous decay couples transitions according to Am; = 0, £1. According
to Fig. 2.17 this would result in optical pumping (via spontaneous decay) into the

my = £3/2 sub-levels of the 2Dy, state [174,175,177] and therefore complete loss
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of fluorescence.
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Figure 2.17: Fine structure level scheme of °Ca™, adapted from Ref. [174].

The presence of a magnetic field causes the Zeeman splitting of the m; states by
an energy equal to

AE =myg;us|B], (2.88)

where g; is the Landé g-factor, up is the Bohr magneton and |B| is the magnetic
field strength. If the magnetic field vector is not parallel to the quantisation axis
then mixing will occur between the populations of these m; states as they undergo
Larmor precession. This is another source of decoherence in the system: according

to the expression for the classical Larmor precession frequency,
e = g;unBl, (2.8)

and using the Landé g-factors given in Fig. 2.17, a field of B = 1 G would result in
a precession frequency of approximately 1 MHz for the D3/, state. This provides
strong enough m -mixing to prevent the shelving of the population into the ?Ds o
my = £3/2 sub-levels. In our experiments, fluorescence is observed despite the
use of linearly-polarised lasers, and without the application of additional magnetic
fields. These observations alone suggest that an appreciable magnetic field compo-

nent exists perpendicular to the quantisation axis within our trap, and therefore
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that the full eight-level treatment may be necessary in accurately determining the
state populations for work in Chapter 6. To this end there now follows a brief
description of the eight-level OBE treatment and methods for its solution. A fully

detailed derivation is omitted, but may be found in the literature [174].

Abbreviated derivation and solution of the Optical Bloch Equations for an

eight-level atom in a magnetic field

In the basis defined in Fig. 2.17, the atomic Hamiltonian may be expressed as

o — 3 hulaal
— s — 0D+ Alus + 022
+ B(wp — u/3)[3)(3] + h(wp + u/3)|4) (4]
+ R — 66/5)5) (5] + hlwp — 20/5)[6)(

+ h(wp + 2u/5)|7)(7| + h(wp + 6u/5)[8) (8| (2.90)

where the Zeeman frequency shifts of each sub-level are incorporated using Aw =

m;gyu with u = ug|B|/h.

In our experiment, the co-linear 397 nm and 866 nm lasers are both p-polarised (in
the plane of the laser table and parallel to the trap z-axis). Within the eight-level
OBE treatment, their polarisation vectors are therefore considered to be equal and

at an angle, o, to the magnetic field vector.
sin «
€& =€ =€= 0 . (2.91)

COS &

This simplifies the derivation of the atom-laser interaction Hamiltonian, which is
omitted here but may be found in Ref. [174]. The presence of a magnetic field com-

ponent perpendicular to the laser polarisations causes mixing of the m; sub-levels;
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as discussed, the absence of this field component would result in optical pumping
of the population into the m; = +3/2 levels of the 2Dy, state [174,177]. No addi-
tional magnetic field is applied experimentally; we assume that the magnetic field
component oriented at o« = w/2 to the laser polarisations, and centred within the
ion trap, arises from the (dominant) vertical component (~0.48 G) of the Earth’s

magnetic field.

As in the three-level case, the Hamiltonian for the laser field is ignored such that
the full Hamiltonian for the system is the sum of the atomic and interaction Hami-
tonians. Using a similar sequence of transformations to those described in Sec-
tion 2.6.1, the full eight-level Hamiltonian can be expressed within the rotating

wave approximation as:

H="hx

Ap+u 0 A, —W, 0 0 0 0

0 Ap—u  —52Qy —<BaQ, 0 0 0 0
Ly ey —3 0 —4eq, 220, 2820, 0
—WeQ, —=e0, 0 +iu 0 —32Q, —<3aq, e,

0 0 —sneQ, 0 A —Su 0 0 0

0 0 —9220, —3220, 0 A—2u 0 0

0 0 e, —220, 0 0 Ar+2u 0

0 0 0 snaQ), 0 0 0 A+Lu

(2.92)

where A; are the laser detunings, €); are the Rabi frequencies ¥ and the subscripts

b and r refer to the 397 nm and 866 nm transitions respectively.

The Cat state populations are described by the diagonal elements of the 8 x 8

density matrix, p, with the off-diagonal elements representing coherences between

$Note that in the derivation of Eq. 2.92 the Rabi frequency, €2, is defined as hQ2 = E.d/2,
whereas in the three-level OBE derivation it is defined as 72 = —E.d (see Eq. 2.57).
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the eight Zeeman sub-levels of the three electronic states. As in the case of the
three-level treatment, the evolution of the density matrix is governed by the quan-

tum mechanical Liouville equation:

~

l

p=—7H o+ L(p). (2.93)
where L(p) is the Lindblad operator [178],
A 1 Ay A Ay A A N
L(p> - _5 Z (CrTnOmp + pcllcm - QCmPOlJ s (294)

m

which, for the eight-level system, accounts for decoherences phenomenologically

using the operators:

A 2

C, = §FPS|1><4\,

A 2

Cy = gfps|2><3\,

A 1

Cy = ngs(|1><3| —[2)(4]),

A 1 1

Cy = §FPD|5>(3| + EFPD|6><4|,
A 1 1

05 — 6FPD|7><3| + 5FPD|8><4|’

Co = 1/3Ten(16)(3] — I7)(al),

Cr = V(I1){1] +[2)(2)),

Cs = V2LL(I5)(5] + [6)(6] + [7)(7] + [8)(8)).

Here, él through C’G describe the spontaneous emission from the 2P; /2 excited
state to the 2S; /2 ground and 2Dy /,2 metastable states, which occurs with angular

frequencies of I'pg and I'pp respectively, while C; and Cg account for the finite

bandwidths of the 397 nm and 866 nm diode lasers respectively.

Once again, the Liouville equantion (Eq. 2.93) may be transformed into a system

of linear equations to give the Optical Bloch Equations:
pi = Z M;;p;, (2.95)
J
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in which p is a column vector that contains the N2 elements of the density matrix,

PT = [0117 P12, P13, ---5 P86, P87, p88]7

and M is the N? x N? Liouvillian matrix, which can be formed efficiently using
Kronecker products of the Hamiltonian and the Lindblad operator matrix repre-
sentations,
i/~ ~
S _ T
M — h(H@I I®H>+;Cm®cm. (2.96)
In this equation, I is the N x N identity matrix and the non-hermitian effective

Hamiltonian H is given by

- ih
S T
H=H 5 E Cl C,. (2.97)
As for the three-level system, we find the steady-state populations by setting p = 0

and replacing one of the linear equations with the normalisation condition:

Zpii = 1.

The total population of the Py, state is proportional to the observed rate of
spontaneous fluorescence. This means that experimental measurements of the
spontaneous fluorescence intensity as a function of the cooling-laser intensities or
detunings (resonance-fluorescence excitation spectra) provide a convenient means
to probe the sum p33 + py. Of the twelve dark resonances possible when the de-
tunings with respect to certain Zeeman sub-levels are equal, four are degenerate.
Therefore in eight-level fluorescence spectra up to eight dark resonances can occur
simultaneously depending on the angle « (see Ref. [174]). The energy or frequency
separation of these dark resonances increases with the magnetic field strength. As
shown later in Chapter 6, the resultant magnetic field present in our experiments
does not produce a very large splitting, and the decoherences present due to finite
laser linewidths and m j-mixing are sufficient to prevent any resolution of separate
dark resonances — typically only a single broad dip in fluorescence intensity is

observed.
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Chapter 3

Production and manipulation of

Coulomb crystals

3.1 Experimental Apparatus

The apparatus used to generate Coulomb crystals is constructed in and around an
ultra-high vacuum chamber with an internal breadboard for mounting equipment
— a schematic of the apparatus is shown in Fig. 3.1. Typical working pressures are
ideally < 5x1071° mbar or lower, in order to minimise the ion-heating which arises
from collisions with background gas molecules. To achieve this a turbo-molecular
pump (Leybold Turbovac 361) is mounted to the underside of the chamber, backed
by a rotary pump. A titanium sublimation pump (filament type, Varian) is also
attached to the chamber for use in the initial evacuation; a stainless steel shield is
fixed in the main chamber to protect the trap apparatus. The chamber pressure is

monitored with a hot-cathode ionisation pressure gauge (Leybold Ionivac ITR90).

The ion trap sits centrally in the chamber beneath a recessed window in the cham-

ber lid. The recess allows the objective lens of the CCD-camera system, which is
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Figure 3.1: Schematic of the experimental apparatus for generating Coulomb crys-
tals.

mounted onto the lid above the chamber on an zyz translation stage, to come to
within approximately 25 mm of the geometric trap centre. The trap voltages are
carried by copper wires directed through a feed-through to the external electronics.
A slit skimmer is mounted to the trap holder in order to skim the incoming beam
of calcium atoms from the calcium oven, which is mounted nearby and aimed at
the trap centre. The oven itself consists of a hollow stainless steel tube half-filled
with calcium filings, and capped on the end facing away from the trap. The oven
is resistively heated via two wires attached either end, which exit the chamber
through a feed-through and operate in the region of 10-15 A. When heated to
somewhere in the region of 600-900 K the oven sprays forth a beam of calcium
atoms towards the trap centre. The skimmer minimises any calcium deposition on

the inner surfaces of the electrodes or the insulators. This is necessary to minimise
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the production of additional stray fields which can perturb the crystal — so called

“patch potentials”.

lon fluorescence imaged as a projection
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Figure 3.2: The ion trap and associated apparatus.

An optical fiber is mounted on a manipulator arm which allows it to be positioned
in the geometric trap centre for ease of laser alignment and camera positioning and
focusing. Lenses of 25 cm and 60 cm focal length are positioned on flip-mounts
in front of the Brewster window leading into the chamber, approximately 30 cm
from the center of the ion trap. In general the 25 cm focal length lens is used
for ionisation with the 355 nm frequency tripled Nd:YAG laser, and the 60 cm
focal length lens is preferred during experimentation to ensure the cooling laser
beam waists are wide enough to fully encompass the crystal. The 397 nm and
866 nm cooling beams are generated by two Toptica DL-100 diode lasers, both

with associated linewidths estimated to be of the order of several MHz.
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A High Finesse WS-U wavemeter simultaneously monitors both diode laser fre-
quencies by virtue of a fiber-switcher (Leoni M1x2 SI50/125). Also, a portion of
each cooling laser beam is directed through a calcium hollow cathode lamp (con-
nected to a lock-in amplifier) in order to ensure that the laser frequencies are
matched to the appropriate atomic transitions for the laser-cooling of the Ca™
ions. In general, the hollow cathode lamp is only used when locating fluorescence
for the first time since having adjusted apparatus within the vacuum chamber. A
high precision leak valve is also connected to the UHV chamber to allow the con-
trolled leaking of reactant gases into the chamber. A residual gas analyser (RGA)
is mounted onto the main chamber (Pfeiffer Prisma QMS-200). The RGA affords
a number of useful functions, in particular helium leak testing, measurement of the
mass spectrum of the chamber background gas and the monitoring of the partial

pressures of selected mass peaks.

3.1.1 Imaging ion fluorescence

In order to monitor the ions in real time, we image the 397 nm fluorescence emitted
during the normal cooling cycle of the calcium ions. We employ a CCD camera
mounted above the chamber on an xyz translation stage, with a 10x magnification
Nikon lens mounted approximately 36 cm away from the camera inside a telescopic
tube. The top flange is recessed to the objective lens to sit approximately 25 mm
from the trap centre. This lens focuses the fluorescence from the trapped ions and
transmits it onto the CCD sensor where it forms a 2D projection (see Fig. 3.2).
The depth of field of the system is approximately 50 pym — enough for 2-3 ion
layers to be in reasonable focus in the image. The output from the CCD camera

is sent through an image intensifier and then through a video capture card into a

PC.

Additionally the image intensifier may be gated so that the camera can be made to
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intensify light only at discrete intervals. This is particularly important for single

ion mass spectrometry as described further in Chapter 5.

3.1.2 Simulating an experimental image

Simulations of the experimentally acquired fluorescence images may be generated
through the use of Molecular Dynamics simulations (i.e. ProtoMol - see Section
2.5), followed by post-processing of the simulation data. To begin, the desired
number of ions, whose positions and general properties are defined in text files
input to the simulation, are initially structured into a bcc lattice with a spacing
of 10-25 pm. From this starting point the simulation is run for a period of time
(usually the order of 1x10° steps or 880 us) in order for the ions to cool to the
steady state, as determined by a stable temperature. At this point the ion positions
are output to a file at each step over approximately 5x10% steps or 440 us, which
corresponds to about 1700 radiofrequency periods. From these position data a 3D
histogram of time-averaged ion spatial intensity can be generated in a user defined

grid, and from a particular camera angle.

Gaussian

MD simulation 3D histogram of spatial ion density: layers are Final simulated
individually blurred, collapsed and normalised image

>

Figure 3.3: The method used to generate a simulated fluorescence image.

As illustrated in Fig. 3.3, the resulting histogram is processed using a Matlab script

in order to correctly blur the individual slices in the histogram depending on their
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distance along the viewing direction of the camera system. The focal point is set
at the central plane of the histogram along the viewing direction, corresponding to
a crystal which is properly in focus. A Gaussian blur is applied to each individual
slice or layer with a magnitude determined by the product of a constant calibration
factor and the layer’s distance from the central /focal plane. These processed spatial

intensity slices are then summed and normalised to produce the final image.

The blur calibration factor is determined for our particular camera setup in the
following manner: a translation stage, which allows the entire camera system to be
shifted along the view direction, enables the focal point of the imaging system to
be offset with micron precision. Using a well-centred (radially and axially) string
of ions (necessarily located in a single plane, perpendicular to the view direction),
multiple images are taken at micron intervals in the camera offset. A simulation
is generated, comprising a string of the same number of ions. As the distance
of the focal plane offset is known in the experimental case, we are then able to
find the constant calibration factor which gives us the best reproduction of our
experimental images at all focal plane offsets — over a range which matches the

typical width of large crystal.

Even in the case of multi-component crystals, where there are non-fluorescing ions
present, the number of dark ions may be inferred by the distortions present in the
40Ca* ion structure. This is illustrated in Fig. 3.4, which shows a simulated image
calibrated to match an experimental image. The non-fluorescing ions have been
made visible in the simulated images and one can see how the distortions to the Ca™
structure arise through the Coulomb repulsions between the ions. These distortions
are surprisingly sensitive to the relative number of ions and therefore constituent
ion numbers can generally be determined with reasonable accuracy. This is quanti-

fied and discussed further with regard to multi-component simulations in Chapter
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Figure 3.4: (a) Experimental image of a tricomponent crystal involving Ca®™, OCS™
and NDi. (b) Simulated image of a tricomponent crystal with 480 Ca™ ions
(white), 114 OCS* ions (red) and 56 ND3 ions (blue). (c) Simulated image of
the crystal in (b), but viewed as a projection along the z-axis. Note that the
mass/charge ratio of the ions in each segregated group decreases towards the z-
axis.

7, which deals with the reaction of sympathetically-cooled molecular ions. Addi-
tionally, the increased effective kinetic energy of the ions further from the z-axis is

visible in Fig. 3.4(c) as an increased radial blurring of the fluorescence.

The images shown in Fig. 3.5 demonstrate the accuracy with which simulated im-
ages can allow the determination of both secular temperatures and ion numbers
purely from visual comparison with an experimental image. For each simulated
image on the left hand side, the number of ions in the associated simulation was
varied, whilst the trapping parameters were matched to the experiment. Careful
matching of the crystal extents suggests that ion numbers can generally be repro-
duced to within ~5 ions for a ~500-ion crystal (i.e. 1 %). In a similar way, the
stochastic heating term can be systematically changed to vary the kinetic energies
of the ions, as shown in simulated images on the right hand side. Extracting these

values from the simulations allows us to estimate the secular temperature of a
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Figure 3.5: Comparison of an experimental image (top left) with various simula-
tions with different ion numbers (left) and at different secular temperatures (right).
From these simulations we can determine that there are 325(5) ions at a secular
temperature of 6-8 mK.

crystal simply by matching the blurring of the fluorescence between simulated and
experimental images — an increased secular temperature results in an increase in

the blurring of the time-averaged spatial fluorescence intensity.

3.2 Procedure for loading the ion trap

3.2.1 Locating ion fluorescence for the first time

Locating ion fluorescence in the first instance can prove to be difficult on account
of the large number of experimental parameters that must be finely tuned simul-
taneously, and imperfections in the effective trapping fields that may lead to dis-

placement of the ions from the geometric centre of the trap. Achieving success at

102



CHAPTER 3. PRODUCTION AND MANIPULATION OF COULOMB CRYSTALS

this stage relies on narrowing down the parameters that need to be varied, carefully
monitoring all parameters, and systematically searching the region closest to the
geometric trap centre. In general the search is best conducted by sweeping certain
trap offsets in an attempt to bring the ions into the confluence of the cooling lasers,

rather than by changing the beam alignments.

As described in the previous section an optical fiber (of diameter 400 ym) may be
positioned at the geometric trap centre by virtue of a manipulator arm. In order
to achieve the correct laser alignments the fiber tip is moved into the right position
(as determined visually whilst the chamber was prepared) and both cooling lasers
and the ionisation beam are all aligned to the fiber tip. The camera system is
moved into place such that the fiber tip is central on the screen and in focus when

scattering the 397 nm laser.

A calcium hollow cathode lamp is critically important at this stage for ensuring that
both cooling lasers are at the correct frequencies (thereby removing uncertainty
from these two experimental parameters). Subsequently the cooling lasers are
detuned by 20-60 MHz in order to ensure adequate laser-cooling for the hot trapped
ions. The 866 nm and 397 nm diode laser powers are attenuated to approximately
5 mW and 500-800 pW respectively. The radiofrequency and end-cap voltage are
typically set to a value lower than might be used for clear observation of a crystal
to ensure that any ion cloud is relatively large in size so that the probability of at
least clipping it with the cooling lasers is greater. Values of 130-150 V and 0.5-4 V

for Vgr and U,,q are typical for our system in this regard.

The calcium oven is turned up to around 11-13 A and given 2-3 minutes to achieve
a stable working temperature in the region of 600-900 K. The 355 nm ionisation
laser is then focused down into the trap centre via a 25 cm focal length lens at

a power of 2-3 mW. The ionisation beam is admitted for a period of around 1-3
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minutes to ensure a large number of ions are generated. The ions formed at this
point are then confined by the fields within the trap as discussed in Chapter 2. After
this time the ionising beam is blocked and the 25 cm lens is rotated out of the beam
path and replaced with a 60 cm focal length lens. This longer focal length means
that the cooling lasers are not as tightly focused at the trap centre and we achieve
elliptical spot sizes with minor and major diameters of ~0.125 mm x 0.25 mm
and ~1 mm x 2 mm for the 397 nm and 866 nm beams respectively. The oven is

typically then turned off.

At this stage we expect that we have successfully loaded ions into the trap, but
they may not be visible due to the effective trap centre being displaced from the
position of our fiber tip (to which the camera was aligned). To proceed, we wish to
apply additional static voltage offsets to the trap electrodes in a bid to move the
ions into the cooling beams so that they emit fluorescence and become visible on
the imaging setup. The notation describing these static voltage offsets and their
effect on the crystal position within the trap is elaborated upon in Section 3.3.2; for
this section it suffices to say that their combined manipulation allows the crystal to
be offset both radially and axially. Having ensured that the image intensification
is at the maximum setting possible (allowing for saturation due to any stray light
present), variation of these static voltage offsets permits a systematic search for

the ion fluorescence.

Once the slightest hint of fluorescence is suspected, one must determine that it is
indeed due to ion fluorescence by changing one of the cooling laser wavelengths
in an effort to modulate the fluorescence. It is possible to image a reflection of
the crystal, and this too may be identified by observing an unexpected response
to movement generated by altering the static voltage offsets. In the event of a

reflection it is often a simple case of using the camera system’s translation stage
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to search in the horizontal plane — the crystal usually being close-by in such an

instance.

Having found the ion cloud, one must now optimise the trapping and cooling
parameters in an effort to increase the observed fluorescence intensity. In general
this is achieved by first using the static offsets to bring the ions into the cooling
lasers more fully, with a slight adjustment in relative beam alignment if necessary.
Next one would adjust the laser detunings and attenuation. The ion cloud’s axial
size may be adjusted using U,,q at this stage. Now Vrr may be adjusted to try
and increase fluorescence and promote crystallisation. This is normally attempted
by dropping Vgr to around 100-120 V and carefully observing the fluorescence.
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Figure 3.6: Comparison between experimental fluorescence images before and after
crystallisation. Parameters have been well optimised beforehand.

As mentioned in the previous chapters, micromotion arising from the oscillating
RF potential is the dominant contribution to the ion’s kinetic energy. If the RF
voltage is dropped, there is a significant decrease in the amplitude of their oscilla-

tion (the frequency remains constant) and therefore in their kinetic energy. Thus,
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in conjunction with laser-cooling, lowering Viy is an effective method for bringing
the energy of the ion ensemble below the critical energy limit described in Chap-
ter 2, promoting their crystallisation. This event is observable as a practically
instantaneous transition from a diffuse cloud of fluorescence into a more intensely
fluorescent ellipse with better defined edges (see Fig. 3.6). Single ions within the
structure may or may not be resolved at this stage, depending on the other pa-
rameters involved. The finer tuning of these parameters is generally repeated each

time a new crystal is loaded, as discussed in the next section.

If the crystal is displaced radially during a change in Vyr, then static voltage offsets
have displaced the ions from the true trap axis, which is determined by the oscillat-
ing radio-frequency fields. One should attempt to change Vig incrementally, each
time correcting for horizontal ion displacement with the available static voltage
offsets, until such time as Vgr may be changed with no observed translation of the
ion fluorescence as a whole. This will be observed as a contraction or expansion
of the radial extent of the ion cloud or crystal, which remains well centred. If the
cloud has not undergone crystallisation at this stage, Vrr should again be reduced
until this occurs. Optimisation should be good enough at this stage to reload the
ions in the trap if the number of ions is not ideal. Too many ions (more than a few
thousand) can prove difficult to crystallise as there is usually not enough cooling
power to counteract the large amount of RF heating occurring. Conversely, too few
ions may provide too few structural indications regarding the relative displacement

from the true radial trap centre.

Having located and then maximised ion fluorescence intensity, and possibly also
having achieved crystallisation, the camera position, static voltage offsets and laser
parameters will all be optimised well enough to allow the standard trap loading and

optimisation procedures to be used. Further optimisation of all these parameters
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may occur in an iterative fashion as described in the next section, until good

resolution of single ions within the crystal is achieved.

Typically, the daily drift in all of these parameters is not great enough to require
a new search for ion fluorescence on a daily basis. A new search may be required
if there is a longer period of time without use (e.g., more than a month), although
it is likely to be trivial in comparison to the very first search attempt. In general
the most difficult and time-consuming part is ascertaining the position of the true

trap centre relative to the optical fiber tip in the first instance.

3.2.2 Standard ion loading and parameter optimisation proce-

dures

The general procedure for loading a crystal comprising hundreds of ions or more is
as described below, and this is followed by the procedure for loading only a few ions
or less. For the majority of the reaction studies in this thesis crystals comprising

around 400-1000 ions are used.

The cooling laser frequencies are set to the effective atomic transition frequencies
according to the last working values. In general these are slightly offset from the
true atomic transition frequencies on account of a small drift in the wavemeter
measurement, and these drifts are monitored from day to day and recorded. Then
the laser frequencies may both be detuned by 20-60 MHz and the laser powers
attenuated to approximately 5 mW and 600-800 pW for the 866 nm and 397 nm
diode lasers respectively, much the same as when searching for fluorescence for the
first time. The trapping voltages Vgr and U4 are set to values of around 150 V
and 4 V respectively. Loading of the ions into the trap proceeds as described in the
previous section, although typically the calcium oven current is kept at 11 A. The

number of ions in a crystal is controlled simply by the length of time the ionising
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laser is admitted (see Fig. 3.7).
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Figure 3.7: Coulomb crystal volume vs. loading time at an oven current of 11
Amps.

With experimental parameters optimised to the state described in the previous
section, the ions should become visible at once, and usually the crystal growth
can be observed in real time if the cooling lasers are well-aligned during ionisation.
Having ionised with a 25 cm focal length lens, a 60 cm focal length lens is then used
for a slightly broader beam profile (the lens being approximately 30 ¢cm from the
crystal). Ideally the beam width at the trap centre is broad enough to completely
encompass the crystal. In most cases small changes in patch potentials, relaxation
of any optics mountings, or fluctuations in the trapping fields can lead to the crystal
being slightly offset relative to the laser beams or geometric trap centre. In this
case the laser alignments and/or crystal offsets (again, see Section 3.3.2) may be

adjusted to compensate.

The first step in fine tuning the optimisation is to use the optics to perform a

fine adjustment of the laser alignment such that the fluorescence of the ions is
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maximised and there is a good overlap of the beams. Often, if the 397 nm beam
power is high enough, at optimal alignment we observe a dimming in the very tip
of the crystal as illustrated in Fig. 3.8(c) and 3.11(c—e). This is believed to be
a consequence of radiation pressure axially separating those Ca® ions which are
currently absorbing 397 nm photons from those Ca™ ions which have been “shelved”
into the metastable ?Dj, state* and are therefore temporarily decoupled from the
397 nm beam until spontaneous decay (similar in rate to that of the *Dy/» state)
can return them to the ground state. Such an effect is only observed if cooling

from a single axial direction.

Figure 3.8: Horizontal alignment sweep of 397 nm diode laser beam (a)-(e).

If the ions have not already undergone a phase change to the crystalline lattice
form, Vip is dropped to around 110-120 V or until crystallisation occurs. The

next step is to ensure the crystal is perfectly centred in the trap. If it remains

*Shelving into the 2Dj 2 state can occur via spontaneous emission from the 2P, /2 state
(should the lasers used produce a non-zero probability of populating the %P5 /2 state), or from
background collisions which occur at an energy appropriate to the transfer of population from
the ?D3 /5 to the 2Ds 5 state.

109



CHAPTER 3. PRODUCTION AND MANIPULATION OF COULOMB CRYSTALS

Figure 3.10: Alignment of 866 nm diode laser beam: (a) Poor alignment, (b) Well
aligned with fluorescence maximised.

radially offset, due to patch potentials or poorly optimised manual static voltage
offsets, any change in the composition of the crystal will lead to asymmetries in the

observed fluorescence and hinder accurate calculation of ion numbers. In general,
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these asymmetries are most likely already present and detectable in the nascent
crystal due to the production of impurity ions (especially when ionising Ca® non-
resonantly). They typically appear as a distortion at the outer edge of the crystal on
account of the presence of ions heavier than *°Ca®™ — such as the heavier isotopes of
calcium — or contaminants in the oven or chamber background gas also ionisable
at 355 nm. A small amount of heavier impurity is not completely undesirable,
as it provides the best practical marker for the centring of a crystal prior to any
reaction experiments (mainly due to the difficulty in observing symmetrical crystal
contraction/expansion in the direction parallel to the camera axis). Prior centring
is important because reaction experiments can occur on a timescale which is fast
compared to that of manual adjustment of the crystal offsets. The crystal is thus
re-centred radially using the static voltage offsets, and this process (along with
axial-centring) is described in Section 3.3.2. Axial centring can also be performed,
although the crystal structure and stability are less dependent on the axial offset

and as such this step is typically omitted.

Following an adjustment of the voltage offsets it may be necessary to re-optimise
the alignment of the cooling laser beams. The attenuation of the 397 nm laser
is increased until the power admitted to the chamber is approximately 150 uW,
and the image intensification is increased to counter the drop in fluorescence. At
this stage a re-focusing of the camera can occur and a clear image of the crystal
should be obtained, including a good resolution of each single lattice site near
the focal plane of the imaging system. Fluorescence collected from ions that are
not in the focal plane results in a distribution of diffuse fluorescence, particularly
at the centre of the crystal where the depth of the crystal parallel to the view
direction is greatest. This can wash out detail in the centre of the crystal, but, in
general, reduction of the laser intensities and boosting of the image intensification

mitigates this somewhat, as shown in the power sweep presented in Fig. 3.11. More
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difficulty may be had in this regard with extremely large crystals comprising several

thousand ions or more.

Figure 3.11: Fluorescence images obtained at laser powers of Pggg = 5.26 mW and
Pso7 equal to: (a) 162 W, (b) 294 uW, (c) 581 uW, (d) 818 uW, (e) 883 uW.

If stray background light causes problems in resolving the crystal structure it is
sometimes possible to avoid the incidence of the background light by tracking the
camera system axially whilst simultaneously displacing the crystal a short distance
(less than ~0.5 mm) by using a constant axial offset generated by an additional
static voltage applied to one set of end cap electrodes. This method has been used
with some success for experiments with one or two ions only, when ion fluorescence
is much less intense and may be of the order of the background light intensity at
the desired image intensification. Subsequently, the inclusion of irises inside the
chamber has been found to be very effective in minimising stray reflected light, in

conjunction with the use of Brewster windows.

In order to load single ions into the trap, the technique remains generally the same.

It is usually best to first load a larger crystal in order to ensure the fields are already
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optimised to centre the ions; this is not possible with only a few ions loaded. Once
this is achieved the crystal may be removed from the trap by turning off the radial
trapping field momentarily. The oven is then turned to a slightly lower current,
around 9-10 A, to produce fewer calcium atoms per unit time. The ionising beam
is usually admitted for only a few seconds (or less) through the 25 cm lens. Upon
switching back to the 60 cm lens, some time is allowed for the ions to cool and
appear stable at the trap centre. It is possible for extra Ca™ ions (or even impurity
ions) to suddenly crystallise after a period of a few minutes, presumably these ions
have been travelling in larger trajectories and have not interacted efficiently with
the few ions that are being laser-cooled. With practise it becomes consistently

achievable to load 1-2 ions within a couple of attempts in this manner.

3.3 Manipulation of Coulomb crystals with applied

electric fields

3.3.1 General morphology and temperature distributions

The morphology of a Coulomb crystal is dependent both on the number of ions
and the relative and absolute magnitudes of the axial and radial trapping forces.
In general, as the number of ions in a crystal increases, the most stable configura-
tion progresses from single ion to string, through a fluxional helical arrangement
and into a three dimensional spheroidal lattice. These shapes reflect the balance
between the repulsive Coulomb interaction between ions and the effective potential
generated by the trapping fields. In the spheroidal lattice structure the ions are
arranged in concentric shells and, within each shell, there is a near-2D hexagonal
ordered structure over short distances. Whilst there is generally no true transla-

tional symmetry in Coulomb crystals as a whole, body centred cubic structures
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have been observed in the core of near-spherically symmetric crystals with ion
numbers above approximately 1000 ions [179], and in Penning traps in systems of

around 1x10° ions or more [180-182].

~o¥
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Figure 3.12: Crystal morphology: Variation of Vgg, Ueng = 4 V. The radial trapping
force increases with Vzp and squeezes the crystal radially. Notice that the ions
become more spatially defined as they move closer to the trap axis, due to the
decrease in micromotion and therefore their effective kinetic energy.

The shape of a spheroidal crystal with cylindrical symmetry about the trap z-axis
may be characterised by its aspect ratio, «, which is simply the ratio of its diameter
along the trap z-axis to its radial diameter. The aspect ratio of a Coulomb crystal in
such a spheroidal configuration may be adjusted by changing the relative amplitude
of the radial and axial trapping fields. Increasing Vi results in stronger radial
trapping forces and a more prolate crystal (see Fig. 3.12). In contrast, an increase
in Ugyq results in stronger axial trapping forces, squeezing the crystal axially and
resulting in an increasingly oblate crystal shape (see Fig. 3.13). According to the
fluid model discussed in Chapter 2, the ion density is only dependent on Vgg.
For our particular trap design, true strings are only achievable for ion numbers of

around 3040 or less, and at Ug,q values of 0.05-2 V.
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Figure 3.13: Crystal morphology: Variation of Ugq, Vi = 180 V. The axial trap-
ping force increases with U, and compresses the crystal along the trap axis.
The darkened edges of the most oblate crystals reflect the fact that they are now
partially outside of the cooling lasers. More spatial smearing of the fluorescence in-
tensity is observed when moving from the prolate to the oblate case (left to right).
This due to the ions being on average closer to the electrodes and therefore having
a higher average effective kinetic energy due to the RF micromotion.

The ion micromotion is the dominant contribution to the total kinetic energy of the
trapped ions and increases the closer the ions are to the electrodes (see Fig. 3.14).
This micromotion vanishes when the ions lie on the z-axis and therefore strings
are the lowest energy configuration. Typical ion temperatures in a string are ~5—
10 mK and, as such, are near to the Doppler cooling limit (derived in Section

2.3.2), which is defined for an atomic transition as

_ar

Ty = —.
P ks

(3.1)

This formula gives a temperature limit of ~0.5 mK using the natural linewidth of

~130 MHz for the main 397 nm atomic transition involved with the laser-cooling

of Cat.

