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Abstract

Our group has previously designed and constructed a modular travelling-wave Zeeman de-
celerator [1} 2], incorporating a pulsed-valve supersonic expansion source with dielectric
barrier discharge. The decelerator comprises a set of custom-made flattened helical coils
driven by a bespoke programmable power electronics control system. The decelerator pro-
duces very strong longitudinal magnetic forces that generate an effectively three-dimensional
moving trapping potential, compared to a ‘conventional’ Zeeman decelerator. An additional
transverse focussing field was originally added by a wire quadrupole circuit, with a possible
replacement being constructed from permanent magnets. The decelerator is intended as a
loading stage for a novel hybrid magnetic trap / magneto-optical trap, designed for the sym-
pathetic cooling of atomic or molecular species for which conventional laser cooling is not

an option.

This thesis describes some proposed adjustments and enhancements to the experimental ap-
paratus. A suite of software tools has been developed in order to simulate the various com-
ponents of the experiment. By its nature the travelling-wave decelerator produces a com-
plex signal at a detector and Monte Carlo analysis has been necessary to understand it. For
each part of our simulation process the theoretical underpinning and physical implementa-
tion is detailed. Models for fitting and characterising supersonic beam data are developed
and demonstrated, and applied to the generation of simulated expansions. Key to the op-
eration of the dynamical simulations is a novel interpolation library which is used to solve
particle motion in time-dependent magnetic fields. Computer codes for calculating Stern-
Gerlach type forces in different species are described. The phase-space acceptance of the

decelerator and proposed trap are estimated.

Metastable argon has been guided and decelerated for the purposes of characterising the de-
celerator; data is presented and analysed, showing a demonstrable reduction by ~ 6 % of the
kinetic energy of a portion of the beam. Predictions show that this could be increased to ~
14 % for the decelerator in its current state, and up to = 30 % should be achievable for the

case of argon with a proposed extension of the deceleration stage.
Further predictions are made regarding the deceleration of other species of scientific interest,

including a dual-species beam of hydrogen and lithium. Some preliminary results regarding

the suggested hybrid trap design are given.
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Chapter 1

Introduction and Motivation

Experiments utilising cold and ultracold atoms have found application in such fields as metrology
[3; 4], quantum simulation [3f], and low-temperature chemistry [6} |4f]. They are also of increasing
interest in the search for new physics beyond the standard model [7]. Generally speaking, ‘cold’
means temperatures in the range ~ 1 mK to 1K, and ‘ultracold’ <1 mK. The concept of tempera-
ture being used in this context is the one given by thermodynamics; the ‘translational temperature’ is
a parameter which describes the distribution of particle velocities in a system. Technically speaking,
this definition of temperature requires that the system be in equilibrium, i.e. the particles are fre-
quently colliding with each other so that energy is redistributed, and this is not the case under many
experimental conditions - the work in this thesis is concerned with supersonic expansions, in which
we assume that the atoms or molecules are of low enough density that thermal contact essentially
ceases. Nonetheless, the temperature remains a useful metric for the spread of kinetic energies of

the particles of interest.

Utilising molecules instead of atoms could greatly increase the scope of these areas of research [8,
9], but the trapping and cooling of molecules entails additional challenges. Compared to atoms,
molecules possess rotational and vibrational degrees of freedom, with respective typical energies of
order 10~2 and 10~ eV [10]. One possible route to obtaining samples of low-temperature molecules
is the Zeeman decelerator, which uses time-varying inhomogeneous magnetic fields to manipulate
beams of paramagnetic particles. Our group has designed and constructed a Zeeman decelerator
of the ‘travelling-wave’ or ‘moving-trap’ type [1, 2. This experiment was originally motivated by
efforts to produce quantum simulators from arrays of trapped polar molecules, but could have ap-
plications in the previously-mentioned fields of controlled chemistry and low-temperature precision
spectroscopy. This thesis presents experimental results taken when characterising the experiment,
with a comprehensive set of computer simulations developed to interpret these results.

1.1 Techniques

This section will briefly describe some of the key techniques used in the creation of cold or ultracold
molecules. Roughly speaking, we can distinguish between two types of method; direct, in which a
sample of a molecular species of interest is somehow cooled, or indirect, in which the molecules are

created from their component atoms or molecules, which are themselves first cooled.

Buffer gas techniques produce cold atoms or molecules by injecting them into a cell containing a
cryogenically-cooled carrier such as helium, with typical temperatures between a few hundred mK
to a few K [11]. The species of interest is cooled by thermal contact with the buffer. The buffer gas
cell may be used to produce a beam of particles. As well as being internally cold, buffer gas sources
typically produce beams that are relatively slow in the laboratory frame [12f]; for example, Truppe et
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al. described a buffer source of CaF molecules with a flow velocity of ~ 150 m s~ [13]. Another
common technique is the supersonic expansion (see below), for which typical flow velocities are
likely to be two or three times larger. Where applicable, entrained species may be guided or trapped
by electric [|14] or magnetic [15]] fields. Such guiding offers further control over the population of the
beam via velocity selection. A range of molecular species have been produced in cryogenic buffer
gas beams, such as CaF, MgF, YbF and NO [16]. Recent advances in computer modelling of such

beams have aided in experimental design [|17].

As mentioned above, another common technique for the production of beams of cooled atoms or
molecules is the supersonic expansion. When expanding into a vacuum, particles undergo a super-
sonic expansion if the mean free path between collisions )y is much smaller than D, the diameter
of the nozzle or aperture [|18]. During the expansion there is a rapid redistribution of kinetic energy,
giving rise to a new velocity distribution with a high bulk motion in the laboratory frame but a much
reduced spread of longitudinal velocities. In the classical view the variance of the velocity distri-
bution defines the (translational) temperature of the beam. Strictly speaking this is not applicable
post-expansion since the density drops and collisions cease, meaning that the beam is not in thermo-
dynamic equilibrium; however, temperature is a useful and commonly-used metric when describing
a beam. The source or ‘stagnation’ chamber is typically cryogenically cooled since it can be shown
that the terminal flow velocity vt and terminal temperature 7 are both proportional to the stagnation

temperature Ts [[19]. More detail is given in section[2.2.1]

Although supersonic expansion is therefore a useful tool for making samples of ‘cold’ particles, the
fact that they have fast bulk motion must be accounted for. One approach is to work in the moving
frame, in which the particles have low-energy collisions. For example, Amarasinghe and Suits de-
scribe studying collisions between ground-state and Rydberg-state Xe atoms in a single beam [20].
Similarly, a beam may be produced that contains multiple species; Perreault ef al. studied collisions
in a collimated supersonic expansion of HD and He [21]]. A standard technique in studies of ion
collisions is the merging of beams, with one or both guided with electrostatic or magnetic fields
[22]. Wei et al. proposed utilising this method for beams of cold neutral particles [23]]. Henson et
al. merged beams of Ar and H, with metastable He [24].

Alternatively to working in a moving frame, one can attempt to remove the bulk motion of a super-
sonic expansion. A mechanical method is to use a rotating nozzle to produce the expansion, such
that the rotation counters the bulk motion of the beam, first demonstrated by Gupta and Herschbach
[25, 26]. A related system is the centrifuge decelerator [27]. A different technique to produce
a slow sample from a molecular beam is to decelerate it. Stark and Zeeman decelerators respec-
tively use time-varying electric and magnetic inhomogeneous fields to manipulate beams of atoms
or molecules. The deceleration process does not ‘cool’ a molecular beam in the sense of reducing
the spread of energies of its degrees of freedom, but rather reduces the bulk motion of a packet of
particles that are internally cold but moving with a large mean velocity in the lab frame. The use of
an inhomogeneous field to deflect a molecular beam goes back at least to the experiments of Stern
and Gerlach [28]] in the 1920s, who demonstrated space-quantisation with the magnetic deflection
of a beam of silver atoms. Bennewitz et al. described the focussing of a beam of polar molecules
with electric fields in the 1950s [29]. Moving beyond lateral focussing to attempt to manipulate

the longitudinal velocities of particles in a beam was attempted in several ultimately unsuccessful
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experiments in the 1950s and 1960s [30] and not finally demonstrated until the late 1990s, with the
Stark decelerator described by Meijer et al. [31}(32].

The Stark decelerator operates by creating a series of inhomogeneous electric fields between pairs of
electrodes. A molecular beam is sent between these electrodes, which are switched on and off in se-
quence, providing a continuous ‘hill” of potential energy up which the particles travel. This method
works with polar molecules, i.e. those possessing a permanent dipole moment. The alignment of
the dipole against the direction of the electric field causes it to be in either a ‘low-field-seeking’ or
‘high-field-seeking’ state, i.e. it experiences a force due to the gradient of potential energy in the
direction in which the field strength either decreases or increases. As the beam passes between pairs
of electrodes they are switched off before the molecules can ‘roll down’ the potential hill on the other
side, so that they are constantly decelerated. Meijer et al. reported the deceleration of metastable
CO [31]] and ND3 [33]].

A problem with Stark (and later, Zeeman) decelerators is the undesirable coupling between lon-
gitudinal and transverse motion that causes particles to be lost from the manipulated beam. One
method to solve or at least ameliorate this problem is to operate the decelerator in a mode such that
some of the electrode pairs are used for transverse focussing rather than deceleration, as described
by Scharfenberg et al. [34]. As an alternative, ‘moving trap’ devices were developed, in which a
three-dimensional trapping potential is synthesised and then transported along the beam axis. This
was initially demonstrated in a chip-based experiment by Meek et al. [35] and in a full-scale decel-
erator by Osterwalder et al. [36]. Travelling-wave Stark decelerators have been used to decelerate,
for example, YbF [37] and StF [38]]. Quintero-Pérez et al. describe a combined conventional and
travelling-wave Stark decelerator used to decelerate NH3 and NDj3 [39]. Shyur ef al. reported an
improved travelling-wave decelerator [40]. This was later combined with a linear ion trap and time-
of-flight mass spectrometer [41]. More details on Stark deceleration can be found in Hogan et al.
[42] and Meijer [43]].

The Zeeman deceleration technique is analogous to Stark deceleration but utilises inhomogeneous
magnetic rather than electric fields. The technique works on paramagnetic particles. Since Zeeman
deceleration is the main topic of this thesis the subject will be treated in more detail in sections
232 233 and.6] The effect of inhomogeneous magnetic fields on paramagnetic particles was
demonstrated in the famous Stern Gerlach experiment [28]], with these techniques used in a variety
of beam-steering experiments [29]. Magnetic traps for neutral particles operate on the same princi-
ple as Zeeman decelerators, i.e. they confine paramagnetic particles using Stern-Gerlach type forces.
Initially proposed in the 1960s [44]], they were demonstrated in 1978 with the trapping of neutrons
[45]. In 1985 Migdall et al. demonstrated the first trapping of a neutral atomic species, with laser-
cooled sodium [46]. Although incapable of producing a cooling effect, the magnetic trap may be
useful in confining a sample whilst some other cooling effect occurs. Following the advent of Stark

decelerators in the late 1990s the first Zeeman decelerators were reported in the mid 2000s [47, 48]

Zeeman decelerators are prone to the same issue previously described for Stark decelerators, namely
that coupling between longitudinal and transverse motion causes particles to be lost from the decel-
erated beam. Again, possible solutions are to operate some of the deceleration coils in focussing

mode [49], or the addition of extra focussing elements [50]. Machines with effectively moving
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three-dimensional traps were then reported in the early 2010s with two different approaches to coil
geometry [S1}52]. The experiment described in this thesis falls into the latter category [1} 2]. A
third, radically different field geometry of travelling-wave decelerator has recently been described
[53]. Liu and Luo propose to co-decelerate Li with CHg [54] in a moving-trap Zeeman decelerator
[55]. The Narevicius group has achieved notable success with their experiment, for example re-
porting the deceleration of a dual-species beam of molecular oxygen and metastable argon [56]], the
deceleration and trapping of oxygen and lithium [57, 58], and the deceleration and trapping of oxy-
gen and carbon atoms [59]]. A detailed review of magnetic deceleration and trapping can be found
in Jansen and Merkt [|60].

Reduction of spectral ‘congestion’ may be achieved by eliminating some states from a population.
Jansen et al. describe exploiting the state-selectivity of Zeeman deceleration to reject certain fine-
structure states from a beam of Heq, simplifying the identification of components of the spectrum
[61]. They were able to further simplify matters by utilising non-adiabatic losses in weak-field
regions of the decelerator. Typically these are something to avoid, since they cause magnetically

trapped particles to ‘spin-flip’ to an untrapped state and be ejected from a trap [62].

The method of evaporative cooling works by gradually decreasing the depth of the trap confining the
sample so that the faster particles escape, with the remainder re-thermalising. Evaporative cooling is
an important technique, leading to many significant breakthroughs, such as the first observations of
Bose-Einstein condensation [63} [64]]. As well as atoms, the method has been applied to molecular
species, for example Stuhl et al. reported the microwave-forced evaporative cooling of Stark decel-
erated hydroxyl radicals in a high-gradient magnetic quadrupole trap [65]. More recently Valtolina
et al. have demonstrated evaporative cooling of KRb [[66]]. The nature of the collisions that oc-
cur varies by species and state, and generally it is the case that elastic collisions must dominate over

inelastic. The latter can cause molecules to transition to untrapped states and be ejected from the trap.

‘Sympathetic’ or ‘collisional’ cooling refers to a process in which two species come into thermal
contact when confined together. The trapped species may be some combination of atoms, molecules,
radicals or ions in various types of trap, such as optical [67], radio frequency [68] or magnetic traps
[69]. For example, Lim et al. considered trapping CaF molecules in a microwave trap overlaid with
either Li or Rb atoms in a magnetic trap. The atomic species would then be evaporatively cooled,
extracting energy from the molecules via thermal contact [[70]. Sympathetic cooling of molecules
is, however, strongly dependent on the ability to control the types of collision that occur. Inelastic
collisions can cause changes in internal state of one or more particle, leading them to be lost from
the experiment [71]]. Reactive collisions are also undesirable as they alter the species composition of
the sample. These pathways need to be suppressed such that only elastic collisions occur. Son et al.
recently demonstrated cooling of NaLi with Na in an optical lattice [72]]. Determining the likelihood
of success in such an experiment in advance is complex, since small uncertainties in calculated po-
tential energy surfaces can cause large changes in collision cross-sections [[73|]. Some probabilistic
approaches attempt to circumvent the need for precise knowledge of the potential energy surface, for
example the work of Morita et al. who calculated elastic scattering probabilities for CaH and SrOH
with Li, and SrF with Rb [[74].
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An important technique for atoms since it was demonstrated in the 1980s [75]], laser cooling is more
difficult to apply to molecular species. The operating principle of the technique is the repeated ab-
sorption and emission of photons by the target species. This must occur hundreds or thousands of
times for an experimentally useful amount of energy to be removed from the sample, so the transition
on which cooling occurs must be ‘closed’, i.e. after the an atom is excited by absorption of a photon,
it must decay back to its original level [76]]. Molecules, however, generally have more complicated
energy levels than atoms due to the presence of rotational and vibrational degrees of freedom. This
can result in a large number of decay channels, spoiling the closed loop transitions required for
laser cooling. Even where laser-cooling is in principle possible for a particular species it may be
experimentally very complex to do so, due to the number of different laser wavelengths that may
be necessary in order to repump molecules to suitable states. The first laser-cooling of a molecule
was not demonstrated until 2010, when Shuman ef al. reduced the transverse temperature of a beam
of SrF to several mK [77]. More molecular species have since been laser-cooled, for example YO
[78L79], CaF [80,81,|82], YbF [83], with many more under consideration. More information on the
laser cooling of molecules can be found in Schreck and van Druten [[84] or Softley [9].

Laser-cooling as originally demonstrated was so-called ‘Doppler’ cooling, in which the frequency
of light is detuned below the frequency of the cooling transition. This gives a direction-dependence
on the cooling effect, since the atoms are only resonant with the laser when they move in an op-
posing direction to it, Doppler shifting the light. If this is extended to all directions with three pairs
of counter-propagating lasers the atoms are slowed in all directions, termed an ‘optical molasses’.
Atoms can still drift away from the cooling region, since it is not position-dependent. Adding a
quadrupole magnetic field can add trapping as well as cooling. Unlike the purely magnetic trap,
the restoring force is not based on Stern-Gerlach effects, but rather the position dependence of light-
scattering [85]]. Such ‘magneto-optical traps’ or MOTs are a standard tool in atomic physics, and can
be extended to molecular species that are laser-coolable, for example SrF [86]], CaOH [87 88|, CaF
[89,[90]], or YO [91]]. Dual-species MOTs have existed for some time with atomic species, e.g. Rb /
Ar [92], Yb/ Cs [93] or Na / K [94]], and more recent work is extending this to include molecules,
e.g. Rb/ CaF [95]]. Some reviews of laser-cooling of molecules can be found in McCarron [96] and
Tarbutt [97].

Optoelectrical cooling of polar molecules is an example of a ‘Sisyphus’ technique described by Zep-
penfeld ez al. in 2009 [98]] and realised for molecules in 2012 using CH3F [99]. The molecules are
held in an electric field trap with a shallow bottom and steep sides, creating a state- and position-
dependent potential. In the centre of the trap the molecules are optically pumped to the more strongly
trapped state, and as they move to the outer parts of the trap an RF field drives them to the more
weakly trapped state. They therefore have a lower potential and do not regain the energy they lost
when moving away from the centre of the trap. This method avoids one of the key difficulties of
laser-cooling, namely the requirement for many iterations of the cooling transition, since the energy
loss is very high. Compared to the hundreds or thousands of cycles needed in laser cooling only
several or even one cycle may be required to reach a target temperature.

Zeeman-Sisyphus deceleration is a related technique, combining a spatially-varying magnetic field
with optical pumping. A beam of molecules in a low-field-seeking state climbs up a magnetic ‘hill’,
analogous to the operation of a conventional Zeeman decelerator, but rather than the field being
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switched off before they roll back down the other side they are optically pumped to a high-field-
seeking state so that they are still going uphill. The reverse happens as they reach the next potential
maximum. Fitch and Tarbutt described this system in application to CaF [[100]. Augenbraun et al.
demonstrated the deceleration of a beam of CaOH to speeds suitable for magnetic trapping with
such a machine [101]]. This was later extended to YbOH [102]. A Zeeman-Sisyphus decelerator is
currently being built at Durham in the group of H. Williams.

Photoassociation is a method of assembling cold molecules from laser-cooled atoms. Two scattering
atoms are driven into an excited bound state by a laser [103[]. If the bound state is not to decay
back to unbound atoms it must de-excite into a molecular ground state. Homonuclear interactions,
in which the two atoms are of the same species, tend to have higher reaction rates than heteronuclear
interactions but heteronuclear dimers are more likely to spontaneously decay to a bound ground state
[[L04]]. These two factors somewhat cancel, so that rates of both types of association are comparable.
All-optical production of Sro has been demonstrated [[105] |106]], as well as NaCs [[107]. Franzen
et al. recently investigated the possibility of photoassociation of YbRb [108]. As well as the for-
mation of dimer molecules from the photoassociation of two atoms, there has been interest in the
possibilities of assembling trimers, for example Rbs created from 3 Rb atoms or an Rbs molecule
and an atom [[109]. Another study has considered the association of NaCs with either Na or Cs [[110].

A similar approach to photoassociation is magnetoassociation, which utilises Feshbach resonance
[L111|112]]. In this case an applied magnetic field is used to drive the colliding atoms into a bound
state [[113]]. This is a widely used technique for the creation and study of ultracold molecules, al-
though it is limited to those constituent species that can be laser-cooled (or otherwise brought to
the ultracold regime before association). The excited molecules may be driven to ground state by a
method such as ‘STIRAP’, stimulated Raman adiabatic passage [|114], rather than relying on spon-
taneous decay. It is typically applied to alkali / alkali earth species. Many species have been studied
using Feshbach association, for example NaK [115]], NaLi [[116} [117], NaCs [118]], NaRb [112],
RbCs [119]]. Work is being done to investigate Feshbach resonances in combinations such as Yb /
Li [[120]], Cs/ Yb [[121]], Rb/ Yb [[122]. There is also interest in the possibility of forming triatomic
molecules via Feshbach resonance, for example with Rb and CaH [123]. Alternative methods to

Feshbach association have been demonstrated, such as associating atoms in a dipole trap [124].

Whereas the indirect methods photoassociation and magnetoassociation produce a cold molecular
species by assembling it from cooled atoms, the photostop method instead breaks down an exist-
ing molecular species [[125]. A molecular beam of some precursor species is photodissociated to
produce ground-state product species, which move away with some recoil velocity. The laser wave-
length and beam velocity are tuned so that the recoil of the daughter species moving counter to the
original flow direction cancels out the parent flow velocity, producing particles that are almost sta-
tionary in the laboratory frame. The method was proposed in 2007 by Matthews et al. [|126] with
a proof-of-concept experiment reported in 2009 by Zhao et al. [|127], in which slow NO molecules
were produced from NO,. This latter experiment was repeated more successfully in an independent
result in 2011 described by Trottier ef al. [[128]]; in the same year atomic Br was produced from Bry
via photostop [129]. Rowland reported using photostop to produce SH from HsS in 2013 [130]]. In
2017 Eardley et al. [|131]] extended this work by trapping SH in a magnetic trap, and also produced
O from NO, and trapped it [132].



1.2. MOTIVATION 7

1.2 Motivation

Cold atoms and molecules have broad application in precision spectroscopy. Their reduced Doppler
widths and cold internal degrees of freedom reduce the uncertainty in measurements. These can
be compared with ab initio calculations [133]]. Spectral resolution is affected by broadening due to
Doppler effects and the interaction time of particles with the applied fields that drive transitions of
interest. A transition with central frequency 1y is Dopper-broadened such that its full-width half
maximum (FWHM) vp is related to the particle velocity component parallel with the field v [134]:

vp = QVQ\/IHQ% (12.1)

The transit-time FWHM broadening Avr is also proportional to the particle velocity. Supersonic
beams can provide a usefully collision-free environment, and are generally collimated by passage
through a skimmer which reduces transverse velocity components, reducing Doppler broadening
perpendicular to the beam direction. Depending on the species such a beam may be Stark or Zee-
man decelerated to reduce the mean longitudinal velocity. Improved spectral resolution through
reduction of transit time of a Stark-decelerated beam was demonstrated by van Veldhoven et al.
[[135] using ND3 in 2004, and by Hudson et al. using OH in 2006 [[136]. In 2018, Semeria et al.
were the first to achieve such a result with Zeeman deceleration, using metastable Hes [[137]].

Cold molecules are of interest in the search for new physics. Much work has been done to measure
the electric dipole moment of the electron (‘eEDM’), in tests of the Standard Model. Various mod-
els predict different values that this moment should take, and experiments have been performed to
place constraints on its value. Typically these experiments search for energy shifts arising from the
interaction of the eEDM with external electric fields, an effect which is enhanced by performing the
measurement on a heavy and paramagnetic species [[138]. Kara et al. used a supersonic expansion
of YDF [139], later improved upon by Ho et al. [[140]. Cairncross et al. and then Roussy et al. used
HfF+ molecular ions [[141} [142].

At low temperatures the effects of external fields can dominate the collision energy of molecules,
allowing the possibility of controlling collisions. Many chemical reactions are inhibited by an ac-
tivation energy barrier and so at low temperatures they are classically forbidden. Cold molecule
experiments may allow study of the quantum mechanical nature of chemical reactions, for example
in crossed-beams [143]]. Other non-classical effects such as resonances or reflections may be studied
in, for example, merged beam experiments [24]. Studies of gas-phase molecular energy transfer
and chemical reactions at very low temperatures can be applied in modelling interstellar molecular
synthesis [144]. Deceleration can produce low-velocity beams with relatively few quantum states
present, allowing more precise study of reactive, elastic or inelastic collision processes, for example
in crossed beams of xenon with Stark-decelerated OH [145]]. For a recent review of the prospects of

ultracold chemistry see Heazlewood and Softley [4].
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Another area of study that utilised cold atoms and molecules is quantum simulation. This field ar-
guably originated in 1982 when R. Feynman suggested that using classical computation to study
quantum phenomena was not entirely feasible [[146]]. This arises from the vast number of long-range
interactions between all the particles in a many-body system. Bulk effects such as high-temperature
superconductivity are thus almost impossible to understand precisely. Feynman proposed using sys-
tems of interacting quantum particles prepared in specific states with tunable, shorter-ranger interac-
tions. Rather than attempting to generate and solve a specific Hamiltonian classically, an analogous
Hamiltonian could then be engineered on this simulator and used to infer information about the
‘real” problem system [[147]]. Molecules can have much more complex energy levels than atoms, as
mentioned in the context of them being difficult to laser cool, but for quantum simulation this offers
an opportunity since they can potentially be used to model a wider variety of physical systems [[148],
149]. Recent proposals suggest that molecular spin ‘qudits’ offer a powerful technique to create

quantum simulators [[150].
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1.3 Aims Of This Project And Thesis

As stated earlier, the initial research goal of the decelerator project was related to quantum simula-
tion, namely the production of a cold beam of a species such as CaF that could be trapped and further
cooled in a molecular magneto-optical trap. The focus shifted towards cold chemistry and a study
of collision dynamics with species such as Li and CaH, which could be decelerated and loaded into
a proposed hybrid trap, the MT-MOT (see chapter[5). More recently, we have been working towards
applications in the search for new physics via precision spectroscopy, specifically considering decel-

eration and sympathetic cooling of atomic H using Li.

Key to these goals is proving the viability of the travelling-wave Zeeman decelerator that we have
constructed, characterising its performance and making predictions of its capabilities, both as it is
and with proposed upgrades. Previously, we did not have a good understanding of the data be-
ing produced by the experiment, because the multiple-trap design by necessity produces a complex
output signal, with multiple flight profiles superimposed. This thesis concerns the development of
simulation methods to allow us to untangle these results and provide a good quantitative, as well as
qualitative, description of our data. These methods have been fed back in to selecting operational
parameters for the decelerator, allowing us to take better data. Chapter [2| gives a review of the de-
celerator design and operational theory. This includes the source, deceleration stage, and detector.
Details of how these components are simulated is given in detail in chapter [3] which also applies
these methods to real experimental data, namely the guiding and deceleration of metastable argon.
Chapter [] gives some detailed predictions regarding potential performance of the decelerator in the
case of argon, which our simulation codes have facilitated. Also included are analyses of various

effects in the experiment that were not previously well understood.

Chapter [5 gives some outlook for the experiment, including some modifications to the decelerator.
Predictions related to future work, specifically the deceleration of species relevant to the goals of
cold chemistry and the search for new physics, are given. The proposed MT-MOT is described,
briefly. This was studied in previous work by the current author [[151]], and subsequently by other
members of the group using some of the computer codes developed and described in this thesis.
Some results related to this subject are also presented here.



Chapter 2

Decelerator Experimental Theory and Design

This chapter will discuss the components of the Travelling-Wave Zeeman Decelerator, including
pulsed-source Even-Lavie valve, deceleration coils, transverse focussing quadrupole guide, and
microchannel-plate detector, as shown in the schematic in figure 2.1} For further details on the vac-
uum system, the Even-Lavie valve and the General valve that it replaced see Mizouri [|1]. For further

details of the deceleration coils, electromagnetic quadrupole and power electronics see McArd [2].

2.1 Experimental Layout

The source chamber contains the Even-Lavie valve, which has a cooling jacket fed by a total-loss
liquid nitrogen system. At right angles to the valve nozzle is a filament for injecting thermal elec-
trons into the source to help stabilise the dielectric-barrier discharge when producing metastable
argon; this is powered by a small constant-current DC supply running at 3 V with a typical current
of 2 A. Also present is a fast-ionisation gauge (FIG) on a swivel which can be rotated into the path
of the molecular beam as it exits the skimmer. A turbopump backed by a rotary pump evacuates the

chamber.

Exiting the source chamber is a stainless steel tube through which the sample passes to the detection
chamber. The deceleration coils, formed as pairs of flattened helices, are located above and below
the tube (outside of vacuum). There are currently 4 modules, each connected as 4 individual phases.
The overall length of the deceleration stage is ~ 0.5m, and the system is designed in a modular
fashion so that extra modules could be added. Machined cooling blocks with feeds for a closed-loop
chilled water supply sit above and below the coils. An additional quadrupole guide provides trans-
verse focussing; initially this was formed of eight long wire segments in one circuit of approximately
600 A at 37 V DC. This was removed, and is due to be replaced by a series of custom-manufactured

permanent magnets.

The detection chamber, also evacuated by a turbopump / rotary backing pump, currently contains a
microchannel-plate (MCP) detector, which is connected to an oscilloscope via a bespoke impedance-
matching buffer amplifier. This was used for characterising the detector with metastable argon, and

can be swapped out for a quadrupole mass spectrometer (QMS) when working with other species.

10
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Figure 2.1: Schematic of the Travelling-Wave Zeeman Decelerator. Shown are the differentially-
pumped source and detection chamber, the Even-Lavie valve with dielectric-barrier discharge, paired
twin flattened helical decelerator coils, quadrupole guide and microchannel-plate detector. Image
reproduced from L. McArd .
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2.2 Beam Source

This section gives a brief overview of the theory of supersonic expansions, and the apparatus we use

to generate such an expansion.

2.2.1 Supersonic Expansion

We utilise a pulsed supersonic expansion source based on a cryogenically cooled Even-Lavie valve.
In the context of molecular beams produced by expansion into a vacuum we can consider the two
limiting cases defined by the relationship between the mean free path A\ (or distance between col-
lisions) of the constituent molecules, and the diameter D of the nozzle of the valve used to produce
the expansion. For Ay > D there is little redistribution of particle energies during expansion, such
expansions are termed ‘effusive beams’. At the opposite end of the scale (A\g < D), a ‘supersonic
expansion’ [|18] essentially rearranges the distribution of molecular energies to produce a packet of
particles that are internally cooler at the expense of moving at a high central velocity in the labo-
ratory frame of reference. The following description, whilst strictly only applicable to an idealised
continuous expansion, captures some of the essential features of the system that are relevant to our
goals. Starting with a sample in a stagnation chamber at a temperature 75 and a pressure of several

bar, the distribution of molecular speeds v of the sample can be described by a Maxwell-Boltzmann

1 3/2 —v?
2
fs(v) =4r (27m§> v” exp (20'§ ) . 2.2.1)

This is a Gaussian with variance O'g, defined in terms of the Boltzmann constant kg, and the mass m

speed distribution:

and temperature 7 of the molecules in the sample:

kp T
ol =25 (2.2.2)

m

The valve opens to allow an isentropic expansion into the source chamber. The escaping molecules
are initially dense enough for rapid re-thermalisation, but the chamber must be at a sufficiently
low pressure; shockwaves diminish the expansion, and in order for the isentropic condition to be
valid collisions between particles in the beam must dominate over collisions with the chamber back-
ground. Early implementations of supersonic expansions were continuous beams and suffered these
problems [[152f]. Utilising a pulsed source improves the situation since the valve repetition rate can
be set to minimise the background pressure. A ‘clean’ unhindered expansion is also helped by the
valve being open for a time shorter than the typical time taken for a particle from the beam to reflect
from the chamber wall [[153]]; the short opening times (= 20 - 30 us) achievable with an Even-Lavie
valve facilitate this. Our system is differentially pumped, with the source chamber held at a back-
ground pressure of order of 10~7 mbar. When working with argon a typical repetition rate of 2 or
3 Hz is used, during which the pressure in the source chamber rises by an order of magnitude. The
valve and pumps are capable of a higher repetition rate without adversely effecting the expansion,
but we utilise a dielectric barrier discharge (DBD) incorporated into the valve body to energise argon
to a metastable state, along with a thermal-emission filament to inject electrons into the beam to help
stabilise the discharge. Both of these cause heating in the valve, and keeping the repetition rate low
helps mitigate this. As will be shown, it is desirable to produce as cold a source as possible in order

to achieve slower, internally colder beams. A skimmer cores the beam immediately post-expansion,
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removing the outer parts of the packet for which the adiabatic assumption is least valid. As the
packet expands the density drops until the rate of collisions essentially reaches zero, producing a
‘terminal’ speed distribution of the form [[154]:

fﬂv)=‘®r<—l>3m1ﬂexp(_{v__vﬂ2). (22.3)

271’0% 20%
The packet of molecules is now moving in the laboratory frame with a mean velocity vt and a
narrower variance a%, since the terminal translational temperature Tt < T§:
ks
o2 =BT (2.2.4)

m

This is making a simplification that the radial and longitudinal temperatures are approximately equal;
this is not too important since the skimmer constrains the range of possible transverse velocities. It
would be more accurate to describe the supersonic expansion in terms of a velocity distribution [[155]]
in which the particles now have some distribution of radial / longitudinal velocity components v, /

v, with variance O’%T / O’%Z (and therefore temperatures I . / T .):

1/2
1 1 v2 (v, —vr)?
T o ) 2.2.5
fr(v) 27“7%,r (271’0%@) exp ( 20’%,T 20%,2 ( )

For our purposes, however, we can use the terminal temperature 7. The average total molar energy

(E) is given by the sum of the enthalpy H and the kinetic energy F due to the bulk motion of the
atoms. Enthalpy is defined as H = U + PV, the internal energy U plus the work done at pressure P
to change the molar volume V. The total energy (E) is conserved so the states in the source chamber

and in the supersonic expansion can be compared:

Hs + Exs = Hr + Ex 1. (2.2.6)

The enthalpy change AH = Hg — Hr can be shown to be equal to the kinetic energy of the terminal
bulk motion, since the bulk motion in the stagnation chamber is zero:

AH = Fyr. (2.2.7)
Namu2

The kinetic energy Ext = , where m is the particle mass and N, is the Avogadro number,

giving the velocity vt in terms of AH:

OAH\ 2
W(Mm) ‘ (2.2.8)

The temperature 7" can be related to the enthalpy H via the relation T' = ¢, H, obtained by assum-
ing that the isobaric heat capacity ¢, = (0H/OT), has negligible dependence on temperature or

pressure, So:

2¢,AT\"/?
f . 2.2.
vr ( Nam ) (22.9)

Equation is of limited applicability in the context of a supersonic expansion, in which AT is
typically large; for example, when using argon in our Even-Lavie valve we observe AT =~ 130 K,
over which range ¢, varies significantly. The approximation can be improved by including the
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constant volume heat capacity ¢,,, which is related to ¢, by ¢, = ¢, + R and v = ¢, /c,,, where R is

the gas constant, and also considering 71 << T5:

ORNTs  \/?
= — . 2.2.10

o= (2 ) (2210
The ratio ~y takes the value of 5/3 for ideal monatomic species and 7/5 for ideal diatomic species.
Variations in ¢, and ¢,, when considering a real system partially cancel each other out.

The Mach number M is the ratio of gas flow speed to the local speed of sound ¢, with:

1/2
c= <7kBT> . 2.2.11)
m

By definition, in a supersonic expansion the Mach number is greater than unity. Various factors
determine the value of M for a given expansion, including the dimensions of the valve, the pressure
and temperature of the source, the species involved, and the cross-sections of the various possible
collisions, whether elastic or inelastic. The temperatures 75 and 77 can be related using the Mach
number [[19]:

-1 -1
Tp = Ty (1 n 72M2> . (2.2.12)
Equations[2.2.10|and [2.2.12]illustrate the dependence of vt and Tt on Ts, and hence the importance

of a cold source in order to make slow, internally cold beams.

2.2.2 Even-Lavie Valve

We utilise an Even-Lavie pulsed valve [[156] in order to produce a supersonic expansion beam. Some
background on supersonic beams is given in section[2.2.1] The valve incorporates a dielectric-barrier

discharge (DBD) unit which can be used to excite certain species into metastable states, see section

223

-6 mm

lw——— 150 mm

Valve

12 lmm Skimmer
—— -

DBD

Figure 2.2: Internals of source chamber, Even-Lavie valve with dielectric-barrier discharge and
skimmer. Defining the origin of the beam propagation axis at the front of the valve housing, the
valve nozzle is at —6 mm.

The experiment initially utilised a General Valve with a glow discharge system [/1]] but later moved

to an Even-Lavie valve [2]]. The latter produces a high-density, short duration gas pulse due to hav-
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ing an opening time of order ~ 30 us. The valve is cooled via a total-loss liquid nitrogen system,
typically reaching temperatures of order ~ 140 K. Working with 3P2 metastable argon at a backing
pressure of 6 bar produces a beam with a translational temperature ~ 6 — 8 K moving in the labora-
tory frame with a flow velocity of 2~ 350 — 400 ms~1; see sectionsandfor details of how

these parameters are extracted from experimental data.