Secular temperatures for spheroidal crystals are also typically around ~5-10 mK

and are the lesser contribution to the total effective temperatures for these crystals
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Figure 3.14: Illustration of the increase of micromotion amplitude away from the
z-axis and towards the electrodes. In the right hand panel, the four quadrupole
rods are situated above, below and to the left and right of the image. This results
in a characteristic pattern in the xy projection of the ion motion. Selected ions
are highlighted in both panels, and the spheroidal shell structure is the source of
the undulation observed in the micromotion amplitude distribution. This 800-ion
crystal was simulated at Vgp = 180 V, Ugng = 4 V.

which are generally of the order of ~1 K. As more ions are added to the crys-
tal and successive concentric shells are built up, each new shell lies on average
closer than the last to the trap electrodes, and therefore each successive ion shell’s
average kinetic energy increases. Simulated kinetic energy distributions of larger
crystals (particularly the more oblate crystals) show clear, well-separated, peaks
corresponding to contributions from the individual shells. Additionally, for a given
ion number, a more oblate configuration will place more ions on average closer to
the electrodes than a prolate one, resulting in a larger average ion kinetic energy,
as illustrated in Fig. 3.15. This means that the average kinetic energy of the ions
may be manually controlled to some degree by a change in the trapping forces, or

more specifically, the amplitudes Vgr and Ugpgq.

Kinetic energy distributions can be determined from experimental images through
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Figure 3.15: Kinetic energy distributions for simulated crystals: (a) Strings repre-
sent the lowest energy configurations, on account the lack of micromotion at the
central trap axis, whilst in (b),(c), average ion kinetic energy increases as the crys-
tals move from prolate to oblate due to increasing micromotion nearer the trap
electrodes. Note the peak separation on account of the discrete concentric shell
structure of the spheroidal crystal.

simulations (see also Section 2.5). Figure 3.16 shows simulated energy distribu-
tions corresponding to experimental images of a string comprising 15 ions, and for
a prolate and oblate crystal of 900 and 500 ions respectively. This figure again
illustrates the dominance of the micromotion with regard to the kinetic energy
distributions, as the effective ion energies increase rapidly with the radial displace-
ment of the ion from the trap axis. In Fig. 3.16(a) time-averaged simulations of the
ion fluorescence, projected along the z-axis, clearly show the blurring associated
with the micromotion of the spheroidal crystal fluorescence. This is most obvious
in the oblate case (iii) where, in the z-axis projections, the electrodes are situated

at the corners of the image.
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Figure 3.16: (a) Experimental and simulated Coulomb crystal images for (i) a string
of 15 ions, (ii) a prolate crystal of 900 ions (long axis of spheroid along the trap
axis), and (iii) an oblate crystal of 500 ions (short axis parallel to the trap axis). In
the projection along the z-axis, strong directional blurring due to the micromotion
is clearly observable in the simulated image. (b) Calculated ion kinetic energy
distributions for the crystals in (a), including both secular and micromotion. Note
the change in the horizontal scale at Fk .¢/kp = 0.25 K.
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3.3.2 Static voltage offsets

Static voltages may be applied to specific electrodes in certain configurations for
extra control over the orientation and shape of Coulomb crystals held in the linear
Paul trap. The electrode configurations used in the current design are illustrated

in Fig. 3.17, along with the voltage ranges that are available.

Available Static Voltage Offsets
U,.(0-100v) U, ,(0-10V)

U, (0-10vV) U, (0-10V)

U, (0-10V) U, (0-10V)

C

Figure 3.17: Electrode configuration of the available static voltage offsets. The
numeric labels refer collectively to all electrode segments along the associated rod,
whereas the alphabetical labels refer to the associated electrode segment across all
quadrupole rods.

Ua ¢ is otherwise known throughout this thesis as Uepnq; it is the static end cap
voltage that provides axial trapping. Uy and Ug control additional static voltages
applied to either set of end caps independently and allow an axial displacement of
the trapped ions as illustrated in Fig. 3.18. Adjustment of Ue,q should result in a
symmetrical contraction/expansion of the crystal along the z-axis. If the crystal is
axially displaced instead this is an indication that it is not axially centred in the
trap, and Ux /Uc may be used to adjust the axial crystal offset until it is centred.
The further the crystal is from the trap centre, the greater the anharmonicity
and the coupling of the micromotion to the axial motion. For small axial offsets
(<0.5 mm) this is not observable in our case, and perfect axial centring does not
appear to be a prerequisite for our reaction experiments. However, harmonicity
is more important when performing single-ion mass spectrometry experiments, as

discussed further in Chapter 5.

119



CHAPTER 3. PRODUCTION AND MANIPULATION OF COULOMB CRYSTALS

+0.6V

Figure 3.18: Axial displacement of Coulomb crystal by variation of Uy.

Uz and Uy provide between them a capability to displace ions or crystals radially. As
illustrated later in Figs. 3.19 and 3.20, a simultaneous positive or negative change
in both offsets together will results in a vertical displacement in the lab frame
(along the camera observation vector), whilst a simultaneous opposite change in
both will provide the means to displace ions horizontally, or perpendicular to the

view direction of the camera system.

Ui 4 is a static offset applied to two diagonally opposite sets of electrodes. Its ac-
tion is to squeeze the ion cloud between these two sets of electrodes such that the
ions are spread further out radially in the plane between the remaining two sets of
electrodes. Heavier ions are preferentially pushed closer and closer to these remain-
ing electrodes and consequently heat up due to increased micromotion, eventually
being lost from the trap. It is possible to begin to selectively lose heavier ions from

a multi-component crystal in this manner and, for this reason, this configuration
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is generally known as the mass filter configuration of a quadrupole type trap, often

denoted Uy,.

Having described the available static offsets it may prove useful to elaborate on the
usage of Us and Uy to provide a fuller description of how they are used to centre
crystals radially. This is a process of optimisation that is repeated frequently in
order to ensure cylindrical symmetry of a single or multi-component crystal. This
symmetry is particularly important because it greatly simplifies the process of
determining ion numbers within these crystals, whether by volume estimation or

by direct simulation.

As discussed in Chapter 2, two species with differing mass numbers are radially
separated within the trap on account of the fact that the dynamic fields produce an
effective radial trapping potential that is mass dependent. Heavier ions experience
a shallower radial potential than lighter ions and consequently, in a multicomponent
crystal, sit further away from the trap z-axis. Deformation of the typical spheroidal
structure of a pure Ca't crystal is observed when heavier ions are present in the
crystal. These heavier ions, which are typically not being laser-cooled and are
therefore invisible, sit around the central Ca™ core in a cylindrical sheath and
through the Coulomb interaction squeeze the Ca™ core into what is effectively a
capped cylindrical conformation. This is readily observable experimentally, and
well supported by simulation. Possible reasons for the (typically minor) presence
of heavier impurities in the crystal include: Contamination of the calcium oven,
the presence of a small fraction of heavier isotopes of calcium and ionisation of any

relevant species in the chamber background gas.

In general the presence of a small number of ions heavier than “°Ca*t is useful
in ensuring radial centring of a crystal. Manipulation of the radial static offsets

has enabled a good understanding of how we might infer the relative position of a
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crystal relative to the true radial trap centre. If a bi-component crystal is perfectly
centred on the z-axis, the heavier ions will symmetrically surround the lighter
ion core radially. Therefore, inward deformation of the core will be symmetrical
also, resulting in a capped cylindrical conformation. When the fluorescence of
the laser-cooled ion core is viewed as a 2D projection it appears as an ellipse
with symmetrically flattened sides. If the ions are offset radially perpendicular
to the image projection vector, the radial distribution of the heavier ions around
the lighter core becomes increasingly asymmetric. The heavier ions experience a
weaker effective radial potential than the lighter ion core and sit further away in
the radial direction. Therefore if the lighter ions are increasingly offset from the
z-axis the heavier ions will eventually move entirely to one side of the lighter ions,

at greater radial extent.

Viewing the 2D projection of the ion core fluorescence in this limit, we can see that
the deformation of the fluorescence also becomes asymmetric. If the radial offset
is perpendicular to the view vector as in Fig. 3.19 then heavier ions move to the
left or right of the crystal and the flattening of the ion core occurs increasingly on
one side only. If the radial offset occurs parallel to the view vector as in Fig. 3.20
then heavier ions are now above or below the crystal and the flattening is no longer

visible, as it occurs in the plane of the image.

This means that we can centre the crystal (with a precision of less than 5 pm)
via manipulation of Us and U, in the following manner. Both offsets are usually
always altered in tandem: An increase or decrease in both together will change the
effective vertical offset, whilst an opposite change will effect a purely horizontal
offset. The goal is simply to maximise the apparent deformation or flattening of
the core fluorescence (vertically centred), whilst ensuring that it is horizontally

symmetric (horizontally centred). Typically the ion starts both vertically and
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Figure 3.19: Radial displacement of Coulomb crystal perpendicular to view vector
by variation of Us/Uj.

-0.30V/-0.30V  -0.11V/-0.10V +0.0V/-0.0V ~ +0.10V/+0.10V  +0.30V/+0.30V

Figure 3.20: Radial displacement of Coulomb crystal parallel to view vector by
variation of Us/Uy.

horizontally offset, and is first vertically centred, and then horizontally offset until
the deformation is symmetric. In situations where there are few heavier impurity
ions it can be useful to manually offset further away from the z-axis horizontally to

amplify the deformation by putting all of the heavier ions on one side of the Ca™
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core. Vertical centring is thus facilitated, and then careful horizontal centring will
finish the job. Once again it may be necessary to use a larger crystal to perform
this optimisation if the goal of the experiment to be performed involves the use of

much smaller crystals comprising fewer than 30-50 ions.

It is possible to horizontally centre a crystal without any impurities by simply
offsetting it until a modulation of Vip results in a symmetric radial squeezing or
expansion, and no additional horizontal offset. However it is a little more difficult
to centre the crystal parallel to the view direction in this manner as small vertical

offsets cannot be observed as easily.

3.4 Sympathetic-cooling of atomic and molecular ions

3.4.1 Principle

Multi-component crystals have been mentioned numerous times earlier in this the-
sis, and the process of so-called “sympathetic-cooling” of non-laser-cooled ions
alluded to also in Sections 1.3.1 and 1.3.2. This section serves to explain this idea

in more depth as well as to clarify how this is achieved experimentally.

Laser-cooled ions in an electromagnetic trap can be used as a heat sink to chan-
nel kinetic energy away from other ions that are also contained within the trap.
The faster, hotter non-laser-cooled ions interact with the laser-cooled ions via the
Coulomb interaction and transfer some of their kinetic energy. The laser-cooled
atomic ions are constantly losing the kinetic energy transferred to them due to
the repeated absorption/emission of laser photons and the net loss of momentum

associated with this cycle.

In this manner these non-laser-cooled atomic or molecular ions are nevertheless

brought down in energy until they become incorporated into the cold lattice of
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ions that comprises the Coulomb crystal [50,52,170] (early attempts involved
sympathetic-cooling with non-crystallised ions [49,183]). Sympathetic-cooling is
a very useful technique in the field of cold atoms and molecules and in the study
of cold chemistry [126]. This is especially true in the case of molecular ions given
that, in general, they cannot be laser-cooled directly because their complex en-
ergy level structure causes difficulty in implementing a closed optical cycle. Early
experiments involving the reaction of sympathetically-cooled molecular ions were
performed by Baba and Waki using non-crystallised ions [129], and since then addi-
tional refinement and extension involving the use of ion crystals has been achieved

by the groups of Drewsen and Schiller [50, 52, 53, 124] (see also Section 1.3.2).

Not only is it possible to add additional atomic and even molecular ions into the
structure of a Coulomb crystal, but any product ions generated from a reaction in
the region of the crystal, with an energy less than the depth of the effective trap
potential, will also be sympathetically-cooled into the crystal [50, 131]. Thus there
are two main routes to introducing non-laser-cooled ions into the crystal: reaction
of the existing ions in the crystal and capture of the ion product, or production of

entirely new ions.

Reaction of trapped ions and subsequent capture of the ionic product provides a
route to a very sensitive method for monitoring the progress of many ion-molecule
reactions (single reactive collisions can be observed), and for measuring reaction
rate constants. This technique forms the basis for much of the work in this thesis
and is discussed in more detail in Chapters 4,6 and 7. Additional ions may be
introduced to an existing pure crystal of laser-cooled atomic ions via ionisation of
the corresponding neutral species inside the trap itself. This is typically performed
by leaking a room temperature gas into the chamber at a partial pressure typically

around 1x107°-1x10~® mbar and ionising it with the relevant laser system. More
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information on the experimental side of this technique, can be found in Chapter 7.

Only ions which are being actively laser-cooled in the trap, and are therefore flu-
orescing, can be imaged directly. Studies have been performed where both con-
stituent atomic species of a bi-component crystal underwent Doppler laser-cooling
[170]. In this case both species are visible and the structure is clearly resolved
(see Fig. 3.21). However, in a multi-component crystal where only one species is
laser-cooled, the presence of the remaining dark ions must be inferred from their
Coulomb interaction with the visible ions. To this end Molecular Dynamics sim-
ulations are an invaluable tool in understanding the structure and constitution of
multi-component Coulomb crystals, this is particularly important for the reaction

of sympathetically-cooled ions (see Chapter 7).

3.4.2 Properties of multi-component crystals

In terms of their structure, multi-component Coulomb crystals tend towards the
spheroidal geometry typical of pure crystals. However, if the constituent ions have
different mass/charge ratios, they will be separated in the radial direction on ac-
count of the mass/charge dependence of the effective radial potential (see also sec-
tion 2.2.2). Heavier or less highly charged ions respond more slowly to the changing
radial trapping fields and consequently have a shallower potential than lighter or
more highly charged ions. Therefore there is complete radial spatial separation of
species with different mass/charge ratios; species with smaller mass/charge ratios

lie closer to the z-axis.

This is well illustrated by the structure of an Mg" /Ca™ bi-component crystal (see
Fig. 3.21, from work by the Drewsen group [170]) in which both atomic ions are
being laser-cooled. The fluorescence emitted by each species can be imaged sep-

arately and the resulting images combined to give a complete 2D projection. As
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100pm 200 um

Figure 3.21: A “°Ca* 2*Mg™ bicrystal at three different end cap voltages. The
crystal is symmetric under rotations around the trap axis, z, and contains ap-
proximately 300 2*Mg™ ions (red) and 3000 “°Ca™ ions (blue). The ratios of the
axial and effective radial trapping frequencies for *°Ca* and ?*Mg* ions in the
three cases shown are (a) w,,Mg"/w,,Mg™ = 0.4 and w,,Ca™/w,,Ca™ = 0.6; (b)
w,,Mg" /w, Mg®t = 0.7 and w,,Ca™ /w,,Ca™ = 1.0; (¢) w,,Mg" /w,, Mg™ = 1.1 and
w,,Cat /w,,Cat = 1.8. Reproduced from reference [170].

well as causing the mass separation, the mass/charge dependence of the effective
radial potential results in a small radial gap at the interface between the separate
species. This discontinuity is a reflection of the fact that the heavier Ca®t ions
experience a shallower radial potential, yet the Coulomb repulsion force between
all singly charged ions remains the same. This gap increases with the radius of the
core and the square root of the mass ratios and this is discussed further in [170]

and the article cited therein.

Studies on the photodissociation of sympathetically-cooled molecular ions illus-

trate the presence of dark non-laser-cooled ions very clearly. In work performed
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by the Drewsen group in Aarhus [51], Hy was leaked into a chamber containing
a Mgt Coulomb crystal. The Hy reacted with Mg' to form MgH™* which was
sympathetically-cooled into the crystal. The spheroidal shape of the pure crystal
was distorted as the heavier dark MgH™ ions sit further out in the radial direc-
tion, surrounding the lighter Mg* core. Had the MgH™ ions simply been lost from
the trap, the Mgt crystal would have shrunk whilst maintaining its spheroidal
shape and aspect ratio. As the MgH™ ions remain trapped they distort the inner
Mg™ core into a capped near-cylindrical arrangement. The MgH™ ions were then
photo-dissociated. The HT ions produced were not stable in the trap and were
lost, leading to a rearrangement of the remaining Mg™ into the expected smaller

spheroidal arrangement (see Fig. 3.22).

Figure 3.22: (a) CCD-image of a Coulomb crystal with a total of a few thousand
Mg* ions. (b) CCD-image after the ions in the Coulomb crystal in (a) have been
reacting with Hy molecules. Roughly half of the initial fluorescing Mg" ions have
been converted into non-fluorescing MgH™. The dashed lined ellipse illustrates
the outer boundary of the Mg™-MgH* Coulomb crystal. (c) CCD-image after
the photo-dissociation laser beams have been present long enough that all MgH™
ions have been dissociated. Nearly no non-fluorescing ions are left, proving that
almost all MgH™ + molecules have been dissociated. The length of the CCD-images
corresponds to 950 pm. Reproduced from reference [51].
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Sympathetic crystallisation can be achieved for effectively any molecular mass,
given an appropriate molecular charge, and mass of the laser-cooled atoms [184].
Cooling is most effective if the sympathetically-cooled ions are in close contact with
the laser-cooled ions, and this occurs for equally-charged ions with similar masses.
This results in the common choice of light ions such as Be™ for the sympathetic-
cooling of lighter species such as Hy. The use of heavier laser-cooled ions such
as Ba' allows the sympathetic-cooling of very large molecules, with molecular
weights of up to ~500 u for singly charged species, e.g., Rhodamine 6G ions:
R6G™T, with a mass of 479 u [126]. A larger charge can facilitate the cooling of
heavier molecules still, because an increased charge results in a steeper effective
radial potential. This means that more highly charged molecules lie closer to
the laser-cooled ions radially and thus interact more strongly with them allowing
more efficient cooling. This means that even proteins such as cytochrome-c with
a mass of ~12390 u can be sympathetically-cooled, as long as they have a high
enough charge, e.g., cytochrome-c'”* has been sympathetically-cooled successfully
below 1 K [185]. Simulations suggest that molecular masses of up to 16000 u
can be supported given a charge of 10-20 [126]. The temperature of dark ions
may be inferred experimentally through their interaction with, and subsequent
heating of, the visible laser-cooled ions. The increased fluorescence spot-size can
be interpreted using Molecular Dynamics simulations: The temperature of the
ions in the simulation is varied until the best match of simulated to experimental

fluorescence images is achieved.

It is possible to support many dark ions in a crystal with relatively few laser-
cooled atomic ions without the heating rate overcoming the rate of cooling and
causing the crystal to melt. Simulations show that we regularly observe stable
crystals with a ratio of Ngg+:Ngari of at least 1:8 (see Fig. 3.23) involving non-

fluorescing molecular ions heavier than Ca™ (generally CaF* or CaClt). A review
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of the literature suggests that work has been done with stable crystals containing

a molecular ion fraction of up to ~95% [50].
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Figure 3.23: Comparison of experimental and simulated images illustrating that
a large fraction of sympathetically-cooled molecular ions may be supported by
relatively few laser-cooled ions. (b) shows a simulation of experimental image (a)
with 550 Ca™ ions and 75 sympathetically-cooled CaF™ ions generated through
reaction of Ca™ with CH3F. Admission of CH3F is continued until almost all Ca™
ions have reacted. (d) shows a simulation of experimental image (c) with 80 Ca*t
and 545 sympathetically-cooled CaF™ ions. (e) shows the same simulation as (d),
but the non-fluorescing CaF™ ions have been made visible and colourised red, with
Ca™ in blue.

Simulations have indicated that the sympathetic-cooling of dark ions results in
only a very slight increase in the overall secular temperature of the crystal, with
a relatively small sensitivity to the actual composition. Simulations of Cat/CaF™
bi-component crystals show an increase of ~5 mK in T, as the fraction of Ca™
ions is the crystal is decreased from around 1 to 0.3 [171]. Simulations by the
Schiller group place an upper limit on the secular temperature of lighter or heav-

ier dark molecular ions (relative to the laser-cooled species) of ~420 mK. Lighter
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sympathetically-cooled ions will of course radially displace heavier laser-cooled ions
from the trap axis, thereby causing their effective kinetic energy to increase due to
the micromotion induced by the changing RF fields. Though the trap micromo-
tion is perpendicular to the direction of the cooling lasers, small asymmetries in the
trap potentials as well as the Coulomb interactions between multiple ions couple
the radial and axial degrees of freedom, and could result in a reduced laser-cooling
efficiency which in turn may be expected to contribute to an increased secular tem-
perature. This appears to be practically negligible however, and for our purposes it
is the total or effective kinetic energy that we are concerned with. It is also worth
noting that the presence of a high enough fraction of lighter sympathetically-cooled

ions will eventually push the Ca™ ions outside of the cooling-laser beam waist!

The total kinetic energy of a multi-component crystal, much like that of a pure
crystal, is again dominated by the RF-induced micromotion of its constituent ions.
Thus in general, ion kinetic energy increases with radial displacement from the trap
axis; however the magnitude of this increase is dependent on the mass/charge ratio,
which governs the magnitude of the radial potential (see Fig. 3.24). Lighter or more
highly charged species will experience larger accelerations on approach towards
the RF electrodes and thus, at a given radial displacement, their effective kinetic
energies will be greater than those for ions with a larger mass/charge ratio. Also,
as ions are pushed further out radially they occupy larger concentric shells sizes
and the number of ions supported in a crystal shell at a given radial displacement
increases. This means that the average crystal effective energy increases more
slowly with increasing numbers of ions, as further out in radius more and more

ions will be required to move out to the next successive ion shell.

The value of a crystal’s average effective kinetic energy can therefore be seen to

reflect the balance of several contributing factors. Of importance are the total
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Figure 3.24: Illustration of the ion effective kinetic energy as a function of radial
displacement from the z-axis, for different ion masses. This figure was generated
from MD simulations of three 400-ion, singly charged ion, single component crys-
tals, with masses as indicated (shown in red, black and blue). An additional multi-
component simulation, shown in green, involves 133 Ca™, 133 OCS* and 133 ND3
ions respectively. The plot shows that each species within the multi-component
crystal is separated radially, conforming to the radial positions and effective en-
ergies expected from the single species simulations (which are analogous to the
effective trapping potential). At a given radius, heavier ions have a lower effective
kinetic energy relative to lighter ions. Trapping voltages for all simulations were

Var = 180 V, Uppq = 4 V.

number of lighter or heavier (relative to the laser-cooled ions) sympathetically-
cooled ions, the number of laser-cooled ions, the relative/absolute trapping volt-
ages/frequencies (and also therefore shape and shell structure of the crystal) and
the absolute mass/charge ratios of the constituent ions. For the 400-1000-ion pro-
late multi-component crystals (containing laser-cooled Ca™ and sympathetically-
cooled ND3 and OCS™ ions) used in the reaction studies presented in Chapter
7, typical ion effective kinetic energies were Ey,/kp ~ 10 mK-25 K. Due to

the radial separation and mass dependence illustrated by Fig. 3.24, the heavier
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sympathetically-cooled ions (OCS™) generally have the highest kinetic energies
with By, /kg between 10 and 25 K, the lighter sympathetically-cooled ions (NDj3)
have the lowest with FEy,/kp between 10 mK and 1 K, and the laser-cooled Ca™
ions occupy the range of Ey,/kp ~ 10 mK-15 K. Simulations suggest that the
variation of the composition of the crystal during a reaction (for example the loss
of OCS™ and formation of NDJ) would not be expected to cause a change in the
average effective energy of the crystal or any fraction therein of more than 1-2 K in
either case. Collision energy calculations are described in more detail in Chapter 4

and in particular Section 4.4.3.
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Chapter 4

Reaction of Coulomb crystals with

neutral molecules

In many ways the experimental work presented in this thesis represents a further
step towards the goal of a fully controlled chemical reaction. From a research per-
spective, the ultimate idealised bimolecular chemical reaction would involve both
reactants occupying well-defined quantum states before being brought together at
a tunable (and preferably very low) collision energy. This would bypass the huge
amount of averaging over thermal and quantum states that must be accounted
for in the study of room temperature reactions, and provide a greater test of our
understanding of the fundamental dynamics of chemical reactions. When the col-
lision energy is low enough (< mK) the size of the de Broglie wavelength can reach
and exceed the range of the forces governing the interaction between the atoms or
molecules, and quantum mechanical effects such as tunnelling and reactive reso-
nances [73] are expected to dominate the reaction dynamics. This is one motivating
factor for lowering the collision energies in reactive collision studies towards the

pK regime.

This chapter describes how Coulomb crystals may be used as the source of reac-
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tant ions in an ion-neutral reaction, at collision energies equivalent to both room
temperature and as low as ~1 K. The validity of this approach is discussed, as well
as some of the benefits, especially in the low temperature regime. A brief outline of
three systems for introducing a neutral molecular reaction partner to the crystal is
given: the first involves neutral molecules at translational energies corresponding
to room-temperature, whilst the latter two involve cold molecular sources. We
characterise in detail the quadrupole guide velocity-selector, which was the source

of translationally-cold molecules used in the studies presented in this thesis.

Using these different sources, new experimental methods for studying low collision
energy ion-molecule reactions are detailed (as well as an existing method involv-
ing collision energies of around 300 K). The methods outlined here have allowed
reactions such as that between “°Cat and CH3F, used as the example system
throughout this chapter, to be studied for the first time at collision energies down
to almost 1 K. These techniques form the foundation for further studies described

in Chapters 6 and 7.

4.1 Coulomb crystals in the context of ion-molecule
reactions

The characteristic spacing of the ions in a Coulomb crystal (1025 pm) is large
in comparison with the distance over which ion-molecule interactions become im-
portant (typically nanometer scale). This means that when a molecule approaches
any given ion in a Coulomb crystal close enough to react with it, to a good approx-
imation the presence of the other ions may be disregarded, and one can consider

the encounter an isolated ion-molecule collision in the purest sense.
Coulomb crystals represent a source of translationally-cold and well-localised ions
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that may be trapped for hours at a time, and imaged to single-particle resolution.
As such they are ideally situated to provide the ions for low-temperature ion-
molecule reactive collision studies, where long interaction times and high sensitivity
are staunch requirements on account of the fact that most commonly available
sources for translationally cold molecules generate very low number densities. For
example, molecular densities downstream of the quadrupole guide velocity-selector
are typically 105-10° molecules cm™3 (although the densities are higher within
the guide), and for alternative sources rarely exceed 10° molecules cm™3. At these
densities, reactive collisions may occur at rates as low as a few reactions per minute,
and it can take anywhere from a minute to several hours total interaction time to

react the majority of the ions in a crystal.

The depth of the trapping potential (see Table 2.2) is generally large relative to
typical reaction exoergicities, leading to the retention of product ions in the trap
and their sympathetic-cooling into the Coulomb crystal. The large sensitivity
involved with the imaging of Coulomb crystals, confers a similar sensitivity to the
study of ion-molecule reactions. For example, some of the work described in this

thesis involves detection of a single reactive collision.

By way of contrast, an alternative source of cold ions for reaction studies would
be buffer-gas cooled ions confined in an RF trap (see also Section 1.2.2). The
application of RF quadrupole confinement to ions using a background of cold buffer
gas was first demonstrated by Teloy and Gerlich [186]. Since then, the majority of
work in this area has been performed at collisional temperatures between 10 and
300 K, a regime that is most relevant to processes naturally occurring in the high-
atmosphere and space. In these experiments ion temperatures are limited by that
of the buffer gas — use of a 22-pole trap and helium buffer gas allows molecular

ions to be cooled to just a few Kelvin [55]. There is some confidence that this
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method can be extended, with the use of a very slow beam of neutrals to study

reactions at temperatures below 1 K [81].

Buffer gas cooling of molecular ions brings with it the benefit of thermalising the in-
ternal degrees of freedom as well, something which does not necessarily occur when
molecular ions are sympathetically-cooled. However, the generation of internally
cold or state-selected sympathetically-cooled molecular ions remains a possibil-
ity. For example, the use of appropriate photoionisation schemes such as REMPI
should allow the generation of rovibrationally quantum-state-selected molecular
ions. Once generated however, these state-selected molecular ions can undergo a
re-thermalisation, for example blackbody radiation can drive the redistribution of
rotational population in molecules that are polar or have IR active modes. These
effects are likely to be mitigated through cryogenic cooling of the trap environment,
and by use of non-polar molecular ions. In addition, as discussed in more detail in
Section 1.3.1, schemes for optically-cooling the internal states of sympathetically-
cooled molecular ions have been proposed [111,112,187], and are beginning to be
demonstrated experimentally [107,114]. These active cooling methods constantly
drive the rotational population towards the ground rovibronic level, and are likely

to be important in future state-selected reaction studies.

4.2 Molecular sources: Reaction partners for cold

localised ion ensembles

4.2.1 Room-temperature background gas

The most general method for supplying a neutral molecular reactant for reaction
with a Coulomb crystal is simply to admit a room-temperature sample of neutral

gas at a controlled rate into the vacuum chamber containing the ion trap. Given
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a constant pumping rate on the chamber by the rotary-backed turbomolecular
pumps, a constant flow rate will result in a stable partial pressure of the gas in
the chamber. Typically this is achieved through the use of an ultra-high vacuum
leak valve, backed by a gas foreline which has been evacuated and then filled to

approximately atmospheric pressure with the target gas.

Given a normal working pressure of <5x107!° mbar, the amount of gas leaked in
must be carefully controlled in order not to raise the partial pressure of reactant
gas too high. If this occurs, reaction of the ions will either proceed too quickly
to be monitored successfully, or the increased collision rate will cause the crystal
to melt. The leak valve used in our experiments (LVM940, Vacuum Generators)

allows partial pressures as low as 1x107!Y mbar to be achieved.

Although this method is completely general, it involves a room-temperature gas
for which the kinetic energy and internal state distributions are characteristic of

300 K.

4.2.2 The quadrupole guide velocity-selector

The quadrupole guide velocity-selector, originally developed by Rempe and cowork-
ers [46, 188], represents a continuous source of translationally cold (but often rota-
tionally hot) polar molecules. Based on a bent electrostatic quadrupole, the bend
in the guide accepts a constant flow of a room-temperature gas and selectively re-
moves molecules travelling at a velocity above a certain threshold, while the slower
moving molecules remain confined by the electrodes. Its effectiveness depends on
the neutral molecule having an appreciable Stark effect, and it is therefore not com-
pletely general, although it is applicable to a fairly wide range of polar molecules.
The guided molecules can have velocities as low as 20 m s™! corresponding to trans-

lational temperatures of around 1-5 K. Combining this neutral molecular source
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with the Coulomb crystal apparatus provides the basis for our work on cold colli-
sions. As such, we shall briefly review the principle of operation and construction
of the guide in a little more detail, before the methods for determining the guided
molecular flux, and characterising the velocity distribution of the guided molecules
are described. The guide was developed by M. T. Bell within our group and more
detail may be found in his D.Phil thesis [43].

V > Vmax

V<Vmax | S
| Py
X

Figure 4.1: Left: an illustration of simulated neutral molecule trajectories within
the guide for molecules above and below the kinetic energy threshold. Right: A
photograph of the bend in the quadrupole guide, which is situated in the vacuum
chamber. Adapted from [43].

The guide consists of a bent quadrupole design, with electrodes comprising polished
circular stainless steel rods of 2 mm diameter, with a 1 mm separation between rods.
The bend in the guide has a curvature of radius 12.5 mm, and the rods are mounted
using MACOR spacers similar to those used in the linear Paul trap. Molecules are
admitted to the guide through a capillary of internal diameter 1.2 mm which is
mounted 1 mm in front of the quadrupole. The capillary is typically backed with a

pressure of around 8 x 1072 mbar, provided via a needle valve connected to a room-
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temperature reservoir of gas. The quadrupole guide electrodes are usually operated
at static voltages of +3-5 kV, resulting in electric fields at the electrode surfaces
of up to 115 kV/cm, and initial conditioning is required to achieve these voltages
[43]. The high-voltage power supplies that generate these electrode voltages are
placed in series with ammeters and several large resistors. The ammeters allow any
current flowing between electrodes to be monitored, whilst the resistors protect the
electrodes/ammeters from any large currents that may flow in the event of insulator
failure. Smaller “pre-breakdown” currents are sometimes observed and can be an

indication of impending malfunction should they persist.

The guide spans three differential pumping stages each of which have their own tur-
bomolecular pump; the first stage contains the effusive source and an initial straight
section of the guide, and operates at a typical pressure of around 1x10~% mbar.
The quadrupole bend is enclosed within a second stage which is maintained at
around 2x10~7 mbar; molecules exiting the guide at the bend fly directly into
the turbomolecular pump mounted to this stage. The third stage contains the
final straight guide section and typically operates at a pressure of approximately

1x1072 mbar.

The static voltages applied to the guide generate a large inhomogeneous electro-
static field, which is zero along the central axis of the guide and rises linearly
towards the electrodes. Molecules leaving the capillary with sufficiently low trans-
verse velocities, in low-field seeking states, will be confined inside the guide in this
2D trapping potential, and continue along the initial straight guide section. Given
the nature of the room-temperature source, there will be a Maxwell-Boltzmann dis-
tribution of velocities in the sample, with a fraction of molecules already travelling
at low velocities. These molecules are extracted by the bent section of the guide,

which acts as a low-pass kinetic energy filter. Rather than cooling the molecules
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directly, the bend simply transmits only the slower moving portion of this Maxwell-
Boltzmann distribution. At the bend the guide turns ninety degrees, and in this
section the effective confining potential is dependent on the tangential velocity of
a given molecule. Fast moving molecules are not confined strongly enough and fly
out of the side of the quadrupole, where they are pumped away. The slower mov-
ing molecules are successfully guided around the bend and down the final straight
section of the guide before exiting. As the Stark shift is dependent on the rota-
tional state of the molecule, there is a non-equilibrium distribution of rotational
states in the sample of gas exiting the guide. However the rotational state dis-
tribution is still expected to broadly resemble that of room-temperature gas (this
is supported by Monte-Carlo trajectory simulations [43,189]) and the molecules
are therefore still rotationally excited. Furthermore there is not a sharp cut-off of
filtered velocities, and this reflects the quantum state dependence of the effective
Stark potential depth in the bend section. As the guide voltages are increased in
magnitude, theory predicts a quadratic increase in guided flux assuming a linear
Stark shift over the relevant electric field strengths [43]. This is because a larger
proportion of the Maxwell-Boltzmann distribution can be guided around the bend
by applying higher guide voltages. Therefore, higher guide voltages mean not only
an increase in flux, but a slightly hotter velocity distribution of the guided flux.
For example, measurement of the molecular flux at guide voltages between 3 and

5 kV show that there is an increase of ~0.6 K in the translational temperature of

guided CH;3F.

For molecules in a single low-field seeking Stark state with a linear Stark shift, the

following expression can be derived as an approximate upper bound for the guided
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flux [43, 188]:

(bguide ~ (bﬂﬁrznaxﬁz%max

R\ (Waax )

_ 4.1
o (5e) (1) (4.1)

where Upmax and 9, max are the maximum transverse and longitudinal velocities

Q

that can be confined by the guide. The reduced velocity © = v/v,,, where v,, =
\/m is the most probable velocity in the Maxwell-Boltzmann distribution.
The guided flux thus depends on: ¢, the flux of molecules entering the guide
from the source at temperature T; R, the radius of the bend; ry, the radius of
the quadrupole electrodes; and Wiy,.y, the depth of the confining potential in the
straight sections. The fraction of molecules contained in the bend region is kinetic
energy dependent and therefore mass independent for thermal samples, hence there
is no explicit mass dependence in Eq. 4.1. However, in practice there is an inverse
mass dependence associated with the flux entering the guide from the effusive
source, ¢g, and, to complicate matters, the atomic masses within the molecule
also influence the rotational energy level spacings and the Stark energies. One can
say that the total flux of molecules exiting the guide increases with the squared
dipole moment, and that the highest transmitted flux is generally observed for

light, strongly polar molecules.

Determination of guided molecule number densities

In order to characterise the performance of the guide, a quadrupole mass spec-
trometer (Prisma QMS200, Pfeiffer) can be mounted at the exit of the guide. A
grounded mesh (85% transmission) mounted at the end of the guide shields the
QMS from the large electric fields generated by the quadrupole electrodes. Given
the ultimate goal of guiding into the ion trap, the QMS is positioned such that its

ionisation cage, or detection region, is coincident with the position that the centre
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of the ion trap would occupy (for example see Section 4.4.1). The total length of

the guide from entrance to this detection region is 811 mm.

Figure 4.2: The ionisation cage of the residual gas analyser was placed in the
position of the ion trap centre relative to the quadrupole guide, in order to measure
guided flux and characterise velocity distributions.

This setup allows the QMS, once properly set for the desired mass peak, to register
a current proportional to the molecular flux exiting the guide. These currents
may be converted into a number density in the following way: The target gas is
admitted into the chamber through the leak valve and the current response of the
QMS is systematically measured against the gas partial pressure in the chamber.
In conjunction with the use of appropriate gas-specific calibration factors for the
hot cathode ionisation pressure gauge, this current response may be extrapolated
to the low pressure regime (assuming a linear QMS response in this limit) in order
to convert the channeltron-amplified current detected when using the quadrupole
guide into a partial pressure. This pressure is converted to the number density of

the guided molecules at the position of the detector.

This calibration procedure is performed for every reactant gas over a range of

guiding voltages — typically in 0.5 kV steps from 0-5 kV. Previous experiments
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Figure 4.3: Calibration of number density against quadrupole guide voltage for
the gases used in the reaction studies in Chapters 4, 6 and 7. All gases were
admitted to the guide capillary at P = 8 x 102 mbar, except for CHyF, for which
P = 0.1 mbar. The upper panel shows the same data as the lower panel, but using
a logarithmic scale.

[43] have determined that the optimal backing pressure for the guide capillary is
approximately 0.08-0.1 mbar. Initially, as the source pressure rises, the capillary
emits more gas into the guide and flux increases. Once the pressure becomes large
enough however, collisions of the faster moving molecules with the slower moving
molecules “boosts” the gas velocity distribution to higher energies, depleting the
beam of molecules with low kinetic energies [43]. Number densities for the gases

studied in this thesis are presented in Fig. 4.3. Note that, despite the very low flux

144



CHAPTER 4. REACTION OF COULOMB CRYSTALS WITH NEUTRAL
MOLECULES
associated with CH,Fy, reaction with Ca* could be clearly observed, reflecting the

high sensitivity of this technique.

Determination of velocity distributions

In order to determine the velocity or kinetic energy distribution of molecules exiting
the quadrupole guide, the static voltage normally applied is changed to a pulsed
voltage. This allows the distribution of arrival times for molecules travelling from
the quadrupole entrance to the detector region to be measured. These distributions

can then be processed to obtain the velocity or kinetic energy distributions.

The voltages applied to the guide are pulsed at high-frequency using fast high-
voltage switches driven by a square-wave function at a frequency of 5-10 Hz. Ini-
tially, when the guide is off, no molecules are detected. When the guide is pulsed
to high voltage, molecules begin to be guided, and the fastest moving molecules
are incident in the QMS detection region first, followed by those moving more
slowly. This results in a characteristic time-of-flight (TOF) profile which rises as
the slower moving molecules arrive at the detector and levels out to a constant
signal when the slowest moving molecules in the distribution have begun to arrive
at the detector. The pulse frequency is set such that when the guide pulses off,
there is enough time for the signal to drop to baseline again (as molecules are no
longer guided around the bend) before the guide cycles on again. A typical TOF
profile comprises an average of ~2000-3000 such measurement cycles. Characteris-
tic arrival times are around 20-50 ms; direct readout of the channeltron-amplified

signal from the QMS is necessary for measurement at these timescales.

The velocity or kinetic energy distributions of the guided molecules may then

be obtained by first fitting a smooth function* to the QMS signal data, S(t).

*The data were found to be well modelled using a Gompertz function, f(t) = e‘efk(tftﬂ),

where k and t. are parameters determined by a non-linear least-squares fitting procedure.
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The resulting function may then be processed in the following way [43]. The
longitudinal velocity distributions are calculated from the time derivative of the

fitted function, S(t), using the transformation:
L .
f(v)dv oc = S(L/v)dv, (4.2)
v

where L = 811 mm is the path length, and v = L/t. The kinetic energy can be

obtained from the velocity distribution via the additional transformation:

g(\/2E/m)dv. (4.3)
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Figure 4.4: Translational energy distributions of guided CH3Cl at different values
of guide voltage Viuaqa. Uncertainty in the fitted parameters is reflected by the
filled region defined by +2¢ from the calculated values. Inset, typical time of flight
profiles recorded directly from the channeltron on the residual gas analyser. These
are fit with a Gompertz function which is transformed to obtain both velocity
and energy distributions. The final uncertainty stems from the uncertainty in the
fitting of the Gompertz function.

Kinetic energy distributions were generated for all of the species guided for the

purpose of the reactions detailed in this thesis, and for a number of guide voltages.
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TOF profiles are necessarily measured in the absence of the aforementioned am-
meters/resistors and therefore were generally only measured up to a guide voltage
of £4 kV in order to avoid potential damage to the guide electrodes/insulators.
Translational energy distributions measured for CH3F are shown in Fig. 4.5, whilst
Fig. 4.4 shows those measured for CH3Cl. Kinetic energy distributions for guided
ND3; may be found in publications resulting from the work herein [189], and are
very similar in profile. In the case of CHyF, the low signal levels precluded the
extraction of the velocity distribution from the TOF profile. Given the similar-
ity in translational energy between the other halomethane species, it is expected
that CHyF, is transmitted from the guide with similar kinetic energies. Heavier
molecules still, such as CH3NO, and CH3CHO, have been shown to be guided with

peak translational energies less than 5 K [43].
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Figure 4.5: Velocity distributions of guided CH3F at different values of guide volt-
age Vyuaa. Inset, a typical time of flight profile recorded with the residual gas
analyser which can be processed to obtain the velocity distributions. Reproduced
from Ref. [43].

Measured velocity distributions show that only very small numbers of molecules
exit the guide with velocities lower than 20 m/s (for example in the case of NDj).

This is possibly attributable to fringe fields at the end of the electrodes accelerating
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the outgoing molecules, as supported by trajectory simulations [43]. In theory this
limits the production of molecules at translational temperatures much below 1 K.
Lowest energy beams are obtained for light molecules, see for example ND3 and
CH3F, which have peak kinetic energies’ of 1.6 K and 1.8 K respectively when
guided at +4 kV. For heavier molecules the kinetic energies are larger, for example

the peak energy for CH3NO, is 3.8 K when guided at the same voltage [189].

4.2.3 The Stark decelerator

The Stark decelerator, which has been developed and first used successfully by the
Meijer group [42], is another apparatus that exploits the Stark effect to produce
cold neutral molecules. In contrast to the velocity-selector, the Stark decelerator
actively slows a fraction of the target gas. Loaded via a supersonic expansion from
a pulsed valve, the Stark decelerator relies on a number of consecutive electrode
pair stages, to which high voltages are pulsed on and off in a complex computer-
controlled sequence. Molecules in a particular low-field seeking statet travelling
towards an electrode stage at high voltage approach a region of high electric field
and therefore experience a retarding force, losing translational energy as they climb
the potential hill. Just before passing the region of highest field (and being ac-
celerated) the voltages on the electrodes are switched such that the molecules are
now in a region of low electric field, and heading towards the next electrode stage
which is now at high voltage. This process repeats anew, with the switch timing
compensated to account for the reduction in velocity of the molecules. In this way
a packet of molecules can be decelerated to an arbitrary final velocity [190], or

stopped completely [191].

"Here and elsewhere in this thesis, for convenience we often express kinetic energies in Kelvin,
and this stems from equating the energy to kgT such that T'= E/kg.

tHigh-field seeking states may be decelerated also, by turning a given stage to high-voltage
once the molecules have just passed through, thereby pulling them backward and slowing them
in this manner. However this is generally a more problematic approach (see Ref. [55]).
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Stark decelerator
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Figure 4.6: Illustration of the Stark decelerator, reproduced from Ref. [43].

Number densities of molecules leaving the decelerator, focused at the position of
a Coulomb crystal near the end of the decelerator, could in theory reach 10%-
10° molecules cm~3. However, the decelerator is operated at 10 Hz, and reac-
tive collision frequencies are expected to be similar to the case of the continuous
velocity-selector as the average flux is comparable. Also, the final laboratory frame
kinetic energies achievable through the use of the decelerator are comparable to
those of the velocity-selector given that we must transmit the molecules to the
ion trap®. The Stark decelerator offers considerable advantages over the velocity-
selector for the study of chemical reactions: The final velocities of the molecules
are more easily tunable, and the energy resolution is much improved over that of

the velocity-selector owing to the narrower velocity distribution of the decelerated

§Meijer and coworkers have demonstrated that a decelerated sample can subsequently be
electrostatically trapped at mK temperatures, for example OH radicals have been trapped at 50—
500 mK [191]. The combination of methods for trapping neutral molecules with those for trapping
ions may allow smaller collision energies to be studied, but this is expected to be challenging.
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molecules. Collision energy resolution of the order of 100 mK has been predicted
for the reaction of Ca® with CH3F molecules decelerated in the |J, MK) = |1,—1)
state [43], whereas collision energy resolution in a velocity-selector based exper-
iment is typically of the order of ~5-20 K. Also, due to the initial supersonic
expansion, the molecules loaded into the decelerator are rotationally cold, and fur-
thermore the Stark deceleration process itself is quantum state-selective. Therefore
the Stark decelerator, in conjunction with a quantum state-selected Coulomb crys-

tal could provide full control over a chemical reaction.
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Figure 4.7: A time of flight spectrum illustrating the Stark deceleration of NDjg
from 300 m/s to 86 m/s [192], given a phase angle of 38°. The phase angle ®
parameterises the extent to which molecules are decelerated. Inset, a zero phase
angle does not result in deceleration, but bunches the molecules into packets.

Recent results from the Stark decelerator developed in our group, shown in Fig. 4.7,
demonstrate the deceleration of ND3 molecules which have been seeded in xenon

and cryogenically-cooled in the pulsed valve. This reduces the average velocity of
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the molecular beam entering the decelerator to 300 m/s. Work on combining the
Stark decelerator with our Coulomb crystal apparatus is under way at the time of
writing. The current goal is to use a solenoid based shutter to block the carrier
gas and admit only the decelerated molecular packets to the ion crystal. As the
Stark decelerator was not used for any of the experimental work described in this
thesis, further elaboration is omitted. More information can be found regarding

the Stark decelerator in Refs [43, 55].

4.3 Performing a room-temperature ion-molecule re-

action: Ca® + CH;F

4.3.1 Experimental Procedure

The experimental apparatus for performing these reactions does not differ from
that for generating Coulomb crystals, and is therefore the same as illustrated in

Fig. 3.1.

For room-temperature reactions, the reactant gas is admitted to the chamber
through a leak valve. In working with our particular leak valve (LVM940, Vac-
uum Generators) it was discovered that some of the gas passing through the valve
may become trapped, or possibly condensed on the inner faces of the valve. In
practice this means that even if the foreline gas is purged and swapped, a certain
proportion of the previous gas leaked through the valve will remain, and purging of
the valve must be performed to ensure that the newly admitted gas is pure and not
an ill-defined mixture. In practice this is achieved by using the QMS to measure
a mass spectrum of the chamber background during the leaking of the target gas.
In the event that the mass spectrum contains mass peaks corresponding to the

previous gas, the target gas is leaked at partial pressures of up to 1x10~% mbar
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until the undesired mass peaks have disappeared and the admitted gas is pure.
This typically takes 5-10 minutes when changing reactant gases, and a return to
baseline chamber pressures of <5x1071% mbar can take a couple of hours in this

instance (though use of the titanium sublimation pump can help).

Having ensured that a pure gas can be admitted, a crystal is loaded and centred
in the trap as described in Section 3.3.2. Laser detunings may be measured/set
according to the method outlined in Section 6.2.1 (these steps will in future be
assumed implicit when it is stated that a crystal is loaded). MATLAB scripts
are used to process the intensified video signal from the camera system in real
time. In this manner the video signal may be averaged over a number of frames
(typically 100-200 frames) in order to compile an experimental image of the crystal
fluorescence at a given time. To conduct the reaction experiment, the leak valve
is opened carefully until the ionisation pressure gauge reads a specified constant
pressure above the baseline. In general, room-temperature reactions are carried out
at partial pressures of 5x1071%-1x 107 mbar. At these pressures, total reaction

of a crystal (assuming the gas is reactive) is usually complete within 1-5 minutes.

The progress of the reaction is monitored by recording experimental images of the
ion fluorescence at a sequence of times during the reaction. Reactions with an
ion product heavier than “°Ca* result in a flattening of the radial edges of the
crystal as outer *°Ca’ ions are replaced by the heavier dark product ions, which
are sympathetically-cooled around the central *°Ca™ core (see Sections 2.2.2 and
3.4.2 and also Fig. 4.11). Given that the crystal has been centred prior to reaction,
the 2D projection of the ion fluorescence which constitutes the experimental image
should be symmetrical. In practice, small manual tweaks to the static voltage
offsets (see Section 3.3.2) may be required to maintain this cylindrical symmetry,

which is desirable for more accurate measurements of the *°Cat core volume.
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Under ideal vacuum chamber conditions the background loss rate of °Ca™ ions
from the crystal is negligible. However a small loss rate is sometimes observable,
owing to reaction with low concentrations of background gasesY. In general, during
any set of reaction rate measurements frequent measurements of the background
loss rate are required. These loss rate measurements are performed in an identical
manner to those described above, except that no gas is admitted through the leak
valve. Owing to the low loss rate it can sometimes take an hour or more to observe
a clear change in the crystal, nevertheless these background loss rates are factored

out of the final reaction rates in all cases (as described in the following section).

4.3.2 Determination of rate constant
The rate of the reaction Ca™ + CH3F — CaF*™ + CHj can be expressed in the
context of this experiment as

dnca+
dt

= k‘g Ncat NCH3F, (44)

where the bi-molecular rate constant ky is sometimes referred to as kpi, nc,+ is
the number density of Ca' ions in the crystal and ncp,r is the number density of
CH3F molecules. Given the assumption of constant ion density (see Section 2.4.1),
we may treat the volume of the *°Ca™ portion of the crystal as proportional to the
average number density of % °Ca™ ions (averaged over the whole crystal), allowing

us to write
dvcd;dt) = —ko Vit (t) nepsr. (4.5)
t
Furthermore, the number density of the guided molecular flux at the crystal re-
mains constant on account of the continuous nature of the flux passing through

the crystal from the guide. Therefore the rate law can be expressed in terms of the

YSingle ion mass spectrometry measurements, as described in Chapter 5, have shown that
background reaction product ions include CaOH™, suggesting a reaction of Ca™ with HyO.
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pseudo-first-order rate constant, k; = kancp,r, and integrated to obtain:
VCa+ (t) = VCa+ (0) e_klt. (46)

Values for the volume of the 4°Ca® fraction of the crystal are obtained for each
image in a reaction sequence by analysis with a custom MATLAB script (outlined
separately in Appendix E). A plot of In[Ve,+(t)/Vea+(0)] as a function of ¢ will
have a gradient equal to —k; = —kancp,r. This pseudo-first-order rate constant
k1 represents the total ion loss rate, and should have any background loss rate
subtracted from it to obtain the pseudo-first-order rate constant for the reaction
itself. The bimolecular rate constant can then be recovered, given knowledge of

the fluoromethane number density, ncp,r.

The number density of the molecular reactant is obtained during the experiment by
carefully monitoring the pressure reading of the hot-cathode ionisation gauge whilst
the gas is admitted through the leak valve. This pressure is baseline subtracted
and processed with gas-specific ionisation gauge calibration factors (see Table 4.5)

in order to obtain the final value of ncp,r for the given reaction.

4.3.3 Collision energy distribution

The collision energy distribution in reactions of trapped cold ions with room-
temperature neutral gases is dominated by the kinetic energy distribution of the
neutral gas. Given an ionic reactant, A, and room-temperature neutral reactant,
B, we assume that the ion is at rest such that the average collision energy

(Buan) = utv2) = 51603, (4.7

where p is the reduced mass of the collision complex, (v ) is the average relative

collision velocity and (v3) is the average velocity of reactant B. Given that

1 3
<§mv2> = EkBT’ (48)
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we substitute for (v3) and obtain:

3mA

(Eeon) = kgT. (4.9)

2mamag

Table 4.1 lists average collision energies, calculated using this treatment and as-

suming T = 300 K, for the room-temperature reactions presented in this work.

Reaction (Econ)/ks (K)

W0Cat + CH3F 243
W0Cat + CH,F, 196
WCat 4+ CH;CI 199
OCS* + NDjy 337

Table 4.1: Average collision energies for the reaction of selected laser- or
sympathetically-cooled ions with selected room-temperature neutral reactants.

4.4 Performing a low-temperature velocity-selected

ion-molecule reaction: Ca®™ 4+ CHsF

4.4.1 Experimental Procedure

In order to study this reaction at low collision energies we have, for the first time,
joined together an apparatus for generating Coulomb crystals with the quadrupole
guide velocity-selector detailed in Section 4.2.2. The experimental setup is illus-

trated in Fig. 4.8.

When using the velocity-selector in conjunction with the ion trap, a fourth differ-
ential pumping stage separation is fitted between the ion trap chamber and the
adjoining guide section. The guide extends through into the main UHV chamber,

and the tip rests 19-20 mm from the centre of the trap (the experiments reported
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Figure 4.8: Schematic of the experimental apparatus for performing low-
temperature ion-molecule reactions with the quadrupole guide velocity-selector.

here used the three-segment asymmetric trap in a bid to maximise guided flux at
the centre of the ion trap). In order to shield the ion trap from the large electric
fields associated with the guide, a grounded mesh (85% transmission) is mounted

on a steel plate between the end of the guide and the ion trap.

Reactions are performed by first loading and preparing a suitable Coulomb crystal
in the normal manner. The gas reservoir which feeds the guide capillary is purged
and filled with the desired gas, and the needle valve is opened such that the pressure
in the foreline behind the capillary is stable at ~8x 1072 mbar, which is generally
optimal for guiding efficiency [43]. At this point, the guide voltages are turned on
to the desired setting, and molecules begin to be guided towards the crystal. A
timer is started and, as for the room-temperature reactions, a regular sequence of
fluorescence images are collected to record the extent of reaction with time. During
the reaction, the ammeters which measure current between the guide electrodes

are monitored closely for any large current spikes. These can indicate discharges
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across the high voltage electrodes, which may produce decreased guide performance

temporarilyl.

In general, the guiding of molecules results in smaller number densities at the
position of the ion trap than leaking gases at low pressure, and reactive collisions
occur less frequently as a result. The full extent of reaction (i.e., from a pure
crystal to the crystal melting on account of almost complete reaction of the laser-
cooled ions) for the reactions considered here can be achieved in anywhere between
5 and 95 minutes. The reaction time depends on the reactivity of the gas and the
quadrupole guide voltage (with 3-5 kV being the commonly used range, and higher

voltages producing larger number densities of neutral reactant).

4.4.2 Determination of rate constant

Determination of the rate constant of a low temperature guided reaction occurs as
for the room-temperature case (Section 4.3.2), with the exception of the determi-
nation of the molecular reactant number density at the crystal. Number densities
of the guided molecules are determined from the QMS measurements with a cali-
bration performed separately for given guide voltage/gas combinations (as detailed
in Section 4.2.2). It should be noted that background loss rates are more impor-
tant in the case of low-temperature reactions, where the timescales for collisions

are much longer, particularly with less reactive gases.

4.4.3 Collision energy distribution

The distribution of collision energies in the combined ion trap, quadrupole guide

apparatus is a convolution of the translational energy distribution of the guided

ILarge constant currents usually indicate a more permanent breakdown of the insulators, and
in this case guide performance is degraded or interrupted completely (necessitating a replacement
of the insulators).
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molecules and that of the ions comprising the crystal. As such, this distribution
can be controlled to a certain degree by adjusting the mean kinetic energies of the
molecules being guided, or by changing the effective kinetic energy distribution of

the ions in the crystal.

The translational energy distribution of the guided molecules, and therefore the
mean kinetic energy may be tuned via the quadrupole guide electrode voltages.
As mentioned in Section 4.2.2, a larger voltage implies that a larger fraction of
the room-temperature Maxwell-Boltzmann distribution of initial velocities can be
successfully guided around the quadrupole bend. This means an increase in mean
velocity (and guided flux) for larger guide voltages, as observed in the velocity
distributions shown in Section 4.2.2. Additionally, the average kinetic energy of the
ions comprising the Coulomb crystal is dependent on the trapping voltages, crystal
size, and cooling parameters (see Sections 3.3.1, 2.3.1, and particularly Fig. 3.16),
and may be determined via a comparison of the experimental fluorescence with
detailed MD simulations (see Section 3.1.2, [166]). The mean effective kinetic
energy of the ions generally used in these experiments ranges from (Eyin efr)/kp =

400 mK to 3.5 K.

The collision energy is dependent on the relative velocity of the reactants according

2

-y Where g, is the reduced mass and v, is defined according to

1
to Ecoll - §MTU

2 9 2 o2 2
Vil = Vgt T VCn,r — 2VCH3F- Voat & Uoat + UCH,F- (4.10)

The above approximation is due to the fact that the dominant contribution to the
ion energy is the micromotion which occurs radially and therefore perpendicular to
the guided molecule approach vector, which is oriented axially in the experimental
geometry. Figure 4.9 contains collision energy distributions obtained by convolu-
tion of the guided-molecule kinetic energy distributions with those for °Ca* ions

obtained from MD simulations. Collision energy distributions are coldest (~1 K)
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for reactions involving linear strings of ions, and increase in energy as the num-
ber of ion shells grows or the crystals become more oblate. Oscillations in the

distribution simply reflect the shell structure of larger crystals.
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Figure 4.9: Collision energy distributions for guided CH3F reactions involving
a Ca™ string, and 309-ion prolate and oblate crystals. These distributions are
calculated via convolution of the guided molecule and ion energy distributions,
obtained by experimental measurement and MD simulations respectively. The
oscillations in the crystal distributions reflect the concentric shell structures of the
spheroidal crystals.

For guide voltages of between 3 and 5 kV, the average collision energy has been
calculated to increase by approximately 0.6 K for a typical reaction system, e.g.,
Ca' + CH3F [131], however this change is somewhat insignificant given the width
of the collision energy distribution (see Fig. 4.9). Larger variations in collision
energy are accessible by performing reactions with crystals ranging in aspect ratio
from strongly prolate to strongly oblate. For a 900-ion crystal undergoing such a
transformation, the ion average kinetic energy can increase by the order of 10-20 K
[189], leading to similar changes in the average collision energy. However, for Ca*
+ CH3F, collision energy changes of this magnitude do not appear to produce large

differences in the reaction rate: In either case, as described in the following section,
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only a very slight inverse dependence on the average collision energy is suggested
by experiment, with experimental uncertainty preventing the resolution of any
clear trend over these collision energy ranges. Note also the clearly non-Maxwell-
Boltzmann distributions in Fig. 4.9 — one must remain mindful that when we talk
of a collisional or an effective kinetic temperature, we are simply referring to E/kg

for convenience.

4.5 Experimental results

A number of initial experiments were carried out using the reaction:
Ca® + CH3F — CaF* + CHj (4.11)

as the test system for this new technique. This reaction is strongly exothermic
with a total energy release (for Ca™ in the ground state) of approximately 1.05 eV,
which is lower than the minimum trap depth of ~1.2 eV. In fact, the mass ratio of
the products is such that, by conservation of momentum, only 20% of this energy
can be partitioned to the kinetic energy of the CaF' product ions. These ions are

thus trapped and sympathetically-cooled post-reaction.

The stochastic nature of a single reaction event is illustrated by Fig. 4.10, which
shows the reaction of a small 17-ion crystal. The reaction can be followed by eye,
as each single reactive collision results in the disappearance of one of the fluo-
rescence spots corresponding to a single Ca® atom. With small numbers of ions,
such as this, many repetitions of the experiment would be necessary to calculate
the rate constant for the reaction. Smaller crystals are nevertheless good candi-
dates for resonant-excitation mass spectrometry, which yields additional proof of
sympathetically-cooled product ions, and ultimately information regarding prod-
uct mass. We have used this technique to support all of our reaction studies and

this is detailed separately in Chapter 5.
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Figure 4.10: Reaction of a 17-ion Cat Coulomb crystal with CH3F. The progress
of reaction for smaller crystals can be followed with single-particle sensitivity by
monitoring the stochastic disappearance of single Ca™ ions from the crystal.

Reaction of a larger prolate Ca™ crystal with CH3F is illustrated by Fig. 4.11 which
shows a log plot of the decreasing core volume over the course of the reaction. The
gradient of this plot is equal in magnitude to the pseudo-first order rate constant,
and a knowledge of the CH3F number density at the crystal allows recovery of ko
for both room-temperature and guided low-temperature reactions. Although the
reaction of a single ion is a stochastic event, in the case of the larger crystals a con-
tinuous loss rate can be assumed and the rate constant is therefore obtainable from
a single experiment. FEarly values for the bimolecular rate constants were deter-
mined to be ky = 4.2(4) x 10719 cm3s™! for reactions at (E..)/kg = 243 K (room-
temperature gas admitted through the leak valve), and ky = 1.3(6) x 107 cm3s™!

for guided reactions at Vuaa = £3.0 kV where the average collision energy corre-
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Figure 4.11: Log plot of the Ca™ core volume, V/Vy &~ N/Ny, against reaction time,
using data obtained from the reaction of Ca™ with CH3F. Note the flattening of the
outside of the core due to Coulomb repulsion with the surrounding sympathetically-
cooled product ions.

sponds to a temperature of approximately 2.6 K, and the rotational temperature

of the neutral molecules was still effectively 300 K [43].

Variation of the rate constant with collision energy (at low energies) was probed
initially via a systematic change in the guide voltages, and subsequently by varying
the aspect ratio of the crystal to access a larger temperature range. Variation
of Vyuaa was performed between £3-5 kV, corresponding to a change in average
collision energy, (Econ)/kp, from 2.6 to 3.2 K. The resulting relative values of for
ko show a slight inverse dependence on collision energy, which is expected in the
context of ion-molecule adiabatic capture theories. A wider temperature range

was probed by varying the aspect ratio of larger Coulomb crystals from prolate to
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oblate, thereby increasing the ion average effective kinetic energy. This resulted in
average collision energies of (E.o)/kp = 14 K and 29 K for the prolate and oblate
crystals respectively. Again there appears to be an inverse dependence of the rate
on collision energy, as shown in the lower panel of Fig. 4.12; however for both of
these studies the dependence is weak, and therefore somewhat contentious as the

rate constants mostly agree within the bounds of experimental error.
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Figure 4.12: Normalised rate constants as a function of both Vi.q where k. =
ko/ks(Vquaa = £3.0 kV), and the crystal aspect ratio, a, where kyq = ka/ko(a =
3.18). Error bars in both plots reflect the 1o uncertainty in the 3-4 measurements
performed for each data point. In these reactions, the 866 nm and 397 nm laser
detunings were as follows: Aggs &~ 0 MHz in all measurements, and Azg; = 20 MHz
and 28.5 Mhz for measurements in the top and bottom plots respectively.

The experimental error in the calculation of these rate constants predominantly
reflects the uncertainty in determining the number density of CH3F molecules at
the crystal, particularly in the case of the low-temperature reactions. For some
gases, gas sensitivity factors for use with the hot-cathode ionisation pressure gauge
were unavailable, and a close match was assumed with a similar species. The
gas calibration factors, Cg.s, used for all reactants referenced within this thesis

are listed in Table 4.5. These factors, obtained from the literature (see [193,194]
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and references therein), are defined according to P = Pieas/Cgas Where Preas 18
the partial pressure recorded using our particular pressure gauge (Leybold Ionivac
ITR90). These factors are known to vary significantly between different seemingly
identical gauges. A variation of up to 20% is entirely possible [193], and therefore
uncertainty in the true partial pressures of these gases represents a considerable

portion of the error in an absolute rate constant value.

Reactant gas  Cyas used Substituted gas (if any)

CH,F 1.8 CH,;0H
CH,F, 2.0 CH,OH*
CH;Cl1 3.1

ND; 1.23 NH,

Table 4.2: Gas calibration factors used in number density calculations.

*The value for CHyF, was arrived at by modification of the value for CH30H to
account for the addition of another heteroatom. This was performed through com-
parison to similar transformations between compounds whose factors are available
in the literature.

To summarise, this chapter has demonstrated the feasibility of using the com-
bined ion trap/velocity-selector apparatus for the study of low collision energy
ion-molecule reactions. Single-ion sensitivity has been demonstrated in the exam-
ple reaction of a 17-ion crystal®™*. Reactions have been demonstrated with larger
crystals, from which we have obtained rate constants at both room-temperature
and low-temperature collision energies. We have investigated the collision energy
dependence of the rate constant by varying both the guide voltage, and the av-
erage kinetic energy of the ions (via a change in crystal aspect ratio), finding a
suggestion of a weak dependence in both cases. Rate constants determined for the

Ca™ + CH3F reaction were later found to depend on both the laser detunings and

**A similar 15-ion reaction appears in Chapter 5, where the sympathetic-cooling of heavier
product ions is confirmed using in situ mass spectrometry techniques. An extension of these
techniques, described in the same chapter, has also allowed the identification of the product ion
mass using just a pair of Ca’ ions and a single reaction event.
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powers, and therefore on the fraction of excited state population in the °Ca* ions.
Further investigation of these effects in this system, and in the reactions of 4°Ca*
with other molecules, is detailed separately in Chapter 6. Therefore, discussion of
the absolute or relative values of these measured rate constants in the context of

theoretical models is delayed until the latter part of that chapter.
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Chapter 5

Identification of product ions via in
situ resonance-excitation mass

spectrometry

A necessary tool in the study of any reaction is the ability to detect the reac-
tion products. To this end, detection techniques such as laser-induced fluorescence
(LIF) are commonly used when large enough product densities are generated. How-
ever, fluorescence detection on specific molecular lines is not sufficiently sensitive
to detect just a few molecular ions. Other detection methods such as resonantly-
enhanced multi-photon ionisation (REMPI) and time-of-flight mass spectrometry
are more sensitive and more generally applicable, but destroy the sample being
measured. The charged nature of the product ions generated in ion-molecule reac-
tions proves to be a useful property however, as it can be exploited to both detect

these ions with high sensitivity, and to determine their mass/charge ratios.