Figure [2.2] shows a schematic of the valve assembly (see also figure [2.T)). The rear of the valve is at
the left, which is where the gas feed line is connected. The cooling jacket (not depicted) surrounds
the main body at the front. Also not depicted are the electrical connections for the valve actuator,
DBD and thermocouple temperature probes. We define the beam propagation direction along the z-
axis from left to right, with the origin at the front face of the valve. The emission nozzle is recessed
so that the atoms enter the beam at ~ —6 mm. The DBD is 12 mm in length; as described in section
[3.2] the supersonic expansion should have completed by the time the gas packet passes through this.
The atoms pass to the skimmer, which is located 150 mm downstream and has a 4 mm diameter;
this serves to ‘core’ the beam, removing atoms with high transverse velocities. Skimmer placement
can be very important in experimental setups such as this, so as not to adversely affect the beam

expansion [[157]], and the layout shown has been found to work well for our apparatus [2].

1 and translational

Our group previously reported [2] estimated flow velocities ~ 330 — 370 ms™
temperatures of ~ 3 — 4.5K for argon, compared to values of ~ 320ms~! and ~ 1.5 K given in
Even [[157]. Firstly, it is worth noting that Even was working at stagnation pressures of 50 bar and
valve temperatures of 130 K, and that the numbers quoted were estimated assuming a pure adiabatic
expansion. Secondly, our previously published figures are almost certainly under-estimates; we have
subsequently developed more accurate models for fitting our data, as discussed in sections [3.1.1]and
Characterising molecular beam experiments such as this can be difficult, and dependent on the

dynamical model used.

2.2.3 Dielectric Barrier Discharge

Molecular beam experiments often employ some mechanism to excite atoms or molecules, produc-
ing ions or radicals. When working with argon this is necessary for two reasons; firstly, in order
for the decelerator fields to manipulate the atoms they must be in a paramagnetic state, and sec-
ondly in their ground-state they do not possess sufficient energy to trigger the microchannel-plate
detector (section [2.4.2)) Detection would therefore require an alternative technique such as multi-
photon ionisation. This would also be needed for proposed hydrogen experiments. Earlier versions
of our experiment utilised electric discharge excitation [1]], in which an applied potential between
electrodes ionises atoms to produce a mixture of atoms and plasma. In this environment some atoms
are excited to useful metastable states via collisions. We now utilise a dielectric-barrier discharge
(DBD) which is attached to our Even-Lavie valve. The DBD is formed of concentric electrodes with
a dielectric sandwiched between them, and the beam passes through the centre. This produces a
more uniform excitation with less heating [158]). Since the flow velocity of a supersonic expansion
correlates with the source temperature this is beneficial. The discharge is initiated by applying a
series of radio-frequency pulses to the outer electrode, with parameters such as the number of pulses
and frequency controlled via a software interface.
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2.2.4 Stability of the Source

When characterising the decelerator with metastable argon produced in the Even-Lavie valve /
dielectric-barrier discharge, we experienced problems with fluctuations of the time-of-flight signal
received at the microchannel-plate detector. We were able to largely eliminate the effect of these
fluctuations from our data by taking each data set as an average over 40 individual signals, with the
averaging performed directly on the oscilloscope before the data were saved to file. The pulse rate
of the decelerator is variable, and we typically operate it at 2 Hz to reduce the heat load in the valve
arising from the operation of the discharge. Running 40 sweeps of each set of parameters is not a
significant experimental handicap, since reconfiguring the field-programmable gate array (FPGA)
controller for the decelerator power electronics for a new set of parameters takes several minutes

anyway.

Fluctuations in the signal may have several root causes such as an excessively high background
pressure interfering with the gas pulse expansion, or ringing on the detector circuit caused by an
impedance mismatch between the detector and the oscilloscope (see section 2.4.3). More likely
is instability in the excitation scheme. In the first iteration of our Zeeman decelerator a General
valve was used [|1], this was fitted with a thermionic-emission filament [[159] to assist with the glow
discharge mechanism. Such a system was not originally installed with the Even-Lavie valve but
was added to see if it would improve the shot-to-shot stability. The unit used is an Agar Scientific
AGA092 which is mounted inside the source chamber, off the beam axis and pointing toward the
valve assembly. The filament is connected to a variable output power supply that operates at 2 V and
0—-3A.

0A o=342e-02 1.25 A, 0 = 8.98e-03 1.50 A, o = 7.78e-03

0.5 1.0 0.95 1.00 1.05 0.95 1.00 1.05
1.75 A, o = 8.15¢-03 2.00 A, 0 = 7.53¢-03 295 A, 0 = 7.30e-03

Number count / arbitrary units

0.95 1.00 1.05 0.95 1.00 1.05 0.95
Shifted integrated signal / arbitrary units

Figure 2.3: Effects of the electron-emission filament on shot-to-shot stability for metastable argon,
for different values of the filament current. For each plot 1000 signals are captured, their integrated
areas are histogrammed and then fitted with a Gaussian to extract the standard deviation o. Currents
of > 1.25 A give a factor of ~ 4 increase in stability.

In order to quantify the effects of the filament we ran the beam with the electronics disengaged
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such that the beam passed through the decelerator to the MCP with no manipulation. No cooling
was applied to the valve. Disabling the averaging function on the oscilloscope we collected 200
sets of data with the filament switched off, then 200 with it activated for each of several different
current values. The whole process was repeated 5 times to give 1000 samples for each value of the
current; the data files were trimmed to only include the points bracketing the signal peak, and were
then numerically integrated using Python. When our source has been operating for several hours
the beam properties drift; in order to remove any effects arising from this each block of 200 data
points was normalised against the mean value for the block. The data were combined and fitted with
Gaussian functions using least-squares fitting to extract values of the standard deviation. The results
are shown in figure 2.3] which shows that even a moderate current through the filament improves
the stability of the discharge by a factor of approximately four. There is little point in driving the
filament at its highest output, and it is in any case worth running at as low a current as possible for
two reasons; to increase the lifespan of the filament, and to reduce the heat load into the valve. Even

at &~ 1.25 A there is a noticeable effect on the temperature of the source over time.
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Figure 2.4: Effects of the electron-emission filament on signal intensity and arrival time for
metastable argon, for different values of the filament current. The electron injection greatly in-
creases the number of atoms detected, with the signal peak increased by almost 50 %, but at the
expense of also increasing the beam flow velocity. See section [2.2.1] for the effects of increased
source temperature on supersonic expansions.

This analysis tells us nothing about the effects of electron injection on the beam temperature and
intensity. To quantify this, we took a block of 200 time-of-flight data samples for each of the listed
values of the filament current and averaged them, and they can be compared as in figure 2.4] A
significant increase in the number of metastable argon atoms triggering the detector can be seen for
all values > 1.25 A; however, there is also a decrease in arrival time and hence increase in beam
velocity. Fitting the data with the model given in section [3.1.1] gives an estimated beam velocity of
693 m s ! and translational temperature of 5.2 K when the filament is off; for the data with 1.25 A
these values increase to 703ms~! and 5.6 K. These tests were conducted with the valve at room
temperature, whereas under normal operation the cryogenic cooling system would be active. With
the valve cooled we have not repeated this work in as much detail, but comparisons of a few sets of
data taken with and without the filament active suggested that for a cooled beam the effects on the
beam flow velocity and translational temperature are negligible, and compensated for by the increase
in stability and amplitude of the detected beam. The values given for argon in section[2.2.2](~ 6 —
8 K /a2 350 — 400 m s~ 1) relate to the beam with the filament active. All experimental data utilising

argon presented in this thesis were taken with the filament active at 1.2 A.
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2.3 Zeeman Deceleration

2.3.1 The Zeeman Effect

Shifts in the energy levels of an atom or molecule in the presence of an external magnetic field are
key to a broad range of experiments involving trapping or deceleration of said particles. A brief
overview of the principles of these phenomena is given in this section. The incorporation of these

effects into our computer simulations is described in section [3.4]

The field of magneto-optics, or the study of the effects of magnetic fields on light, stretches back
to at least the 1840s and the work of Faraday. As well as his well-known discovery of the effect a
strong magnet had on the polarization of light, in 1862 Faraday conducted an experiment in which
he searched unsuccessfully for an effect induced in the spectrum of a flame by the application of a
magnetic field [[160]. Some decades later Zeeman read of the null result of Faraday and decided to
repeat the experiment [[161]], and in 1896 he showed that the D-lines in sodium spectra were broad-

ened in the presence of a magnetic field [[162].

In response to the work of Zeeman, Lorentz predicted that the broadening was actually a splitting of
the lines into doublets or triplets, depending on the orientation of the viewing apparatus with respect
to the applied field. Although the structure of atoms was at the time unknown, Lorentz made the
assumption that they contained some form of oscillating charged particle. In a magnetic field these
charges would experience a force acting transverse to their motion (the ‘Lorentz force’); depending
on the orientation of the atom with regard to the field this gives two additional rotational frequen-
cies, one smaller and one larger than the frequency in the absence of the external field. Parallel to
the field, this gives a doublet of spectral lines with opposite circular polarisation. Perpendicular to
the field a triplet is seen, one line with the unperturbed frequency, and one each above and below it,
all linearly polarised [85]]. Zeeman soon confirmed these predictions in experiments with cadmium,
thus also providing early evidence for the existence of the electron (which was explicitly detected

the following year by J. J. Thomson).

The explanation of Lorentz was soon shown to be incomplete, however, when further experiments
were conducted by Preston in 1897 [[163} [164]. Preston found higher order splitting of spectral
features which could not be accounted for classically. This ‘anomalous’ (as opposed to the original
or ‘normal’) Zeeman effect defied ready explanation for years, with the required pieces of the puzzle
falling into place only over the next three decades as the first components of quantum theory were
developed. An atom with a magnetic dipole moment gt experiences an energy perturbation in an

external field B dependent on the orientation between p and B:

U=—u-B. 2.3.1)
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Departing from the classical view, in what came to be called the ‘old’ quantum theory Bohr devel-
oped a model of the atom as having only discrete allowed levels or ‘orbitals’ that electrons could
occupy. This explained the discrete nature of spectroscopic lines, but also predicted that the orbital
angular momentum of the electrons in the atom is also quantised along the measurement axis, and
so the atomic moment can only take certain fixed values with regard to the direction of the applied
field. This was not enough to complete the picture until the concept of ‘spin’ was introduced. In
1921 Compton was the first to suggest that electrons possessed some extra form of angular momen-
tum that came to be called spin [165]], although it has no direct analogue in the classical world. The
idea was developed by Pauli, who in 1925 described how such a two-valued parameter would resolve
the problem of the anomalous Zeeman effect [166]; the external field couples to the orbital and spin
momenta of the electrons, producing the extra energy level splitting that Preston had discovered.
Additionally, coupling between the orbital and spin moments of the electrons with each other and
with the spin (if present) of the nucleus contribute to the ‘fine’ and ‘hyperfine’ structure which had
also puzzled spectroscopists. The total moment of the atom is a combination of several components.
Beginning with the moment ¢, arising from the orbital angular momentum L, with a g-factor gr.:

R —e - L
fir = gL = —grup—, 232)
2me, h
. eh
where e and m, are the electron charge and mass, and up is the Bohr magneton pp = o The
Me
spin S likewise produces a moment gt g with spin g-factor gg: ‘
X —e 4 S
s =gs S=—gsup—. (2.3.3)
2me, h
Lastly, the nuclear spin I has moment g1,
. e s I
for = gr5— I=grun+, (2.3.4)
mp h

with g-factor ¢ and nuclear magneton pn = eh/2m,, where m,, is the proton mass. The external
field couples with these three angular momenta giving the Zeeman energy shift which can be written
as the Hamiltonian operator:

g, MB(f ) . B — MNi.
Hyzee = N (gLL+gsS) B hI B. (2.3.5)

This can be simplified by noting that g;, = 1 and gg ~ 2. The nuclear magneton is smaller than
the Bohr magneton by m,/m., i.e. three orders of magnitude, so that the last term may often be
neglected. Defining the space quantisation axis along which B is aligned as being in the direction of

z so that B has magnitude B, we obtain:

HZee =

] ”BHB : (EZ + 2SZ) . (2.3.6)
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The normal Zeeman effect is the limiting case when the net electron spin is zero, with the anomalous
effect being more general; however the historic nomenclature has remained in use. The magnetic
moments associated with the spin and orbital angular momenta interact, and if an applied field has
an effect smaller than this interaction then L and S are not individually conserved, and instead
effectively precess around the total angular momentum J = L + S. Under this ‘LS-coupling’ the
atom has an effective magnetic moment g ; and g-factor g, and the Zeeman Hamiltonian can be

written:

Hypo = BBI77272 (2.3.7)

LS-coupling breaks down in fields strong enough that the energy splitting is comparable to the spin-
orbit interaction, and energy shifts are determined by the ‘Paschen-Back’ rather than Zeeman effect.
No further consideration of the Paschen-Back effect will be given, since the field strengths required
for this decoupling are typically large for all but the lightest species. For example, much of the work
in this thesis involves *P,, argon in which the spin-orbit coupling gives rise to an energy splitting of
~ 0.1eV; to reach an equivalent level according to equation [2.3.8] would require a magnetic field

strength of ~ 1000 T, compared to ~ 0.5 T in our decelerator.

Methods of solving the Hamiltonian will be discussed in section[3.4} for now we will simply consider
some results, using ground state silver as an example. In the 281 /2 term L'=0so J = S but retaining
J in[2.3.7|makes it more general. Silver has nuclear spin I = 1/2, this gives four sub-levels which in a
moderate strength magnetic field can be labelled by the projection numbers m; and m ;, both taking
values +1/2. Neglecting the interaction of the nuclear spin with the external field, as described

above, the Zeeman shift is approximately given by:

AE =~ gyjugmy B,, (2.3.8)

as shown in figure [2.5] This is known as the ‘hyperfine Paschen-Back’ regime, commonly used in
spectroscopy. If the field is inhomogeneous, this gives rise to a force:
dAFE dB,
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Figure 2.5: Zeeman splitting of ground-state silver as a function of applied magnetic field. Depen-
dent on their projection quantum number the sub-levels will experience force in an inhomogeneous
field due to the gradient of potential energy; these are often called ‘low-field seeking’ or ‘high-field
seeking’. This is the basis of the Stern-Gerlach effect, the operating principle of Zeeman decelera-
tors.
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This was the basis of the 1922 experiment of Stern and Gerlach [28], who used inhomogeneous
magnetic fields produced by shaped magnets to deflect beams of silver atoms. In modern times this
work is often presented as the archetypal proof of electron spin, but at the time it was conducted spin
was not known. The experiment was designed to look for quantisation of orbital angular momen-
tum (in fact, Stern was hoping for a negative result to disprove quantum mechanics, about which he
was sceptical). The interpretation of the results was that quantised orbital angular momentum had
indeed been found; this was later shown to be incorrect since ground-state silver atoms have L =
0. Nonetheless, a clear two-valued splitting of the beam, rather than a classical result, was demon-
strated, later understood as ‘space quantisation’ due to spin. The Stern-Gerlach effect is the key
operating principle of the Zeeman decelerator and related magnetic traps for neutral particles, which
use field minima to confine weak-field seekers.

We were able to discard the nuclear term in the Hamiltonian shown in equation because the
coupling of the nuclear moment to the external field is much weaker than that of the electronic
moment, so that equation does not depend on I. However, in a more complete view we must
include the ‘hyperfine’ interaction of the nuclear and electronic spin which affects the expectation
value of the energy, as seen in figure This will be discussed in section which considers
methods of calculating the required energy shifts in Monte Carlo simulations.
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2.3.2 Zeeman Decelerators

Section[2.3.T|described the Zeeman effect and the related Stern-Gerlach mechanism, by which para-
magnetic particles experience a force in an inhomogeneous magnetic field. This is illustrated in
figure 23] in which it can be seen that ground-state silver atoms may be in one of four sub-levels
which minimise their energy in regions of low or high field strength, depending on the projection
of their angular momentum with respect to the field. Proposals to utilise this effect for confinement
of neutral particles were made in the early 1960s [44] and achieved in the 1980s [46] in so-called
‘magnetic bottles’ or traps. The ‘Zeeman decelerator’ was described by the groups of Merkt
and Narevicius in 2007; also based on the Stern-Gerlach effect, the Zeeman decelerator extracts
kinetic energy from a molecular beam of particles with a magnetic dipole moment by utilising a se-
ries of switched solenoids to create a time-dependent magnetic potential. Low-field-seeking (LFS)
particles (e.g. those shown in the upper levels of figure 2.3)) lose energy and are decelerated as they
approach an active solenoid; before they pass the centre point the coil is deactivated. This process
is repeated, so that the particles travel up a succession of potential ‘hills’, and the machine may be
dozens of sections long. Machines of this type will be referred to as ‘conventional’ Zeeman deceler-

ators, to distinguish them from the travelling-wave or moving-trap type.
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Figure 2.6: Schematic of a ‘conventional’ Zeeman decelerator. Two coils are shown, with the spatial
periodicity defined in terms of the phase angle ¢. A plot of the magnetic field intensity in a plane
through the centre of the decelerator is shown; the field switches from focussing to de-focussing
from the centre to the boundary between coils. Image reproduced from L. McArd .
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In order to effectively operate a conventional Zeeman decelerator, it is necessary to determine a
sequence of switching times for the solenoids which maximises the fraction of the beam that is suc-
cessfully loaded into the machine and decelerated. The switching times are traditionally calculated
in terms of an idealised ‘synchronous atom’ which travels along the decelerator axis, with the ‘phase
angle’ ¢ being defined as its position relative to a pair of coils; 0° being equidistant between them,
and 90° being at the centre of the active coil. The times are determined such that the synchronous
atom reaches the same phase angle when each active coil shuts down, so that it loses the same
amount of kinetic energy at each step. Particles (in LFS states) that do not have the same position
and velocity as the synchronous atom will oscillate around it in phase-space, due to either being
decelerated more or less than it at each step. The volume of phase-space which particles can oc-
cupy and still remain in an orbit around the synchronous atom are defined as the spatial and velocity
acceptance, which are used in characterising decelerators. Maximising the acceptance and the reduc-
tion of the kinetic energy of the beam requires finding the optimal value of the phase angle, which
in turn depends on the beam species, flow velocity and translational temperature. Determining these
timing sequences can be difficult; a modern approach is to simulate the system with evolutionary

algorithms, as demonstrated by Toscano et al. [167]].