This chapter deals with techniques for using the linear Paul trap itself to perform
mass spectrometry on ions trapped in situ in a non-destructive manner. These

methods can be used to identify the mass/charge ratio of product ions that are gen-
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erated in ion-molecule reactions carried out within the trap, and sympathetically-
cooled into the Coulomb crystal. After a brief discussion of the general theory,
there is a description of the experimental procedure, followed by a discussion of
results from work done primarily in support of the reaction studies presented in

this thesis.

5.1 Principle

The general principle of using the LPT to perform in situ mass spectrometry is
that a time-varying force may be applied to the ions in order to excite a collective
oscillatory motional mode within the trapping potential [106, 195] (usually the axial
centre-of-mass vibration). The resonant frequencies of these modes are dependent
on the mass/charge ratios of the constituent ions, and measurements of the former
may be exploited to obtain the latter. A time-varying force may be provided
either by the use of additional RF electric fields [196], or by modulation of the laser-
cooling forces [104] (this can be achieved by chopping the cooling lasers themselves).
Of the many advantages inherent to this technique, not least is the fact that it is
non-destructive. Thus, it can be used to identify the constituents of a crystal as a
function of time, making it a useful technique for reaction studies such as those of
sympathetically-cooled Hj + Hy [126], or for the characterisation of each step in
a sequence of chemical changes, e.g., pathways for consecutive photodissociations

[105].

In our work we have chosen to apply an additional RF voltage to one set of end-
caps of the LPT as detailed in Fig. 5.1. Here, the time-varying drive voltage may
be expressed as Virive = Virive,0 COS(Qarivet), and we are able to scan the frequency,
Qarive/2m, over the range 30-400 kHz. When the drive frequency approaches a

vibrational mode of the crystal the ions will begin to oscillate axially. The am-
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Figure 5.1: The voltage configuration used in our experiments for exciting axial
vibrational modes via additional RF electric fields. The oscillating RF drive voltage
Viarive 18 applied to one set of end-caps.

plitude of this oscillation increases to a maximum as the drive frequency reaches
the centre of the resonance, before falling as the frequency moves away. This is
observed experimentally as an axial “smearing out” of the ion fluorescence, of-
ten accompanied by a change in fluorescence intensity. This former observation
occurs as a consequence of the ion oscillation period being small relative to the
exposure time associated with the time-averaged imaging of the fluorescence. The
oscillatory ion motion leads to an associated Doppler shift of the cooling-laser fre-
quencies which increases towards the resonance, and this can result in an increase
or decrease in fluorescence intensity depending on the laser detunings and the am-
plitude of the drive voltage. If Vi,ive o is large enough, this Doppler shift can cause
a complete loss of fluorescence and melt the crystal. When oscillatory modes of
dark sympathetically-cooled ions are excited, the Coulomb interaction ensures the
simultaneous oscillation of the laser-cooled ions and a change in fluorescence is still
observed. The change in fluorescence is strongest during direct motional excitation
of the laser-cooled ions, but modes due to darker non-fluorescing ions are never-
theless clearly visible given the strong Coulomb interaction between the two sets

of ions. In general, heavier or less highly charged ions are slower to respond to
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the changing fields and their motional modes tend towards lower frequencies, and

vice-versa.

5.2 Early experimental results

Initial experiments in our laboratory involving in situ mass spectrometry focused
on providing additional evidence for the presence of sympathetically-cooled product
ions in larger crystals, and attempts to measure the masses of these product ions
[131]. In larger crystals accurate mass determination is made very difficult by
the space-charge interactions between the many ions in the ensemble. This space-
charge drag can shift and broaden vibrational resonances and hamper any kind
of simple quantitative treatment. The best results were therefore seen for smaller

crystals.

Figure 5.2 illustrates results obtained from the reaction of a 15-ion Ca™ crystal with
translationally-cold CH3F (see Chapter 4). In this figure, panel (a) corresponds to
the fluorescence image produced by the initially pure Ca™ crystal, and panel (b) is
the result after 80 minutes of exposure to velocity-selected CH3F. The quadrupole
guide voltage was Viyaq = £2.0 kV which corresponds to guided molecule trans-
lational energies of (Fy,)/kp = 2.0 K. The average effective kinetic energy of the
15-ion crystal was determined by simulation to be (Exinefr)/kp =~ 450 mK. Convo-
lution of the reactant kinetic energy distributions allows us to determine an average
collision energy of (E.on)/kg = 1.3 K for the reaction. Over time, a decrease in the
number of fluorescence spots was observed, and this was attributed to reactive col-

lisions with the velocity-selected CH3F molecules*. As discussed in Section 4.5, the

*A control experiment, in which the flow of cold neutrals was switched off, showed a loss of
only two ions from a similarly sized crystal over the same period of time. This was attributed
to reactive collisions with background gas molecules. The importance of trap-loss processes
stemming from elastic collisions was studied by exposing the crystal to 5x10~% mbar of non-
reactive ND3. The loss rates were found to be negligible in this case.
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Figure 5.2: False-colour fluorescence images of a small 15-ion Ca®™ Coulomb crys-
tal (a) before and (b) after the chemical reaction with velocity-selected CH3F
molecules. (c),(d) Resonant-excitation mass spectra of the Coulomb crystals in (a)
and (b), measured by monitoring the integrated fluorescence of the Ca™ ions as a
function of the RF drive frequency. The decrease of the Ca™ fluorescence at the
position of the resonances in (d) is caused by a reversible melting of the crystal as
can be seen in (e), which shows the sequence of fluorescence images of the crystal
in (b) (rotated by 90°) recorded during the mass scan.

non-fluorescing product ions are retained in the trap and sympathetically-cooled
into the crystal. This means that, post-reaction, we assume that nine dark CaF*
ions surround the six visible Ca™ ions in Fig. 5.2(b). Resonant-excitation mass
spectra were recorded before and after the reaction, as illustrated by Fig. 5.2(c)
and (d) respectively. These spectra were performed at Vg,ive = 3 mV, and involved

monitoring the total integrated fluorescence signal as a function of drive frequency.
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Before the reaction, a single sharp peak is observed at 93.5 kHz corresponding to
the excitation of the motional resonance (centre of mass vibrational mode with all
Ca™ moving in phase’) of the Ca™ ions in the pure crystal. Post-reaction however,
two features are observed; these are attributed to the excitation of CaF* and Ca™.
The higher-frequency peak associated with the lighter Ca™ ions is broadened and
shifted to lower frequency (with respect to the single-species spectrum) as a con-
sequence of the space-charge drag of the different ion species — this is indicative

of the close packing of the ions in a bi-component crystal [195].

These results offer conclusive proof that reactive collisions between cold ions and
neutral molecules occur inside the trap, and that at least some of the product
ions are retained in the crystal via sympathetic-cooling. It also indicates that the
product ions are heavier than Ca™', as a consequence of their lower vibrational
mode frequency (along with the observation that the lighter Ca® ions remain on
axis). We have described how the best results are seen in spectra involving smaller
crystals, where the spectral broadening due to space-charge interactions between
multiple ions is reduced. Taking this idea to its logical conclusion, it has been
shown that in a two-ion bi-component system these contributions are minimised,

and more quantitative determination of product ion masses may be achieved [104].

5.3 Single ion mass spectrometry

Drewsen and coworkers were the first to develop the mass spectrometry of a single
sympathetically-cooled ion [104]. They have demonstrated the effectiveness of

the technique by characterising the photodissociation /isomerization pathway of a

"The centre of mass mode of a pure crystal is effectively w,, the axial trap frequency — see
Eqgs. 2.17 and 2.18.
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single complex molecular ion (aniline) [105]

hv hv

CeHsNH 2% CoHF 2% CoHP % cC3HF (5.1)

with a mass resolution of Am/m ~ 107%. Whilst this mass resolution is far from
that of the best mass spectrometry methods, which can reach relative mass reso-
lutions of <107 [197,198], it is perfectly adequate for the purposes of reaction
studies, allowing the clear differentiation between isotopic species with a high de-
gree of convenience in the current context. With optimisation the technique is

expected to be able to achieve a mass resolution of Am/m ~ 107°-107¢ [199].

For the harmonic potential at the centre of the LPT, it can be shown that [104, 200],
close to their equilibrium positions, the two eigenfrequencies for the axial motion

of two equally-charged ions are given by:

V2 = ((1+§)i 1—5+g2> V2. (5.2)

In this expression, & = mj/ms where m; and my are the masses of the two ions
and 14 is the oscillation frequency of a single ion with mass m;. The centre-
of-mass mode frequency is labelled v_ and the frequency of the breathing mode
vy. If vy is determined using an ion of known mass m;, the mass of a second
sympathetically-cooled ion msy can be deduced from measurement of v_ or v,. Im-
portantly, the centre-of-mass mode frequency for a pure crystal (of two ions for
example) is identical to that of a single ion. Given that two equally-charged ions
have equilibrium positions that are independent of their masses, it is therefore pos-
sible to measure v; (with two laser-cooled ions) and vy (with one laser-cooled and
one sympathetically-cooled ion) with both sets of ions in the same trap positions.
This minimises systematic error stemming from slight anharmonicities or spatial
variations in the effective trap potential, and furthermore speeds up the overall

process of calibrating 1, performing a reaction and then measuring v,.. This has
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been found to be invaluable, as any fluctuation in the damping from laser-cooling,
or the trapping fields (either from a variation in electrode voltages or due to patch
potentials) can cause a shift in the mode frequencies, and result in increased error

in the calculated product mass.

Less ambiguous assignment of the resonant frequency is possible through use of
in-phase detection of the ion fluorescence in conjunction with modulation of the
axial radiation pressure forces [104]. In this scheme, the imaging system is set to
only record data at the turning point of the ion oscillations, and this is achieved by
gating the camera intensifier with an RF voltage synchronous with the modulation
of the laser. The modulation of the axial radiation pressure is achievable either
by computer-controlled oscillation of the detuning, or more commonly by directing
one beam through an electro-optical chopper [104]; in either case this reduces the
optical damping of the ion motion, which serves to narrow the vibrational reso-
nances. When an ion is only imaged at the turning point of its oscillation it can be
seen to become progressively more offset (axially) as it approaches the resonance
and its oscillation amplitude is increasing. When it passes the resonance it under-
goes a m phase shift and appears on the other side of its equilibrium position before
slowly returning there as the amplitude of the oscillation decreases. This can often
afford greater precision in the measurement of the resonance position in compari-
son to the non-gated case. Typically for these experiments, the cooling lasers are
directed from more than one side (usually three sides) due to the reduced efficiency
of single-sided cooling with very small ion numbers (where there is reduced cou-
pling of the translational degrees of freedom due to a decrease in the number of
space-charge interactions). The higher resolution afforded by this technique can
be used to differentiate between equally charged atomic or molecular ions with the
same total nucleon number [104]. It should be noted that the use of oscillating RF

fields to provide the time-varying force on the ions limits any possible motional
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excitation to that of the centre-of-mass mode v_, necessitating calibration of 14
for the determination of msy. In contrast, electro-optical modulation can excite
both the centre of mass mode, v_, and the breathing mode, v, , and in this case

calibration of 1 is not necessary for the determination of m..

5.4 Experimental procedures

In general, we have attempted two distinct types of experiment relating to this
technique, and in both cases we induce an excitation of the centre of mass mode
v_ with an additional RF voltage Vv as outlined earlier. We rely mainly on
an in-phase detection scheme and therefore gate our imaging system with an RF
voltage synchronous with the oscillation of Ve, phase matched in order that the
ions are imaged at the turning point of their oscillation (as described above). The
first reaction types studied involved direct reaction of Ca™ and were done mostly
in support of the reactions under study in Chapter 6. The second type was the
reaction of a single sympathetically-cooled molecular ion in the presence of a single

laser-cooled Ca™ ion. This was attempted in support of work in Chapter 7.

In order to perform direct reactions, we first load two Ca't ions into the trap
according to the procedure outlined in Section 3.2.2. Once the ions have been
loaded, the trapping voltages remain unchanged in order to prevent a shift in the
vibrational mode frequencies. In order to determine v; we then perform a mass
scan, and this measurement is typically repeated 3—4 times. In general the applied
drive voltage amplitude for our single ion studies is of the order of 0.1 mV, and
we can scan over a range of 30-400 kHz. Once the approximate location of the
resonance has been determined, a higher resolution scan is performed. This higher
resolution scan usually spans 4 kHz and is roughly centred on the resonance, with

5-15 frames averaged per frequency step at a resolution of 0.05-0.1 kHz; such
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a scan usually takes of the order of 1 minute to complete. Typically the video
sequences recorded during these scans are used in the analysis (described below),
via compilation into plots of axial intensity slices as a function of drive frequency,
similar to Fig. 5.2(e). The drive amplitude is normally varied somewhat in order

to yield the clearest scan in this regard.

The reaction of one of the two Ca™ ions is then attempted, either via introduction
of a neutral room temperature gas through the leak valve (at partial pressures of
10791078 mbar depending on reactivity), or via the guiding of neutral molecules
with the velocity-selector. Reaction of a single ion is signified by the disappearance
of one of the observed fluorescence spots, whilst the other remains in position at the
same lattice site. From this we infer that the second lattice site remains occupied,
but with a dark ion. On occasion, one of the ions is lost from the trap and, in this
case, the single remaining ion occupies an equilibrium position in the middle of
the original two, at the trap centre. The presence of a dark ion is further verified
by the frequent interchange of the ions between the two lattice sites, which can be
observed as the bright ion jumping back and forth on the screen. This process tends
to occur once every few seconds or so, and is often driven in the approach to an
axial vibrational resonance. This can make a clean in-phase scan profile difficult
to achieve, as often the ion will flip position near the resonance (see Fig. 5.4).
As long as this does not happen too often, a clear fit can still be achieved and
the resonant frequency clearly identified. However if the amplitude is too large a
loss of efficient cooling can melt the crystal and cause difficulties therein. Once
the reaction of a single Ca™ ion has been observed, a second set of mass scans is

initiated immediately in order to determine v_, and these are performed as before.

Analysis of the axial intensity versus drive frequency plots then involves overlaying

and fitting an analytic expression for the resonance profile to the pre- and post-
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reaction scans. The dispersion profile resulting from the in-phase detection is

modelled according to the following expression for the ion’s axial offset zi,, [104]:

az(Vdrive - V,)
Zion — — + Zion,0- 5.3
(Vdrive - I/—)z + ’Y? o ( )

Here, a, is the amplitude of the dispersion, vgyive is the drive frequency, zion o is the
ion’s z offset in the absence of Ve and 7, relates to the width of the dispersion.
At this stage, measurements of 14 and v_ have been achieved and, armed with
a knowledge of mq, the mass of the bright Ca™ ion, we can use equation 5.2 to

calculate m,.

In contrast to direct reactions of laser-cooled ions, the attempt to monitor the
reaction of a sympathetically-cooled molecular ion (e.g., OCS™) begins by loading
a single Ca™ ion, again in accordance with Section 3.2.2. Ideally, scans of the
vibrational mode frequency are then performed in order to calibrate v,*. The next
step is to load a single sympathetically-cooled molecular ion. In general this is
performed via the introduction of a low partial pressure of the target gas (e.g.,
OCS) to the chamber, and the controlled application of a suitable ionisation laser
to generate the molecular ion inside the trap. It can take up to ~10 seconds [105]
or more for any sympathetically-cooled ions to be incorporated into the crystal
lattice itself. Often a short application of the ionisation beam (even a single laser
shot) is succeeded by a minute or so of waiting to ensure that the right number of
ions has been loaded. In the event that a single ion is loaded, a small axial offset
will occur to the lone Ca™ ion, and it will be observed to exchange positions with
a single dark ion periodically. At this stage the leaking of the target gas is stopped

and more excitation scans can be performed to determine the mass of the loaded

fDue to difficulties in the next step, this step was often omitted with the knowledge that
new Ca™ ions could be reloaded after any subsequent successes. This would not be ideal however
as often small perturbations in mode frequency were observed on timescales associated with
reloading the trap, possibly due to small patch potentials associated with calcium deposits from
the oven, or introduction of the ionisation lasers.
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dark ion.

Once a clean scan has been achieved, the introduction of reactant molecules can
begin (either by leaking into the ion trap chamber or guiding with the velocity-
selector), usually at low number densities to ensure adequate time to perform scans
and monitor any changes (for example further reactions, possibly with background
gases). There will be no indication of a successful reaction of the sympathetically-
cooled ion, save for a change in vibrational mode frequency. Therefore exci-
tation scans gated around the frequency corresponding to the initially loaded
sympathetically-cooled ion should be performed periodically. When this resonance
disappears or shifts, the frequency scan can be widened and the product resonance

located in the usual manner.

5.5 Experimental results

Direct reactions of Ca®™ with a range of neutral reactant molecules were studied,
including CH3F, CHyF5, CH3Cl, and H,. In all cases the reaction product ions were

identified by their mass, and in one case (CaH™) further reaction was observed.

Both normal and in-phase detection axial intensity profiles are illustrated in Fig. 5.3,
which shows profiles before and after the reaction of a single Ca™ ion with CHyF,,
which was admitted to the chamber via the leak valve. The dashed line indicates
the equilibrium position of the dark ion in the second lattice site. In the ungated
scans the fluorescence can be seen to smear axially as a result of the centre of mass
vibration of the crystal, and the resonant frequency of the ion pair has shifted by
~10 kHz (from about 94 to 84 kHz) post-reaction. As discussed earlier, when the
camera intensifier is gated in-phase with the oscillation of the drive voltage, the ion
fluorescence is only detected at the turning point of the ion’s oscillation. Therefore,

as the drive frequency approaches the vibrational resonance, the ion fluorescence
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Figure 5.3: Pre- and post-reaction axial intensity profiles as a function of the
driving radiofrequency, measured in the reaction of Ca™ and CHyFy using both
normal and in-phase detection methods.

can be seen to be increasingly offset in one axial direction as the amplitude of
the oscillation increases. As the drive frequency moves through the resonance fre-
quency, the ion fluorescence abruptly flips to an equally large offset in the opposite
axial direction due to the m phase change when a driven harmonic oscillator moves
through resonance. The ion fluorescence then gradually returns to the equilibrium
position as the drive frequency moves away from the resonant frequency. It is in
most cases easier to make an accurate assignment of the resonant frequency using
this detection scheme. In these particular reactions the product ion average mass
was determined to be 59.06(14) u, consistent with the expected product of CaF™

at a mass of 59.08 u.

Figure 5.4 shows the in-phase detection scans for a reaction sequence that begins
with the reaction of Ca™ with Hy (admitted through the leak valve). The average
mass of the initial product ion was identified as 40.96(25) u corresponding to CaH*
at 41.09 u. After a short period of time (~10 minutes), the detection of a shift
in the resonant frequency indicated that a subsequent reaction had occurred. The

mass of the new product ion was identified as 57.02(23) u. This is consistent with
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Figure 5.4: Pre- and post-reaction axial intensity profiles measured in the reaction
sequence beginning with Ca™ and H, using in-phase detection methods. Note that
the Ca™ ion swaps lattice sites with the dark ion a number of times during these

scans, however the fitting of an overall dispersion profile is still possible, allowing
the resonant frequency to be obtained.
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Figure 5.5: Illustration of the determination of the product ion mass, ms, in each
stage of the reaction sequence beginning with Ca®™ + H,. The blue calibration
curve is calculated from a knowledge of 11 and m; = 40.08 u.

the formation of CaOH™ at a mass of 57.08 u. Presumably this occurs as a result
of the reaction of CaH™ with HoO molecules present at very low concentrations

in the chamber as a background gas. The determination of product masses is
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performed using a calibration curve generated from a knowledge of m; and ry;

this is illustrated in Fig. 5.4 for the first (left) and second (right) reactions in this

sequence. Dashed red lines reflect the uncertainty in the resonant frequencies vy,

and v_, and therefore govern the uncertainty in ms for a given measurement. The

dashed black lines show the masses of CaH"™ and CaOH™ respectively.
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Figure 5.6: Measurements of product ion masses for the following reactions:
(a) Ca™ + CH3F — CaF* 4 CHj,

(b) Ca™ + CH2F2 — CaF™t + CHQF,
(c) Ca™ 4+ CH3Cl — CaClt + CHj,
(
(

d) Cat + Hy — CaH* + H, followed by:

e) CaH™ + HoO — CaOH™ + Hy (suggested).

The results for all of the direct reactions that were studied are summarised in

Fig. 5.6, which shows a single point for each individual measurement performed.

These values are also averaged and summarised in Table 5.5. In general, resonant

frequencies were found to drift over a fairly short timescale, and measurements of
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product mass were most accurate (relative to assumed product mass) when the
measurements of v; and v_ were performed as close together in time as possible.
The resonant frequencies are dependent on trapping voltages and sensitive to stray

fields; short-term fluctuations in these parameters were assumed to be the cause

of this drift.

Reactants Product ion mass (u) True mass (u) Identity
Cat + CH3F 59.03(16) 59.08 CaFt
Ca® + CH,F, 59.06(14) 59.08 CaF+
Ca™ + CH;Cl 75.18(14) 75.08 Ca®ClIt

76.99(22) 77.08 Cad"C1*

Ca* + H, 40.96(25) 41.09 CaH*

Cal* + H,0 57.02(23) 57.09 CaOH™*

Table 5.1: Product ion masses calculated via single sympathetically-cooled ion
resonant-excitation mass spectrometry. Note that HoO is assumed to be the reac-
tant in the final reaction.

Attempts were also made to verify the loading and sympathetic-cooling of OCS™
and its subsequent charge-transfer reaction with NDj3 (see Chapter 7). A single Ca™
ion was loaded into the trap, and then, using single pulses of a Nd:YAG pumped dye
laser operating at 10 Hz, 280 nm, the loading of a single OCS™ ion was attempted.
In order to facilitate this, the partial pressure of OCS was varied over a wide range,
as were the ionisation laser power density and alignment. However, the addition of
a single sympathetically-cooled OCS™ ion was not originally achieved. The main
problem was the frequent sympathetic-cooling of unwanted additional dark ions.
Often extra ions would take of the order of 5 minutes to cool into the crystal,
despite other dark ions crystallising in the order of 5-15 seconds. In addition,
application of the 280 nm ionising beam would often introduce extra Ca™ ions,
even though the calcium oven had been turned off for some time. However, the

experimental setup was not refined for the purpose of this particular experiment,
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and a number of improvements could be made in order to facilitate more work in
the area of single ion reactions of sympathetically-cooled molecules, as suggested

below.

5.6 Further work

In the first instance, a mechanical shutter should be installed to allow the Ca oven
to stay on at a lower current, and allow more control over the loading of single
ions. This would greatly increase the speed of subsequent attempts and provide
more consistency in the loading of a single ion. The 280 nm laser beam used for
ionisation of OCS was incident on a stainless steel plate shielding the chamber
from the titanium sublimation pump. It was felt that this could result in the
unwanted ejection of particles (possibly from deposited calcium) into the vacuum
and disruption of trapping. A proper beam dump should be implemented in this
regard. Since the attempts detailed here, irises have been introduced inside the
chamber in an effort to reduce the stray light from the cooling lasers. This has
proved to be effective in increasing our signal-to-noise ratio in the detection of single
ion fluorescence. This will improve the quality of the resonance-excitation scans
and provide a clearer picture during attempts to load single ions. Current ongoing
work centres on introducing single NDJ or Kr' ions into a two-ion crystal, along
with Ca™. Their ionisation schemes are somewhat simpler and occur at energies

that may introduce fewer impurities due to ionisation of background material.

There are many possible applications of this technique, especially as a tool in the
support of reaction studies such as those described in this thesis. Other possible
applications include the study of isotopic branching ratios. For example, through

over 300 repetitions of a single ion reaction, Staanum et al. [128] succeeded in
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measuring the isotopic branching ratio of the reaction

Mgt +HD — MgHt+D [1]

— MgD*+H [2]

as 1:5 between channels [1]:[2]. Another possibility using our current experimental

setup would be study of the isotopic branching ratio in the reaction:

Ca®™ +HDO — CaOH" +D

— CaOD™ +H,

which could be performed at different steady-state electronic quantum state popu-
lations of calcium (as in Chapter 6), and allow the investigation of any variation of
the branching ratio in this regard. This technique allows the detection of a single
reaction event, or the monitoring of a sequence of chemical changes such as the
consecutive photodissociation of a complex molecule [105]. In addition, the use of
heavier laser-cooled ions such as Ba™ allows the sympathetic-cooling of very large
molecules (~500 u). A larger molecular charge can facilitate the cooling of heavier
molecules still, even proteins, thus further broadening the potential scope of this
technique. In summary, resonance-excitation mass spectrometry serves as an in-
valuable and general diagnostic tool in support of the study of chemical reactions,

and provides wide scope for further investigations.
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Chapter 6

Reactions of electronically-excited
40Ca* jons with translationally-cold

neutral molecules

As discussed in Chapter 2, the continuous irradiation of the ions in the laser-cooling
process results in a steady-state population of the Ca™ electronic states involved
with the cooling cycle. These populations, which are sensitive to the laser pa-
rameters, must be quantified in any reaction studies as the rate of reaction for the
ground and excited states will likely be different. This chapter describes an investi-
gation into the variation of the rate constants in the reaction of **Ca* with CH3F,
CHyF5 and CH3Cl with different steady-state populations of the electronic states
of ¥°Ca*. The determination of the populations, using the Optical Bloch Equation
(OBE) theory outlined in Section 2.6, allows us to obtain the contributions to the
global rate constant from the ground and excited states of *°Ca* — from such data
we can infer information about the potential energy surfaces of these reactions and

of the reaction dynamics.

Initially we consider the necessary experimental measurements required to obtain
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the parameters used in the OBE, along with methods of checking the results of
the OBE calculations experimentally. The key to this latter step is the fitting of
simulated lineshapes to laser-induced fluorescence spectra. There then follows an
outline of how the OBE were applied for our experimental geometry. Specifically,
we consider how to obtain the average steady-state quantum state populations
within a particular ion crystal, and the importance of factors such as fluctuations
in laser detuning and non-zero axial secular temperatures. This leads naturally to a
brief investigation of fluorescence excitation spectra, which ultimately validates the
OBE treatment for “°Ca™ and allows the calibration of the effective laser intensities
and linewidths. Modifications to the experimental apparatus and procedure are
detailed and there is then a discussion of the rate constants measured for the
aforementioned systems at both high (~196-243 K) and low (5 K) collision energies.

Finally these measured rate constants are compared with theoretical calculations.

6.1 Application of the OBE given our experimental

parameters

6.1.1 Experimental considerations

The theory for formulating and solving the three- and eight-level optical Bloch
equations in order to obtain the electronic state populations of a “°Ca* ion under
continuous laser irradiation is described in Section 2.6. The state populations de-
pend on the intensity and detuning of the two lasers interacting with the ion, as
well as the spontaneous emission rates and the laser linewidths. In the eight-level
theory, which treats the magnetic sub-levels explicitly, extra parameters include
the magnetic field strength and the angle between the magnetic field vector and

the laser polarisations. These models have been used very successfully in the past
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to model the populations of single ions [152,174,175]. When performing similar
calculations for ion crystals we must be mindful of the fact that a spatial inhomo-
geneity of the cooling lasers on the scale of the crystal would lead to a distribution
of laser intensities experienced by the ions in the crystal, and therefore to a cor-
responding distribution in Rabi frequencies. Additionally, a range of effective ion
velocities parallel to the cooling lasers leads to a distribution of Doppler shifts,
and therefore effective detunings, throughout the crystal at any given time. These
factors will result in a distribution of ion quantum state populations in the crys-
tal at a particular time. We therefore wish to find a sensible way to apply the
OBE theory to our particular experimental situation, in order to calculate the av-
erage crystal quantum state populations for the set of measured laser powers and

detunings associated with a particular reaction experiment.

A key factor in the following discussion will be the fact that the rate of resonance
fluorescence emitted by the laser-cooled ions is proportional to the population of the
upper excited states. As described in Section 2.6, for the three-level treatment this
corresponds to poo and for the eight-level treatment ps3 + psq. By scanning either
the 397 nm or 866 nm laser detuning, and collecting the fluorescence with a photo-
multiplier tube (PMT) in place of the CCD camera, we can generate experimental
fluorescence excitation spectra. Comparison of these experimental spectra with
simulations provides a means to calibrate experimental parameters such as the Rabi
frequencies and laser linewidths. It allows us to gauge the importance of factors
such as non-zero axial ion velocities and laser detuning fluctuations. Ultimately,

these comparisons serve to validate our theoretical treatment of the experiment.

Spontaneous emission rates are taken from the literature [176] as detailed in Chap-
ter 2. Laser linewidths for our particular diode lasers have been estimated by

Toptica using a self-heterodyne technique over 5 us at around 1-2 MHz. However,
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they acknowledge that larger linewidths are feasible given measurements performed
at timescales of minutes or more [201]. Ultimately this appears to be a parameter
we must calibrate experimentally, and this may be achieved by the examination and
fitting of experimentally-observed dark resonances (discussed initially in Chapter

2).

Though we have taken steps to stabilise the wavelength of both cooling lasers
against the wavemeter reading itself (detailed later in Section 6.2.2), one must be
aware of drifts in the wavemeter’s absolute wavelength calibration. These drifts
can be caused by variations in the environmental temperature and humidity, and
depending on the circumstances can be in the 10-100 MHz/day range unless the
laser is actively stabilised against a reference [201]. Unfortunately, this remains to
be implemented in our setup. Thus, variation in the detunings represents one of

the largest contributions to the error in the determination of the state populations.

6.1.2 Laser detunings and linewidths

In this section we consider the effect of the axial motion of the ions on the effective
laser detunings, along with independent short-timescale fluctuations in the laser
wavelengths themselves. To investigate the relative importance of these factors we
employ the three-level OBE theory, which is computationally less expensive than

the eight-level version and therefore facilitates the analysis.

It is useful to think about the effect of ion axial motion or fluctuating laser fre-
quencies in the context of the steady-state population of the upper excited state
P12, which describes a surface in the two dimensional space parameterised by
the 397 nm and 866 nm laser detunings. Figure 6.1(a) shows a contour plot gen-
erated by iterating the steady-state solution of the three-level OBE over a grid of

397 nm and 866 nm laser detunings with the laser linewidths set to zero, whilst
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Figure 6.1: Contour plots of pys or the fractional population of the upper ex-
cited state (*Py/2) in detuning space. (a) is calculated with linewidths I'sg7/2m =
[gg6/2m = 0 MHz, (b) is calculated with T'sg7/27m = T'geg/2m = 5.5 MHz. (c) and
(d) illustrate 1D slices through these two surfaces which are proportional to fluo-
rescence excitation spectra. Each spectrum corresponds to the matching line on
the contour plots, the green dashed line is referenced later when considering finite

axial crystal temperatures.

6.1(b) shows the same surface but calculated with finite laser linewidths. These
surfaces simply denote the fractional population in the upper excited state, and are
therefore proportional to the rate of fluorescence. When the laser linewidths have
been set to zero, we observe strong coherent population trapping when the two
detunings approach the same value. This results in the complete disappearance
of population from the upper excited state and the surface drops to zero along an
axis at 45° with respect to the blue detuning axis. When the laser linewidths are

finite, a decoherence is introduced that partially destroys the coherent superposi-
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tion between the ground and metastable state, and we see that population is then

partially restored in the dark resonance region.

The bottom two panels in Fig. 6.1 illustrate 1D slices through these surfaces,
which are proportional to the fluorescence excitation spectra along the same de-
tuning coordinates. Note however that in all final simulated fluorescence spectra,
the fluorescence intensity is arbitrarily set to zero if Azg; < 0 to reflect the fact
that the crystal melts under these conditions and the observed fluorescence disap-
pears. Experimentally we maintain one laser at constant detuning whilst scanning
the other, and for this reason only typical slices with Asg; scanned (z-axis, see

Fig. 6.1(c)), and Aggs scanned (y-axis, see Fig. 6.1(d)) are illustrated.

Let us consider a short-term oscillatory fluctuation of the 397 nm laser detuning
arising from both temperature and humidity fluctuations in the laboratory. Given
a long enough timescale relative to the frequency of the fluctuation, we can model
the time-averaged distribution of detunings as a Gaussian distribution centred on

the user-set and stabilised value of the detuning:
fazor = Ae™(Bao7=A3070)°/(257) (6.1)

where Agg7 is the set value of the blue laser detuning and the Gaussian function is
normalised by setting A = 1/(c397v/27). The full-width half-maximum (FWHM)
of this Gaussian function is scaled according to the size of the fluctuations, and
determines o397 according to FWHM= 2v/21n 20397. The resultant populations can
then be considered as the convolution of the original 2D population surface with
this Gaussian function along the 397 nm detuning axis. Each point in the resulting
surface is the weighted average of the corresponding point from the original surface
with its nearest neighbours along the 397 nm detuning axis. By analogy we can
consider the independent 866 nm detuning fluctuations as a convolution with an-

other independent Gaussian function, but this time along the y-axis corresponding
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to the 866 nm laser detuning. Thus, the relative change at any point in any given
spectrum is dependent on the topology of the excited state surface in its vicin-
ity. Fluctuations in the 397 nm and 866 nm wavelengths are constantly monitored
and rarely exceed +£4-8 MHz and +1-4 MHz in total magnitude respectively (see
Fig. 6.5). Gaussian functional fits to these AX distributions therefore have FWHM
that are of the order of approximately 4-8 MHz and 1-4 MHz for the 397 nm and
866 nm lasers respectively. Where possible these fluctuations are measured for
each and every reaction experiment but, in cases where this was not performed,
the upper bounds have been assumed when considering population uncertainties.
Figure 6.2(a) illustrates the inclusion of laser fluctuations to a basic simulated flu-
orescence spectrum for the upper and lower bounds of the range of fluctuations
discussed here. In these simulated spectra the laser linewidths are set to zero in
order to examine these averaging effects in isolation, and the plot is centred on
a dark resonance in an experimental 866 nm detuning scan, with parameters as
detailed in the caption. Even at the upper bound of the frequency fluctuations that
we observe in the laboratory, there is only a very slight change in any simulated

spectra within our measured fluctuation range.

Let us now consider the case of non-zero axial ion motion. In the reaction studies
described in this chapter, both the 397 nm and 866 nm laser beams are directed
along the trap axis from a single side only. This axial cooling geometry is impor-
tant because the distribution of axial ion velocities is only weakly affected by the
RF-driven micromotion, which occurs radially in the trap and can be disregarded
for our treatment of the state populations. Further to the discussion in Section
2.4.2, this means that within the harmonic approximation it is also correct to con-
sider a Maxwell-Boltzmann distribution of effective (not just secular) axial kinetic
energies. This means that we can consider a Gaussian distribution of axial ion

velocities, with a FWHM obtained from Molecular Dynamics simulations. These
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Figure 6.2: Simulated fluorescence spectra incorporating: (a) Frequency fluctua-
tions in both lasers, with legend format [FWHM(397):FWHM(866)], (b) Non-zero
axial effective crystal temperatures. In each plot these simulated scans are pa-
rameter matched to an experimental fluorescence scan, with the exception that
the laser linewidths are set to zero, i.e., I's97/2m = T'ge6/2m = 0 MHz. Exper-
imental parameters: Psg; = 673 uW, Pggs = 5.310 mW, Asg; /271 = 57.06 MHz
or 30 fm. Additional fit parameters (explained later): Aegzor = 0.11(2) mm?
Aeﬂ‘;866 = 114(11) mmZ.

simulations suggest that typical axial crystal temperatures are between 10-60 mK
for large crystals. We recall from Section 2.32 that above 100-150 mK the crys-
tal will typically melt as the ion kinetic energies overcome their local confining

potential.

Given an ion velocity vector that is not orthogonal to either laser, there will be
a simultaneous Doppler shift of both laser frequencies, and therefore both laser
detunings. The magnitude of the shift in detuning for each laser, kv, is clearly
dependent on both the photon wavenumber k = 27 /X and therefore frequency, as
well as the ion velocity v in the axis of the beam. As ion axial velocity increases we
would be restricted to traversing a straight line path in our 2D detuning space, at
an angle 6 with respect to the x-axis with 0 < 6 < 7/2. The angle 6 is dependent

on the ratio of detuning shifts of the two lasers and therefore on the ratio between
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the two laser wavelengths:

kse6vs66 . Azo7 (6.2)

arctan f = = .
k3970397 866

It should be noted that the components of ion velocity in each beam propagation
direction are equal because the lasers are co-linear and therefore vggg/vz97 = 1. If
both lasers are at the same frequency the resultant detuning shifts in each laser are
always equal and the line would be oriented at 45° (assuming laser co-linearity). In
our particular case  ~ arctan(396.847 nm/866.214 nm) = 0.43 rad or 24.61°, which
is delineated by the green dashed line in Fig. 6.1(a,b) for a detuning coordinate
centred at the origin. We assume that any change in detuning of the lasers from
the atomic transition frequencies has a negligible effect on this angle (which is
reasonable given the small range of detunings used). A Gaussian distribution of
axial ion velocities will result in a 1D Gaussian distribution of detunings, restricted
along a line in detuning space oriented at an angle # with respect to the x-axis.
Therefore we must now perform additional convolution of the surface at 6 ~ 24.61°
with respect to the 397 nm detuning axis. We employ the normalised Gaussian
function, fg 1., defined by

far = ae~ AL/ (207, (6.3)

where Ay, is the detuning coordinate along the restricted line in detuning space

with
5W(D, Tot)
24/21n(2)’

and normalised such that @ = 1/(07,v27). The total Doppler width dwp, 1or), is

(6.4)

UTZ =

defined by

OW(D, Tot) = \/(5“’(2& 397) T 5“(2D, 866)) (6.5)
where the individual Doppler widths for each laser-cooled transition, i, are given
in Hz by [202]:

Swp, 1y = 7.16 X 10 71, 07/T/m. (6.6)
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In these equations T = T, .4 is the effective translational temperature associated
with the axial ion motion (determined by MD simulations), m is the ion mass and

;o is the atomic transition frequency.

Figure 6.2(b) illustrates the effect of non-zero effective axial crystal temperatures,
T, in isolation from either frequency fluctuations or non-zero laser linewidths. In
general, axial ion motion contributes an averaging effect of about the same order
as the frequency fluctuations previously discussed; this means that it represents a
very minor perturbation on a simulated spectrum. Thus, neither of these effects,
either in isolation or combination, come close to accounting for the strong washing
out of the dark resonances observed in the experimental spectra. Furthermore, it
appears as though they can be effectively disregarded from our OBE model and
therefore our simulated fluorescence lineshapes — any small contribution present
in the experimental scans would easily be matched by assuming slightly larger laser

linewidths.

The major sources of decoherence are assumed to result from the finite laser
linewidths and any m j-mixing due to the presence of a magnetic field. As with the
factors discussed above, we assume that any decoherence resulting from m ;-mixing
is incorporated phenomenologically into the laser linewidth parameters used in the
OBE model. These laser linewidths, which are assumed equal for the two DL-100
diode lasers, are estimated by performing fits of simulated spectra to experimental
spectra (see Fig. 6.3 for an example). Through the examination of multiple spectra
(taken at different 397 nm laser powers with each laser’s detuning scanned in turn),
and using simulated lineshapes based on the eight-level OBE treatment, the value
of both linewidths, I'sg; and T'gss, was determined to be 5(1) MHz. Optimization
of the fitting required a vertical magnetic field of B = 1.1 G, suggesting the pres-

ence of stray magnetic field contributions of a similar order to Earth’s magnetic
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field; these stray fields are assumed to arise from the apparatus. As explained in
Section 2.6.2, a magnetic field of this magnitude perpendicular to the laser po-
larisations would be expected to cause m -mixing of the 2Ds /2 sub-levels with a
frequency of the order of ~1.1 MHz. Therefore it would appear that the laser
linewidths represent the major source of decoherence in the system. Note that, as
shown in Fig. 6.3, lineshape splitting due to multiple dark resonances is visible in
the zero linewidth simulation, however, as the laser linewidths increase, this fine
detail is washed out in agreement with the experimental data. Note also that whilst
our experimental spectra can be matched well with either the three- or eight-level
treatment (and in fact both yield similar linewidth values — see Appendix G),
the eight-level treatment is used in the analysis of the final results in this Chapter
because it is believed to be a more accurate model of the experimental conditions

(see also Section 2.6.2).
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Figure 6.3: Fluorescence spectra simulated with the 8-level OBE treatment super-
imposed on an experimental scan. We determine our laser linewidths by matching
the spectra around the dark resonance. Here we can see that I's97/2m = Igg6/27m =
5 MHz is the most accurate fit, with both 397 nm and 866 nm laser linewidths
are assumed equal. Experimental parameters: Psg; = 673 uyW, Pygg = 5.310 mW,
Aszg7/2m = 57.06 MHz or 30 fm. Additional fitting parameters: B = 1.1 G,
a =m/2, Aezor = 0.055(3) mm?, and Aeg.g66 = 1.90(3) mm?.
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6.1.3 Rabi frequencies and laser intensities

The Rabi frequencies which appear in the OBE are calculated from experimental
measurements of the laser intensity, along with a knowledge of the properties of
the atomic transitions involved. We recall that the Rabi frequency, €2, is a measure
of the strength of the coupling between the laser field and atomic transition. In

the eight-level OBE treatment™* (see Section 2.6.2) it is defined according to:

where the index 7 refers to a particular atomic transition and the laser coupled to
it. The electric dipole moment of the transition i is related to -;, the spontaneous
decay rate of the upper state to the lower state, and \;, the transition wavelength,

by [203]:
2 _ 3o}
! 872

Vi (6.8)
The electric field strength of a laser is related to its intensity by

1
I= §C€0E§. (6.9)

Therefore, with a knowledge of the decay rate ;, {2; may be measured experimen-

tally with the use of the relation [175]:

(6.10)

3L N3
Q= (1x107° —t=
(11077 (167?2hc>

which produces the Rabi angular frequency in units of MHz.

In practice however, there is a certain amount of difficulty associated with the
measurement of the laser intensities at the position of the crystal. Though it is
possible to measure the total beam power, there is some difficulty in obtaining

accurate beam cross-sectional areas at the crystal. The total beam power, Ppeas,

*NB: In the three-level OBE derivation (see Section 2.6.1) the Rabi frequency is defined in
Eq. 2.57 according to 2, = —(D;.E;)/h. This means that an additional factor of 2 should be
included on the right hand side of Eq. 6.10 when it is applied in the three-level case.
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is measured with an electronic power meter just prior to entering the vacuum
chamber. It is recognised that there may be small subsequent power losses due
to scattering at the viewport, and the power at the crystal has been estimated
at around 90% of our externally measured reading. The transverse dimensions of
each laser beam must be measured in order to obtain the cross-sectional area at the
crystal, Apeas, however the bulky ion trap/UHV chamber apparatus make an in situ
measurement problematic. Both cooling lasers are weakly focused through a 60 cm
focal length lens, positioned approximately 30 cm from ion trap centre. Estimates
of the beam areas at the crystal can be made by measuring the transverse beam
dimensions at the position of the lens, by observing the laser-induced fluorescence
on laser cards, and assuming that these dimensions are halved at a distance of half
the focal length. It is recognised that both the measured power and area (Ppeas
and Apeas respectively) can only be considered estimates of the true values, and
therefore further calibration is necessary to accurately obtain the Rabi frequencies
for each laser. One possible treatment is to introduce an “effective” area, A.g, for
each laser that relates the externally-measured laser power to the effective laser

intensity at the crystal, I, according to:
Ieff - Pmeas/Aeff‘ (611)

The effective areas of each laser, Aeg.397 and Aeg.s66, are independent of laser power
and can be determined via the fitting of simulated lineshapes to experimental
fluorescence spectra. Once these effective areas have been calibrated, the effective
Rabi frequencies can be calculated given a measurement of the total external power
for each cooling laser. This treatment ignores any spatial inhomogeneity of the
laser intensities on the scale of the crystal, or at least makes the assumption that
a fluorescence spectrum stemming from a group of ions in an intensity gradient
is well-modelled by ions experiencing a constant mean intensity. This assumption

is reasonable as long as the intensity gradient across the crystal is not too large.
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Calculations have confirmed the validity of this assumption for our experiment,

and these are detailed in Appendix F.

Fluorescence excitation spectra were recorded at combinations of laser powers and
detunings reflecting the range of parameters used in the reaction experiments de-
tailed later in this chapter. Effective areas for the 397 nm and 866 nm diode lasers
were found to be Aeg.z0r = 0.055(3) mm? and Aeggee = 1.90(3) mm? respectively.
Figure 6.4 shows a selection of final eight-level OBE simulations which have been
fit to experimental fluorescence spectra measured at both high and low Psg7, and

with either the 397 nm or 866 nm laser detuning scanned.

1 :
200/(a) 001
s s ¥
i150’ i
2 > 607
§1oo— g
E £ 40
= 50’ = 20,
5 0 50 100 %150 -100 50 0 50 100 150
A g /2n (MHZ) Age/2m (MH2)

Figure 6.4: Eight-level OBE simulations overlaid across experimental fluorescence
excitation spectra at the upper and lower bounds of the 397 nm laser powers used in
the reaction experiments. Panel (a) shows 397 nm detuning scans with Aggg/2m =
40 MHz, whilst panel (b) shows 866 nm detuning scans with Asgy/27m = 57 MHz.
Laser powers are as follows:

(a): (i) Pso7 = 600 puW, Psgs = 5.2 mW, (ii) Psgr = 220 uW, Pggs = 5.3 mW,

(b) (1) P397 =670 ,U,W, P866 =5.3 HIW, (11) P397 = 220 ,uW, P866 = 5.3 mW.
Fitting parameters are as follows:

Aeﬂ‘;397 = 0055(3) mmZ, Aeﬂ‘;866 = 190(3) mmz,

F397 = F866 = 5(1) MHZ, B=11 G, o = 7'('/2

In summary, we have related the externally-measured laser powers to the effective
laser intensities experienced by a Coulomb crystal via the calibration of effective

cross-sectional areas, A.g, for each laser. The good agreement between simulations
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involving constant calibrated values for these effective areas and experimental flu-
orescence spectra measured at both high and low 397 nm laser power provides a
confirmation of the validity of this treatment. We have determined that even at the
upper bounds of the crystal axial temperature and the laser detuning fluctuations
associated with our experimental setup, the impact of these factors on fluorescence
spectra, and therefore steady-state populations, is minor. We assume that the
experimental deviations from lineshape predictions involving zero laser linewidths,
such as in Fig. 6.2, arise solely from a combination of finite laser linewidths (thought
to be the dominant contribution) and m j-mixing. The latter effect occurs due to
the presence of a magnetic field whose component perpendicular to the laser polari-
sations was determined through lineshape fitting to be B = 1.1 G. The 397 nm and
866 nm laser linewidths were assumed equal and determined to be 5(1) MHz also
through lineshape fitting. With these various parameters calibrated, the experi-
mental Rabi frequencies may be calculated from measurement of the total beam

powers.

6.2 Experimental detail and procedure

6.2.1 Experimental determination of laser detuning

The procedure for determining and setting the detuning of the 397 nm and 866 nm
lasers from their atomic transition involves first measuring the position of the
atomic resonances according to the WS-U wavemeter. Having done this, the desired
detuning is manually set using the computer-controlled wavelength stabilisation

system outlined in the next section.

In order to measure the atomic resonances practically, a crystal is loaded into

the trap, and the detunings of both lasers are manually set such that the crystal
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fluoresces moderately, indicating that both detunings are not close to being zero.
The 397 nm laser is attenuated to approximately 100 4W in order to reduce power-
broadening and provide a narrow fluorescence spectrum. The computer controlled
397 nm wavelength is then scanned towards smaller wavelength until the crystal
melts and the fluorescence disappears as shown in Fig. 6.4(a). This is taken to be
the approximate position of the 397 nm atomic resonance, and the blue detuning is
then set at approximately 50 fm or Asg; = 95 MHz by simply stabilising the laser
at the corresponding wavelength. This moves the position of the dark resonance
to 95 MHz and prevents a dip in fluorescence from occurring at Aggg = 0 MHz
which would otherwise correspond to the brightest observed fluorescence in a scan
of the red laser detuning. Using both Labview and MATLAB scripts, Aggg is then
scanned through approximately 400-450 fm (or 180 MHz) around the peak, and
the integrated fluorescence intensity is plotted. The peak fluorescence corresponds
to the wavelength associated with the 866 nm atomic resonance, and at this point

A866 =0 MHz.

Once the red detuning is known (usually within 5-10 fm (2-4 MHz)), it is then set
to Ages = 100 fm (40 MHz) to once again prevent a dark resonance from occuring
near zero detuning. A more accurate 397 nm detuning is then acquired by scanning
the wavelength towards the atomic resonance until the crystal melts, with multiple
readings taken until a consistent reading is achieved. Early crystal loss can occur
due to wavelength fluctuations, which at their smallest can be of the order of 1-2 fm
(around 2-4 MHz at 397 nm); this represents the uncertainty in the measurement
of the blue detuning although wavemeter drifts can occur subsequently as outlined

below.

Once obtained, each laser detuning is set to the value selected for the experiment,

which for the 866 nm laser is 0 MHz for all the reactions described in this thesis.

199



CHAPTER 6. REACTIONS OF ELECTRONICALLY-EXCITED #°Cat IONS WITH
TRANSLATIONALLY-COLD NEUTRAL MOLECULES

Labview scripts are used to stabilise the lasers at the corresponding wavelengths

as described further in the next section.

6.2.2 Laser wavelength stabilisation

During the development of the experiment, two separate stabilisation schemes have
been employed for maintaining our diode laser frequencies. Initially we were only
capable of stabilising a single diode laser, and we opted to stabilise at 397 nm.
The crystal fluorescence is less sensitive to a small change in the wavelength of
the 866 nm re-pumping laser (e.g., a 15 fm change in the wavelength is a smaller
relative detuning at 866 nm than at 397 nm). Therefore we had a finer manual
control on the 866 nm detuning and additionally this diode appeared more stable
over the long term. Therefore a portion of the 397 nm beam was coupled via an
optical fiber into our High Finesse WS-U wavemeter which offers a voltage feedback

into the DL-100 control system via the DCB110 interface.

In early experiments, during a reaction we would manually attempt to keep fluo-
rescence maximised via the voltage offset control on the 866 nm DL-100 controls,
whilst the 397 nm detuning was more accurately maintained via the WS-U waveme-
ter. The WS-U voltage feedback loop maintained the wavelength to +£2-4 fm or
~8 Mhz at 397 nm, with a data collection rate of 400 Hz, and therefore a mini-
mum feedback period of a few milliseconds. In subsequent experiments (including
all those described in the current chapter) both diode lasers were stabilised au-
tomatically. Manual detuning adjustments are more likely to introduce error due
to the fact that the absolute crystal fluorescence naturally declines as the Ca™
ions react. Thus the user has to continually make judgements about whether a
perceived loss in fluorescence has arisen due to a drift in the 866 nm detuning or
naturally in the course of a reaction, and this can lead to unnecessary fluctuations

in the 866nm detuning during reaction. These concerns are largely irrelevant in the
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consideration of a room temperature reaction as they typically last no more than
2-3 minutes when leaking a reactive gas at 1x10~% mbar. However over the course
of a slower velocity-selected reaction (with timescales ranging from 10 minutes to

1.5 hours) automatic dual stabilisation is advantageous.

To achieve automatic dual stabilisation without the costly purchase of a second
High Finesse WS-U wavemeter, we opted instead to couple a portion of both the
397 nm and 866 nm diode laser beams into the single WS-U wavemeter, using
multi-mode optical fibers and a fiber optical switch (Leoni M1x2 SI50/125). A
custom Labview program, in conjunction with the wavemeter’s own software, and
an external USB Labjack allowed us to provide a voltage feedback loop to the
DCB110 interface of both lasers simultaneously. In this manner’ we were able to
stabilise the 397 nm laser wavelength to +2—4 fm or 4-8 MHz at 397 nm, and the
866 nm laser wavelength to +2—4 fm or 1-2 MHz at 866 nm, as shown in Fig. 6.5.
The Labview feedback loop alternates between either laser once every 400-500 ms.
This means that the described setup results in a much less frequent feedback loop
than when using the WS-U to stabilise the 397 nm alone, but it does allow dual
stabilisation. Short term wavelength fluctuations are therefore possible, but on the
timescale of the reactions we would expect any corresponding fluctuations in the

populations (and therefore measured rate constants) to average to zero.

Once again, it bears repeating that unless the WS-U wavemeter is locked to a ref-
erence, it is susceptible to drifts in wavelength calibration stemming from variation
in laboratory temperature and humidity. Whilst attempts have been made to mit-
igate these drifts by partitioning the wavemeter away from laboratory air currents,

we nevertheless experience oscillatory drifts in the region of approximately 0-10 fm

fLarge (10-100 MHz) frequency fluctuations can be caused by the presence of optical feedback
into the lasers, but this can be mitigated by careful re-alignment of the optics on the bench (and/or
via the use of optical isolators).
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Figure 6.5: Typical frequency fluctuations over a period of 10-15 minutes, along
with the variation in feedback control voltage. The minimum voltage increment
applicable by the labjack was 0.01 V; up to 20 Db attenuation was subsequently
applied before feedback of the voltage into the DCB110 analogue input board on
the Toptica DL-100 laser control units.

per hour depending on conditions. This corresponds to 0-20 MHz at 397 nm or 0—
4 MHz at 866 nm. These are recognised as a change in the measured wavelength of
the atomic resonances, and therefore regular reference measurements are necessary

in order to obtain accurate detunings for any reaction currently being performed.
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6.2.3 Experimental procedure

The experimental setup is identical to that of a normal guided reaction described
in Section 4.4.1 (see Fig. 4.8). Automatic dual stabilisation was set up specifically

for these experiments, but is now in use for all experimental work.

Reactions are carried out in a similar manner to either a room-temperature re-
action (see Section 4.3.1) or a guided reaction (see Section 4.4.1). The exception
is that they are now performed at laser powers and detunings determined specif-
ically by the desired steady-state electronic state populations. MATLAB scripts
based on the OBE treatment outlined in Section 2.6 enable the steady-state pop-
ulation to be calculated based on the measured power and detuning of the 397 nm
beam. This determines the 397 nm power and detuning to be used in each mea-
surement, and these are set as described in Section 6.2.1. Across all experimental
measurements the 866 nm laser power/attenuation is deliberately chosen to remain
constant (Pggs &~ 5.2 mW), although there are small fluctuations due to environ-
mental factors. The 866 nm detuning is stabilised at a wavelength corresponding

to Agge = 0 MHz at the beginning of each measurement.

Given the previously described tendency of the absolute wavelength measured by
the wavemeter to drift, several measurements of the position of the atomic reso-
nance relative to the measured laser wavelength are made before and after each
measurement. A drift in the measured wavelength during active stabilisation will
result in a drift in the detuning from the atomic transition frequency. In the event
of a small drift in the detuning over the course of reaction, the mean value of the
before and after measurements was used in calculating the final theoretical steady-
state populations for that measurement. Power measurements are also taken after
every measurement to ensure accurate modelling of the state populations (laser

powers can fluctuate during the day by up to APsg; < 50 uW, APggs < 200 uW,
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although typically by lesser amounts).

Given the laser powers and detunings accompanying each separate Coulomb crystal
reaction, and a knowledge of how to obtain effective laser intensities using the cal-
ibrations outlined earlier in this chapter, we may calculate steady-state electronic
state populations for each reaction. In this way we can systematically vary the pop-
ulations and investigate the effect on the rate constant for the reaction system un-
der study (either using room-temperature neutral reactants or translationally-cold
velocity-selected neutral molecules). Figure 6.6 contains plots of the steady-state
populations with respect to a change in the 397 nm laser detuning at both high
and low 397 nm laser power. Dashed vertical lines indicate our approximate de-
tuning limits: outside of these lines the crystal is prone to melting on the timescale
of our experiment due to either inadequate cooling under increased collision rates
(introduction of reactant molecules) or due to laser fluctuations which can bring

the blue laser frequency too close to the atomic resonance.

(a)1 ; N ; ; — ; ; : (b) 1 : - : . T ————
C . . C B . . ZS 1
RS 0.8 o 0.8 2P|/z
B - 195 112
© © ——=2
iz 0.6- 1,06 L,
c L | c P1/2+ D3/2 B
i) RS
T 041 1 @04
S L 135
8'0 2 8-O 2
[ Wi ¥ o
0 O0 100 120 140 160 180
A, /2t (MHz A, /21 (MHz
397 ( ) 397/ ( )

Figure 6.6: Calculation of steady-state electronic state populations (based on the
eight-level OBE) at different values of the 397 nm laser detuning Agg7. (a) Shows
calculations for the approximate upper bound of our 397 nm laser power, with
Pyg7 = 900 uW, whilst (b) shows calculations at lower power with Psg; = 70 uW.
In both plOtS P866 =5 mW, A866/27r = (0 MHz and F397/27T = F866/27T = 5 MHz.
Both lasers are linearly-polarised and oriented perpendicular to a magnetic field of
B=1.1G.

In order to achieve the very lowest total excited state populations we use low
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397 nm laser powers in conjunction with large 397 nm detunings (see the asterisk
in Fig. 6.6(b)), and for the largest total excited state populations we must use both
a small detuning and a large 397 nm laser power (see the asterisk in Fig. 6.6(a)).
For a given shift in the detuning, there will be a greater change in the populations
when this occurs at smaller detunings, and larger 397 nm laser power, due to
the steeper population gradient there. This will be reflected in a larger relative
uncertainty in the total excited state population when the ions are more highly
excited (see Figs. 6.7, 6.10 and 6.12), and this uncertainty stems primarily from
error in determining the absolute detuning, along with any detuning drifts that may
occur during a particular reaction experiment. As can be seen from Fig. 6.6, we can
achieve a large range of total excited state populations (0-70% total excited state)
by manipulating the blue laser alone. The major contribution to the total excited
state population comes from the 2Dy /2 state, with the ’p, /2 state limited to around
10-20% of the total population. The 866 nm repumping laser, maintained at high
power and zero detuning, is effectively saturating the 866 nm transition. We can
achieve a higher total excited state population through a decrease in the 866 nm
laser power and increase of its detuning, however this will result in an increased
population of the metastable state relative to the upper excited state. This of
course will result in a smaller photon scattering rate on the main cooling transition,
leading to less efficient laser cooling and less observed fluorescence. For this reason,
and for experimental convenience, we elect to keep the 866 nm transition saturated
and the laser parameters constant throughout our experimentation. Additionally,
we seek to avoid the dark resonance located near zero detuning, and we are limited
in our laser powers in that we wish to avoid stimulated emission dominating over
spontaneous emission. Stimulated emission would occur to the same vacuum mode
occupied by the laser photons and thus result in inefficient cooling (asymmetric

emission), and a reduction in the observed fluorescence (as the photons due to
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stimulated emission are not directed towards the CCD camera).

The experimental procedure and determination of rate constants are otherwise
identical to the descriptions in Chapter 4. The reactions of *°Cat with CH3F,
CHyF5 and CH3Cl were studied in this way, and the results are presented in the
next section. The ionisation pressure gauge gas sensitivity factors used in the
determination of neutral molecule number densities are listed in Table 4.5. The
neutral molecular number densities are determined from guided flux measurements

as described in Section 4.2.2.

6.3 Experimental results

6.3.1 Reaction with Fluoromethane

Reactions were performed for the Ca™ + CH3F — CaF* + CHj system, both in
the high temperature regime ((Econ)/kg = 243 K via direct admission of room-
temperature neutral molecules) and at low collision energies ((Econ)/kp = 5 K via
velocity-selection). Rate constants are plotted as a function of the combined excited
state population (i.e., the sum of the populations in the 2Py, and 2D, states),
calculated through the input of the relevant laser-cooled parameters into the OBE.
From these plots (shown in Fig. 6.7), a linear least-squares fitting procedure was

used to determine the ground state and combined excited state rate constants.

The rate constants measured for the ground and excited state surfaces in the two
energy regimes are listed in Table 6.1 along with other experimental values from
the literature, and some predictions obtained through capture theory calculations.
Table 6.2 lists the dipole moments, polarisability volumes and interpolated values
of C(T) (see Eq. 1.6) for each of the reactant molecules. These values are used

in theoretical predictions of the rate constants, and these methods are outlined in
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Figure 6.7: Variation of the observed bimolecular rate constant as a function
of the total excited state population of *°Ca™ for the reaction of Ca® + CH3F.
Reactions were performed in two collision energy regimes: (FE.n)/kg = 243 K
(room-temperature CH3F molecules) and (F.on)/kg = 5 K (velocity-selected CH3F
molecules). The shaded areas indicate the 95% confidence interval for the corre-
sponding data fit, and are used to calculate the rate constant uncertainties.

Section 1.2.1.

From Table 6.1 we can see that the ADO and ACCSA theories predict a slight
increase in the rate constant with respect to Langevin theory. Experimentally,
the rate constant determined for the combined excited states of Ca™ appears to
agree well with the ACCSA value, while the ground state rate constant is more
than a factor of two smaller. Given the uncertainty associated with the measure-
ments, this smaller ground state rate constant is in reasonable agreement with
the inductively coupled plasma/selected-ion flow tube (ICP/SIFT) tandem mass

spectrometer study of Zhao and coworkers [205]. Both this study and the Fourier-
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Ca® + CHgF-) CaF* + CH3

Rate Constant (x1079 cm? s71) T=5K T=243K T=300K

This work (*Sy2) 0.66(15)  0.42(11) -
(*P1/2+?D3)2) 1.29(12)  1.10(13) -
FTICR-MS (*S;/2), Harvey et al. [204] — — 0.15
ICP/SIFT (%S;/2), Zhao et al. [205] — — 0.26
Adiabatic capture (Tt =Trans) (ACCSA) 10.36 1.22 1.11
Adiabatic capture (T,,x=300 K) (ACCSA) 1.85 1.14 1.11
Average Dipole Orientation (ADO) - 1.92 1.79
Langevin 0.87 0.87 0.87

Table 6.1: Comparison between experimental and theoretical rate constants for
the Cat+CH3F— CaF*™+ CHj reaction. The simple capture theory models that
predict the listed theoretical rate constants are outlined in Section 1.2.1.

Molecule (D) @ (A?) C(T)
CH;3F 1.85 2540 0.2388 (243 K)
0.2319 (300 K)
CHyF, 1.97  3.200 0.2421 (196 K)
0.2285 (300 K)
CH,C1 187 4416 0.2285 (199 K)
0.2122 (300 K)

Table 6.2: Parameters used in the theoretical calculation of rate constants for Ca®
reactions involving the corresponding molecule.

transform ion cyclotron resonance mass spectrometry (FTICR-MS) experiments
by Harvey et al. involved Ca™ in the ground state. Thus, with respect to capture
theory, it appears that the excited state rate constant is approximately in line with
the theoretical values, whilst the ground state rate constant is smaller than might

be predicted on the basis of these simple capture theory models.
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Figure 6.8: Turning point energies and geometries for the Ca™ + CH3F — CaF™*
+ CHj ground state potential surface, calculated by Harvey [206].

Ab initio electronic structure calculations by Harvey et al. [204,206]* have pro-
vided a possible explanation for this reduction in rate by predicting the existence
of a submerged barrier on the Ca™ + CH3F ground-state potential surface. As
illustrated in Fig. 6.8, this submerged barrier lies 0.17 eV below the energy of the
separated reactants. It has been suggested that this type of barrier may arise as a
consequence of a strongly avoided crossing at short range between the ground state
surface and a reactant ionic state surface [74]. This is illustrated schematically in
Fig. 6.9, where the upper state is characterised by charge transfer from the Ca*
ion to the CH3F molecule. The difference in energy between these states at infinite
separation corresponds to the difference of the ionisation energy of Ca®™ and the
electron affinity® of CH3F. It has been noted that the smaller this energy difference
(i.e., IE(electron donor) - EA(electron acceptor)), the more strongly avoided the
crossing and the shallower the barrierY. In particular, the reactivity of different

Lanthanide ions with fluoromethane and other fluorinated hydrocarbons can be

fWhere relevant, Cat + CH3F PES energies from the most recent calculations [206] are
assumed to supersede those from earlier work [204].

SEA(X) is defined throughout as the energy change for the process X~ — X 4 e™.

9Tt has been observed for radical-neutral reactions that if this difference is less than 8.75 eV a
submerged barrier is likely [74]. However given that IE(Ca™) = 11.87 eV [204], and the fact that
experimental values for EA(CH3F) range between -3.2 and -6.2 eV [207,208], we note a much
larger difference in this ion-molecule reaction (see Fig. 6.9).
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shown to correlate with the ionisation energy of the Lanthanide mono-cations, as
the bonding in the transition state is similar in all cases [209]; these types of consid-
erations are also present in the analysis of Sy2 type reactions [208,210]. However
as we shall observe in the following sections, similar reactivity or barrier height
correlations with this energy difference are not as clear given a variation in the
neutral reactant rather than the metal cation. As well as possible bonding differ-
ences in the transition state, the available experimental and theoretical data on the
gas-phase electron affinity of the methyl halides vary widely, hindering analysis in
this regard (see Refs. [207,210] and lastly [208] and references therein). In general
the methyl halides appear to have negative electron affinities suggesting that they
are unstable with respect to the addition of an electron, which may explain the
apparent lack of associated experimental data.
Ca* + CH.F
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Figure 6.9: Schematic reaction profile for the Ca®™ + CH3zF— CaF* + CHj reac-
tion based around PES turning point energies calculated by Harvey [204, 206] and
literature data [211].

A similar charge transfer process is invoked in the “harpoon” mechanism believed
to govern the reaction between neutral Ca and the methyl halides [71]. However,

the reaction between Ca™ and CH;3F is believed to proceed via the formation of an
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ion-molecule collision complex whose subsequent progression through the transition
state into the product complex (which rapidly decomposes to form the products)
is hindered by the dynamical bottleneck of a submerged barrier on the ground
state potential surface. Although the reactants have enough energy to overcome
the submerged barrier, if the complex lifetime is short a reaction will only occur
given an entrance channel trajectory that immediately finds the barrier. If this is
not the case, time is spent sampling other regions of the potential surface and the
complex can often dissociate before reaction has occurred. Thus, given a spread
of initial trajectories on the ground-state potential surface, the submerged barrier

suppresses the overall rate constant.