A problem with conventional Zeeman decelerators is that the transverse field switches from fo-
cussing to defocussing (concave to convex) and back again between coils; this couples the longi-
tudinal and transverse motions of the particles. Some groups have addressed this issue by adding
additional transverse focussing, either by reconfiguring some of the decelerator coils [49] or adding
hexapole magnet sections [50]. Other solutions attempt to provide roughly constant longitudinal and
transverse confinement to effectively produce a moving three-dimensional trap, an approach suc-
cessfully applied to Stark decelerators [36]]. Examples of such ‘moving-trap’ or ‘travelling-wave’
decelerators include the designs described in Trimeche et al., utilising flattened helical coils [S1]],
Lavert-Ofir et al. [52], composed of many pairs of cylindrical solenoids in anti-Helmholtz configu-
ration, or Damjanovi¢ et al. [53|168]], with a novel double-helical geometry. Ji ef al. have recently
proposed a machine based on the Lavert-Ofir design but with different current control [55]. Our
travelling-wave Zeeman decelerator utilises coils based on those in the Trimeche machine [1} |2].
Comparisons of these decelerators to our experiment are given in sections [2.3.3|and [4.6]
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2.3.3 Travelling-Wave Zeeman Decelerators

There are several designs of ‘moving-trap’ or ‘travelling-wave’ Zeeman decelerator. In this sec-
tion their key features will be briefly described, and compared with the experiment constructed in
Durham by the Carty group. Some comparison of experimental and theoretical performance will be
given in section The Durham decelerator was based on the machine described by Trimeche et
al. [51]] (henceforth referred to as the Paris decelerator), which utilises flattened helical deceleration
coils. Our coils are described in section [2.3.4] (and more completely in McArd [2]). These offer
the advantage of strong longitudinal trapping fields, and minimise any asymmetry arising from the
wiring connectors, which can be kept away from the beam tube. They also give good access along
the x—axis which can be useful if additional vacuum pumping is needed. The disadvantage of this
design is the weak confinement in the transverse directions, especially in x, necessitating an addi-

tional focussing system to prevent radial particle losses.

The Durham coils have the same basic layout as the Paris coils, but have several key changes. The
Paris design had crossing angle o = 72.1°, wire diameter dy, = 354 pm and spatial periodicity A
= 11.6 mm. There were two coil modules, each comprising 12 periods and 139.2 mm in length.
The coils were made of 16 wires connected in two 8-wire phases. As described in section [2.3.4] the
Durham design has o = 70°, dy, = 1.2mm and A = 40.9 mm. Our coils are composed of 3 periods
for a module length of 122.6 mm and there are 4 modules. Our coils are also formed of 16 wires but
these are grouped into 4 phases. This reduces changes in the shape of the trap field as it propagates.
The coils are also paired above and below the sample tube to further increase the field strength. The
crossing angle was adjusted to maximise the longitudinal trap depth and increase the spatial extent

of the trap.

The sinusoidal currents applied to the deceleration coils in the Paris decelerator are produced by an
H-bridge circuit with pulse-width modulation, which was also adopted for the Durham machine (see
sections [2.3.5]and [2.3.6). The Paris power supplies can generate a peak current of 550 A amplitude
whereas the Durham supplies have been designed to handle up to 1000 A, which is possible due
to the larger gauge wire we have used. The electrical properties of coils with different numbers of
periods and wire diameters were assessed; it is desirable to make the individual wire sections as long
as possible to minimise the number of wire connections necessary, but if they are too long then they
can have a large voltage drop across them. For details of the design process see Mizouri [|1]] and
McArd [2]]. Trimeche et al. report generating a magnetic wave moving at 464 ms~! but to achieve
this velocity the peak current is only 250 A. This is in line with our findings as reported in section
for example, at 350 ms~! we find that the maximum current amplitude we can achieve is ~
400 A. As noted, however, our paired coils give a somewhat stronger field for a given current than
the Paris design.
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The evacuated tube through which the molecular beam passes in the Paris experiment has a relatively
small diameter of 1.2 mm, which constrains the spatial acceptance. To improve this we utilised a
tube of 5.2 mm diameter. The Paris experiment used a General valve with electric discharge excita-
tion, we instead have an Even-Lavie valve with dielectric barrier discharge (DBD, see sections @]
and [2.2.3). The Even-Lavie valve can produce shorter pulses than the General valve, of order of ~
20—30 ps duration compared to ~ 100 us. The DBD produces more efficient excitation with less
heating than the discharge fitted to the General valve, however the latter was reported as being able
to produce short excitation pulses of 2 us duration [S1]. This means that the population of excited

atoms loaded into the decelerator can still have a relatively small temporal width.

The Paris system also utilised a wire quadrupole to add an additional lateral focussing field. This was
composed of 16 straight wire segments, 4 on each corner. The Durham decelerator was constructed
with a very similar quadrupole, described in section Our quadrupole only had 2 segments per
corner but was designed to operate at higher currents, of ~ 700 A compared to ~ 130 A. The wire

quadrupole and its proposed permanent magnet replacement are discussed in more detail in chapter

A1)

Another moving-trap decelerator design was proposed by Narevicius et al. [[169]] and described in
Lavert-Ofir et al. [52] (henceforth referred to as the Tel Aviv decelerator). This comprises a series of
cylindrical solenoids, connected in overlapping anti-Helmholtz pairs. Initially, there were 213 traps
in a 1.1 m deceleration stage, this was later expanded to 480 traps over 2.4 m [56]. The solenoids
are constructed of 4 turns of 0.4 mm diameter wire, and the distance between neighbouring traps is
5mm. The cylindrical geometry of the coils has the advantage of producing uniform trapping fields
in all radial directions, unlike the flattened coils of the Paris and Durham decelerators. They have an
inner radius of 10.2 mm, which fits closely around the large 9.5 mm beam tube. The Paris design
was chosen as the basis for the Durham decelerator as it was believed that the coil geometry would
introduce fewer oscillations in trap depth and position than the Tel Aviv geometry [1]], however there
does not seem to be a particular advantage in this regard. Trap oscillations are discussed further
in section The Tel Aviv decelerator uses RLC circuits to provide tunable current pulses with

multichannel outputs to the deceleration coils [[170].

A somewhat different approach is described in Damjanovi€ et al. [53],|168|] (henceforth referred to
as the Basel decelerator). They report on the construction of a machine comprising two layers of
0.36 mm square wires wrapped in spirals around a cylindrical section; both the inner and outer lay-
ers are composed of 16 wires each and are wrapped with opposite handedness. A sinusoidal current
is applied to each wire; the matching pair of wires in the inner and outer coils have the same phase,
moving around the cylinder each subsequent pair have a temporal phase offset of 7/8. The wire
spirals have a periodicity of A = 14 mm, and the tube through which the molecular beam passes has
a diameter of 4 mm. There are 16 coil modules, each of which is 56 mm in length, so that the decel-
eration stage is 896 mm long in total (the authors state that they plan to add a further 16 modules).
The Basel decelerator also differs in having the complete coil assemblies inside vacuum. The AC
current supplied to the coils is synthesised from a DC supply via H-bridge circuits in a similar way
to the Durham decelerator, however as well as pulse-width modulation the technique of modified
square-wave is employed [[168]]. The geometry of the traps produced is rather similar to those of the

Paris or Durham decelerators, namely strong confinement in the longitudinal dimension and one of
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the transverse directions, but relatively open along the other transverse axis; for example compare
figure 2 in Damjanovi¢ [[168]] with the figures in section In the Basel system, however, the
traps effectively rotate around the beam axis as they propagate. With suitable experimental parame-

ters this can mitigate losses along the weak axis.

The Tel Aviv decelerator has a peak current of 500 A, at which the forward trap depth is reported
as being ~ 0.8 T. For comparison, in the data presented in chapter [3] the Durham decelerator was
operated at 400 A which gave rise to longitudinal trap depths of ~ 0.5 T. When operating at its de-
sign maximum of 1000 A the longitudinal depth would be == 1 T, although the peak current that can
be achieved is dependent on the wave velocity. (As discussed in chapter [3]it is not always desirable
to operate at the maximum current. This is because doing so results in a broader range of velocities
in the decelerated packet, which can then be harder to trap post-deceleration). The Paris decelera-
tor was reported as being operated at a peak current of 250 A when guiding metastable 3P2 argon
[51]]. The trap depth was given as a maximum velocity of 15.5/ 11 ms~! for atoms in the m; = 2
/ 1 states, which corresponds to a field strength of ~ 0.3T. (At 250 A the Durham decelerator
trap depth is ~ 10 % greater than this). A typical peak current for the Basel decelerator when oper-
ating with trap velocities of ~ 450 m s~ is 300 A, with a corresponding trap depth of =~ 0.4 T [168].

Assessing the capabilities of the different decelerators with regard to each other requires more than
simply comparing the spatial extent and depth of the moving traps they produce. A common metric
for the performance of a decelerator is its phase-space acceptance, the six-dimensional volume in
position and velocity space occupied by particles which remain stably clustered within a moving trap.
This is often estimated via the use of Monte Carlo methods, which will be discussed in chapters E]
and[4 Some comparisons between the Durham decelerator and the other experiments mentioned in
this section will be given in section[4.6] The remainder of this chapter will give further details of the

components of the Durham decelerator.

2.3.4 Decelerator Coils

Our travelling-wave Zeeman decelerator uses flattened helical coils which will be briefly reviewed
here, for more detail on the design and construction of our coils see McArd [2]]. The coils are based
on those of the Paris decelerator [[51]; technical differences between the Durham and Paris deceler-
ators is given in section with comparison of some experimental results in section f.6] Each
module of the decelerator is composed of two pairs of coils, one above and one below the sample de-
livery tube; the upper and lower coils are wound with opposite handedness. This geometry offers the
advantage of physical access along the z-axis, which can be useful in long decelerators if additional
vacuum pumping is necessary, and also produces stronger trapping fields for equivalent current than
conventional solenoids.
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a)

Piete’s

Figure 2.7: Structure of the helical coils used in the Carty group travelling-wave Zeeman decelerator,
based on the design of Trimeche et al. [51]. a), a simplified view of two coils, A is the spatial period.
b), a complete coil comprising two sets of 16 wires. « is the half angle at which they cross. c),
a complete module containing two pairs of coils wound with opposite handedness. The opposing
current flows generate a periodic anti-Helmoltz array. Image reproduced from McArd .

The operation of the coils can be easily understood by looking at the simplified schematic in figure
[2.7), which depicts a pair of wires from each of an upper and lower coil, folded to make an angle
« with the z-axis. The current flows in opposite directions in the red and blue wires, so that each
coil can be viewed as a series of individual rhomboid current loops. The upper and lower loops also
rotate in opposite directions, so that the magnetic field produced is analogous to that of three pairs
of anti-Helmholtz coils lined up along the z-axis. Figure[2.7b) shows the complete coil; both the red
and blue circuits contain 16 wires. Figure [2.7c) shows a complete module, with each coil doubled
up to increase the trapping field. The sample delivery tube runs between the pairs, along the z-axis.
The spatial periodicity of the coils (and thus also the field) is A, given by:

A= %, (2.3.10)

sin ()

where d, is the wire diameter. The angle o = 70° and the wire (kapton coated AWG 18 copper) has
diameter dy, = 1.2 mm, so that A = 40.9 mm. For clarity the coils shown are two periods long, the
actual units in the experiment are three periods long giving a total length of 12.3 cm. The magnetic
traps are made to ‘move’ along z as required by applying the appropriate time-dependent current to
the coils. Each of the blue and red wire bundles is separated into four phases of four wires each,
and the time-varying currents are applied with suitable time offsets. This makes the trap propagation
more smooth, at the expense of making the power electronics and control systems more complex;
further details are given in sections[2.3.5]and [2.3.6]
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Figures [2.8] and show the calculated field magnitudes in the xz and yz planes for a constant
velocity guiding sequence at 335 ms~!, with a peak current of 400 A. Due to the coil geometry the
traps are more strongly confining in the y direction that in x; see section[2.3.7)for details on adding
transverse focussing. For more on simulating the decelerator fields see section [3.6.1]
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Figure 2.8: Calculated decelerator fields in the xz-plane across several traps, the bounds of the

vertical axis are the internal diameter of the sample delivery tube. Coils are running with a peak
current of 400 A. The traps are not very strongly confining in the x-direction.
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Figure 2.9: As per ﬁgure but in the yz-plane. The decelerator traps are more strongly confining
in y than in z.
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2.3.5 Decelerator Electronics

This section will give only a brief outline of the power electronics used in the travelling-wave decel-
erator; for a detailed description see McArd [2]. Section[2.3.4]described the layout of the decelerator
coils, each of which is made up of wires connected in four phases. To generate the required magnetic
fields the individual phases must be supplied with (peak-to-peak) sinusoidal currents of up to 1000 A
with a frequency of up to 10 kHz, with a phase shift of 7/4 radians between them. AC power sup-
plies are problematic for this application because of the significant heat generated in resistive devices
at such large currents. Instead, we utilise DC supplies in conjunction with fast switching to generate
the sinusoidal current waveforms via pulse-width modulation (PWM, see section . The power
electronics were constructed in-house, with the switching based around ‘H-bridges’, a circuit design
which is used to reverse the polarity of a voltage applied to a load. The H-bridges are built around
insulated-gate bipolar transistors (IGBTs); commonly found in applications such as welding equip-
ment, these are efficient, fast and capable of handling large currents. These allow the entire supply
voltage to be rapidly applied across a coil phase in either direction. Each coil module is connected
to four H-bridges, one per phase, which connect to a bank of three pairs of 2.2 mF capacitors, fed

by a DC power supply capable of delivering 800 V and 500 A.

2.3.6 Pulse-Width Modulation

The decelerator coils can be treated as simple RL-circuits comprised of an ideal resistor in series
with an ideal inductor. When a source of emf &£ is applied the current I through the coil rises
exponentially with a characteristic time 7 = L /R, where L and R are the inductance and resistance,
asymptotically approaching a maximum I = £/R. When the applied voltage is removed, the current

flow decays, also exponentially. The rise and fall can be approximated by the equations:

I(t) = % (1 —exp(-t/7)), (2.3.11)
&
I(t) = = exp(—t/T). (2.3.12)

These expressions allow us to calculate the voltage pulses needed to produce the desired current
waveform, via pulse-width modulation (PWM). PWM is a technique for varying the average voltage
and current fed to a load by rapidly switching the supply on and off. PWM is suited to ‘inertial’ loads
which react more slowly to changes; this applies to solenoids because of Lenz’s law. Application to
the decelerator is shown in figure[2.10] For a given velocity the frequency of the wave is determined
from the spatial period of the coil (¢f. section[2.3.4). Combined with the desired peak current this
defines the reference waveform shown in blue. A tolerance envelope is determined by choosing
a maximum value by which the achieved peak current can vary from the target, typically of order
~ 5 — 10%. In an idealised case this tolerance could be set to an arbitrarily small value and the
output waveform would approach the reference one arbitrarily closely, but this is constrained by the
rise and fall times of the current. In general, the faster the wave velocity, the larger the tolerance

value must be.
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Figure 2.10: Example sinusoidal current sequence generation for travelling-wave velocities of (left)
100 and (right) 300 ms~*, decelerator running in guiding mode with a peak current of 400 A. Top
row; a reference waveform is calculated with a tolerance envelope defined as a fraction of the peak
current (grey), in this case 10 %. The effective synthesised waveforms generated by the applied
voltage pulses across the coil are in red. Bottom row; the applied voltage pulses across the coil.

The pulse sequences are calculated as follows; the voltage is applied until the current through the coil
reaches the upper (i.e., largest magnitude) limit of the tolerance envelope. The voltage is removed
and the current drops until it reaches the lower limit. This process is repeated as necessary, and
is shown in the upper row of figure 2.10} once the waveform crosses the origin the polarity of the
voltage is reversed. The entire sinusoidal waveform is built up using the fixed-amplitude variable-
width pulses shown in the lower row. The two examples shown are for fixed-velocity guiding, for
the case of deceleration the same approach is used, but the frequency of the reference waveform is
linearly reduced. The rate of this ‘chirping’ down is chosen so that the first full trap to form is at
the target velocity as it reaches the end of the last coil. Additionally, when calculating the pulse
sequences the finite recovery time of the switches and any response or delay times of other electrical
components must be considered and factored in to the calculations. The viability of a particular
waveform to be encoded with PWM is determined by the wave frequency and amplitude (because
of the current rise and fall times). If a viable solution is found, the pulse sequence is programmed
into an FPGA which connects to the power electronics via fibre-optic couplers. An example of the
expected current waveforms determined for each phase of the four-module decelerator is given in
figure - this is a simulation, but the achieved current has been experimentally measured with
a clamp meter, and found to agree reasonably well with predictions, see figures and in
section 4.2} For details on the development of these systems see McArd [2]].
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Figure 2.11: The simulated current through each phase of the four-module decelerator as a function
of time, for constant-velocity guiding at 350 m s—!. Target peak current is 500 A driven by 650 V.
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2.3.7 Quadrupole

As discussed in section[2.3.4} the decelerator fields are not very confining in the transverse directions,
especially in the x-direction. To improve this, an additional quadrupole field was added to the
decelerator. This was originally provided by a low-voltage, high-current DC circuit running in two
wires per corner, as shown in cross-section in figure[2.12] Typical operating parameters for this were
~ 40V and = 700 A. This design provided a strong transverse focussing effect, but was problematic
for several reasons. It generated significant heat and thus required active cooling, and was not
easily extendable for a longer decelerator without adding additional high-output power supplies
and fast-switching high-current contactors. Any failure of a contactor would result in the circuit
latching closed and burning out almost immediately. Also, since the quadrupole was composed
of one continuous circuit the wire connectors at the end of each corner were orthogonal to the
beam path, and produced significant unwanted field components in the z-direction. Mitigating this

necessitated very fast switch on and off times, further adding to the complexity of the system.

9.9 mm

Figure 2.12: Wire quadrupole, the wires on each corner are paired. The current flow is in the same
direction for diagonal corners. The sample delivery tube is in the centre. This design provides an
effective transverse focussing field that is uniform along the length of the decelerator, although the
power supplies and control gear are complex.

An alternative quadrupole was designed based on custom-made permanent magnets. These were
shaped to fit into the slots in the decelerator cooling blocks that the wire quadrupole formerly oc-
cupied, as shown in figure [2.13] As well as simplifying the control and power requirements of the
decelerator this design provides significantly stronger focussing fields. The magnets are made from
N50 grade NdFeB with magnetisation vectors as shown in the figure, with two different directions
oriented at 30° from the horizontal. For details of the wire quadrupole electronics and the design of

the permanent magnets see McArd [2].

In order to compare the two solutions their field profiles were calculated. The wire quadrupole is
simple to model along most of its length; similarly to the decelerator fields in section [3.6.1] the
Biot-Savart law is used to treat each of the eight wire segments, and the resultant individual compo-
nents can be summed together. The permanent magnet quadrupole has no analytic solution, and was
originally modelled in Radia [[171]]. This has problems dealing with curved magnetic surfaces, so a
simplified model of the transverse field was created using the FEMM software package [|172], which
made the assumption of uniformity along the beam axis. (See section for Radia and FEMM).
The assumption of uniformity along the beam axis is not strictly valid; where the individual magnets
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adjoin (every 30 mm) there will be a small, periodic variation. This was shown to be very small
using the Radia model. The transverse field magnitudes of the two systems are compared in figure
[2.14] and it can be seen that the permanent quadrupole has a very similar profile with stronger fo-
cussing compared to the wire quadrupole.

8.0 mm

12.0 mm

Figure 2.13: Permanent magnet quadrupole. Custom shaped pole pieces replace the paired wires
seen in ﬁgure The sections have two possible magnetisation vectors, shown by the red arrows.

Wire Quad. Perm. Quad.

g -2 0.50 0.50
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~ 0_ :
Z 0.25 0.253
> 27 29 d

20 2 20 2
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Figure 2.14: Comparison of the transverse focussing magnetic field magnitudes for the wire (left)
and permanent magnet (right) quadrupoles. The permanent system provides a very similar field
profile and stronger focussing compared to the wire, with reduced complexity and cost. However,
the field has a small periodic variation along the length of the decelerator, due to the boundaries
between pole pieces.

Although both designs are practically uniform along the length of the beam axis, they interact differ-
ently with the decelerator fields. The latter are shown as plots in the 2z- and yz-planes in figures[2.8]
and 2.9} figure [2.15] below shows the effects of adding the quadrupole field. Although it generally
improves the trap confinement in x, which is where the decelerator field is weakest, the wire field

worsens confinement in y for alternate traps.
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Figure 2.15: Comparison of decelerator field plus wire or permanent quadrupole, in the xz- and
yz-planes. Compared to the decelerator field alone in figures and 2.9] it can be seen that the
wire quadrupole improves or worsens alternate traps, due to the relative geometry of the fields. The
permanent magnet field does not have this problem and provides a much better transverse focussing

effect.

This effect arises due to the orientation of the decelerator and quadrupole fields. For the wire design,

the flux lines enter and leave in the horizontal and vertical directions, whereas for the permanent
magnet system they are along the diagonals. This can be seen in figures [2.16|and [2.17} which show
plots through the xy-plane along with the field profile along the z- and y-axes. The two longitudinal

distances shown, z = 330 and 351 mm, roughly correspond to the first two complete traps in figure

[2-15] which are defocussing / focussing for the wire case.
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Figure 2.16: Field magnitude in the xy-plane at the centre of the trap at z = 330 mm, bottom. As
labelled, decelerator field alone, added wire quadrupole, added permanent magnet quadrupole. Left,
solid circles show the inner and outer radii of the sample delivery tube. Left and right, the dotted
/ dashed lines show the z- and y-axes, the field profiles of which are shown on the right. Due to
their relative geometry the wire quadrupole weakens the transverse decelerator field for alternat-
ing traps, as shown here. The permanent magnet field does not have this problem, because it has
smaller components in x and y, being aligned along the diagonals, whilst still presenting a large field
gradient.

Simulations of the entire decelerator were developed for both quadrupole designs, allowing them
to be compared. Unfortunately, the data shown in this thesis were taken after the wire system was
removed and before the permanent one was installed. Earlier data incorporating the wire system [2]]
are, however, in agreement with our predictions. The acceptance of the decelerator is discussed in

more detail in chapter [4]
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Figure 2.17: As per figure but for the trap at z = 351 mm. In this trap the wire quadrupole
adds to the decelerator field to increase transverse focussing. The permanent magnet quadrupole is
focussing for all traps, although it can be seen to be ‘handed’ in its interaction with the decelerator
field.
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2.4 Beam Detection

We have discussed the generation and propagation of a molecular beam; this section will cover the

apparatus used to detect the beam, and theoretical models for the signal at the detector.

2.4.1 Time-of-Flight Profiles

Molecular beams may be characterised by an analysis of the signal they produce at a detector. Al-
though various detection methods exist the basic principle of inferring the distribution of molecular
velocities from the range of arrival times is common. We utilise an Even-Lavie pulsed valve source
(see section [2.2.2)) but continuous-expansion beams may also be subject to time-of-flight analysis,
by introducing a chopper to selectively produce discrete packets of particles. In order to discuss the
form of the expected signal, we begin with the case of an ideal gas in a container, and the flux of par-
ticles hitting a small region on the container wall. The fraction of particles with velocities within a

volume element of velocity space d>v centred on v is given by the Maxwell-Boltzmann distribution:

1 3/2 §+ 2 4 2
o= () e <_ P, A

2
2oy 20§

Particles with speed v = (v2 + v2 + v2)!/2 at an angle 6 to the wall can reach a circular region
on the wall with area A in time 7 if they are located within a volume v cos § A7. In spherical polar
coordinates the volume element dv = v? sin 6, so for a number density n the flux ®s(v) of particles

reaching A in 7 as a function of speed is:

3/2 2
Og(v) = nAr (2> v3exp (—1}2) cosfsin 6. (2.4.2)
2oy 20§

The range of the azimuthal angle ¢ is 0 < ¢ < 2, that of the polar angle § is 0 < 6 < 7/2
since only half the particles are moving in the direction of the wall; integrating over these angles and

dividing by 7 gives the flux ®(v) per unit time:

1 3/2 5 U2
] =nA —— . 2.4.
s(v) =nAr (27m§> v exp( 20§> (2.4.3)

Instead of a patch on the wall, the target could be a small aperture through which the gas escapes as
an effusive beam. In this case ®g(v) = dl/dv, where Ij is the on-axis intensity of the beam, and

g (v) is approximated by:

2
Os(v) = Bv® exp (21;2) , (2.4.4)
S

where B is a constant. Section [2.2.1) compared the distribution of atom velocities in a stagnation
chamber with those in a supersonic expansion; similarly, equation 2.4.4] can be used to derive equa-

tion [2.4.5] the flux of particles in a supersonic expansion as a function of v:
)2
Or(v) = B exp (—@ZT)) . (2.4.5)
20%
As in section the subscripts S, T refer to the stagnation and terminal (supersonic) regimes.

Compared to[2.4.4] the expansion in equation [2.4.5] has a translational temperature with a narrower
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variance 02, i.e. it is ‘colder’, but is moving in the laboratory frame with a flow velocity vr. In the
case of a continuous beam, either expression can be integrated across all v to give the steady on-axis
beam intensity [y [[173]]. For a skimmed supersonic beam we assume that the off-axis intensity varies
very little. A pulsed beam is necessary to use time-of-flight to determine the velocity distribution;
this can be generated using a chopper or, as in our case, a pulsed valve (see section[2.2.2). Whatever
the source, if it has temporal width A; then the number of atoms in a packet will be Ny = oA,
with a distribution:

The intensity as a function of speed I (v) = dN/dt, so:

I(v) = Noth% 2.4.7)

We assume that the time-dependent signal S(t) at the detector has a linear relationship to the number

of particles arriving there, given by S(¢) < I(v)/v, so that S(t) takes the form:

S(t) x Or(v)/t. (2.4.8)

Equality leads to an equation for S(t), where Agp is the distance from the source to the detector
and vt is the beam flow velocity; this can be fitted to real data for the parameters B, vt and o, and

from the latter the temperature 77 can be calculated since a% = kgTr/m:

3 N2
S(t) = BESD e <(ASD/’5UT)> . (2.4.9)

t4 202
It was briefly alluded to earlier in this section that the beam source must have some temporal width
Ay, but the argument presented so far has made no allowance for any factors that may broaden or
otherwise distort the shape of the signal that a molecular beam produces at the detector. Examples
of such factors may include the profile of the slots in a chopper wheel, the finite opening and closing
times of a pulsed valve (which may be asymmetric), the dimensions of a discharge excitation elec-
trode, and the response times of electronics in a detector. In practice, for many experimental setups
these terms are negligible [[174], producing errors in the fitted velocity vr and temperature 7Tt that
are small compared to those arising from other uncertainties. If the overall length and time scales of
an experiment are large compared to those of the source, then a model such as equation [2.4.9] may

be adequate.

If an account must be made for extra factors, the standard approach is to extend the function for
the expected signal by convolving it with additional functions for the broadening terms [[175]. For
example, if the particles appear in the beam at times 0 < ¢, < A; with some distribution g(¢¢), then
instead of the signal S(t) we get a signal of the form S’ (¢):

Ay
0

The new expression for the signal s’ (t) is obtained by replacing the variable ¢ with ¢ — ¢y and
integrating the product S(¢ — to)g(to) across the range of to. S (t) can then be convolved with

additional terms as necessary.
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2.4.2 Microchannel Plate Detector

The detection chamber of the Zeeman decelerator was designed to operate with different detection
schemes as necessary, dependent on the species in the molecular beam. Details of the chamber
design and construction are given in Mizouri [1] and McArd [2]]. When working with metastable

argon a microchannel-plate detector (Hamamatsu compact MCP assembly F12334-11) was used.

MCP Assembly
/|_ Electron Cascade
3x C1
Gas Pulse
> + To Scope
Anode -
R
> Substrate Buffer Amplifier
- High Voltage

Figure 2.18: Microchannel-plate detector layout. Beam propagation direction is from left to right,
shown are the two-section MCP with slanted channels, collection anode, high-voltage connection,
signal output via buffer amplifier and an illustrative schematic of electron cascade within a channel.
Image adapted from L. McArd [2].

The MCP comprises two plates containing millions of 12 ym diameter channels. High voltage is
applied to the plates with a maximum magnitude of 2.1 kV but typically set to ~ 1.8 kV. When a
sufficiently energetic particle strikes the wall of a channel it liberates an electron, which is acceler-
ated strongly by the electric field. This electron in turn collides with the channel wall producing a
cascade, analogous to the operation of a photomultiplier. The electrons are collected at an anode,
which is electrically connected to the plates via 3 x 150 pF capacitors and a voltage divider where
R; and Ry are 7.5 MQ and 0.2 MSQ resistors respectively, shown in figure 2.18] The MCP assembly
is held within a spherical octagon on kapton-insulated groove-grabbers; if sufficient care is not taken
to electrically isolate the unit then it can short out through the vacuum chamber. Due to the limited
space within the octagon nuts and bolts could not be used, so the four mounting holes on the MCP
body were tapped with M3.5 x 0.6 mm threads to accept nylon screws. The output of the anode
is an SMA connector which is linked to a BNC electrical feedthrough on the chamber. The output
impedance of the MCP is in the range 20 — 80 M2 which necessitates the use of a buffer amplifier
to connect the signal output to the oscilloscope, see section[2.:4.3] At room temperature and pressure
of order 10% Pa the MCP has a typical full-width half-maximum response time of approximately
1.5ns. Ground-state argon is not energetic enough to trigger the MCP, but the 3P2 state we aim to
produce in the DBD (cf. section [2.2.3)) has an energy of 11.54 eV above this [176]; see section [3.3]

for further discussion of argon energy levels in our source.
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2.4.3 Buffer Amplifier

The micro-channel plate detector (MCP, section has output impedance between 20 to 80 MS;
when connected to the oscilloscope (LeCroy WaveRunner 610Zi) which operates at 50 €2 or 1 M2
this mismatch causes distortion to the signal. This is resolved by interposing a buffer amplifier
with a 50 2 output. The first version that was developed [[1] was a unity-gain unit incorporating an
OPA633 operational amplifier (op-amp) with the output connected to the inverting circuit; compared
to the input, the output has a matched voltage but boosted current. This also reduces the impact
of radio-frequency noise from the decelerator coils, which is only partially mitigated by the use of
shielded cables. This design was reasonably successful but prone to fail due to overloading. As well
as metastable atoms, the dielectric-barrier discharge (DBD, section @I) produces unwanted ions
and ultraviolet radiation in a high-intensity burst which exceeds the safe operating voltage of the

op-amp. This ‘ion peak’ can be seen in figure[2.21] from about 3 us to 200 ys after the DBD trigger.
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Figure 2.19: Schematic for the impedance-matching buffer amplifier used to connect MCP to oscil-
loscope. This was constructed in two versions, operating at 1 M(2 and 50 €2; the op-amps and values
of resistors differ between these cases. See main text for details.
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A replacement buffer amplifier was built based on the design described in Lochead [177], see figure
[2.19] The Lochead unit, however, utilised a specialist THS3201 op-amp with a very high slew rate
of 6700V us~!, which is unnecessary for our experiment; for reference, the OPA633 only has a
slew rate of 2500 V ps~!. The THS3201 was therefore replaced with a TLO81. The circuit contains
back-to-back clamping diodes which limit the input voltage to 2.7 V in order to protect the op-amp.
The resistors R1 and R4 were set at 50 k{2 and 500 k2 to give a gain of 11. The 1 M2 resistor R2

was installed to stabilise the signal.

The TLO81-based system worked well when coupled to the oscilloscope at 1 M2 but had insufficient
power to drive a 50 €2 connection, which better reduces interference. The TLO81 was swapped for an
OPAS552, with R1 and R4 set at 50 k€2 and 240 k{2 to give a gain of 5.8. The resistor R2 was found to
operate best at about 200 k€2; this was implemented as a trimmer to allow fine-tuning. The OPA552
has a maximum supply voltage of £ 30 V but under these conditions it may dissipate up to 11 W.
The manufacturer also states that the performance of the chip will vary at different supply voltages
and that it is safest to operate on the lowest feasible value. The device was tested with a variable
power supply and found to work well at &= 18 V. Referring back to slew rates, both the TL0O81 and
OPAS552 have relatively low performance compared to the OPA633 (13 V us—! and 24V us™! re-
spectively), but this turns out to be unimportant for our experimental setup.

The overall design for the buffer amplifier circuit can be easily adapted to other experiments with
a need for faster response times by replacing the op-amp and adjusting the feedback resistors. The
buffer was tested by feeding varying signals from a function generator into it and comparing the
output with the input, for a range of input frequencies and amplitudes. Examples are shown in fig-
ure 2.20] with the input signal set to an amplitude of just over 2.7 V. This shows the effect of the
voltage limiter, with the output clipping at 2.7V x 5.8 ~ 15.6 V. It also demonstrates that there is

no discernible distortion of the output due to the amplifier.
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Figure 2.20: OPAS552-based buffer amplifier tests with a function generator, blue trace, input signal,
red trace, output signal. Input amplitude was chosen to be just greater than the maximum 2.7V
allowed by the safety clamping diodes, with a gain of 5.8 this means the output clips at ~ 15.6 V.
This can most clearly be seen in the sinusoidal trace on the left.
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Figure[2.2T|compares the detected signal at the MCP of argon cooled to =~ 139 K for the old OPA633
(left) and new OPAS552 (right) designs. The upper plots show a ‘transmission’ curve, in which the
decelerator field is inactive, the lower both show constant-velocity guiding mode at 600 V /300 A. It
can be seen that the amount of ringing and noise on the signal due to interference from the operation
of the decelerator is significantly reduced for the OPA552. Additional care was taken to provide a
‘clean’ earth and eliminate ground loops. The different temporal positions of the interference bands
in the two plots are due to differences in the activation time of the decelerator electronics between the
two experimental runs, which is done to adjust the loading of the molecular beam into the moving

magnetic traps (see section f.1.1).
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Figure 2.21: Comparison of buffer amplifiers. Top left: zero field, OPA633 unit. Bottom left:
guiding, OPA633 unit. Top right: zero field, OPA552 unit. Bottom right: guiding, OPA552 unit.
Both runs with valve at 139K, decelerator at 600 V / 300 A and guiding at 325 / 345 m s~ for left
/ right. It can be seen that the OPAS552 amplifier more effectively reduces the interference produced
by the decelerator power electronics and coils. The effect of the clamping diodes in limiting the
voltage reaching the op-amp is visible in the clipped profile of the ion peak.
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2.5 Experimental Parameters

This section describes how operating parameters for the experiment are chosen, specifically referring
to the values used for the data presented in this thesis. It will be seen in chapters [3] and i} however,
that in order to analyse our experimental results and choose optimal parameters for the various com-

ponents of the experiment it was necessary to develop a set of detailed computer models.

We begin with the beam source, the Even-Lavie valve with dielectric-barrier discharge, described in
sections [2.2.2]and [2.2.3] In McArd [2] the valve was pulsed at 3 Hz; for the data in this report 2 Hz
was chosen, to minimise the heat load arising from the excitation discharge. An additional source
of heat, not present in the earlier work, was the electron-source filament introduced to improve the
shot-to-shot stability of the discharge excitation (see section [2.2.4); this was active for all data de-
scribed in this thesis. A current of 1.2 A was chosen, offering a good improvement in stability whilst
being somewhat less than the rated maximum power dissipation of the filament. After several sets
of data are taken, the filament is switched off to allow the valve to cool down (a pause of several
minutes is in any case necessary in order to reprogram the decelerator electronics with new settings).
Working with argon, a backing pressure of 6 bar was used. The system can work with much higher
pressures [[157, 158]], but using the lowest pressure that gives an acceptable signal reduces wear on
the gaskets in the Even-Lavie valve.

The parameters that can be adjusted in the source include the RF voltage, RF frequency, number of
pulses, and valve opening time. The voltage can be set to between 1100 and 1200 V; 1150 V was
chosen, again to compromise between signal and heat load. The frequency, number of pulses and
valve opening all have to be chosen by trial and error; as the valve is cooled from room temperature
all of these settings need to be manipulated. Due to differing ambient conditions, a working set of
parameters from one day can not be relied upon to be good on the following day, but can serve as a
baseline for adjustment. For the data presented in chapter 3|the valve and DBD were configured with
a 25.6 us opening time, and 22 pulses at 650 kHz. The source is cooled with a target temperature of
140 K, but this will oscillate by several K during the experiment. Lastly for the source, the delay
between the valve and DBD triggers is configurable. Again, this must be set by trial and error as
the system cools and the flow velocity of the beam changes, and a value of 85 us was used once the

source stabilised.

The decelerator parameters include the initial and (if decelerating) final wave velocities, the peak
current and driving voltage, and the delay between the DBD trigger and coil activation. The max-
imum operating voltage of the deceleration coils is 800 V, but it is desirable to operate at a lower
value in order to reduce wear on the electrical components. The peak current achievable is strongly
related to the desired wave velocity, as discussed in section[2.3.6] with the wave velocity set accord-
ing to the estimated flow velocity of the beam. Section [2.4.1] described the basic theory of fitting
a time-of-flight profile to a detected beam, and this will be developed in more detail in chapter [3]
When working with argon cooled to ~ 140 K we will show that we find the beam to have a central
velocity in the region of 350 to 400 ms~!; to match this, our power electronics can realistically
generate a peak current of ~ 400 A. For the work in this thesis this was the chosen current, driven
by 600V - calculations show that using a higher voltage has only a small effect on the current in
the coils. The choice of electronics delay setting is extremely important, determining whether the
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relevant portion of the beam is successfully loaded into the moving magnetic trap - a rough estimate
of this can be determined from the estimated beam velocity, but as shown in sections and
detailed simulations are necessary in order to optimise this parameter. For argon the delay values are
in the region of ~ 700 to 900 ps.