However, in the case of the potential surfaces correlating with the excited states
of the Ca™ ion, we see a much faster reaction characterised by a rate constant
that is almost a factor of three larger than the ground state rate constant at
243 K. This suggests that the excited state reaction is not limited by the same
dynamical bottleneck, and is likely to be happening on a barrierless potential
surface. The precise details of the excited state potential energy surface are not
known, and further ab initio calculations are required for this type of reaction to
be understood more fully. However, qualitatively speaking, it has been suggested
[43,74] that the decreased ionisation energy from the 4p and 3d levels of Ca™ leads
to a decrease in separation between the valence-bond states illustrated in Fig. 6.9.
This could lead to a more strongly avoided crossing which would reduce the height
of any submerged barrier. In addition the reduced energy separation would push
any avoided crossings to larger reactant separations relative to the ground-state
avoided crossing, thus preventing the formation of a near-threshold barrier. An
investigation by Harvey et al. [204] into the reactions of various transition metal

ions with CH3F leads to similar suggestions.
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These trends appear to hold in the case of lower collision energy; however for both
ground and excited state reactions there is a slight increase in the rate constant as
the collision energy is decreased. This is consistent with the predictions of ACCSA
theory, in which the inclusion of the ion-permanent dipole interaction is sufficient to
cause an increase of the rate constant at low temperatures, in contrast to Langevin
theory. However the main contribution to the increased ACCSA (T.ot =Trans)
rate constant at lower energy arises because at lower energies there is an increasing
population of the lower rotational quantum states. At higher rotation energies,
the averaging effect of the molecular rotation effectively weakens the interaction
between the ion and the molecule and contributes to a smaller rate constant. We
recall that the velocity-selected/guided molecules are not rotationally cold. To a
first approximation the rotational distribution of molecules exiting the guide is
described by a constant value of T, = 300 K. If this is factored into the ACCSA
calculation a much more modest increase is observed at lower collision energy (see
Table 6.1), which results in better agreement between the theoretical prediction
and the measured rate constant value for the excited state. Additionally, within the
two transition state model of ion-molecule reactions (discussed in Section 1.2.1),
it is often observed that the outer transition state (capture) dominates at lower
temperatures [74, 75], and vice-versa. In this context the decreasing importance of
the inner transition state (the submerged barrier) at low temperatures correlates
with the increased rate constants observed in the lower temperature limit for both
high and low electronic excitations. Recent calculations by Sordo et al. [212] em-
phasize the importance of both the inner and outer transition state in determining
the kinetics of these types of reaction, with the relative contributions dependent

also on the height of the inner barrier.

The replacement of the velocity-selector with the Stark decelerator would allow

similar investigations of the rate constant, but with neutral molecules that are
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rotationally cold i.e., in specific low energy rotational quantum states. This would
allow us to see whether the large enhancement to the rate constant predicted
by ACCSA theory for the lowest rotational states is borne out by experiment
(although this may not be so pronounced for fluoromethane, given the existence of

the aforementioned submerged barrier on the ground potential surface).

6.3.2 Reaction with Difluoromethane

In Fig. 6.10, rate constants determined for the reaction of Cat + CHyFy — CaF™
+ CH,yF are plotted as a function of the total excited state population. As for
fluoromethane, this work was carried out both in the high temperature regime
((Econ)/ks = 196 K via direct admission of room-temperature neutral molecules)
and at low collision energies ((E.on)/ks = 5 K via velocity-selection). The rate
constants for the ground and combined excited states of Ca™ in each energy regime

are listed in Table 6.3 along with other relevant values.

Ca++CH2F2 — C&F++ CHQF
Rate Constant (x107? em® s7!) T=5K T=196K T =300K

This work (281/2) <0.04 <0.03 -
(*P1/24+°Dy3)2) 0.41(06)  1.65(14) —
Adiabatic capture (Tyot =Trans) 8.65 1.20 0.98
Adiabatic capture (T,,;=300 K) 1.83 1.04 0.98
Average Dipole Orientation - 2.02 1.75
Langevin 0.88 0.88 0.88

Table 6.3: Comparison between experimental and theoretical rate constants for the
Cat+CHyF, — CaF™+ CH,F reaction. ACCSA and ADO theory rate constants
are approximated based on a symmetric top treatment.

In the case of difluoromethane, and within our experimental error, we resolve no
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Figure 6.10: Variation of the observed bimolecular rate constant as a function of
the total excited state population of “°Ca* for the reaction of Cat 4+ CHyF,. Re-
actions were performed in two collision energy regimes: (E.o)/kg = 196 K (room-
temperature CHoFy molecules) and (Eeon)/kg = 5 K (velocity-selected CHoFy
molecules). The shaded areas indicate the 95% confidence interval for the corre-
sponding data fit, and are used to calculate the rate constant uncertainties.

measurable reaction from the ground state (as indicated within Fig. 6.10 by the
y-intercepts of the fitted lines). This implies that ks < 0.5 x 107 cm?® 71
for the ground state, as we cannot presently measure rate constants lower than
this. Reaction from the combination of the excited states does proceed however,
and the rate constant measured at 196 K agrees reasonably well with ADO the-
ory. However the excited state rate constant at low collision energy is almost
a factor of four smaller than at room-temperature. Once again, recent ab ini-

tio electronic structure calculations by Harvey et al. [206] can help to provide

some understanding of the reaction dynamics. Density functional theory calcu-
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lations using the MPW1K functional and basis sets of (extended) 14s9p/[8s5p]
TZV and 6-311+G(d) respectively for Ca™ and C/H/F atoms, predict that the
energy of the transition state relative to the separate reactants is +1.4 kcal/mol
(or 40.06 e€V). The stationary point energies calculated on the ground state po-
tential surface of the Ca® + CHyF, system suggest the existence of a real barrier.
The plot in Fig. 6.11 illustrates that, in contrast to the submerged barrier seen in
the fluoromethane reaction, the inner transition state on the ground state surface
for the difluoromethane reaction appears to be above the energy of the separated
reactants. This represents a transition-state barrier height increase of +0.23 eV
or +5.3 kcal/mol between fluoromethane and difluoromethane. Such an increase
could occur as the result of a weaker avoided crossing due to an increase in energy
separation between the ground state surface and the valence bond state associated
with charge transfer from the Ca™ to CHyF5 (or more generally H3C-X). However,
literature values for EA(CHyF5) are not available to the best of our knowledge,

hindering this interpretation.

) H " .
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Cat 4 1:343 : 41161
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E  (eV 0.0 F : 114.5°
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5 B Products

Figure 6.11: Turning point energies and geometries for the Ca®™ + CHyFy — CaFt
+ CH,F ground state potential surface, calculated by Harvey [206].

We might also rationalise the increased barrier height in terms of the bonding in the
transition state. Progression from the initial ion-molecule complex to the transition

state involves the weakening of the R-X bond (see Fig. 6.11) and the beginning
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of Ca-X bond formation. Thus, we might expect the relative difference between
these bond energies to provide some understanding of the transition state energy
relative to the reactants. Given that the Ca-F bond energy is common to both
cases, the relative difference in transition state barrier height can be rationalised
in terms of the stronger C-F bonds in difluoromethane (a +4 kcal/mol difference:
B(R-F) = 111 kcal/mol for R = CHyF, and 107 kcal/mol for R = CHj [213]).
Following the transition state the Ca-X bond is strengthened in the product ion-
molecule complex, which then dissociates to form the products. The observation
of a negligible rate constant for the ground state reaction strongly supports the
existence of a real barrier on the ground state surface. In the excited states however,
there is additional energy available to surmount any barriers, and the reaction may
proceed. Additional information about the topology of the excited state potential
surfaces is nevertheless desirable, and this would require further electronic structure

calculations.

The factor of four difference between the excited state rate constants at 5 K and
196 K is somewhat more challenging to rationalise. The translational energy differ-
ence between these two regimes corresponds to about 1.6x1072 eV. If the reaction
proceeds via the formation of an ion complex, we might expect this extra trans-
lational energy to be distributed into the internal modes of the complex. Given
enough time for the redistribution of this internal energy within the complex, it
seems unlikely that such a small change in the translational energy of the reac-
tants can result in such a marked variation in rate constant; this may indicate
non-statistical behaviour in the reaction dynamics. If this effect is indeed real,
then it must depend intimately on the topology of the excited state potential en-
ergy surfaces, possibly indicating the presence of a very small barrier. Again,
further electronic structure calculations are desirable in this regard. Additionally,

little is known about the rotational population distribution of this asymmetric-top
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molecule post-velocity-selection. As a result of the very low CHyFy flux transmit-
ted by the velocity-selector relative to the other neutral reactants employed here,
the relative uncertainty in the CHsF5 number density at the Coulomb crystal is
approximately double that of the other gases. In addition, the low CH,Fy flux
necessitates extrapolation to much lower currents from the Residual Gas Analyser
(RGA) for calibration of the number density. It is not known if a linear rela-
tionship between reactant pressure (as measured with the ionisation gauge) and
RGA current is a good approximation at these very low currents; uncertainty aris-
ing from any weakness in this assumption is not accounted for in the error bars
in Fig. 6.10. It is important to be mindful of these factors when considering the

difference between the rate constants at 5 K and 196 K for this particular reactant.

6.3.3 Reaction with Chloromethane

Similar reaction experiments were performed in the case of Ca™ + CH3Cl — CaCl*t
+ CHs, and Fig. 6.12 shows the measured rate constants as a function of the total
excited state population. The rate constants for ground and combined excited
states in each collision energy regime ((E.on)/kg = 5 and 199 K) are listed in

Table 6.4 along with other relevant theoretical values.

In the Ca™ + CH;3CI reaction, the observed trends in the rate constants appear
similar to the case of fluoromethane: the ground state rate constant is smaller
than might be expected in the context of capture theory, yet the excited state
rate constants agree well with ADO theory at 199 K, and reasonably well at 5 K
with ACCSA theory. Again, ab initio electronic structure calculations indicate
the existence of a submerged barrier on the ground state potential surface (see
Fig. 6.13). Therefore the interpretation of these results broadly mirrors that of
the Cat + CH3F results: the submerged barrier acts as a dynamical bottleneck,

suppressing the ground state rate constant. The reduced separation (relative to
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Figure 6.12: Variation of the observed bimolecular rate constant as a function of
the total excited state population of *°Ca™ for the reaction of Ca* + CH3Cl. Re-
actions were performed in two collision energy regimes: (E.on)/kg = 199 K (room-
temperature CH3Cl molecules) and (E.on)/ks = 5 K (velocity-selected CH3Cl
molecules). The shaded areas indicate the 95% confidence interval for the cor-
responding data fit, and are used to calculate the rate constant uncertainties.

the ground state) between the excited state surfaces and the higher energy valence
bond state surface corresponding to charge transfer from Ca™ to CH3Cl could result
in a stronger avoided crossing that also occurs at larger separations with respect to
the entrance channel. This could lead to a reduced submerged barrier height, which
agrees with the observation that the reaction on the excited state surfaces appears

to proceed in an effectively barrierless manner for the case of chloromethane.

In contrast to the fluoromethane reaction however, there is some small suggestion

that the reaction is faster at higher energies, mainly from the combined excited
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Ca+—|—CH3Cl—> C&Cl++ CHg
Rate Constant (x107™% ecm® s7!) T=5K T=19K T =300K

This work (2S;5) 0.18(13)  0.13(17) -
(*P1/2+?D3)2) 1.41(18)  1.73(21) —
Adiabatic capture (Tyot =Trans) 9.55 1.31 1.10
Adiabatic capture (T,,,=300 K) 1.73 1.14 1.10
Average Dipole Orientation - 2.06 1.81
Langevin 1.04 1.04 1.04

Table 6.4: Comparison between experimental and theoretical rate constants for
the Cat+CH3Cl— CaClt+ CHj reaction.
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Figure 6.13: Turning point energies and geometries for the Ca®™ + CH3Cl — CaClt
+ CHj ground state potential surface, calculated by Harvey [206].

states. However this is less clear cut than in the case of fluoromethane because
there appears to be no difference between the measured 5 K or 199 K rate constants
within the experimental uncertainty. In addition, the submerged barrier for the
Ca™ + CH3Cl ground state surface is calculated to be only 0.035 eV below the
reactant asymptote whereas the barrier is 0.17 eV below the asymptote on the
Ca™ 4+ CH3F ground state surface (despite the weaker halomethane bond in the
CH;3Cl case: B(H3C-X) = 76.7 kcal/mol and 107 kcal/mol for X = Cl and F

respectively [213]). This explains the observed decrease in the ground state rate
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constant by a factor of three for the CH3Cl reaction, relative to that of CH3F, in

both collision energy regimes.

The difference between these two reaction systems is nevertheless rather small, and
we must be conscious of the appreciable uncertainty in the neutral reactant number
densities, which stems primarily from the determination of gas sensitivity factors
for the ionisation pressure gauge (see Table 4.5). Further investigation would be
needed to obtain more accurate measurements of these values (as suggested in the
next section), and discussion should strictly be limited to that of large absolute
differences in reactivity, or for a given reactant, the relative differences between
rate constants in the ground and excited states or at different collision energies.
Finally, the MPW1K calculations used for the electronic structure calculations
described in this chapter are not accurate enough to predict the barrier heights
quantitatively, but the qualitative trend of a predicted increase in barrier height

from CH3F to CH3Cl to CHyF5 should be reliable [206].

Further information is also necessary to determine whether it is possible to form
the products in the excited state; if this remains energetically unfeasible given
the amount of electronic excitation of the reactants, then non-adiabatic surface-
hopping effects may be important. Given the exothermicity of the reaction, the
formation of the first excited state (2A;’) of the methyl radical is clearly not possible
as this state lies at 5.73 eV relative to the methyl ground state [211]. The analogous
data does not appear to be available for CaCl™ or CaF™, therefore it is not clear

at the current time whether these electronically-excited products can be formed.

6.3.4 Summary and further work

In this chapter we have examined the application of the optical Bloch equations to

our experiment setup in order to calculate the average steady-state populations of

220



CHAPTER 6. REACTIONS OF ELECTRONICALLY-EXCITED #°Cat IONS WITH
TRANSLATIONALLY-COLD NEUTRAL MOLECULES

the electronic quantum states involved with the laser cooling of a *°Ca™ Coulomb
crystal. For three reaction systems, measurements of the rate constants have been
performed at collision energies of approximately 5 K and between 196 and 243 K
whilst systematically varying the relative state populations. This has allowed us
to obtain rate constants involving the ground state and combined excited states
of Ca™ respectively. Subsequently these rate constant values have been compared,
and examined in the context of various ion-molecule capture theories. The roles
of both real and submerged barriers on the ground state potential surfaces of
these reactions have been highlighted and point to the need for further ab initio

calculations.

Having carried out this work, a number of possible improvements and refinements
to the experimental methods have presented themselves. In the first instance it
would prove useful to stabilise the absolute calibration of the High Finesse WS-U
wavemeter against a reference. In this way we would hope to avoid the drifts in the
laser detunings that represent a major contribution to the error in establishing the
average quantum-state populations of the calcium ions in the crystal. Secondly,
in order to reduce the error in the absolute rate constant, it would be beneficial
to establish the number densities of the various molecular reactants at the ion
crystal with reduced uncertainty. This could be achieved by having a full-range
calibration of our particular ionisation gauge’s response performed (see Ref. [214])
for each gas used in the reaction experiments, over the entire useful pressure range
of the gauge. This is the only way to be absolutely sure of the gas sensitivity factors
(to within 1-2%) for our ionisation pressure gauge, and would save us relying on
published values (or extrapolations) which may differ by 20% or more from the
true values for any given gauge [193]. Additionally, the length of time between flux
measurement and the reaction experiments (which is brought about by the need

to open the vacuum chamber and rearrange the apparatus for each scenario) could
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be a handicap if there is any change to the guiding efficiency in the interim. For
example, slight breakdowns across the insulators, or gas deposits on the electrode
surface can cause very small currents to flow between the electrodes, and it is not
known how this affects the magnitude of the guided flux. It would be advantageous
to establish some form of flux measurement that could be performed in situ, such
that neutral molecular number density data could be established over a longer
period and associated directly with any reaction work carried out at a particular

time.

In principle, it is possible to separate the rate contributions from each of the
excited states of the Ca™ ions, however there are caveats to consider. Separate
measurements of these rate contributions depend on our ability to vary the relative
population of the two excited states. According to the eight-level OBE treatment,
the population of the 2D3/2 state dominates over that of the 2P, /2 state (which
is limited to a population fraction of around 0.1-0.2). The relative population
difference between the 2D3/2 and 2P, 2 states can be increased by reducing the
power of (or even chopping) the repumping laser, as well as increasing its detuning,
thereby increasing the population of the metastable 2Dy /2 state at the expense of
the ground and upper excited state populations. Whilst this would make the
combined excited state rate constant tend towards the value of the 2D3/2 state
rate constant, it would also reduce the observed fluorescence and lead to inefficient
cooling and therefore crystal instability. Both of these factors make an already
challenging experiment more difficult, and this is the primary reason why we have
limited the current work and not attempted to separate the contributions of the
2P1/2 and 2D3/2 states to the global rate constants. Also, it is likely that the
difference in rate constant between the two excited states will not be as great
as the rate difference between the ground state and an excited state. Within our

current experimental error it is not clear if we could currently resolve this difference.
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It has already been experimentally demonstrated that the use of applied magnetic
fields and well-defined laser polarisations can afford more refined control over the
internal state populations of the laser-cooled ions. For example, methods such as
the state-selective shelving of population into specific m; sub-levels are important
in areas such as quantum information processing [102,175]. The selective popula-
tion of different quantum states can result in different electron density distributions,
and could provide information on orientation-dependent reaction cross-sections. A
topic for future study could be the investigation of such alignment effects or vector

correlations in reactive collisions.

In general the velocity-selector is a relatively simple cold molecule source in terms
of its implementation and operation, and it has the flexibility to guide a fairly
wide range of polar species. The velocity-selector’s main limitations with respect
to reactive collision studies include its (only) partial rovibrational state selectivity
[43], the lack of rotational cooling, and the fact that the properties of the effusive
source limit the flux and densities of guided molecules. Increasing the source
pressure in an effort to increase guided flux eventually results in “boosting” of the
velocity distribution, defeating the point of the exercise. This can be mitigated by
cooling the source gas to compress the velocity distribution and increase guiding
efficiency, but ultimately this is limited by condensation of the molecules inside the
effusive nozzle. A future improvement to our velocity-selector would be to follow
in the footsteps of van Buuren et al. [215,216] and combine the effusive source
with a buffer gas cooling cell containing helium at around 5 K, or neon at around
15 K. This allows effective compression of the velocity distribution prior to guiding,
which will increase the eventual density of the guided molecules at the crystal.
Additionally, such a method allows the internal degrees of freedom of the guided
sample to be effectively cooled. It has also been demonstrated (in formaldehyde)

that the tuning of helium atom density near the effusive nozzle allows some control
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over the population distribution of the low-lying rotational states, which could be
applied in collision studies. The future upgrade of our velocity-selection apparatus

in this manner is currently under investigation.

As well as improving the velocity-selector, we are currently attempting to couple
the Stark decelerator to the ion trap apparatus as an alternative source of cold
neutral molecules. A Stark decelerator provides narrower neutral reactant velocity
distributions centred at more precisely tunable velocities than a quadrupole guide
velocity-selector. Molecular number densities of Stark decelerated species, expected
(on average) to be comparable to those from the guide, will ideally be measurable
in between reaction experiments via a REMPI detection scheme involving ioni-
sation lasers coincident with the trap centre. As mentioned previously, further
work involving the Stark decelerator as the source of the cold neutral molecules
could open up some interesting new possibilities in both reactive and inelastic col-
lision studies. Whilst the molecules exiting the quadrupole guide (in its current
state) are still rotationally hot, the same is not true for molecules leaving the
Stark decelerator. Owing to the supersonic expansion of the molecular beam, and
the state-selectivity of the Stark deceleration, we will be able to produce neutral
molecules in both selected and low energy rotational quantum states. This will
allow investigation of state-specific rate constants, and in particular the large in-
creases in rate constant predicted by adiabatic capture theories for ion-molecule

reactions where the molecule is in low rotational quantum states.

Additionally, there is also the possibility of producing and sympathetically cool-
ing molecular ions in specific quantum states through methods such as multi-
photon ionisation — indeed the state-selectivity of the Stark decelerator itself
could allow the loading of state-selected molecular ions through photoionisation

of state-selected molecules. This ultimately paves the way for the experimental
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investigation of fully state-selected chemical reactions. These would involve both
reactants in selected quantum states, approaching at tunable collision energies and
with an energy resolution far in excess of that possible with the velocity-selector
(100 mK energy resolutions have been projected for low rotational states [43],
whereas collision energy distributions arising from guided neutrals are typically
10-15 K wide). Thermalisation of the rotational distribution of trapped molecular
ion species is expected to occur on a shorter timescale than current reaction ex-
periments; however, this problem could be mitigated by cryogenic cooling of the
trap environment (reducing redistribution due to blackbody radiation), working
with non-polar molecular ions, or via the implementation of continuous optical

rotational-cooling [107,114].

To date, ND3 has been successfully decelerated in the Stark decelerator, and the
installation of a fast-opening mechanical shutter in the beam path has demon-
strated the practicality of admitting only the decelerated molecules to the crystal.
Work to improve the efficiency of the decelerator and couple it to the ion trap
apparatus is currently being performed. Possible initial goals involve the decel-
eration of CH3F, which would allow direct comparison with the velocity-selected
reaction of Ca®t + CH3F — CaF* + CHj. Subsequent ideas include the investiga-
tion of reactions such as ND3 + Kr™ where Kr* is produced state-selectively via
a (2+1) REMPI ionisation scheme, and the study of fully state-selected molecular

ion-molecule reactions.

Given that the above possibilities include the study of reactions of state-selected
molecular ions in Coulomb crystals, the next chapter presents an investigation of

the reaction of sympathetically-cooled molecular ions at low collision energies.
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Chapter 7

Reaction of sympathetically-cooled
molecular ions with

translationally-cold neutral molecules

The experimental setup outlined so far can be extended to study a wide range of
ion-molecule reactions involving laser-cooled ions such as Be™, Ca™, Mg™ or Ba™,
and suitable neutral molecules. However the same setup has the potential to be
much more general through the study of reactions involving sympathetically-cooled
atomic or molecular ions, whose identity is not restricted by the need for a simple
energy level structure as in the case of direct laser cooling. An ideal choice of
reaction system would involve a neutral reactant species unreactive with respect
to the laser-cooled ions or the reaction product ions. The progress of reaction
can be tracked in one of two ways: The most general technique involves the use
of resonance excitation mass spectrometry at regular time intervals throughout
the reaction. In this way, the changing intensity of a given mass/charge peak is
correlated with the changing number of ions of the corresponding species within

the crystal. This method has been applied to the study of Hj + Hy — Hi +
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H using laser-cooled Be™ ions [126]. A slightly less general (but more convenient)
choice of reaction system would involve reactant and product ions with masses that
lie either side of the mass of the laser-cooled ions. In such a situation, the heavier
reactant (or product) ions would lie on the outside of the framework of the laser-
cooled ions, while the lighter product (or reactant) ions would lie in the centre. In
this case, the relative numbers of reactant and product ions may be differentiated
clearly by analysing changes in the imaged fluorescence of the laser-cooled ions; it

is this method that we invoke in the current study.

This chapter deals with the first study of this kind to involve translationally-cold
(~5 K) velocity-selected neutral molecules, in what is effectively a proof-of-concept

experiment involving the charge transfer reaction between OCS™ and NDjs.

7.1 Experimental Procedure

In these experiments we begin by loading a “°Ca®™ Coulomb crystal in the usual
manner. Laser-cooling parameters are set in order to provide efficient cooling, but
we are not overly concerned about the steady-state quantum populations of the
0Ca™ ions, as they are only spectators in the actual reaction. Once a pure 4*°Ca™
crystal is prepared, we begin to leak OCS into the chamber at partial pressures
of approximately 1 x 10~® mbar. An additional ionisation laser beam at 280 nm
(the frequency doubled output of a pulsed Nd:YAG pumped-dye laser operating at
10 Hz) is focused through a 30 cm focal length lens to the trap centre. Typically
the ionising laser beam is admitted at a power of around 0.8-1 mJ per pulse (or 8-
10 mW), and for a duration of 560 s, although depending on vacuum conditions
and OCS partial pressure we have ionised for periods of up to 5 minutes. This
beam is aligned perpendicular to the cooling lasers in order that it does not strike

the grounded mesh that insulates the trap from the large electric fields of the
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quadrupole guide (see Fig. 7.1). Previous attempts to ionise OCS with the ionising
laser parallel to the cooling lasers resulted in trap loss of the crystal ions, and this
was attributed to photo-ejection of particles from the mesh by the 280 nm beam.
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Figure 7.1: Schematic of the experimental apparatus for performing low-
temperature sympathetically-cooled ion-molecule reactions with the quadrupole
guide velocity-selector. The ionisation beam at 280 nm is included for the purpose
of (24 1) Resonance-Enhanced Multiphoton Ionisation of OCS.

The 280 nm beam ionises OCS via (2 + 1) resonance-enhanced multiphoton ionisa-
tion (REMPI) proceeding via the [>T, p)dpm;' A + X'SF states [217], and this is
performed in situ such that the OCS™ ions generated are sympathetically-cooled
into the existing °Ca™ Coulomb crystal. As the mass of OCS™ (60.07 u) is greater
than that of “°Ca™ these heavier ions aggregate around a central “°Ca™ core in ac-
cordance with the inverse mass dependence of the effective radial trapping potential
(see Sections 3.4.2 and 2.2.2). In general OCS™ is loaded until a strong flattening
of the outer edge of the Ca™ core is observed (see Fig. 7.2(b)), which indicates

the presence of a large number of OCS™ ions. At this stage NDjs is introduced to

228



CHAPTER 7. REACTION OF SYMPATHETICALLY-COOLED MOLECULAR
IONS WITH TRANSLATIONALLY-COLD NEUTRAL MOLECULES

the crystal, either by admittance of a room-temperature sample through the leak

valve, or at low translational energies via guiding with the velocity-selector.

o’
-

e A
- - - -

Figure 7.2: Coulomb crystal images observed in the course of the room temperature
OCST + NDj reaction (left) and simulated images (right). In all cases only Ca™
ions are visible, nevertheless observation of distortions in the Ca™ fluorescence
allows the determination of the number of dark ions. (a) Ca™ Coulomb crystal
before production of OCS*. (b) With sympathetically-cooled OCS™ surrounding
the Ca™ core. (c) After reaction with ND3 with ND7 product ions in the core.

As the charge-transfer reaction proceeds according to OCS™ + ND3 — OCS +
ND3, the NDJ product ions are sympathetically-cooled into the crystal. With a
mass of 20.06 u, they are lighter than 4°Ca*t and aggregate closer to the trap axis,
displacing the *°Ca* ions radially. In the 2D projection of the fluorescence imaged
by the camera system this manifests as a splitting apart of the *°Ca* fluorescence,
such that a dark core appears to grow over time in the images (see Fig. 7.2(c)).
The progress of reaction against time is logged by a sequence of experimental
fluorescence images. Comparison of these images with those generated by Molec-
ular Dynamics simulations of multi-component crystals enables the determination

of the number of ions of each species present in the crystal at each time interval
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recorded in a reaction sequence. This allows the calculation of the rate constant, as
detailed in the next section. A better understanding of the structure present in the
fluorescence images shown in this chapter may be attained by studying Fig. 3.4 in

Section 3.1.2, which shows a simulated image of a tri-component crystal consisting

of Ca™, OCS™ and ND3, with all the ions made visible.

7.2 Determination of rate constants via molecular
dynamics simulations

The rate of reaction for OCS™ + ND3 — OCS + ND7 can be expressed as

dnyp+ dngoeg+
dt 5 — — Ztcs = kz nocs+ nND3, (71)

where k5 is the bimolecular rate constant for the reaction. The analysis is more sen-
sitive to the appearance of the dark core due to the lighter product ion generation,
than to the loss of edge distortion of the *°Ca™ fluorescence due to depletion of the
heavier reactant ions, therefore we treat the equation in terms of dng%. We express

the number of OCS™ ions remaining in the crystal as ngag+ = noeg+(0) — N\pf

which means that

dnyp;
dt

= k2 nnp, (”ocs+(0) - ”ND;> : (7.2)

This expression can then be integrated to obtain

s (1) = nocs+(0) (1 — e~fmDst) = ngeg+(0) (1 —e7™), (7.3)

where ki is analogous to the pseudo-first-order rate constant described in Section
4.3.2 for the direct reaction of *Ca*. Molecular Dynamics simulations are per-
formed for 5—6 images per reaction sequence, allowing NNDF (t) data to be compiled.

We assume that the final value of NNpf = nocs+(0), which is reasonable as the
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crystal structure is observed to remain static once all the OCS™ ions have been
reacted away. There may still be heavier dark impurities present, and these are
assumed merely to spectate. In general we assume that there are no competing
reactions occurring that would interchange any heavier or lighter impurities (with
respect to the mass of 1°Ca™). We may then perform a non-linear least-squares
fit to these data using the functional form described in Eq. 7.3 to recover k; the
pseudo-first-order rate constant. This, in conjunction with a knowledge of the ND3
number density at the position of the crystal when guiding (see Section 4.2.2), or
when admitting neutral reactant to the chamber through the leak valve, allows us

to recover the bimolecular rate constant k.

A typical reaction sequence is illustrated in Fig. 7.3, where both experimental and
simulated images are compared. A composition change of just two ions (lighter
than “°Ca™) produces an observable difference in the simulated images. In general
our sensitivity to the number of lighter ions is maximised with smaller numbers of
40Ca™ ions in the crystal, and at lower values of Vg where the relative change in

the width of the dark core upon the addition of lighter ions is amplified.
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Pre-reaction 8 sec 22 sec 43 sec

Figure 7.3: Top row: An (E.n)/kg = 337 K reaction sequence, with images
recorded at intervals over the course of 65 seconds. Bottom row: Simulations
performed in the analysis, determining the addition of 41 ions lighter than Ca™
over the corresponding time. Simulated images are superimposed on experimental
images to determine the best fit.
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7.3 Experimental results

A number of guided reactions were performed using Vyuaa = £3 kV, which, given
crystal sizes similar to those shown in Fig. 7.3, results in average OCS*/NDj
collision energies of approximately (F.on)/kg = 8 K*. A similar number of reactions
were carried out using room-temperature samples of ND3 admitted through the leak
valve (resulting in an average collision energy of (E..n)/kg = 337 K as discussed in
Section 4.3.3). Table 7.1 summarises the values of the rate constants obtained in
these two collision energy regimes, along with a previous experimental value from

the literature.

OCS*™ + ND;3 — OCS + NDj
Rate Constant (x10™? cm® s71) T=8K T=300K T=337TK

This work (£3 kV) 2.0(5) - 1.8(2)
SIFT, Lindinger et al. [218] - 2.3% -

Average Dipole Orientation - 1.79 1.73
Langevin 1.05 1.05 1.05

Table 7.1: Comparison between experimental and theoretical rate constants for
the OCST + ND3 — OCS + NDJ reaction. Values marked with an asterisk refer
to the non-deuterated case.

We do not resolve a measurable difference between the rate constants measured
at average collision energies of (E..)/kg = 8 and 337 K. Given the experimen-
tal uncertainty there appears to be a reasonable level of agreement between our

measured rate constants and the previous experimental value at 300 K. There also

*These calculations were carried out in a manner analogous to those detailed in Section 4.4.3.
It is worth noting that the reaction of molecular ions lighter than the laser-cooled ions can result
in average collision energies much less than 8 K, as ions nearer the trap axis have much lower
effective kinetic energies. For example, simulations for reaction of ND3 with ND3+ (with Ca™
spectating) suggest that (Econ)/kg =~ 1 K at Viyaa = £3 kV.
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p (D) & (A?) C(T)

1.50 3.0  0.2098 (300 K)
0.2047 (337 K)

Table 7.2: Parameters used in the theoretical calculation of rate constants for the
OCS* + NDj; reaction.

appears to be an acceptable level of agreement between our experimental values

and the ADO theory rate constants.

7.4 Improvements and further work

Several challenging aspects were uncovered in the course of these experiments,
mainly regarding attempts to cleanly load OCS™ ions into the crystal. Often we
appeared to be introducing lighter impurities (presumed to be S*) into the crystal
either instead of, or along with heavier ions (presumably OCS™). Additionally we
were not originally able to verify the exact mass of the species involved in this
study through the single-ion mass spectrometry techniques described in Chapter
5. Difficulties in both the attempted single OCS™ ion studies in Chapter 5 and
the bulk reaction studies in this chapter may have arisen due to the fact that
the apparatus was not fully optimised to carry out these experiments. The clean
addition of molecular ions to the crystal should be a relatively simple endeavour;
we are confident that a small number of optimisations can drastically increase the
ease with which both single-ion and bulk crystal reaction experiments involving

sympathetically-cooled ions may be performed.

For the most part, the proposed optimisations for experiments involving the reac-
tion of large numbers of sympathetically-cooled molecular ions are similar to those
proposed for single molecular ion experiments (described at the end of Chapter 5).

The addition of a beam dump for the 280 nm ionising laser inside the chamber
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would prevent the relatively high energy beam striking surfaces that have calcium
or other species deposited on them. During these experiments our ionising beam
struck the stainless steel plate shielding the main chamber from the titanium subli-
mation pump, and this plate was also struck by the beam of calcium from the oven.
In theory any ions generated from this plate should not be able to penetrate back
inside the ion trap, but if any stray reflections were incident with the inner surfaces
of the trap electrodes, ion impurities could be generated (this may explain the ap-
pearance of additional Ca™ ions when ionising with the calcium oven off). Also, a
calcium oven shutter would be a welcome addition to the experimental setup. This
would speed up loading attempts as the oven could be left on at a lower current,
eradicating the time spent waiting for it to reach a steady operating temperature.
In particular, the ability to detect the molecular ions during their generation inside
the trap would also help by allowing us to verify that the production of molecular
ions is optimised. These steps, along with a good deal of care when aligning and
focusing the molecule-ionising laser should result in stronger reproducibility when

loading crystals of a particular composition.

At the time of writing, work in the area of molecular ion-molecule reactions con-
tinues in anticipation of the coupling of the Stark decelerator to the ion trap.
This new combined apparatus will indeed have the capability to detect molecular
ions formed inside the trapping region via Resonantly-Enhanced MultiPhoton Ion-
isation (REMPI). This can be achieved by applying a static voltage to the trap
electrodes such that any molecular ions formed by REMPI inside the trap will be
accelerated into a field-free time-of-flight tube and onto an MCP detector, allowing

a time-of-flight mass spectrum to be generated.
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Chapter 8

Conclusions

8.1 Summary

This thesis has detailed the first coupling of a quadrupole velocity-selector to an
ion trap apparatus; this was carried out in order to study ion-molecule reactions
at low temperatures. Initially, this required the construction of a new apparatus
for trapping and laser-cooling atomic ions to very low kinetic energies, whereupon
a phase change to an ordered lattice-like structure occurs. The resultant system
is characterised by strongly localised ions, with secular temperatures in the mil-
likelvin regime, that persist in the trap for many hours. These ions can act as a
heat bath and, through the Coulomb interaction, are able to translationally cool
a sample of molecular ions introduced into the trap. Through this sympathetic-
cooling, molecular ions may be cooled to the translational temperature of the
laser-cooled ions and incorporated into the crystal structure. Single and multi-
component Coulomb crystals have been explored experimentally and through the
use of Molecular Dynamics simulations. These cold crystallised atomic or molec-
ular ions may be reacted with a slow beam of neutral polar molecules, produced
by a quadrupole guide velocity-selector, as originally developed by Rempe et al.

[46]. The velocity-selector acts as a low-pass kinetic energy filter, and selectively
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retains the low energy fraction of the Maxwell-Boltzmann velocity distribution of a
room-temperature gas sample. The slow-moving molecular flux from the guide has
been characterised at a range of operating voltages for all the reactant molecules
employed in this work. The measured velocity distributions show that the mean
speeds and translational temperatures of guided samples are tunable over a small
range through a variation of the guide voltage. In general, the most-probable trans-
lational kinetic energies of molecules generated by the guide are found in the range
FExin/kp = 1-2 K. The velocity-selector is mounted such that translationally cold

neutral molecules are guided directly into the laser-cooled ion ensemble.

By imaging the spontaneous fluorescence emitted by the laser-cooled ions as a func-
tion of time, the progress of various reactions may be followed with exceptional sen-
sitivity; even a single reactive collision can be detected. The sympathetic-cooling
of product ions has also been demonstrated, and the accumulation of product ions
over minutes or hours allows practical use of the very low number densities of slow
moving neutral molecules (between ~2x10* and 7 x 10® cm™) produced by the
velocity-selector. Using the new setup, a range of chemical reactions have been
studied at collisional temperatures approaching 1 K. These include the reactions
of Cat with CH3F, CHyF, and CH3Cl, as well as the charge transfer reaction of
OCS™ with ND3. This latter reaction represents a proof-of-principle experiment
for the low temperature study of ion-molecule reactions involving sympathetically-
cooled molecular ions and using a combined velocity-selector/ion trap apparatus.
For each system, analogous reactions have also been performed at average colli-
sion energies between (E.on)/kg = 196-337 K (depending on reaction system) to
allow a direct comparison with the low energy results. Using the methods outlined
in Chapters 4 and 7, bimolecular rate constants have thus been obtained for all
systems in two collision energy regimes. These values have been compared with

those obtained from various capture theories and, for the reactions of Cat with
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the aforementioned halomethanes, analysed in the context of ab initio electronic

structure calculations.

In the case of the direct reactions of Ca™, a dependence of the rate constant on the
extent of the electronic excitation of the laser-cooled ions has been demonstrated,
and the relationship between this excitation and the laser-cooling parameters has
been modelled within an appropriate theoretical framework. Manipulation of the
laser-cooling parameters has allowed the separation of the contributions to the
global rate constant from the ground (*S;/2) and combined excited states (*Py /s,
*Dy/5) of Ca™, and this has allowed us to infer information regarding the reaction
potential surfaces. In the reactions of Ca®t with CH3F and CH3Cl, ground state
rate constants were measured to be smaller than might be expected from capture
theories. This provides evidence for the existence of a submerged barrier on the
ground state potential energy surface. Such a below-threshold barrier, which has
been suggested to arise from an avoided crossing with a higher energy potential
surface, can act as a dynamical bottleneck leading to a suppressed ground state rate
constant. This is in agreement with ab initio calculations for both the CH3F and
CH;3Cl systems and, furthermore, the small increase in submerged barrier height
when moving from CH3F to CH3Cl can be seen to correlate with the observation
of a slight reduction in the ground state rate constant. Rate constants for the
combined excited states (2P1 2+ 2Dy /2) are in reasonable agreement with capture
theory and, relative to the ground state, the enhancement in rate is believed to
occur due to a reduced submerged barrier height on the excited state potential
surfaces. This reduction is suggested to be a consequence of the smaller energy
difference between the excited state surfaces and the higher-energy valence bond
state surface described by charge transfer from Ca™ to the halomethane; this may
result in a more strongly avoided crossing which would reduce the barrier height and

mitigate the dynamical bottleneck. In the case of Ca™ 4+ CHyF5 the rate of reaction

238



CHAPTER 8. CONCLUSIONS

from the ground state is too small to be measured with the current resolution,
suggesting the existence of a real barrier on the ground state potential surface. This
is supported by ab initio calculations which show the energy of the inner transition
state to be above the asymptotic reactant energy by approximately 0.06 eV. The
rate of reaction from the combined excited states at 196 K agrees well with simple
capture theories, however at lower collision energy the rate constant still appears
suppressed below capture theory predictions by a factor of approximately 3—4. This
latter observation remains unexplained at the present time, but may indicate the

presence of a small barrier on the excited state surface for this reaction.

In support of each of these direct reaction studies, we have demonstrated the iden-
tification of the sympathetically-cooled product ions through single-ion resonance-
excitation mass spectrometry. This technique, originally developed by Drewsen
and coworkers [104, 105], involves the excitation of oscillatory ion motion via the
frequency-scanning of an additional radiofrequency field (or similar modulation
of the radiation pressure). When the space-charge drag effects encountered with
multiple ions are removed (through the sympathetic-cooling of a single atomic or
molecular ion by a single laser-cooled atomic ion) the motional mode frequencies
may be related directly to the mass/charge ratios of the constituent ions. Given a
knowledge of the parameters for a pure two-ion Ca™ crystal, this allows accurate
identification of the sympathetically-cooled ions. In this manner, we have demon-
strated the production of sympathetically-cooled CaX™ ions in the reactions of
Ca™ with the aforementioned halomethanes. Attempts to confirm the identity of
the non-fluorescing ions in the OCS™ + NDj3 reaction were hampered by problems
with reproducibility in the number of ions loaded, and the generation of extra Ca™

or non-fluorescing ions.
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8.2 Future work

The velocity-selector can be used to produce a range of translationally-cold neutral
polar molecules, given a strong enough Stark effect. This means that the study
of further systems such as Cat + CH3NO,, CH;CHO or CH3CN is possible. In-
creasing the bend radius of the guide would also allow the guiding of molecules
with larger mass or smaller effective dipole moments. This may enable the effi-
cient production of slow moving HDO molecules, for example, and in conjunction
with single-ion mass spectrometry would enable a measurement of the branching
ratio of Ca™ + HDO — CaOH*(CaOD™) + D(H). Considered improvements to
the velocity-selector centre primarily on the addition of a helium buffer gas cell
close to the effusive nozzle. This method, which has recently been demonstrated
experimentally by Rempe and coworkers [216], results in an increase in the guided
flux and, more importantly, causes a large decrease in the number of populated
rotational states. For example, in the case of formaldehyde, Rempe et al. demon-
strated that control over the rotational populations was possible through variation
of the helium atom density near the effusive nozzle [215]. This may have some
interesting applications in future collision studies and this approach is currently

being pursued in our laboratory.

Various incremental improvements to the ion trap apparatus are also envisaged.
The addition of irises inside the UHV chamber itself have already been shown to
drastically reduce the stray light that creates background noise in the fluorescence
imaging. This enables clearer imaging of Ca' ions, which is especially impor-
tant for the optimal performance of single-ion mass spectrometry studies. The
introduction of a beam dump to the chamber will, we hope, reduce the problems
encountered with the pure production of molecular ions. Addition of an oven shut-

ter will hopefully minimise the deposition of calcium on various surfaces, as well
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as speed up the repeated loading of the ion trap. An awareness of the problems
associated with switching the identity of the gas that is admitted through our
leak valve has also prompted the idea of a dual leak valve setup, whereby each
gas is admitted through a separate leak valve (when high pressure valve purging
is not an option). Together, these improvements should increase the efficiency
with which we can carry out ion-molecule reaction studies involving molecular
ions, and facilitate the verification of reaction pathways via single-ion resonance-
excitation mass spectrometry. Another possible option to consider could be the use
of higher-multipole ion traps [219]. These trapping configurations result in steeper
potentials and larger field-free trapping regions. Ions confined in a multipole trap
are expected to have a narrower kinetic energy distribution (which would improve
the collision energy resolution in any associated reactive scattering studies) and
be less susceptible to the ion heating generated by background collisions in high
radiofrequency field regions. However, the generation of Coulomb crystals in these
traps is a relatively recent development (e.g., octupole traps [220]), and it remains

to be seen how applicable these trap designs are.

Work to combine an ion-trap with a Stark decelerator is already being carried out
in our laboratory. This will enable the production of translationally and internally
cold packets of quantum state-selected neutral molecules, at a tunable final velocity
and with a narrow velocity distribution, which can be focused into a Coulomb
crystal. Such a combined apparatus would allow ion-molecule reactive collision
studies to be carried out with greater collision energy resolution than the current
velocity-selector/ion trap apparatus, and bring us one step closer to the goal of

fully quantum state-selected reactions at tunable collision energies.

As mentioned in Chapter 4, a 131-stage Stark decelerator has already been as-

sembled and tested by decelerating ND3 molecules seeded in Xenon (see Fig. 4.7).
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Additionally, a fast-opening mechanical shutter has now been implemented and
tested, and this will enable the selective admission of only decelerated molecules
to the ion trap chamber. Further refinements are desirable in order to enable the
study of ion-molecule collisions. Three-dimensional focusing of the decelerated
packets is necessary to enable the efficient transfer of the decelerated molecules
into the ion trap, and increase the density of the molecular sample at the crys-
tal. Practical work with ND3 has demonstrated the feasibility of this plan through
the combination of transverse focusing using hexapole electrode arrangements, and
longitudinal focusing using a buncher (an additional set of electrode pair stages
positioned a short distance after the decelerator’s final stages). Initially, operation
of the Stark decelerator/ion trap apparatus as a time of flight mass spectrometer
is also envisaged. In order to confirm the production of particular molecular ions,
a molecular beam will be sent through the Stark decelerator apparatus and ionised
in the position of the ion trap centre. Large static voltages applied to the ion trap
electrodes will accelerate molecular ions formed at the position of the trap centre
through a time-of-flight tube and onto an MCP detector. In this way, we hope
to optimise the production of molecular ions and the performance of the Stark
decelerator. Additionally, the possibility of ejecting trapped ions onto the MCP
detector is being explored. This may allow the (albeit destructive) characterisa-
tion of the number of trapped ions at a particular mass/charge ratio in a bulk
crystal. Finally, the high translational energy resolution afforded by the decelera-
tor also introduces the possibility of studying reactive resonances in state-selected

ion-molecule reactions at higher collision energies, with E.,;/kp &~ 100-200 K.

The experiments described in this thesis are some of the first to capitalise on the
development of cold atomic and molecular sources for the study of ion-molecule
reactive collisions at collision energies of E.o/kg < 10 K. However, further im-

provements in the field of cold matter are required before the study of wltracold
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chemical reactions becomes a reality for more than a highly exclusive set of sys-
tems, such as those involving laser-cooled alkali atoms. In this regard, perhaps the
most exciting recent studies are those of Jin, Ye and coworkers [98], who have suc-
ceeded in performing true ultracold reaction studies with KRb molecules, formed
from the association of ultracold laser-cooled atoms in a magnetic trap. As well
as improvements to methods for the translational cooling of atomic and molecular
samples, the manipulation and cooling of internal states — for example those of
sympathetically-cooled molecules in ion traps — is likely to be of paramount im-
portance for low-energy chemistry studies. In this respect, advances in all-optical
rotational cooling techniques such as those demonstrated by the groups of Drewsen
and Schiller [107,114] are likely to be invaluable tools for future work involving
state-selected chemical reactions. These methods provide a continuous cooling
of the rotational energy distribution, whereas methods such as state-selective pho-
toionisation (e.g., REMPI) can be hampered by blackbody-radiation-induced rota-
tional re-thermalisation®. The refinement of techniques for producing cold matter
should benefit a host of fields, and assist in many applications in fundamental
physics, high resolution spectroscopy and quantum information processing. Ulti-
mately these advances may also provide the tools for investigations where more
refined control exists over the nature of a chemical collision, thereby enabling a

richer understanding of fundamental chemical dynamics.

*However this could be mitigated to some extent by cryogenically cooling the apparatus or
using non-polar molecular ions.

243



Appendices

244



Appendix A

A brief derivation of the harmonic

pseudopotential

Given the adiabatic approximation to the motion of an ion in a stable trapped
trajectory, the ion’s secular motion can be interpreted within the context of a time-
independent effective potential, V*. This can greatly simplify further analysis and

aid efficient simulations.

In order to derive the form of this pseudopotential, we start by assuming a quasista-
tionary electric field E(r,t) composed of the static field, Eg(r), and time-dependent
part, Eo(r)cos(Qt + §). Eo(r) is the field amplitude, Q = 27 f is a fixed angular
frequency and the phase is denoted . It can be shown that the inclusion of rela-
tivistic effects, along with a magnetic field term, proves unnecessary in the case of
atomic or molecular ions in small or negligible magnetic fields [82]. Non-relativistic
motion of a particle with charge ¢ travelling in the above electric field (and in the

effective absence of a magnetic field) is given by the differential equation
mit = qFEy(r) cos(Qt + §) + qEs(r) (A.1)

For simplicity the static field is set to zero and the phase shift ¢ eliminated via
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a shift in the time origin. Direct solution is possible in a homogeneous field (for

which FEj is independent of ), yielding for the particle’s position the expression
r(t) = r(0) — acos(§2t) (A.2)

which corresponds to the particle oscillating about the point 7(0). Inserting this
expression into Eq. A.1 gives the following expression for the amplitude, a, of the

oscillation:
E
A (A.3)

m2’

With an inhomogeneous field, where there is a dependence of the field on the
position r, an analytical solution is often impossible, with numerical integration
often the sole path to determining the particle orbit. However if the field is only
weakly inhomogeneous the solution can be assumed to deviate only slightly from
the homogeneous case. The amplitude of oscillation remains almost the same,
but the charge experiences a varying field strength during oscillation which mainly
results in a slow drift in the average position. By making further assumptions it is
possible to derive an approximate analytical expression analogous to Eq. A.1 but

for the case of an inhomogeneous RF field.

First we assume that the field is a smooth continuous function of r and that the
amplitude of the oscillation, a, is kept small by a high enough RF frequency. In
aiming to find a solution to Eq. A.1 we posit a solution which is the combination

of a smooth drift term Ry(t) with a high frequency oscillation term R;(t):
r(t) = Ro(t) + Ri(t) (A4)

with

Ry (t) = —af(t) cos(Qt). (A.5)
Using a Taylor expansion for the electric field Ey(r) leads to

Eo(Ry — acosQt) = Ey(Ry) — (a- V) Eo(Rp) cosQt + ..., (A.6)
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and we truncate the expansion at two terms assuming a slow spatial variation of
Ey. In addition, the assumption of slow time variation in a and Ry implies ¢ < Qa

and Ry < QRy. Thus, neglecting these smaller time derivatives in the substitution

of Egs. A.4 and A.6 into Eq. A.1 leads to
mRy + mQ2a(t) cos Ut = qEy(Ry) cos Ut — gla(t)- V] Ey(Ry) cos® Qt. (A.7)

The assumption that the oscillation amplitude changes in time only due to the mo-
tion along Ry allows a(t) to be replaced with a(Ry) and substituted using Eq. A.3.
This allows the cancellation of the cos (2t terms, which in conjunction with the

substitution of cos? Qt with its average value %, yields:

. q2
mRy = _W[EO(RO)' V] Eo(Ro). (A.8)

Applying the vector analysis relation
1o o 1o o
(E(]' V)Eo = §VE0 — Eo X (V X Eo) = §VE0, (AQ)

which relies upon V x Ey = 0 or the vanishing of E, under rotation for quasistatic

fields, leads to

q2

2

’ITLR() =

This equation of motion takes into account the time-averaged nature of the os-
cillating field. The charged particle experiences a force due to the field gradient,
or inhomogeneity of the field, whose strength and direction is determined by the

gradient of EZ.

The last step is to incorporate the force due to the electrostatic potential, denoted
qEs(r) in Eq. A.1, using E; = —V®,. This yields
¢

which, using ma = F = —VV*(Ry), leads to the expression for the time-independent

effective potential or pseudopotential, and the associated equation of motion for
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the smooth trajectory:

2 102

* _ q EO
V*(Ro) = |~ + 4% (A.12)
mRy = —VV*(Ry). (A.13)

The faster oscillating motion that may be superimposed on this smooth trajectory,

can be described via insertion of Ey(Rp) into Egs. A.5 and A.3 by

Ey(R
Ry(t) = —qﬂz—g;) cos(Qt). (A.14)
Integrating equation A.13 gives us
1 . ¢E}
= Oy = By, Al
2mRO + oy +4q (A.15)

which shows the total energy E,, to be constant during the ion’s motion, with the
first term representing the kinetic energy associated with the secular motion, and
the third term the electrostatic potential energy. The second term can be shown
to represent the time-averaged kinetic energy of the fast-oscillating micromotion,
by substituting the derivative of Eq. A.14, into %me and taking the time-average,

with the value of % substituted for sin? Qt :
1 i q2 E2
—mR ) = —2. A.16
< 21 > 4m? ( )
In essence what this means is that in the pseudopotential, V*, the kinetic energy
associated with the faster micromotion is treated as an effective potential energy.
The total energy is constant, and transferred between the kinetic energy associ-

ated with the secular motion, this effective potential energy and the electrostatic

potential energy (assuming a stable trajectory).
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Introduction to the density operator

B.1 Statistical mixtures of states

The dynamical behaviour of a quantum system, disregarding decoherence effects,

may be described by the time-dependent Schrodinger equation:

) = —iH ), (B.1)

where H is the Hamiltonian operator of the system whose state is described by the
vector [¢). Given a pure state (or a superposition of pure states), the expectation

value of an observable operator A is determined by:

(A4) = (¢[Al¢). (B.2)

However, an ensemble of laser-cooled ions, each of which may either be in the
electronic state denoted by |1), |2) or |3) at a particular time, represents a statistical

mizture of pure states. Such as mixed state may be written

) = p1|1) + pa|2) + p3|3), (B.3)

with
k
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where py is the fraction of ions in state |k). An equivalent system would be a single
ion that exists with a certain probability in one of the three states, and in this case
the py terms in equation B.3 represent the probability of that ion being in the
state |k). There is no state vector [¢)) that can adequately describe a system like
this and still satisfy equation B.2, despite the fact that the statistical behaviour
of the observable A of such a system may in fact be completely determined. Any
measurement of a system such as this must result in a sum of eigenvalues weighted

by the various probabilities, which is to say
(A) = pra1 + paas + psas, (B.5)
and, given Eq. B.3, this clearly does not arise from (A) = (| Aly) .

This description must not be confused with a linear superposition of states:

) =3 k), (B.6)

in which a system exists instantaneously as a linear combination of pure states
(which is itself a pure state). Such a state vector does satisfy equation B.2 — for

example, with k over the range 1-2 (and |k) not necessarily orthogonal),

(A) = @A)
= (e + 2ley)|Al(ea]1) + e2]2))

= ‘CT’QAH =+ ‘C;|2A22 + CTCQAH + C;ClAgl. (B?)

Thus, for such a linear combination, any single measurement of an observable
(given |k) as eigenvectors) has a probability |ci| of returning the eigenvalue asso-
ciated with the state |k). However, this is not equivalent to the system having the
probability |cZ| of being in state |k). The presence of the cross terms represents
interference between the states in the linear combination and these are very im-

portant in quantum mechanics. This is why it is generally impossible to represent
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a statistical mixture of states, as described by equation B.3, by an “average state
vector”, or superposition of the |k) states. When we perform a probability weighted
sum we do not obtain these interference terms. The solution to this quandary is
not the use of an “average state vector”, but rather an “average operator”, the

density operator p.

The density operator

Density operator formalism is equally applicable to systems described by a pure
state, or a statistical mixture of states. The coefficient terms, cf¢;, that appear in
the expectation value (Eq. B.7) for a pure system, are simply the matrix elements

of the density operator, p(t), which is defined as:

p(t) = () (W ()] (B.8)

The density operator can be represented as a matrix in a given basis, and the

elements of the density matrix are these coefficient terms, ¢f¢;j, according to:

pis(t) = ilp(D)) = e (B.9)

Therefore, the trace of the density matrix must equal unity in a normalised system

in accordance with

Z |Cn(t)|2 = ann(t) = TT’p(t) = 1. (BlO)

Additionally the expectation value of an observable operator is defined for a linear

combination as:

(4)

(Dl Ay eidy)
i J
= Y ciei(dilAlgy) = pidis
.3

= D _(Bileloa (ol Ale) =D (pA);
_ Ti(pA). j (B.11)
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The time evolution of the operator p(t¢) can be generated via the Schrédinger

equation according to:

plt) = (DO W) + [L(E) ()]
S HWWON0] — () (0| H )

(), (1), (B.12)
which is otherwise known as the quantum mechanical Liouville equation.

Applying the density operator formalism to the statistical mixture of states, de-
scribed by Eq. B.3, the density matrix operator may be defined as:
p= > pala)dl. (B.13)
a,b=1,2,3
The matrix elements pi1, poo and ps3 correspond to the expectation values for

finding the ion in the corresponding states |1), |2) or |3) and therefore

Tr(p) = p11+ paz + p33 = 1. (B.14)

In a pure state, one of these diagonal elements is 1 and the others are 0; in a
mixed state, more than one diagonal element is non-zero. The off-diagonal matrix
elements represent the interference effects that can occur between the states when
they comprise a linear superposition. A non-zero off-diagonal element means that
a certain coherence exists between the two states that are involved, and for this

reason these elements are generally referred to as coherences.

The density matrix formalism allows us to describe the state of a system which is
a statistical mixture quantum mechanically. Given an appropriate Hamiltonian,

the Liouville equation governs the evolution of the density matrix.
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Transformations of the Hamiltonian

matrix

The transformation of the Hamiltonian matrix under the operator U, where UUT =

U'U = 1 may be understood as follows:

When a quantum mechanical state |¢) is transformed with the operator U accord-
ing to

[¥') = Ul), (C.1)
the corresponding transformation for the Hamiltonian matrix can be written as

follows:

djy’)

dt

AU d(U])
dt dt

. d(UTU|y)) AUt

- mU( a dt UW)

= U (IQIUTU|¢> - ihdd—UtTUW))

2 AN 7Tt . dUT
HY) = (UVHU' —ihU~— ) Ul).

H'[Y) = ih

g

H (C.2)
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Thus two equivalent results are available:

. aut
H = (UHUT—z'hU£>
dt
. dU
— HUY +ih—Ut) .
(U U+ dtU)

(C.3)

In the case of the transformation of Eq. 2.57 into Eq. 2.58 (transformation to a ref-
erence frame rotating at the atomic transition frequency), additional simplification

of the transformed Hamiltonian ﬁlg is possible, using:
H = Hgom + Hiz <C4)
U = ¢flatomt/h (C.5)
via
dU
H,, = UHU'+ih—U!
dt '
= U(Huom + Hi)U' +ih(5-UHoon)U'

= []J¥a,tomU’Jf + U'I{lQUvJr - Uv}latom[]]L

= UHpU'. (C.6)
Also, using the expression
Hatom = o |1) (1] + huwo|2) (2] (C.7)
and setting the zero point of the energy arbitrarily at w; such that
Hatom = hwi2|2)(2]. (C.8)
we obtain the final operator U for the required transformation as

U = e, (C.9)

254



Appendix D

Formation of the Liouvillian matrix

and solution of the OBE

The evolution of the density matrix is governed by Eq. 2.75, reproduced here along

with other relevant equations for convenience:

p=—1 (Hp pH*) +3 CupCr, (D.1)

m

(H——ZCTC ) (D-2)

The objective is the numerical solution of the evolution of the density matrix, and
by taking advantage of the linearity of this equation with respect to the elements
of the density matrix we may rewrite it as a system of linear equations in matrix

form according to:
=) Mp; (D.3)
i
with

pt = [p11, P12, Prs, -, P32, pas]- (D.4)
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We can determine the form of the Liouvillian matrix, M, by considering the evo-

lution of the elements of the density matrix.
fab = <a| (H/) pHT) b) + a|ZCmp
- -t (S ;pakﬁ;b) o ;<a|ém|j><j|p|k><k|é;w>
= — (Z H,i0pix — ZHkbéaJka) + ZZ (Cr)ajpin (C1)
== (—% (Hasdi = Hfy05) + D (Cun)as( ) (D.5)

jk m
This can be expressed as

Pab = Z M 5k Pix (D.6)

jk

where M is the N2 x N? Liouvillian matrix determined by

i/~ ~ . .
Mabje = —+ (Haj5kb - Hﬁ@aj) + ) (Ca)ai (Clias- (D.7)

Concise MATLAB code for the formation of this matrix can be found in D.1.
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D.1 MATLAB code for solution of the OBE

D.1.1 Calculation of Rabi frequency from laser intensity

The expressions that relate the Rabi frequency to the experimentally determined
laser intensity, transition wavelength and spontaneous decay rate were obtained for
the three-level treatment from pg. 50 of Ref. [175], and for the eight-level treatment
from pg. 27 of Ref. [174]. The difference in the two expressions stems from a
different definition of the Rabi frequency in either derivation. For simplicity both
expressions are included in the code below, however in practice this code should be
duplicated into rabi.m (three-level) and rabi8.m (eight-level) with the appropriate
expressions used in each case. These two functions are called from the SIMPOP

scripts that solve the OBE.

%% Function to calculate Rabi frequency
function omega = rabi(I,which)%3-level
function omega = rabi8(I,which)’8-level
%I = Intensity in Wm™-2

%which = 1 for 397 nm, 2 for 866 nm

c = 299792458; % M/s

h = 6.626068e-34; hbar = h/(2*pi);

switch which
case 1 %397 nm laser
wl = 396.847e-9;
1t = 7.7e-9; Y%natural lifetime
case 2 %866 nm laser
wl = 866.214e-9;
1t = 94.3e-9; %natural lifetime
end

g = 1/1t; %Spontaneous decay rate in Hz

omega = sqrt((3 * I * wl™3 x g)/(4 * pi~2 * c * hbar));%3-level
omega = sqrt((3 * I * wl™3 * g)/(16 * pi~2 * c * hbar));%8-level
omega = omega/(le6); % Angular Mhz
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D.1.2 Formation of the three-level Liouvillian matrix

This code forms the 9 x 9 Liouvillian matrix which is used to propagate the three-
level density matrix. It accepts the Rabi frequencies, detunings and linewidths of
both cooling lasers, along with the natural lifetimes of the two transitions. This

function is called from the SIMPOP codes that solve the OBE.

%% Formation of Liouvillian Matrix

% Density matrix treatment of 3 level atom
% in the absence of a magnetic field
function M=M3(012,023,D1,D2,11,12,g1,g2)

I=eye(3);

% Coherent hamiltonian
H=[ D1 012/2 0
012/2 0 023/2
0 023/2 D2];
% Relaxation terms
R = zeros(3,3); R(2,2) = gl + g2;

R(1,1) = 2x11; R(3,3) = 2*12;

% Feeding terms dp_ab = <a|Ldamp|b>
F = zeros(9,9);

F(1,1) = 2x11; F(9,9) = 2x12;

F(1,5) = gi; F(9,5) = g2;

H=H - (i/2)*R; % Form effective Hamiltonian
M = -ix(kron(H,I) - kron(I,H’)); % Form Liouville matrix
M=M+F,; %Add feeding terms
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D.1.3 Formation of the eight-level Liouvillian matrix

This code forms the 64 x 64 Liouvillian matrix which is used to propagate the eight-
level density matrix. It accepts the Rabi frequencies, detunings and linewidths of

both cooling lasers, along with the natural lifetimes of the two transitions. This

function is called from the SIMPOP codes that solve the OBE.

%% Formation of Liouvillian Matrix
% Density matrix treatment of 8 level atom in a magnetic field
function L=M8(01,02,D1,D2,11,12,g1,g2,u,alpha)

gS=2; gP=2/3; gD=4/5; % Lande factors

c=cos(alpha); s=sin(alpha); w3=3"0.5; E=eye(8);

ii=(1:8) ’*ones(1,8); il=reshape(ii’,1,64); % first index

i2=reshape(ii,1,64); % second index

H=diag([Dl,D1,0,0,D2,D2,D2,D2]+...
0.5%ux[-gS,gS,-gP,gP,-3*gD,-gD, gD, 3%gD]) ;

HSP=-01/w3*[ -c s ; s c ];

HDP=-02/2/w3*[ w3*s O ; 2%c s ; —-s 2%c ; 0 -w3*s ];

H(1:2,3:4)=HSP; H(3:4,1:2)=HSP’; H(5:8,3:4)=HDP; H(3:4,5:8)=HDP’;

% Relaxation

C1=(2/3*g1)"0.5%E(:,1)*E(4,:);

C2=(2/3%g1)~0.5%E(:,2)*E(3,:);

C3=(1/3%g1)"0.5%(E(:,1)*E(3,:)-E(:,2)*E(4,:));

C4=(1/2%g2)~0.5%E(:,5)*E(3,:)+(1/6%g2)~0.5%E(:,6)*E(4,:);

C5=(1/6%g2) ~0.5%E(:,7)*E(3,:)+(1/2%g2)~0.5%E(:,8)*E(4,:);

C6=(1/3%g2)"0.5%(E(:,6)*E(3,:)+E(:,7)*E(4,:));

C7=(2%11)"0.5%(E(: , 1)*E(1, :)+E(:,2)*E(2,:));

C8=(2*%12)"0.5%(E(:,5)*E(5,:)+E(:,B6)*E(6,:)+. ..

EC:,7)*E(7,:)+E(:,8)*E(8,:));

CC=(C1’*C1+C2’> *C2+C3’ *C3+C4’ *C4+C5°’ *C5+C6’ *C6+C7 > *C7+C8’ *C8) ;

% Form effective Hamiltonian and Liouvillian

H=H-i/2*CC; L = -i*x(kron(H,E) - kron(E,H’));

% Add feeding terms

L=L+C1(i1,i1) .*C1(i2,1i2); L=L+C2(i1,i1) .*C2(i2,i2);

L=L+C3(i1,i1) .*C3(i2,1i2); L=L+C4(i1,i1) .*C4(i2,i2);

L=L+C5(i1,i1) .*C5(i2,1i2); L=L+C6(il1,i1) .*C6(i2,i2);

L=L+C7(i1,i1) .*C7(i2,1i2); L=L+C8(il1,i1) .*C8(i2,1i2);
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D.1.4 Basic steady-state solution of the three-level OBE

This code is called for a single coordinate in detuning space and calculates the
steady-state solutions to the three-level OBE; it returns the Ca™ population frac-
tions as a percentage. It accepts the effective areas that relate the measured laser
powers to the effective laser intensities at the crystal; variation of these factors al-
lows the fitting of simulated to experimental spectra. Other scripts generate these
spectra, or deal with convolutions to account for non-zero axial ion velocities and
laser frequency fluctuations. In general these other scripts all call SIMPOP in order

to get the underlying populations over the required range of detuning coordinates.

function [sim_Fint_out]=SIMPOP(P,detb,detr,effarea,opswitch)
% Program to calculate the steady state populations of a

% trapped three level atom in interaction with two

% coherent light fields.