The wire quadrupole had been decommissioned when the data presented in this thesis were acquired,;
it is, however, included in some simulations of the experiment presented in chapter E} ‘When used,

the wire quadrupole typically operated at ~ 40 V and ~ 700 A, see McArd [2].

Lastly, the detector used was an MCP, described in section This has a maximum safe operating
voltage of 1.9kV, and we operated it at 1.8kV.

2.6 Chapter Summary

In summary, this chapter has described the components of our Travelling-Wave Zeeman Decelerator
experiment, including the source (sections and[2.2.3)), deceleration coils (section[2.3.4), power
electronics (section [2.3.6), and detector (section 2.4.2). Key differences between our decelerator
and similar experiments were discussed in sections [2.3.2]and [2.3.3] There were brief reviews of the
operating principles of supersonic expansion sources (section[2.2.T)), magnetic trapping and Zeeman
deceleration (section[2.3.T), and time-of-flight signals (section[2.4.1).

Section[2.5]|described the adjustable parameters of the experiment, and gave values for those used in
the data presented in the following chapters. Some of these parameters, such as the DBD delay or
valve pulse width, must be manually adjusted by trial and error for each run. Choosing an appropri-
ate velocity for the travelling wave, however, relies on fitting a model to the detected signal, so as
to infer the flow velocity and translational temperature of the molecular beam. The beam can then
be simulated in order to assess how well the expected results match the data. The effective loading
of the beam into a moving decelerator trap is largely determined by the power electronics delay, and

simulations of the experiment were also necessary in order to optimise this parameter.

Chapter[3]describes the decelerator simulation codes, with examples of their application in reproduc-
ing results from the guiding and deceleration of metastable argon. Chapter [ then describes the use
of the simulation codes to determine optimised experimental parameters and make predictions about

the results we would expect if the apparatus was modified, or different species were decelerated.



Chapter 3

Data Analysis and Simulation of the Zeeman

Decelerator

Our travelling-wave Zeeman decelerator has been characterised using *P, metastable argon (see
section[3.10). In order to interpret the resulting data a suite of computer models have been developed,
which will be described in this chapter. Specific samples of data and sets of experimental parameters
will be used as examples, with overall results given in a later section. When simulating a molecular
beam we must begin with modelling the source, which would therefore be the logical place to begin
this chapter; however, we rely on an analysis of the beam time-of-flight produced by the detector to

provide the required parameters, so that will be the focus of the first section.

3.1 Analysing Time-of-Flight Data

3.1.1 ToF at a Detector

Section [3.2] describes how we simulate the supersonic expansion source. The velocity profile of the
initial state is estimated by fitting experimental data with a model of the expected signal (section
[2.4.1), which will be covered here. The basic form of the signal is given by:

_ A% _( Asp >2<t—tT>2
S(t) =B m exp( G- ; , 3.1.1)

which is equivalent to equation in section However, this expression does not include any
broadening from the temporal and spatial widths of the beam source. In order to incorporate this we

took an approach based on the model given in Tarbutt and Hinds [[154]; if each particle is created at

time to and position 2 then:

(t - t0)4 \/iO’TtT t—to

S(t, to, 20) = pBso—20)* (— (ASD - Z°>2 (“ —to) = (br = ZO/UT))Q) . (3.12)

vt is the beam flow velocity. This is simplified by assuming that zy < Agp, to < tr, setting

t = tr in the denominators of the two fractions and defining the width w = O’Tt% /Asp and time

t, = —zo/vr, so that we can write:
A3 (t—to—tr —t,)?
S(t,to,tp) = B? exp | — 2w2 . (313)

45
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If the terms #( and ¢, have the Gaussian distributions:

1 (tO — Mt )2 )
to) = exp | ————— ), 3.14
g(to) Voo T ( 207, G149
and:
1 (tp — Mt )2
h(t,) = exp | ———2— |, 3.1.5
(1) V2moy, P ( 20t2p ( )
then the broadened signal at the detector is given by:
S (t) = //S(t, to,t,)g(to)h(t,)dtodt,, (3.1.6)
which is given [154] as being of the form:
’ AS w (t — tT)2
t) = B=2 —_ 1.7
S ( ) t% w/ eXp ( 21,[]’2 > K (3 )

where the new width w'? = w? + o7, + o7 . (This assumes that any effects due to the response time
of the detector electronics are negligible, but in principle extra terms could be added as necessary
[175]). A problem with this model is that the source widths o, and o, are not known. We can,
however, attempt to constrain them with the known properties of the DBD (section 2:2.3); if the
DBD discharge time is tp then p;, ~ tp/2 and oy, ~ tp/6. An average value for ¢, is given by
t, =~ Ap/2vr where Ap is the length of the excitation region, and similarly o;, ~ Ap/6vr (for

further consideration of these parameters see section 3.2).
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Figure 3.1: Example time-of-flight data for argon expansion; each data set is a time-average of 40
individual waveforms (see section[2.2.3]for discussion of the shot-to-shot stability of the source). By
inspection approximate values of the peak time and overall width can be obtained; combining these
with the known characteristics of the DBD excitation pulse we can then very roughly estimate the
spatial, temporal and thermal width of the source.

A typical value for tp is tp =~ 30 us giving o, ~ 5us. We know that Ap = 12 mm, but in order to
estimate o1, we also need a value of v, for which we need to extract ¢t from a fit of equation
A very rough value can be found by inspecting a time-of-flight plot (figure [3.I)) and noting that the
central peak is at ¢ ~ 2.4 ms, so that vt &~ Agp/2.4ms ~ 385 ms~!. This gives o, = 5us. Also
by inspection, the bulk of the atoms appear to arrive within an interval of about 1.5 ms, so that w' is
likely to be approximately 250 us (due to the 3 o rule). These numbers suggest that the difference
between w and w” should only be of the order of 0.1 ps, and that satisfactory results may be achieved
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by neglecting o, and o, giving the simplified model:

_ L:Zb _( Asp )2 (t—tT>2
S(t)=B i exp ( T - . (3.1.8)

Figure [3.2] shows a fit of equation to the data in figure The fitting code initially trims the
first 1 ms from the data to remove the ion peak (see section [2.4.3). It then determines the approxi-

mate time at which the signal has its maximum value, and that at which it falls to half of that value,
giving an estimate of the half-width half-maximum (HWHM). The function S(t) is fitted to the sig-
nal data in the region extending + 5 x HWHM from the centre (chosen so the fit covers the whole
signal peak), for the parameters B, ¢t and op. The fit is performed using a non-linear least-squares
[178]] function from the SciPy ‘optimize’ library [179]. The fitted values of ¢r and ot give flow
velocity vp = 378 ms~! and translational temperature Tt = 6.4 K (neglecting overall uncertainties
in the quoted values, which will be addressed later). Repeating this process for equation[3.1.7] using
the approximate values of o4, and oy, given above, produced estimates of Tt and vy differing by
less than 0.1 K /0.1 ms~?!. In addition to broadening the signal, the source widths should in theory
shift the mean position. An alternative method to try and account for this is to adjust the arrival
times in the data by subtracting the mean time of the DBD discharge tp/2, and likewise reducing
the source-detector distance Agp by Ap/2 in the fitting code. These effects, of shortening both the
flight times and distances, partially cancel each other out, and introducing them was found to change

the results negligibly.
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Figure 3.2: Least-squares fit of equation (dashed line) to detector signal from argon supersonic
expansion (orange), with stagnation pressure / temperature of 6 bar / 137 K. Estimated flow velocity
of 378 ms~! and translational temperature of 6.4 K were calculated from the fit (neglecting sources
of uncertainty, which will be considered later). The deviation of the data from a purely Gaussian
shape is obvious by inspection, and confirmed by the residual plot in the lower panel which shows
significant structure.

Although they give consistent results with each other, both and [3.1.8] are Gaussian functions
due to the simplifications made in their derivation, and it can be clearly seen that the data depart
from this. In fact, as will be described in section we have no reason to expect that the data will
assume such a shape; even an idealised velocity distribution based on a moving one-dimensional

Maxwell-Boltzmann function will not generate a purely Gaussian time-of-flight. The apparent close
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fit in the high-velocity / low-time tail of figure[3.2]is misleading, since if the expansion was occurring
in accordance with the theory we should not see this; such an excessive ‘hot tail’ is seen in some
other supersonic beam experiments [[154]]. Since we have argued that the effects of the width of the
source are small for our experiment, we can plausibly attempt to apply equation [3.1.1] Figure [3.3]
shows the latter fitted to the same data as the previous figures, and it can be seen that it appears to give

a fit that is somewhat better in the low-velocity tail. This model gives vr =368 ms~' and Tr = 6.7 K.
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Figure 3.3: Least-squares fit of equation (dashed line) to detector signal from argon supersonic
expansion (orange), with stagnation pressure / temperature of 6 bar / 137 K. Estimated flow velocity
of 368 ms~! and translational temperature of 6.7 K were calculated from the fit. Residuals plotted
in the lower panel show a closer fit than equation @ although there is still structure.

Further insight into data fitting can be obtained by subtracting the model from the data to give resid-
uals, as shown in the lower panels of figures[3.2]and 3.3} significant structure can be seen in both. We
attempted to smooth the data to reduce the spread of values about the mean along the length of the
trace, in order to determine whether this would improve the nature of the fit. As described in section
2:2.3] a time-of-flight trace as shown in figure [3.1]is actually produced by taking an average of 40
individual traces from the experiment, in order to counter shot-to-shot instability in the source and
detector. The effects of outliers on the standard error of a fit can be further reduced by smoothing
the data.

Two techniques were used; firstly the data were re-binned. For N data points of the function f(x),
re-binning with parameter M splits the data into sets of M points and takes the average of f(z) in
each interval, shrinking the size of the data set to N/M. Secondly, a moving-average was used, in
which the value of f(x) at each point z is replaced with the mean of the values f in the interval
x &+ M /2 (this results in shrinking the number of data points by M). Figure shows the example
data used previously in this chapter adjusted with a moving average, parameter M = 2 x 10%, and
then fitted with equation [3.1.1} The trace is visibly smoothed, with the estimated values of vy / T
altered by ~ 1% / 10%, but although the spread in the residuals is slightly reduced the structure
remains. Similar results were found for simple re-binning, and in both cases M had to be at least of
order 10* to make a detectable difference to the fit. Setting such large values of M risks distorting

the shape of the signal for no real benefit, and so neither approach was pursued.
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Figure 3.4: Fit of equation (dashed line) to data as per figure [3.3} but data smoothed with
a moving-average, M parameter of 2 x 10%. Estimated vr / Tt are altered by 1% / 10% but the
residuals are not significantly improved.

To summarise; we have two models for our data (or, two variants of one underlying model) both of
which give a reasonable match to real data, from which we can infer plausible values for the beam
velocity and temperature. There is significant structure to the residuals of both models, with the
same overall shape in either case, indicating that they are only approximate representations of the
actual distribution of energies in the beam. This is perhaps not surprising; we should not expect
too close a match between theory and data, given the number of simplifying assumptions built into
all of the models of the expansion that have been discussed. The two sets of values for vr and Tt
also differ significantly from each other, by roughly 5 % and 6 %, which leaves us two issues to
contend with; which model gives the best representation of the experiment, and how do we quantify

the errors in the values that it gives us?

Regarding the latter, further analysing the model fit by considering the covariance and correlation
values of the fitted parameters is not meaningful, since the errors on the fit cannot tell us anything
about the uncertainties in the beam characteristics. Regardless of the model, these uncertainties
are defined by the spatial and temporal characteristics of the experiment. The MCP has a time
response on the order of 1.5ns (section [2.4.2)), and the Even-Lavie valve opens with a delay of a
few ps (section 2.2.2). (These are hard to quantify, including their linearity, but they should be
small enough to neglect). Additional delays introduced by the electronics should also be small in
comparison to the beam time-of-flight profile, which is of the order of several ms. The error is likely
to be dominated by uncertainties in our knowledge of the distance from the source to the detector,
Agp. The width of the signal peak determines the beam temperature (or, equivalently, its spread of
velocities) and this is dependent on both time and distance factors, namely the parameters o, tt
and Agp. Again, errors in Agp will be dominant. Choosing a value for the uncertainty in Agp of
5mm (and it is likely to be smaller than this) leads to to an error in vt of =& £ 3m s~!, and in T
of ~ £ 0.1 K. Although this analysis is not particularly rigorous it is probably appropriate, given
the apparent mismatch between theory and experiment shown in the structured residuals of the fits.
Bearing in mind the adage that ‘all models are wrong, but some of them are useful” [[180], we return
to the question of which approach gives the best match to our data. To decide this, Monte Carlo
simulations of the generation, propagation and detection of the beam were developed, based on the

parameters extracted from equations [3.1.8]and [3.1.T] These simulations are discussed in section[3.2}
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3.1.2 ToF at Dual Detectors

Section describes fitting a model of the expected time-of-flight signal arising from a super-
sonic expansion to experimental data, with the goal of extracting an estimate of the beam velocity
distribution. Equation gave a form for the signal:

, AL w (t —tr)?

with the width w2 = w? + oj, + o7 being composed of thermal, temporal and spatial terms. We
previously argued that the latter two are negligible for our experiment but a method of eliminating
them is described in Tarbutt and Hinds [[154]. This requires sampling the beam with two spatially-
separated detectors, giving WP — w/12 = w2 —w?. The thermal broadening is given by w = ottt /vr,

so that the translational temperature 77 can be determined:
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(3.1.9)

In previous work on the decelerator project a bespoke fast-ionisation gauge (FIG) was used [1]. This
uses electrons produced by thermal emission from a hot filament to ionise some of the atoms in the
beam, which are accelerated to a collecting electrode by an electric field, producing a measurable
signal. The FIG was reinstalled between the Even-Lavie valve and skimmer (see figure 2.2). A
supersonic expansion of argon was then produced and the signals at both the FIG and MCP captured.
Both sets of data were fitted with Gaussian functions to determine estimates of the standard deviation
w' and central time tr. The beam flow velocity vr was estimated from the known distance of the

MCP from the source Agp and the arrival time ¢1;. An example is shown in figure @
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Figure 3.5: Time-of-flight data for supersonic argon expansion, captured on fast-ionisation gauge
(left) and microchannel-plate detector (right). In theory these can be fitted with Gaussian functions
and combined to eliminate unknown spatial and temporal widths of the source to extract an estimate
of the translational temperature of the beam. In practice the results were inconclusive, due to the
different operating principles of the devices.

Data were taken with the valve at room temperature for various sets of parameters for the valve, DBD
and FIG. The calculated temperatures were compared with those given by fits of equation[3.1.8] and
it was found that the two methods give estimates of the temperature that differ significantly. How-
ever; the two detectors operate on different principles, so their outputs do not necessarily represent
equivalent parts of the actual particle distribution. The FIG also causes heating of the sample of
atoms. It was concluded that this method is not applicable to our experimental layout. As described
in section the methods we have used to estimate the beam parameters from the MCP detector
alone appear to give results that are accurate enough for our simulation requirements. Alternatively,

we could utilise this method by remounting the MCP on a movable stage.
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3.2 Supersonic Expansion Source

This section describes the generation of the initial conditions of the atoms in our simulations. Before
the interactions with the decelerator fields are included it is important to establish that we can reliably
reproduce our zero-field ‘transmission’ data, such as the time-of-flight profile shown in figure [3.1]
There are several difficulties involved in modelling our beam source. Simulating the actual redis-
tribution of particle energies that produces the beam from the population in the stagnation chamber
would be a significant task, involving a consideration of collisional cross-sections, and many-body
collisions are very computationally expensive to calculate. An option is to produce our initial en-
semble of atoms a short distance from the valve nozzle, assuming that the expansion is complete;

this was initially done as a one-dimensional case.

The simplest model would treat the atoms as a point source emerging in negligible time, but we do
have an idea of the spatial and temporal widths of the valve, and we can in confidence at least define
their probable mean values. We do not know the actual distribution functions for these parameters
but we can consider them as being Gaussian [[154]] (see section . Defining the front of the valve

housing as being at z = 0, the nozzle is at z = —6 mm, and the initial positions 2z are given by:

1 < (ZO — Mz )2 )
exp , 3.2.1)
V270, 202,

with mean 4., ~ —5mm and standard deviation ¢, ~ 1 mm (this is equivalent to equation [3.1.3).

h(z) =

We have mentioned that we are assuming that the isentropic expansion has effectively ceased and
the beam temperature profile has stabilised within a short distance from the nozzle, however the
collision rate of a supersonic expansion typically only becomes negligible after several tens of nozzle
diameters D from the source [49]. The Even-Lavie valve has a 0.2 mm aperture, so that the estimated
parameters above are not ideal, although the expansion is very likely to be complete by the time the
beam pulse passes the front face of the valve. Similarly, we assume that the creation times ¢ of the
atoms in the beam are:

o) = g exp ({02, A

with z, and oy, defined by the overall opening time of the valve ¢,, typically between 20 and 30 ps,
and it takes ~ 10 ps for the plunger to open after activation. The mean creation time is therefore
tt, = (10 + t,/2) ps, with an estimated oy, ~ t,/6. Supersonic expansions are often specified as
a velocity distribution with different components in the directions parallel to and orthogonal to the
beam flow [49]. This is shown by equation [2.2.3]in section 2.2.1] the longitudinal component of

which is:

1/2
1 . — vp)?
fr(vy) = (27“7%> exp (—(020%%)> . (3.2.2)

A range of initial particle velocities can be chosen by sampling from equation[3.2.2} the required pa-
rameters are found by analysis of experimental data, as described in section[3.1.1] Putting all of this
together, we can create our sample of atoms and evolve their motion through space. Since the three
initial conditions are all Gaussian functions they can be efficiently sampled via the NumPy ‘normal’

library [181]]. We then run a stepwise simulation, with each particle only beginning to move once the
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time counter has passed its creation time. For the transmission model there are no forces involved,
so the displacement of each particle from its position z,, at time ¢,, is given by 2,41 = 2, + V.0,
where v, is its velocity and the timestep §; = t,, 41 — tp.
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Figure 3.6: Simple one-dimensional model for expansion of argon atoms, the valve opens at time
t = 0 for 25ps, vy = 361 ms~!, temperature of 6.9K giving o, = 37.8ms~!. Dashed lines
indicate the dimensions of the DBD which runs to z = 12 mm. The difficulty of evenly exposing the
entire expansion to an excitation pulse lasting 30 us can be seen.