P397 = P(1); %W
P866 = P(2); %W
A397 = effarea(l)*le-6; %mm~2 -> m~2 Eff. area @ 397 nm
A866 = effarea(2)*le-6; %mm~2 -> m~2 Eff. area @ 866 nm

11 = 5500; % Linewidth of 397nm Diode Laser (kHz)
12 = 5500; % Linewidth of 866nm Diode Laser (kHz)

%% Constants

c = 299792458; Yms~-1

gl = 1e-6/7.7e-9;%Ca+ P->S Decay Constant MHz
g2 = 1e-6/94.3e-9;%Cat+ P->D Decay Constant MHz

%% Inline Function Declaration
gendet = @(w) c .* (1./(w(1).*1le-9) - ...
1./((w(1) .%1e-9) + (w(2).%x1le-15)));

%% Generation of Rabi Frequencies from Laser Power Data

112 = P397/A397; %%Wm~-2
132 = P866/A866; %%Wm~-2
012 = rabi(I12,1);
023 = rabi(I32,2);
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%% Detuning calculations

% Detuning may either be input as single value (Hz)

% or a single value (fm) with a measured zero-detuning
% position (nm) such that the conversion to Hz is done
% automatically. In either case detl2/det32 are

% produced in Hz at this stage.

if length(detb)~=2; detl2 = detb;
else; detl2 = gendet(detb); end;
if length(detr)™=2 det32 = detr;
else; det32 = gendet(detr); end;

%Detunings converted to angular Mhz
D1 = 2xpixle-6.*detl2;
D2 = 2xpixle-6.*det32;

hLaser Linewidths

11 = 2xpix*le-3.%*11; ’Laser linewidths, input in khz

12 = 2*pix*le-3.%12; ’and converted to angular MHz

Y +H+H+++

% For comparison with Hilmar Oberst’s PhD Thesis (Barium)
% 012 = 10%2*pi;

% 023 = 5*2xpi;

% 11=50%1e-3*2%pi;

% 12=50%1e-3*2%pi;

% D1 = —20%2%pi;

% gl = 15.1%2xpi; %Ba
% g2 = 5.3%2xpi; YBa
Yot+++++

%% MAIN STEADY STATE CALCULATION

%In the steady state, Lxrho = 0

%To enforce the correct normalisation we replace

%one equation with the normalisation condition:
%rho(1)+rho(5)+rho(9)=1 (or Tr(rho)=1 when rho is 3x3)

L = M3(012,023,D1 ,D2 ,11,12,g1,g2);
L(1,:) =0; L(1,1) =1; L(1,5) =1; L(1,9) = 1;
x = zeros(9,1); x(1) = 1;

rhoss = L\x;
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popss = diag(real(reshape(rhoss,3,3)));

N1 = popss(1)*100; % Populations converted to a percentage
N2 = popss(2)*100;
N3 = popss(3)*100;

Espop = N2+N3; % Total excited state populations

%% Designate output
switch opswitch

case 1

sim_Fint_out = [N2];
case 2

sim_Fint_out = [N1;N2;N3];
case 3

sim_Fint_out = [Espop];

end
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D.1.5 Steady-state solution of the three-level OBE with non-

zero axial crystal temperature and independently fluctu-

ating laser frequencies

This code performs convolutions of the Ca™ state populations using: (a) a Gaus-

sian function whose FWHM is determined by T, the temperature associated with

the axial motion of ions in the crystal, (b) Gaussian functions that reflect the dis-

tribution of frequencies of the cooling lasers about their feedback-stabilised mean

values.

function [sim_Fint_out] = SIMPOP_conv_ilf (P,
det_b, det_r, effarea, opswitch, T, freqfwhm)
% Program to calculate the steady state populations at a
% given set of experimental parameters, including
% convolutions due to doppler width and independent
% fluctuations in both laser frequencies.

if (length(det_b)>2) || (length(det_r)>2)
disp(’This function is built for a single ...
value of blue/red detunings’);
return
end
% Initial parameters
fwhm_b = freqfwhm(1);
fwhm_r = freqfwhm(2);
sConvolution axis angle, defined from X-axis:
theta = atan(396.95865e-9/866.4513e-9) ;
npt = 41;
stm = 4;
%[npt stm] = [41 4] accurate to 3 dec.pl. in pop. frac.

% Inline Function Declarations
c = 299792458; Yms~-1
gendet = @(w) c .* (1./(w(1).*1le-9) - ...
1./((w(1).%1e-9) + (w(2).*1le-15)));
% Detuning conversion if necessary
if length(det_b) > 1; det_b = gendet(det_b); end;
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if length(det_r) > 1; det_r = gendet(det_r); end;

% Blue fluc Gaussian parameters

sigma_b = fwhm_b/(2xsqrt(2xlog(2)));

a_b =1/(sigma_b*sqrt(2*pi)); %normalisation factor
% Red fluc Gaussian parameters

sigma_r = fwhm_r/(2*sqrt(2xlog(2)));

a_r =1/(sigma_r*sqrt(2#pi)); %normalisation factor
% Tz Gaussian parameters

fwhm_Tzb= (7.16e-7*c/396.95865e-9) * sqrt(T/40.08);
fwhm_Tzr= (7.16e-7*c/866.4513e-9) * sqrt(T/40.08);
fwhm_Tz = sqrt(fwhm_Tzb"2 + fwhm_Tzr~2);

sigma_Tz = fwhm_Tz/(2*sqrt(2*log(2)));

a_Tz =1/(sigma_Tz*sqrt(2*pi)); %normalisation factor

% Determine detuning grid, centred on experimental laser

% detunings. Grid extent determined by stm*sigma

% truncation of the convolution Gaussian that gives the

% largest kernel size, with all Gaussians centred on the

% experimental detuning values.

% 4xsigma is a good approximation for a Gaussian falling

% to zero (stm stands for ’sigma truncation multiplier’).

kernel_width = max([(2*stm*sigma_b)
(2*stm*sigma_Tz*acos(theta))] ); %Hz

kernel_height = max([(2*stm*sigma_ 1) ...
(2*stm*sigma_Tz*asin(theta))] ); %Hz

detgrid_b = det_b + [-kernel_width/2 :
kernel_width/(npt-1) : kernel_width/2];
detgrid_r = det_r + [-kernel_height/2 :

kernel_height/(npt-1) : kernel_height/2];
[BDET,RDET] = meshgrid(detgrid_b,detgrid_r);

% Fill state populations matrix
POP = zeros(npt,npt,3);
for i = 1:npt
for j = 1:npt
POP(i,j,(1:3))=SIMPOP(P,BDET(i,j),RDET(i,]j),effarea,?2);
end
end

% Form Gaussians for laser fluctuations
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gauss_b = a_bxexp(-((detgrid_b-det_b)."2)./(2.*sigma_b."2));
gauss_r = a_r*exp(-((detgrid_r-det_r)."2)./(2.*sigma_r."2));
%#Convolute with laser fluctuation Gaussians

siml_convol = conv2(gauss_b,gauss_r’,POP(:,:,1),’same’);
sim2_convol = conv2(gauss_b,gauss_r’,POP(:,:,2),’same’);
sim3_convol = conv2(gauss_b,gauss_r’,POP(:,:,3),’same’);
%Normalise convoluted fits at each point

sum = le-2.*(siml_convol + sim2_convol + sim3_convol);
siml_convol = siml_convol./sum;

sim2_convol = sim2_convol./sum;

sim3_convol = sim3_convol./sum;

%Form 1D Tz Convolution axis at theta to x-axis,

%hcentred on origin with width 2*stm*sigma_Tz

% Get detuning spacing based on npts along axis

ddet = (2*stm*sigma_Tz)/(npt-1);

% Get detunings along the axis
detgrid_b_Tz=ddet.*((-(npt-1)/2):1:((npt-1)/2)) .*cos(theta);
detgrid_r_Tz=ddet.*((-(npt-1)/2):1:((npt-1)/2)) .*sin(theta);
Tz_axis_det=-ddet*((npt-1)/2) :ddet:ddet*((npt-1)/2);

% Center convolution axis on desired detunings

detgrid_b_Tz = detgrid_b_Tz + det_b;

detgrid_r_Tz = detgrid_r_Tz + det_r;

% 2D Interpolate the axis values

POP_axis_Tz = zeros(upt,3);

POP_axis_Tz = [
[interp2(BDET,RDET,siml_convol,detgrid_b_Tz,detgrid_r_Tz)];
[interp2(BDET,RDET,sim2_convol,detgrid_b_Tz,detgrid_r_Tz)];
[interp2(BDET,RDET,sim3_convol,detgrid_b_Tz,detgrid_r_Tz)]

1;

% Form Gaussian and convolute

gauss_Tz = a_Tzxexp(-(Tz_axis_det."2)./(2.*sigma_Tz."2));
siml_convol_final = convn(gauss_Tz ,POP_axis_Tz(1,:),’same’);
sim2_convol_final = convn(gauss_Tz ,POP_axis_Tz(2,:),’same’);
sim3_convol_final = convn(gauss_Tz ,POP_axis_Tz(3,:),’same’);

%Normalise convoluted fits
sum = le-2.*(siml_convol_final + sim2_convol_final ...

+ sim3_convol_final);
siml_convol_final = siml_convol_final./sum;
sim2_convol_final sim2_convol_final./sum;
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sim3_convol_final = sim3_convol_final./sum;

%hInterpolate level populations based on the fact that the
hrequested value is at zero on the convolution axis

N1 = interpl(Tz_axis_det,siml_convol_final,0,’linear’);
N2 = interpl(Tz_axis_det,sim2_convol_final,0,’linear’);
N3 = interpl(Tz_axis_det,sim3_convol_final,0,’linear’);

Espop = N2+N3;

%% Designate Output
switch opswitch

case 1

sim_Fint_out = [N2];

case 2

sim_Fint_out = [N1;N2;N3];
case 3

sim_Fint_out = [Espop];

end
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D.1.6 Basic steady-state solution of the eight-level OBE

This code is called for a single coordinate in detuning space and calculates the

steady-state solutions to the eight-level OBE; it returns the Ca™ population frac-

tions as a percentage. It accepts the effective areas that relate the estimated laser

intensity to the effective laser intensity at the crystal, along with additional ex-

perimental parameters as commented in the code, and variation of these factors

allows the fitting of simulated to experimental spectra.

P397
P866
A397
A866
11 =
12 =

wlil2
wl32
gl
g2

function [sim_Fint_out] = SIMPOP8(P, detb, detr, u, alpha,...
effarea, opswitch)
% Program to calculate the steady state populations of a trapped
% Ca+ ion in interaction with two coherent light fields, assuming
% 8 sub-levels. Calculations are made with the assumption that

% the magnetic field is perpendicular to the propagation
% direction of the lasers at angle alpha to their polarisations.

%% USER DATA

P(1); %W or Js~-1

P(2); %W or Js~-1

effarea(l)*1le-6; %mm~2 -> m~2 Eff. area @ 397 nm
effarea(2)*1le-6; %mm~2 -> m~2 Eff. area @ 866 nm
5000; % Linewidth of 397nm Diode Laser (kHz)

5000; % Linewidth of 866nm Diode Laser (kHz)

%% Constants
c = 299792458; Yms~-1

396.95865e-9; % m
= 866.4513e-9; % m
1e-6/7.7e-9;%Cat+ P->S Decay Constant MHz
1e-6/94.3e-9;%Ca+ P->D Decay Constant MHz

%% Inline Function Declaration
gendet = @(w) c.*x(1./(w(1).%1e-9) - 1./((w(1).*1le-9) +...

(w(2) .%1le-15)));

%% Generation of Rabi Frequencies from Laser Power Data
I12 =

P397/A397; Wm~-2
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132 = P866/A866; %Wm~-2
012 = rabi8(I12,1);
023 = rabi8(I32,2);

%% Detuning calculations

% Detuning may either be input as single value (Hz) or a

% single value (fm) with a measured zero-detuning position (nm)
% such that the conversion to Hz is done automatically.

% In either case detl12/det32 are produced in Hz at this stage.
if length(detb)“=2; detl2=detb; else; detl2=gendet(detb); end;
if length(detr)~=2; det32=detr; else; det32=gendet(detr); end;

%% Conversion/Consolidation of Data with units of Frequency
%Detunings converted to angular Mhz

D1 = 2xpixle-6.*detl2;

D2 = 2xpixle-6.*det32;

%Laser Linewidths

11 = 2xpix*le-3.%11; ’Laser linewidths input in USER DATA in khz
12 = 2xpix*le-3.%12; %and converted to angular Mhz

Y%l +H++++

% For comparison with Hilmar Oberst’s PhD Thesis (Barium)

% 012 = 12%2*pi;

% 023 = 10%2*pi;

% 11=50%1e-3%2*pi;

% 12=50%1e-3%2*pi;

% D1 = 10%2xpi;

% D2 = 0;

o

% gl = 15.1%2*pi; YBa

% g2 = 5.3x2*pi; YBa

Yot+++++

%% MAIN STEADY STATE CALCULATION

%In the steady state, L*rho = 0

%To enforce the correct normalisation we replace
%one equation with the normalisation condition

L = M8(012,023,D1,D2,11,12,g1,g2,u,alpha);

L(1,:) = 0;
L(1,1:9:64) = 1;
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APPENDIX D. FORMATION OF THE LIOUVILLIAN MATRIX AND SOLUTION
OF THE OBE

x = zeros(64,1); x(1) = 1;
rhoSS = L\x;

diag(real(reshape(rhoSS,8,8)));
100. *popSS. /sum(popSS) ;

popsSS
popSS

N1

(popSS(1) + popSS(2));

N2 = (popSS(3) + popSS(4));

N3 = (popSS(5) + popSS(6) + popSS(7) + popSS(8));
Espop = N2+N3;

%% Designate output
switch opswitch

case 1

sim_Fint_out = [N2];
case 2

sim_Fint_out = [N1;N2;N3];
case 3

sim_Fint_out = [Espop];
case 4

sim_Fint_out = [N1;N2;N3;popSS];
case 5

sim_Fint_out = [N1;N2;N3;I12;I32];
case 6

sim_Fint_out = [N2/100 N3/100];
end
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Appendix E

Coulomb crystal 4°Ca™ volume

analysis

Given the assumption that “°Ca®™ density is constant in large enough crystals
(>100 ions), the rate of decrease of the volume occupied by these ions is pro-
portional to the reaction rate (see Section 4.3.2). In order to measure the core
volume from experimental fluorescence images, a custom MATLAB script and
accompanying GUI (see Fig. E.1) were developed to process sequences of experi-
mental images as efficiently as possible. Automatic processing of these images can
be problematic given appreciable stray light in the image. In the end a hybrid
automatic/manual method was relied upon, which involved some automatic fitting

that could be manually adjusted.

Measurement of the volume of a pure crystal (or ©°Ca™* core in a bi-component
crystal involving heavier non-fluorescing ions) can be achieved in the following way.
Firstly, the user loads and rotates the experimental image to ensure that the z-axis
is vertical. T'wo methods are available for obtaining a volume measurement, and

these are termed elliptical fitting and perimeter fitting. Elliptical fitting involves
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the simple manual scaling of an overlaid ellipse such that it coincides with the
outline of a pure crystal, or such that a flattened core fits within its overall envelope.
The volume of the ellipsoid defined by a 7 rotation of this ellipse around the z-axis
is then given by %WabQ, where 2a and 2b are the lengths of the crystal axes parallel
and perpendicular to the z-axis respectively. In the case of a pure crystal this
should be an accurate measure of the volume, but if heavier dark ions are present
the perimeter fitting should be used instead. Nevertheless in this latter case, the
elliptical fit can often be useful as a guide for perimeter point placement should

the tips of the crystal be obscured.

The perimeter fit is performed in the following manner. The user designates the
vertical extents of the crystal and proceeds to place additional points along each
edge. Alternatively, by setting intensity thresholds the user can automatically fit
points to the left and right side of the crystal simultaneously. The script then per-
forms a spline fit for each side of the crystal and this fit may then be refined further
until the perimeter overlaid on the image tightly fits the core edges (see Fig. E.1).
Assuming cylindrical symmetry about the z-axis, the volume is calculated via nu-
merical quadrature using disk integration (volume of a solid of revolution). Each
infinitesimal disk at a given point along the z-axis has a diameter defined by the
width of the perimeter fit at that point. This general method could easily be
extended to calculate the volume of the °Ca™ fraction of a crystal with lighter
impurities also, although typically MD simulations are relied upon more heavily
in this instance. Once a final value for the volume is arrived at, the script will ap-
pend the result to a text file along with the time of the image and with upper and
lower error bounds on the volume (error bounds can be visually verified through
the GUI). The program also displays the fluorescence profiles along either axis of
the crystal and, for the elliptical fit, displays ion numbers based on the fluid model

number density equation outlined in Section 2.4.1.
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Appendix F

Fluorescence spectra of Coulomb

crystals in Gaussian intensity profiles

In Chapter 6 we make the assumption that our laser intensities are well-modelled by
a constant mean intensity, thus ignoring any spatial inhomogeneity at the scale of
the Coulomb crystal. Whilst this is likely to be a good assumption for the broader
866 nm beam, the 397 nm beam waist is only slightly wider than a typical crystal
— a slight misalignment of the beam will leave part of the crystal dark. Given
that our diode laser beams do not have a constant transverse intensity profile,
some of the ions in the crystal will be experiencing an intensity that could differ
quite considerably from the mean. The effect of a variation in the laser intensities
on the steady-state quantum state populations (and therefore any fluorescence
excitation spectra) is clearly non-linear over a large enough range of intensities (see
Fig. F.1). Therefore we need to be sure, given the parameters of our laser beams
and the dimensions of a typical Coulomb crystal, that the range of intensities
experienced by ions in the crystal is narrow enough to allow the assumption of
constant average beam intensities (and therefore a constant average Rabi frequency

associated with each laser). In considering this we must be mindful of the fact that
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GAUSSIAN INTENSITY PROFILES

some of the experimental fluorescence spectra were recorded at Vgp = 110 V in
order to facilitate recrystallisation, whereas reactions are typically performed at
Vrr = 180 V: At lower RF trapping voltages the crystals will expand to larger
radial extent, and sample more of the cross-sectional area of each laser. In this
Appendix, we explore these factors through a combination of OBE and molecular
dynamics simulations. For computational convenience the investigation is based
on the three-level OBE framework, however the conclusions are expected to be

valid in the eight-level case (see Appendix G and in particular Fig. G.4).
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Figure F.1: Ca™ electronic quantum state populations calculated with the three-
level OBE as a function of 397 nm laser intensity. Other simulation parameters
are as follows: ]eﬁ"866 = 437.7 mW/Cl’Il2, A397/27T = 20 MHZ, A866/27T =0 MHZ,
F397/27T = F866/27T = 6 MHz.

The transverse laser intensities at the crystal are approximated with a 2D Gaussian

function centred on the beam axis (the trap z-axis):
(=22
folz,y) = Ae (2"%+2"5). (F.1)

where o, and o, are the standard deviations in x and y, related to the full-width

at half-maxima in each axis by FWHM = 2v/2In20. These standard deviations
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allow both the determination of the beam dimensions and, by equating the vol-
ume under the 2D Gaussian, 2w Ao,0,, to the total measured power, the scaling
factor A. MD simulations can be performed involving crystals typical with regard
to the reaction experiments; the resulting crystal structures can then be situated
in the Gaussian intensity profile which models each laser. MATLAB scripts allow
the interpolation of the laser intensities experienced by each ion and histograms
are formed of the 397 nm and 866 nm laser intensity combinations experienced by
all ions in the crystal. For each 397 nm/866 nm intensity combination a separate
spectral simulation is run, and then by performing a weighted sum the total flu-
orescence spectrum for the whole crystal can be generated (hereafter referred to
as the weighted spectra). At the same time a single spectral simulation can be
run at the mean intensity experienced by the ions in the crystal (referred to as
the mean spectrum). This mean intensity is analogous to the constant effective

intensity determined for each laser by calculating log = Pieas/Aest (see Eq. 6.11).

Using these methods, weighted spectra can be fit to the experimental spectra purely
by adjusting the dimensions of the two Gaussian intensity profiles which model
the effective laser intensities (through o, and o, for both 397 nm and 866 nm
beams). In achieving a fit we have effectively calibrated our experimental beam
sizes. In doing so the following values were obtained: 397 nm o, = 178.3 pum
oy = 89.3 um, 866 nm o, = 1.9 mm o, = 0.9 mm. Figure I'.2 shows the structures
obtained by molecular dynamics simulations for an 800 ion crystal at both Vg =
110 V and 180 V, with Usg = 4 V in both cases; included are the z and y
Gaussian intensity profiles of both lasers as determined from these spectral fits
(which are in reasonable agreement with estimated measurements). Clearly the
866 nm intensity is effectively constant at the crystal scale, but the 397 nm is less
clear cut. Figure F.3 shows histograms of the effective 397 nm laser intensities

interpolated for the ions in each crystal at both high and low 397 nm power. It
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0 1000 pm

Figure F.2: Simulated tranverse Gaussian intensity profiles of: (a) 397 nm laser
beam, (b—c) 866 nm laser beam. These dimensions were obtained by varying the
intensity profile widths, at constant total power, until simulated weighted sum
fluorescence spectra matched with experiment. The broader profile in each panel
corresponds to the long axis of the elliptical beam and the narrower profile to the
short axis. MD simulations of an 800 ion crystal are superimposed at Vggp = 180 V
(top crystal) and Vgp = 110 V (bottom crystal).

can be seen that a slightly wider range of effective intensities is experienced by the
crystal at Vgp = 110 V, and at higher versus lower 397 nm laser power, P397. Given
laser beam and crystal dimensions typical of our experiments, we observe only a
weak dependence of the state populations (and therefore fluorescence spectra) on
Vrr, stemming from its effect on the radial ion distribution in the intensity field.
Smaller values of Vgp (or larger crystals) mean that the ions extend out further
radially towards lower laser intensity, and the mean effective intensity drops slightly
given a constant beam dimension and power. In the range Vgr = 110-180 V this
effect appears negligible with respect to our experimental noise, and mean spectra

that differ only in Vgr = 110-180 V are identical on the scale plotted in Fig. F.4.
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Figure F.3: Histograms of the effective 397 nm laser intensities experienced by
the ions in crystals at different values of Psg; and Vrp. These parameters are as
follows: (a) Ver = 110 V P3g7 = 75 uW, (b) Vgr = 110 V P3g; = 900 pW, (c)
VRF =180V P397 =75 [I,W, (d) VRF =180V P397 = 900 ILLW At lower VRF,
and/or at higher Psg; the range of effective intensities increases. As Vyp decreases,
the mean intensity decreases as the ions spread out radially toward lower intensity
regions of the laser field.
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Figure F.4: Simulated fluorescence spectra generated by scanning Azgr; at Aggg =
0 MHz for high and low Psg7 values at (a) Vgr = 180 V, (b) Vgr = 110 V. Note that
in all these simulations Pgge = 5 mW which is in keeping with the power used for
all experimentation. The resulting fluorescence intensities are scaled to correspond
exactly to the population fraction in the 2P /2 state, except at Aggy < 0 where the
crystal melts and intense fluorescence is lost. The mean spectra calculated at the
same power, but different voltages, are virtually identical on this scale.
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We now examine whether a single spectrum at the mean intensity is a good ap-
proximation of a full weighted spectrum. Figure F.4 shows comparisons between
weighted and mean spectra at different 397 nm laser powers for each value of
Vrr. A single simulation run at the mean intensity is a good approximation to
the full weighted spectrum at Vgp = 180 V for both indicated values of Psg; (see
Fig. F.4(a)). These powers represent the extremities of the 397 nm powers used
in our reaction experiments, which are carried out at Vgr = 180 V. However, the
weighted and mean spectra start to deviate slightly at Vgp = 110 V at either value
of Psg7. For example, Fig. F.4(b) shows a peak difference in the steady-state 2P1/2
population of about 1% between the mean and weighted spectra. Some of the
Aqg calibrations were made at Vgr = 110 V due to the fact that a lower radial
trapping voltage facilitates recrystallisation. This is of practical use when a PMT
is being used to collect the ion fluorescence rather than a CCD camera system.
In the fitting process, simulated spectra are scaled in intensity to the peaks of
the experimental spectra. This operation results in an even closer match between
weighted and mean spectra and therefore calibration of the effective laser areas,
Aesr, as described in Chapter 6, will be negligibly affected by a different Vg within
the range 110-180 V. Overall, for our experimental parameters, these calculations
demonstrate the validity of using constant effective areas, A.g, to relate the mea-
sured laser powers to the effective laser intensities (as summarised by Eq. 6.11).
It has been demonstrated that, given our experimental configuration, experimen-
tal fluorescence spectra may be well-modelled by assuming constant average laser
intensities. This means that we can avoid any explicit treatment of spatial inho-

mogeneity in the laser intensities at the scale of a typical Coulomb crystal.

However, if the intensity gradient throughout the crystal does become too large, a
weighted spectrum will strongly deviate from a spectrum calculated at the mean

intensity. This can occur if the dimensions of the crystal are beginning to match
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Figure F.5: Simulated fluorescence spectra generated by scanning Asgr; at Aggg =
0 MHz for high and low Psg; values at (a) Vgr = 180 V, (b) Vgr = 110 V. The
intensities are scaled to correspond exactly to the population fraction in the 2Py /o
state, except at Agg; < 0 where the crystal melts and intense fluorescence is lost.
(c) Hlustrates the 397 nm transverse intensity distributions for these simulations.
The scale reference line at the top of the figure is 200 pm in length, and the crystals
were simulated at Vgr = 180 V (top) and Vgr = 110 V (bottom). Both 397 nm and
866 nm lasers have had their dimensions quartered versus those shown in Fig. F.2,
and therefore o, and o, are a quarter of the values quoted in the text. When the
dimension of the crystal begins to exceed the beam widths the mean spectrum is a
poor approximation of the weighted sum spectrum in both magnitude and overall
form.

or exceed that of the beam diameter, and reflects the non-linear response of the
quantum state populations to the laser intensities. The calculations shown in
Fig. F.5(a-b) are analogous to those performed for Fig. F.4, but involve laser beams
of one quarter the dimension at the same total powers; Fig. F.5(c) illustrates the
transverse intensities for the 397 nm beam relative to the same crystals used in
Fig. F.2. The weighted sum spectra deviate strongly from the mean spectra because
the intensity gradient experienced by the ions is sufficiently large to expose the non-
linear dependence of the quantum state populations to the laser intensities. There

is both a deviation in intensity and the form of these spectra suggesting that the

mean is a poor approximation of the weighted spectrum in this limit. Therefore,
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in this regime, any effective laser cross-sectional areas, A.g, calibrated using fits of
mean simulated spectra to experimental fluorescence spectra would be expected to

be erroneous.

Ultimately, we conclude that, given our particular laser systems and within the
Psg7, Psgs and Vip ranges used in our reaction experiments, it is valid to relate the
total beam powers of each laser to the effective laser intensities via the constant

effective cross-sectional areas, Aem397 and Aegr.g66-
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Appendix G

Comparison of results based on
three- and eight-level OBE

simulations

This Appendix contains a number of figures intended to allow the comparison
of various results produced through the use of the three- and eight-level OBE
treatments. Whilst the eight-level treatment is believed to be a better model of the
experiment, and is therefore relied upon in the determination of the rate constant
results discussed in Chapter 6, it can be seen in Table G.1 that, ultimately, there
are not significant differences between the final rate constants predicted using either
of these two frameworks. This is because, given the experimental parameters, the
variation of the Ca™ total excited state population as a function of the 397 nm laser
detuning does not differ markedly between the three- and eight-level treatments.
However, as shown in Fig. G.3, the eight-level treatment does predict a larger
contribution to the total excited state population from the metastable 2Dy /2 state
— such a difference between these two models would be important if attempting to

separate the relative contributions of the 2P, /2 and 2Dy /2 states to any combined
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excited state rate constants.

G.1 Fluorescence spectra fits based on the three-

level OBE treatment
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Figure G.1: Linewidth determination using the three-level OBE treatment (to be
compared with Fig 6.3). (a) Simulated fluorescence spectra superimposed on an
experimental scan, with (b) zoomed in around the dark resonance. Both frequency
fluctuations and non-zero axial ion velocities are simulated, and laser linewidths
are then determined by matching the spectra around the dark resonance.
Experimental parameters are as follows:

P397 =673 ,LLW, P866 = 5.310 mW, A397/27T = 57.06 MHz or 30 fm.

Additional fitting parameters:

Aeﬂ‘;397 = 011(2) me, Aeff;866 = 114(11) mmz.

For the three-level treatment, the average laser linewidths, determined by the
fitting of simulated fluorescence lineshapes to multiple experimental spectra, were
determined to be I'sg7/2m = I'ses/2m = 6(1) MHz (as opposed to 5(1) MHz using
the eight-level framework). For example, for the spectrum shown in Fig. G.1, the
most accurate fit around the dark resonance is provided by ['sg7/27m = I'ge/2m =
5.5 MHz, where both 397 nm and 866 nm laser linewidths are assumed equal. Using
the three-level treatment, effective laser cross-sectional areas were determined by

fitting simulated fluorescence lineshapes to the same experimental data as for the
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eight-level treatment (see Fig. G.2); these effective areas were determined to be

Aerzor = 0.11(2) mm?, Aegsee = 11.4(11) mm?. Note that whilst these values

2

produce an excellent fit to the data, Aegges = 11.4(11) mm® is deemed to be a

somewhat unrealistic value considering the partial focussing of the 866 nm laser

beam.
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Figure G.2: Three-level OBE simulations overlaid across experimental fluorescence
excitation spectra at the upper and lower bounds of the 397 nm laser powers used in
the reaction experiments (to be compared with Fig. 6.4). Panel (a) shows 397 nm
detuning scans with Aggs/2m = 40 MHz, whilst panel (b) shows 866 nm detuning
scans with Agger/2m = 57 MHz.

Laser powers are as follows:

(a): (i) Pso7 = 600 puW, Psgs = 5.2 mW, (ii) Psgr = 220 uW, Pggs = 5.3 mW,

(b) (1) P397 =670 uW, P866 =5.3 mW, (11) P397 = 220 ,uW, P866 = 5.3 mW.
Fitting parameters are as follows:

Aeﬂ‘;397 = 011(2) me, Aeff;866 = 114(11) mmz, Tz =20 HlK,

FWHM(397):6 MHZ, FWHM(866):3 MHZ, F397 = F866 = 6(1) MHz.
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G.2 Comparison of state populations and rate con-
stants predicted by the three- and eight-level

OBE treatments

—
Q0
Rl
N
—_~
O
N—
N

L r %
c c === "
o 0.8k 1.2 0.8 V| m——-— 2Pw/z
S 15 0
o 0.6 o 06 === T3
w e |w o ===, ,+D
- L = F === T2 a2
2 S
E 0.4+ 4 E 0.4¢
S 13
& So2
O 0.2 T 0.
0 ) -‘ ) ) ) - ) -‘- . ; 0 ) -‘ 'y
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
A,,/2n (MHz A, /21 (MHz
3072 (MH2) 19727 (MH2)

Figure G.3: Comparision of the Ca™ state populations predicted by the three- and
eight-level OBE treatments. Populations are plotted as a function of the 397 nm
laser detuning and calculated at the upper and lower bounds of the 397 nm laser
power used in the reaction experiments: Panel (a) Py = 900 pW, panel (b)
Psg7 = 70 pW. In these calculations the 866 nm laser power and detuning are
constant at values of Pggs = 5 mW and Aggs/2m = 0 MHz respectively.

Solid lines represent solutions from the three-level OBE using the parameters:
F397 = F866 =6 MHZ, Aeﬁ‘;397 = 011<2) mm2, Aeﬂ‘;866 = 114(11) IIlHl2.

Dashed lines represent solutions from the eight-level OBE using the parameters:
F397 = F866 =5 MHZ, Aeff;397 = OO55(3) mm2, Aeff;866 = 190(3) mmz, B=11 G,
a=m/2.

Note that whilst the total excited state populations are similar, the eight-level
treatment predicts a much greater contribution from the metastable 2Dy /2 state.
The three-level treatment predicts similar populations for the 2Ds /2 and 2P, /2 states
at larger 397 nm laser detunings, and this would seem to be incorrect based on a
simple degeneracy argument.
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Figure G.4: Ca' state populations calculated as a function of the 397 nm laser
intensity, Isg7, using both the three- and eight-level OBE treatments. In these
calculations the 397 nm laser detuning is kept constant at a value of Agg; /27 =
20 MHz and the 866 nm laser intensity and detuning are also constant at values
of I ges = 437.7 mW/ cm? and Aggs/2m = 0 MHz respectively.

Solid lines represent solutions from the three-level OBE using the parameters:
F397 = F866 =6 MHz.

Dashed lines represent solutions from the eight-level OBE using the parameters:
F397 = F866 =35 MHZ, B=11 G, a = 7T/2

Over the range of effective 397 nm laser intensities used in our experiments (based
on measured laser powers and calibrated effective areas), predictions of the total
excited state population do not differ markedly between the three- and eight-level
OBE treatments. This suggests that the assumptions drawn in Appendix F using
the three-level OBE treatment also hold in the case of the eight-level treatment.
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