Figure 3.6 shows an example of this simulation applied to argon. In the case of argon we are using
a dielectric barrier discharge pulse (DBD, section [2.2.3) to produce metastable atoms, so that they
are both paramagnetic and therefore manipulable by the decelerator field, and also possess suffi-
cient internal energy to trigger the microchannel-plate detector (MCP, section [2.4.2). The use of
metastable argon (or some other species that must be energised to an excited state), has implications
for our implicit assumption that the parameters estimated from the signal at the detector match the
underlying distribution of the beam as it emerges from the valve. We are only able to detect excited
atoms, and it is difficult to quantify the differences between the velocity distributions of these two
populations. There are two primary reasons that these may diverge; firstly, as well as producing
the desired excited atoms, the DBD pulse has the side-effect of causing heating due to ionisation of
trace impurities in the beam. These effects are not as serious for a DBD as compared to traditional

electron-impact excitation schemes [[158]], but they are present.

Secondly, we generally wish to optimise the duration of the DBD discharge, given by the number
of pulses N divided by the RF frequency, v, and the time ¢p at which it is triggered, in order to
select a slower fraction of the beam and increase the chances of loading it into the decelerator. This
means that we are certain to distort the distribution of particle velocities we infer from the detected
time-of-flight signal. In fact, even if we wish to uniformly excite the entire beam this is difficult to
achieve, as illustrated in figure[3.6] The packet of atoms expands along the z-axis as it moves, due to
thermal spread of velocities, and rapidly becomes larger than the 12 mm DBD. A typical value for
N/v would be 18 / 600 kHz = 30 us, and even if the majority of atoms are inside the region of the
DBD within this time interval they will not be uniformly exposed. The fact that the discharge may
not be uniform along the axis of the beam is also hard to quantify. Simply extending the duration
of the discharge is not always feasible, as generally the values of N and v must be empirically set
in order to maximise beam signal and stability. This argument is of course specifically for argon
and may not be as applicable to heavier species with lower supersonic expansion flow velocities,
but generally the point is that when using excitation on a beam we must expect the detected signal

to differ from the one we would theoretically detect, in ways that may be hard to quantify. This
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is likely to contribute to the differences we saw when fitting models to data in section [3.1.1] With
the above caveats in mind, we proceed to simulate the source population as it is created during the
excitation pulse. The DBD is 12 mm long so we can use equation for the positions zg, with
lz, = 6mm and o, = 2mm. Choosing time ¢ = 0 at the DBD trigger, the creation times ¢ are
bounded 0 < tg < N/v, giving py, = N/2v and o, = N/6v. We obtain estimates of ¢t and op by
fitting equation

A3 A 20—\
S(t) = B=3D exp | — ( sD ) < T> , B13)
( ) t% P ( \/iO'TtT tT

these are applied to equation (as vr = Agp/tr) to create v,. The motion of the atoms through
space is then solved until they reach a distance corresponding to the detector, at which point their
arrival times are recorded. The loop terminates when all are accounted for, and the array of arrival
times can be plotted as a histogram and directly compared to the data from which their initial condi-

tions were estimated.
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Figure 3.7: Argon supersonic expansion (orange), stagnation pressure / temperature of 6 bar / 137 K.
Left, dashed line; fit of equation giving estimated flow velocity vy = 361 ms~! and temper-
ature Tt = 6.8 K. Right, black line; simulated time-of-flight from a Gaussian velocity source using
these parameters.

As stated in section [3.1.1] equation [3.1.8]is problematic; a Gaussian velocity distribution does not
give rise to a Gaussian time-of-flight profile, as confirmed by figure The right plot shows that
the signal should diverge from a pure Gaussian in both the low- and high-velocity tails. The apparent
good fit of the data in the high-velocity tail as shown in the left plot indicates a divergence of the
data from theory. However, the match at low velocities is reasonable, and this is the regime we are
most interested in, since we have more chance of manipulating slower particles with the decelerator.
Tarbutt ef al. [[154] also reported an additional population of fast atoms when fitting their model of
a supersonic expansion for various monatomic carrier gases; they state that optimising their source
for low temperature rather than maximised signal and stability improved the fit in this region. As
described in section[2.2.3] we experienced low shot-to-shot stability and low signal when using argon
in our Even-Lavie valve, which was improved with the installation of a thermal electron filament,
which may be relevant. The degree to which our data differ from predictions is also variable; see for
example the fits in section [3.1.1] which are for different data than the ones in this section. The data
show a noticeably different population in the high-velocity tail, and during an experimental run the

characteristics of the beam will drift due to uncontrollable ambient conditions.
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Lastly, we investigated the effects of the assumed distributions given in equations and
Versions of this simulation were produced in which the initial conditions ¢y and zy were either all
set to their mean values, or uniformly (as opposed to normally) distributed within their bounds. The
output of these tests could not be distinguished from simulations in which the parameters were sam-
pled from equations [3.2.1]and [3.1.4] which supports our claim in section [3.1.]that the temporal and

spatial widths of the source are negligible in our experiment.

The simulations described up to this point are one-dimensional, and were later extended to include
the effects of the decelerator field, as discussed in a later section. For that case it was more important
to include transverse motion in the beam, given the strongly directional profile of the field. Three-
dimensional extensions to the model were first developed and tested for free flight, which will now

be discussed. The radial component v,. of the source velocity in equation [2.2.5]is:

frw) = o v (3.2.3)
'UT = ex — 5 L
T 27ra%r P 20’%,7“

however, we do not know what the values of the parameters v,. and o, are. When dealing with the
unknown longitudinal velocity components we are able to extract estimates for the relevant parame-
ters from the time-of-flight data, but our detector does not allow us to determine anything about the
radial velocities. We can, however, use the fact that the beam passes through a skimmer to determine
plausible initial conditions for each atom, since this constrains the possible values of the coordinates
x, y and velocity components v,;, v,. For each particle a trajectory is defined passing from a point at
the valve to a point at the skimmer, with radial and angular coordinates dy, 6y and ds, fs. These are
chosen from a uniform random distribution, with the radial values bounded by the radii of the valve /
skimmer, which are 0.1 mm and 2 mm respectively. These coordinates are easily put into Cartesian

form:

Ty dy cos(0y)
w | [ dvsinif) (3.2.4)
Ts ds cos(0s)
Ys ds sin(0s)

Although the trajectories start at the valve, we create the particles at z = 2, so the initial lateral

coordinates xg, yo are determined as being on the line joining the initial / final points xv, yy / xs, vs:

LS —v) zZo0 + v
oy _ Avys
= 2% , (3.2.5)
Yo K20ty
Ays

where Ays = 162mm is the distance from the valve to the skimmer. Each particle has to travel
a distance A, = Ays — 29, which takes time ts = A,/v,. In this time each particle moves

A, = xs — xo and Ay = ys — 7o so the initial transverse velocity components are given by:

Agv,
Vg A,
( ) = A, |- (3.2.6)
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To create the initial distribution in a three-dimensional source model, the polar coordinates are se-
lected from the uniform random ranges 0 < dy < 0.1mm, 0 < dg < 2mm, 0 < 6y < 2,
0 < 05 < 2m; these are used to calculate the components o, yo, v, vy. Values for zg, v, and ¢ are

chosen as described earlier.

Assuming, as we have done, that the radial velocities are independent of the longitudinal ones, their
presence would make no difference to the expected time-of-flight signal except for the complicating
factor that in the physical experiment the beam travels from the skimmer to the detector through a
tube with an inner radius of 2.62 mm. To account for this the three-dimensional simulations count
particles that reach this radial distance during flight as being lost due to collision with the tube wall.
This means that on average particles with higher longitudinal velocities can have a slightly larger
range of possible radial velocities, since they have less time to drift to the wall during flight. For a
long enough decelerator this would shift the signal at the detector, with the slower tail of the distri-
bution being winnowed out, but in practice this effect turns out to be negligible for the typical beam
speeds we achieve with metastable argon. The distribution of longitudinal velocity components of
atoms ‘surviving’ the trip to the detector in the three-dimensional simulation differ from those of
the one-dimensional model in no statistically measurable way. The effect may, however, be more

significant if slower beams of different species were used.

Returning to the velocities of the particles; so far we have used equation [3.2.2| with parameters from
[3.1.8] both of which are Gaussian, to generate a longitudinal velocity distribution. In section [3.1.]
we also demonstrated a fit of equation [3.1.1} which gives an arguably closer match to the data, par-

ticularly in the low-velocity wing in which we are most interested:

w-sthen(-(22) () e

The deviation of this function from a ‘pure’ Gaussian shape means that we cannot use it to generate

inputs for the typical velocity distribution given in equation [3.2.2] but we can use it as the basis
for an alternative way to model the source. Returning to section 2.4.1} equality related the
time-dependent signal S(t) to ®1(v), the flux of particles as a function of speed:

S(t) < &r(v)/t. 2.4.8)

Equality[2.4.8|shows that the beam speed distribution can be retrieved directly from the time-of-flight
data, since a suitably-normalised plot of S(¢)¢ against 1/t is equivalent to one of ®r(v) against v
[173] (assuming, as we have done, that broadening of the signal due to the width of the source is
small). We can define the expected signal as a function of velocity S(v) = @1 = S(¢)t, giving:

)2
S(v) = S(t)t = Bv®exp (—(UZT)) . (3.2.7)
207

Figure [3.8] shows the example data used in this section converted to a speed distribution by plotting
the product of the signal and time against v = Agp/t, and fitted with equation for the pa-
rameters B, vr and or. This gives the same results as equation [3.1.1} but this form is convenient for
simulation purposes. We create our initial values xg, yo, 2o and t¢ as described earlier in this section,
but now instead of velocity components set by the one-dimensional Maxwell-Boltzmann distribution
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Figure 3.8: Orange, speed distribution derived from experimental time-of-flight data, since S(t)t vs.
1/t = ®p(v) vs. v. Dashed line, fit of equation The results of this are equivalent to fits of

equation[3.1.T)as shown in e.g. figure 3.9}

and the geometry of the valve and skimmer, we choose initial speeds v, from the distribution:

f(vo) = Bvj exp (—(UO_UT)Q> . (3.2.8)

20%
Unlike the Gaussian case we cannot directly sample this function using a NumPy library but instead
use Monte Carlo rejection sampling to create a population of the desired size (see section[3.3). This
is slower than sampling from equation [3.2.2] but it is still a small part of the overall runtime of the
simulation. Each atom has already been assigned a random trajectory from the valve to the skimmer

which can be written as a displacement vector r, with magnitude = |r| and components:

Tz s — Ty
ry | = ys—wv | (3.2.9)
Tz AVS
giving angles:
Ox arccos(ry /1)
0y | = | arccos(ry/7) | » (3.2.10)
0z arccos(r,/r)

from which we can resolve the speed v into vector components v, v, and v,:

Uy cos(fx)
vy | =wo | cos(fy) | - 3.2.11)
v, cos(fz)

Once the initial coordinates are established the simulation can proceed as previously described. This
is shown in figure the right-hand pane of which has the simulated time-of-flight versus data. On
the left is a fit of equation [3.1.1] which as stated is equivalent to equation

Compared to figure [3.7]it can be seen that both methods give a very similar output for the simulated
signal, but only for the speed model do we see an agreement between the model fitted to the data
and the output of the simulation. Supersonic expansions involve complex physical interactions, and
any model is bound to include many approximations. We have developed plausible models for the
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Figure 3.9: Argon supersonic expansion (orange), stagnation pressure / temperature of 6 bar / 137 K.
Left, dashed line; fit of equation giving estimated flow velocity v = 350 ms~! and tempera-
ture Tt = 6.9 K. Right, black line; simulated time-of-flight with initial speeds selected from equation
and trajectories devised on the geometry of the valve / skimmer.

distribution of velocities in the molecular beam, with varying results, but the technique of sampling
from an arbitrary function offers us another option. Rather than fitting some theory to data, we
can just look at real time-of-flight profiles and use them as a template for the initial conditions of
the beam in our simulations. We have fitted equations [3.1.8] and to data using least-squares
methods but instead we can apply a one-dimensional cubic spline (section[3.7.1); being a piecewise
model this can reproduce the data closely along its entire range, without any propagation of local
errors. This spline interpolator can be used with Monte Carlo rejection sampling to produce a range
of initial speeds that very closely correspond to the data, without making any assumptions about the
theoretical basis for their distribution; otherwise the initial conditions are determined as previously
described. The results of such a simulation are shown in figure|3.10} and it is clear that this represents
the best possible case for a simulation to match the source data.
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Figure 3.10: Argon supersonic expansion (orange), stagnation pressure / temperature of 6 bar /
137 K. Left, dashed line; fit of a one-dimensional cubic spline to experimental data. Right, black
line; simulated time-of-flight with initial speeds selected by Monte Carlo rejection from the spline
interpolator.

In conclusion; in section we discussed the derivation of a commonly-used Gaussian model for
the expected time-of-flight signal arising from a supersonic expansion, and compared it to a parent
model with fewer simplifying assumptions. When used as inputs for a Monte Carlo simulation of the
beam both methods plausibly reproduce the gross structure of the actual time-of-flight data, but we
have achieved ideal results by simply fitting an ad-hoc model to zero-field transmission data. This

serves as the basis for a simulation of the full decelerator, including magnetic fields.
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3.3 Arbitrary Function Sampling

In Monte Carlo simulation it is often necessary to create a random sample of a variable x which is
distributed according to a function f(z). When f is a common function such as a Gaussian then
this is straightforward, since most programming languages have standard libraries for creating such
populations; for example, the NumPy ‘random’ library for Python [[181]. These are typically easy
to use and optimised for efficient and fast operation, although care needs to be taken that the be-
haviour of the random number generator (RNG) is as expected. Historically there were problems
in the context of codes utilising multiprocessing, involving parallel processes all having the same
value of some random parameter rather than unique ones. These issues have been largely resolved in
modern libraries but care should be taken with legacy codesets as unintended behaviour may distort
the results of simulations in ways that are difficult to detect. Even when operating as intended it
must be borne in mind that all code libraries of this type are actually pseudo rather than true random
number generators, and for applications with very strict requirements for ‘true’ randomness special-
ist hardware equipment is available. When using software generation it should be noted that not all
algorithms are equal, and many commonly used codes actually fail statistical testing. For very sensi-
tive applications it may be advisable to perform analysis to test the RNG to determine that the output
of the code is not compromised. Recent versions of NumPy have moved away from the traditional
Mersenne Twister 19937 method [[182] and default to the statistically better Permuted Congruential
Generator PGC64 [[183]]. This is a deep topic, but for the purposes of the work described in this
thesis it is sufficient to note that all results given have utilised at least PGC64 where a pseudo-RNG
was required, with legacy code being updated or rewritten completely.

If f is some arbitrary function then other methods must be used to randomly sample it. Depending on
its form a method such as inverse transform sampling [[184] may be a good solution, but finding the
inverse of the cumulative distribution function is not always simple. There are many other options
but one that is easy to apply and will always work is Monte Carlo Rejection sampling [[185]], although
it is not necessarily very computationally efficient. The operation of this method is straightforward,
requiring as input the maximum value of the function fy,,x and the minimum and maximum values
of the interval in which we wish to sample, Ty, and .. To begin, two random numbers n; and

ng in the range [0,1] are generated and used to give:

T = Tmin + nl(wmax - xmin)a 3.3.1)

and:

Y = N2 fmax- (3.3.2)

If y < f(x) then we accept  as a random value sampled from the function f, otherwise we reject
it. This process continues until the desired number of values = has been generated. The interval
parameters xpi, and Ty,,x must be chosen appropriately such that they bound the function f across
the entire region in which it has a substantial non-zero value, but this is a trade-off for longer com-
putation time since expanding the interval of = will greatly increase the number of null results of the
rejection tester. Also, the value of fi,x may or may not be simple to determine from the form of f;

for example, if f is a Gaussian it is clear that f,,x = u, the mean value of . For an easily differen-
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tiable function we can find the maximum value by solving d f(z) = 0. An alternative method is
to generate a range of values of x that bracket the peak of the function, calculate the corresponding
values f(x) and then inspect the output array for the maximum value. The spacing step between
neighbouring values of x in the query can be made small to allow an arbitrarily close value of fi.x
to be found; again, depending on the form of f this may not be computationally efficient, but it may

be simpler than finding the root of the derivative and will always work for a continuous function

f().

To give an example, in section [3.2] we discuss the generation of a range of particle speeds from the
distribution shown in equation

f(vo) = Bug exp (—W> : GZ3)

202
This function is a skewed Gaussian, so we can choose Zpi, / max to be vr & 3o, meaning that our
sampled distribution should be drawn from better than 99 % of the population, thus being represen-
tative of the overall distribution. The maximum value of this function is easily found to be one of

the roots:

fnax = % (vr £ (v} +1203)) . (3.3.3)

As stated, this method is relatively slow compared to generation of purely Gaussian samples using
NumPy; for example, generating a population of 10% values of vy on a recent desktop computer
took over 10 minutes to calculate compared to less than one minute for the Gaussian case. Since
our overall Monte Carlo simulation of the experiment may take several hours to run, however, this
remains a small part of the overall code runtime, and it only occurs once at the beginning of the
code. The slowdown can be mitigated; because the workload of the algorithm can be broken into
independent chunks it is easily parallelisable. If frequent calls to this method were needed during

runtime then it would certainly be a priority to determine a more efficient method.
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3.4 Magnetic Trapping

Section@] gave a brief review of the Zeeman effect, and the associated Stern-Gerlach mechanism
by which particles with a magnetic dipole moment may be manipulated using an inhomogeneous
magnetic field; this section will describe how these forces may be calculated for various species.
The travelling-wave Zeeman decelerator has been characterised with argon in the metastable 3P2
state so that will be considered first. This term has L =1, S = 1, J = 2 and I = 0, giving a simple
structure with five equally-spaced sub-levels. Previously it was stated that for moderately strong
fields the Zeeman splitting in ground-state silver took the form:

AE ~ gyupmB., 23.3)

because I = 0 this can be suitably applied to argon across the range of field strengths of interest in

our experiment, as shown in figure 3.1}
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Figure 3.11: Zeeman splitting of 3P2 argon. The applied field lifts the degeneracy of the five sub-
levels labelled by m s giving two high-field seeking, two low-field seeking, and one level not affected
by the field.

Because the energy changes linearly with respect to the magnetic field the gradient of the energy can

be directly related to the gradient of the field, so that the force exerted on a particle is given by:

oB
Fioy.2) = g B] (3.4.1)

,y,2]
For argon, therefore, the m ; = 1 and 2 states are low-field seeking and the m y = —1 and —2 are high-
field seeking. This is incorporated into our simulations of the travelling-wave Zeeman decelerator.
The simulation code generates a sample of atoms with initial positions, velocities and projection
quantum numbers m ; as described in sections and The simulation is step-wise, and at each
step the particle motion is evaluated. If the decelerator field is inactive the sample positions are
incremented according to simple free flight. When the field is active, the magnetic field is calculated
using the code described in section this returns the magnitude |B| across a three-dimensional
grid.

If the simulation is one-dimensional then the z-component of the field is extracted and loaded into a
spline interpolator (see section[3.7.1) which is queried to return the gradient d B, / dz at the location
of each particle. For a full three-dimensional simulation we instead load the calculated field into
our tricubic interpolator which returns the gradients along all three coordinate axes for each particle
in the sample. As described in section [3.7.2] this code library was created specifically to provide a
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fast and accurate method of interpolating data across a regular grid, including derivatives, for large
query sizes, since a suitable package was not available elsewhere. The tricubic code has been key
to much of the work described in this thesis. Earlier simulations of the experiment utilising the first
implementation of the tricubic method relied on using a pre-calculated time-averaged decelerator
field and scaling the particle positions [2f], which was necessary because both setting up and querying
the interpolator were too slow to allow on-the-fly calculations of the decelerator field to be used.
Once the field gradient is known at the particle positions, the force on each and thus its acceleration
is found via equation[2.3.9] and the motion can be solved using a numerical integrator. We originally
implemented a fourth-order Runge-Kutta method but subsequently switched to the velocity Verlet
algorithm [186]], which provides more than adequate accuracy with fewer calculation steps; details

are given in section [3.8]
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Figure 3.12: Zeeman splitting of ground-state hydrogen, shown for different scales of applied mag-
netic field B. Left, at low field a series of energy levels labelled by F' and mp and linear in B.
Centre, at intermediate fields not all sub-levels are linear with B. Right, in the hyperfine Paschen-
Back regime the system is described by m; and m s, and is again linear.

Other species require different approaches, for example figure [3.12] shows the Breit-Rabi diagram
for 281 /2 hydrogen for weak, intermediate and strong fields. In weak fields, in a similar fashion to
the coupling of L and S which gives rise to the total electronic spin J, the nuclear and electronic
spins I and J interact to give a total spin F = I 4+ J. m; and m ; are not good quantum numbers and
instead we use F' and mp, with F =0, mp =0or F'=1, mp = —1, 0 or 1. A common approach

[85]] is to write the Zeeman Hamiltonian in terms of F as:

. F.B,
= HBIF

Zee h ) (342)
which gives energy shifts of:
AE = gppugmpB., (3.4.3)
giving the force on an atom as dependent on mp:
O|B|

For fields strong enough that the Zeeman shift is larger than the hyperfine splitting /.J-coupling
breaks down and we enter the hyperfine Paschen-Back regime in which the system can be described
in terms of m; and m 7, both taking values +1/2. This begins at field strengths approximately given

by the ratio Ay /s where pp is the Bohr magneton and Ay is the hyperfine coupling constant,
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which varies by species / state. For hydrogen this equates to roughly 0.1 T. As was the case for
metastable argon equation can be applied to solve hydrogen motion in fields with appropriate

magnitudes.

However, modelling hydrogen in the Zeeman decelerator presents problems. If it is only required
to consider the maximally spin-stretched F' = 1, mp = 1 state then either of equations [3.4.1] or
[3.4.4] could be used, since the Stern-Gerlach type interaction only depends on the gradient of the
energy shift, but adding in the other sub-levels to get a more complete prediction of the experimental
outcome is more difficult. An individual trap in the decelerator field has field magnitudes with a
maximum of order ~ 0.5T but approaching zero at the centre, so a hydrogen atom caught in the
trap during the operation of the experiment might experience fields spanning more than one of the
regimes shown. Atoms with F' = 0 or 1, mr = 0 moving from the centre to the extrema of the
trap would go from experiencing zero force to having high / low-field seeking behaviour. To obtain
a more complete solution it is necessary to include the hyperfine interaction when calculating the
energy eigenvalues of the different states in the sample. This interaction between the nuclear spin
and electronic angular momentum can be well approximated as a multipole expansion [187]]; the
contribution of the terms in the series tails off rapidly and generally only the first two, the dipole and
quadrupole, need to be considered. The quadrupole term also vanishes unless / > 1 and J > 1, and
may often be neglected if very precise calculations are not required. The approximate Hamiltonian
of the dipole moment is:

Anfs s

Sl 0 § (3.4.5)

]:IDip = B

Combining this with equation m gives the total Hamiltonian I;TTm = fIZee + H, Dip:

A Angz +  psgsd B
o = T 1 I+ =

(3.4.6)
Since we are working in field regimes such that the energies are much smaller than the fine structure
we neglect coarse and fine structure and choose our zero energy to correspond to the zero-field limit
of the Zeeman Hamiltonian, and use the Hamiltonian in equation [3.4.6| for the whole system. For .J

= 1/2 the standard solution is the ‘Breit-Rabi formula’ [187]:

AEp_js1)s = —4<IA+M1//2) + A;V \/<1 n IQTT;; + x2>, (3.4.7)
where x = ppgyB./AW and AW is the separation between the two hyperfine sub-levels at zero
field, related to the hyperfine structure constant by Ay, = AW/(I + 1/2). The latter term arises
from the Fermi contact interaction [188]]; for hydrogen I = 1/2 and the correction vanishes, but it
is significant for other species. The Breit-Rabi formula gives rise to four separate equations for the
Zeeman shift of the sub-levels in hydrogen, but in order to calculate trapping forces the gradients
of the energy are required. For a J = 1/2 system we can proceed by calculating the Zeeman shift
at each point in our grid using the Breit-Rabi equations and then interpolating for the first deriva-
tives, however for J # 1/2 a more general approach to solving the Hamiltonian in equation W
is required. One method is to work in the coupled basis, beginning with the zero-field eigenfunc-
tions. The required Zeeman Hamiltonian matrix elements need to be calculated in the basis | F, mp).
For ground-state hydrogen F' =0 or 1, L =0 so J = S = 1/2 and the matrix elements have a form
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(F'm!,| S. |F, mp). The operator for S, acts on the | S, m) basis, so | F, m ) must be decomposed

to the |S, I, mg, my) basis by calculating the Clebsch-Gordan coefficients.

Working in the coupled basis can become quite complex and cumbersome for some species / states,
so instead we assemble a matrix of the Hamiltonian in terms of the uncoupled basis |1, J, mr, m ),
then diagonalise it to find the energy eigenvalues as a function of external field. In order to construct
the Hamiltonian where both I and J = 1/2 the Pauli spin matrices o could be used, with 1= ho 1/2
and J = ho'y /2. In order to more conveniently deal with larger angular momenta we can instead
utilise the ladder operators 5, = 3, + 8, and 5_ = 5, — i3, which are easily generated on a
computer for an arbitrary value of spin, and then used to give the components s, = i/2(s— + s4),
sy =1h/2(s— —sy)and s, = h/2(sys_ —s_s.). To create the hyperfine Hamiltonian, the ladder
operators are used to generate if, , .} and j[, , .]; for hydrogen both components are spin 1/2 so
these are the standard Pauli matrices. We then create the combined state space combining these two
spin spaces by taking their tensor products I , o] = Jiz.y,2) @ I and Jiz o) = I; & Jg,y,2) Where

® is the Kronecker product and I is an identity matrix of dimensionality of the opposite component.

The dipole Hamiltonian can then be assembled, in the basis |1/2,1/2), |1/2,—1/2), |-1/2,1/2),
[—1/2,-1/2):
1/4 0 0 0
. 0 -1/4 1/2 0
Hpyp =1.J, + 1,0, + 1, J, = Apgs 34.8
Dip yJy hf 12 —1/4 0 (3.4.8)
0 0 0 1/4
The Zeeman Hamiltonian can be written in terms of J:
1/2 0 0 0
2 g]/iBBsz 71/2 0 0
Hye = = B, , 349
z W gsmB 0 12 0 (3.4.9)

0o 0 0 -—1/2

with the Landé factor g5 = 1+ (J(J+1) — L(L+1)+S(S+1))/(2J(J + 1)). It is worth noting
that we have here used the convention that the magnetic field B points along an arbitrary z-axis with
magnitude B, with the projection of I and J along the same axis. This is not the same frame of
reference as the physical experiment being simulated, in which we choose z to be the direction of
propagation of the molecular beam. At each step when the eigenenergies are calculated the magni-

tude of B is used, rather than its projection on the physical z-axis.

The dipole and Zeeman matrices are constructed once at the beginning of the simulation, then at
each timestep the decelerator field is found at each point of the simulation grid and used to generate
the total Hamiltonian fITot = ﬁDip +H 7ee- This is then solved using the SciPy [[179] ‘linalg’ library.
This produces a grid of Zeeman energies for each state present, e.g. for hydrogen we would have
four fields, each of which can be loaded into the tricubic interpolator. In the previous example we
used the interpolator to find the gradients of the decelerator field, whereas now we are able to return
the gradient of the energy and thus the force exerted by the field at any point. The Zeeman shift code
library has been developed to be easily adapted to other species, and has been used in modelling the
behaviour of hydrogen and lithium in a hybrid magneto-optical trap [[189].
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3.5 Source State Population of Argon

Section[3.2]described the simulation of our supersonic expansion source, in which a dielectric-barrier
discharge (DBD) is utilised to produce metastable atoms. This can be applied to several different
species but in this work we are largely concerned with argon, which was used to characterise the ex-
periment. The DBD is necessary for two reasons; firstly, ground-state argon atoms are not energetic
enough to trigger the microchannel-plate detector (MCP), and secondly, we require the atoms to be
in a paramagnetic state in order for them to be manipulated by the decelerator fields. Consideration
of the quantum state of the atoms was not necessary for the free-flight model but is essential when
including the effects of the decelerator fields. Figure [3.13] shows the lowest excited states of argon,
of which only the triplets 3P1 and 3P2 have sub-levels with non-zero magnetic moments; and of

these only 3P2 is metastable [[176].
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Figure 3.13: Energy levels of argon in the first excited configuration, relative to the ground state.
Dashed lines indicate states with a short excited lifetime before undergoing radiative decay, states in
red are metastable.

The 3P2 state has five sublevels, which are degenerate in zero magnetic field. The Breit-Rabi dia-
gram in figure [3.14] shows the splitting of these states in an external field, with the optimal state for
magnetic trapping and deceleration shown in red; see section When simulating the supersonic
expansion source (section [3.2) each atom in the initial distribution is randomly assigned a value of

the m ; quantum number from the set [-2, -1, 0, 1, 2]. Further discussion of the source population is

given in section [3.10}
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Figure 3.14: Energy splitting of the sublevels of the 3P2 state of argon in an applied magnetic field.
The maximally spin-stretched low-field-seeking m; = 2 sublevel is shown in red. See also figure
3.11
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3.6 Calculating Magnetic Fields

3.6.1 Decelerator Fields

In order to simulate the travelling-wave Zeeman decelerator, we need to be able to calculate the
magnetic field produced by the deceleration coils at the position of each particle in the beam, at
every time step. Section[2.3.6described how we determine the sequence of voltage pulses necessary
to approximate the target current waveform in the decelerator coils, and the same code is the basis

of our field calculations.

Figure 3.15: Calculating the magnetic field in the decelerator. Upper panel, simplified structure of
a coil from above. At a point P the field due to the nearby wire segment is calculated via the Biot-
Savart law. This calculation is carried out across a spatial grid surrounding the region of interest
for all wires, then summed together. Lower panel, side-view cross-section through the coils. The
direction and magnitude of the current as a fraction of the peak Iy is shown, where neighbouring
phases have a phase offset of 7 /4 radians. cf. section Image reproduced from L. McArd .

Figure[2.10]shows an example of the PWM calculation, with the target and actual current over time.
This sequence can be used to determine the magnetic field produced by the wire segment in the coil

via the Biot-Savart law:

Lo R X ds

p= oy [BXE
47 [R|? 7

(3.6.1)

where ds is the current element and R is the displacement vector from P to the wire. In order to
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apply this we work in a coordinate system rotated by the angle «, such that the wire lies along one
axis. The direction of the field at P is given by the right-hand rule for the cross product R X ds and
the magnitude B can be found from the Biot-Savart law for finite-length conductors [[190]:

B= 4%1/ [$in () — sin(ey)] (3.6.2)

where d is the distance between P and the axis along which the wire is aligned, and the angles ¢,,, ¢;
are as shown on figure The grid of coordinates over which we wish to know the field in the
laboratory frame is generated, transformed into the rotated frame, and the corresponding values B
calculated. The direction of the field at each point is also found, rotated back into the laboratory
frame, and used to determine the vector components B. As seen in the upper row of figure [3.15|each
wire segment of a coil can be treated as several individual straight wires; the coils are three periods
long meaning each segment can be modelled as six wires. B is found for each wire, and then the six

fields can be summed together.

The complete field arising from a module can be found by proceeding in the above manner for each
wire per phase, each phase per coil, and each coil per module, but we can adopt a more efficient
procedure. Each coil is connected as four phases of 2 x 4 wires each, and the coil is paired giving
effectively a block of 4 x 4 wires. If at some time ¢,, a given wire, say in one of the red blocks shown
in carries current [, then so do all of the wires in that phase. Likewise, all of the wires in the
corresponding block in the coils opposite carry —1,,. Also, equation [3.6.2] shows that B oc I so we
can calculate the field across our spatial grid due to the current in the same phase of both coil pairs
for, say, 1 A, and store this result for later use. We can then determine the grid of values of B for any
arbitrary I by simply scaling it, rather than calculating the result for each line segment and rotating
coordinate systems. Each decelerator section, which contains four separate coils, can be stored as
four individual pre-calculated fields. Rather than encompassing the entire beam path we define a
grid that covers a region slightly larger than the sample delivery tube in the z- and y-directions, and
in z beginning and ending several centimetres either side of the decelerator coils. This reduces the

calculation time and size of the output array.

The current in each phase is determined for a range of times as described in section[2.3.6] and a one-
dimensional interpolator is used to return the current for any arbitrary time as required. The number
of data points used to describe the time-varying current in the coils is decided in accordance with
the Nyquist—Shannon sampling theorem [191]]; an analogue function with no frequency component
greater than F' can be discretised and completely recovered if sampled at a frequency of no less than
2F.

Earlier simulations of the experiment utilised this method to visualise the decelerator field as a func-
tion of time, but were unable to produce detailed simulations of the experiment due to the lack of an
efficient method of interpolating the field. Instead, the average field profile of a single magnetic trap
from the decelerator was calculated and its movement along the beam axis was modelled via coor-
dinate shifts [2[]. This was successful at reproducing the broad structure of our experimental data,
but was unable to capture the effects arising from the fluctuations in trap depth and position caused
by the PWM process. The improved tricubic interpolator allowed much more detailed dynamic

simulations of the complete experiment to be performed, as will be shown in following sections.
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3.6.2 Static Fields

Section [3.6.T] describes modelling the magnetic fields in the Zeeman decelerator, which we are able
to do via the Biot-Savart law due to the coil geometry. Permanent magnets such as those in the
decelerator quadrupole or the proposed hybrid magnetic trap / magneto-optical trap (MT-MOT, see
chapter[3)) have no simple analytic solution, however, and must be modelled differently. This section
describes the results we have obtained from using two alternative software packages.

The MT-MOT fields were first calculated [2]] using the Radia package [[171]], which is a plugin devel-
oped by the European Synchrotron Radiation Facility for the Mathematica program. Radia is used
for magnetostatics modelling, for assemblies containing both permanent and electromagnetic com-
ponents. Most packages of this type utilise finite element analysis, whereas Radia utilises boundary
integral methods. Consider the magnetic field H produced by an object of uniform magnetization

M, this can be represented by the matrix Q:

H=QM (3.6.3)

For a line parallel to vector v = (v, vy, v,) and passing through a point r( the object produces a field

given by the integral:

I= / H(ry + v,)ds = GM. (3.6.4)

Equations [3.6.3and [3.6.4] are quite general, irrespective of the shape of the object. For the example
of a rectangular paralleliped aligned along the Cartesian XY, XZ and YZ planes the components of
Q are given by:

2
1 oy 1 — _
me = E Z (71)z+]+k+1 tan I[Ii 1yjzk(vi,j,k) 1/2]’
i, k=1
1 2 ititk
wa = E In H [Zk: + (5522 + yJ2 + Z]%)l/z]_l ’ )
i,5,k=1

(3.6.5)

T12 = Te — X0 + wz/Q,
Y12 = Ye — Yo F wy/2,

210 =2 — 20 F W, /2,

where w,,wy,w, are the dimensions and z., Y., 2. the coordinates of the centre of the block,
x0, Yo, 2o is the reference point of interest. The other components of Q are found by interchanging
coordinates in equations A similar set of equations apply for the matrix G for a paralleliped,
for example to integrate along v, = v, = 0:
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2
w i _ —
Guy = 2—; Z (=) F tan ™t (z2;1),
i k=1
w2
G.. =2 A
2ﬁmﬂ() an”(z;" 2x), (3.6.6)

9

o= Wy [+ 23) (5 + 27)
T Ar T [(af + 27 (23 + 23)

Gyy = Gay = Gy = 0.

Other volume shapes have similar expressions. Completely arbitrary shapes are built up from many
smaller volumes of known systems. Radia contains similar objects for modelling current-carrying
conductors. For a complete system a total interaction matrix is created and solved as required to
provide the necessary field components. Our group previously sampled the field around a mock-up
of the MT-MOT using permanent magnets with a Hall probe and compared the results with a Radia
model, finding good agreement. Other work by the author used the Radia model of the MT-MOT
in Monte Carlo simulations, in work assessing the feasibility of loading the trap with a dual-species
beam of lithium and calcium monohydride [[151]). It was found that Radia introduces erroneous arte-
facts at the boundaries of curved permanent magnets, and care had to be taken to manually check for

and remove these features to avoid introducing errors into the simulations.

An alternative method of calculating the fields around the toroidal magnets of the MT-MOT was
developed using the FEMM package (Finite Element Method Magnetics) [[172]. This supports mod-
elling systems comprising any combination of steady current-carrying and permanent magnetic el-
ements, with the caveat that it is two-dimensional. FEMM handles magnetostatic (time-invariant)
problems in the following way; the flux density B and field intensity H must satisfy:

V-B=0, (3.6.7)

and:

VxH=], (3.6.8)

where J is the current density, with B and H related by some permeability u:

B — 4H. (3.6.9)

B can be written in terms of the magnetic vector potential A in a form that satisfies equation[3.6.7;

B=V XA, (3.6.10)
giving:

Vx(;VXA>:J (3.6.11)
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For non-linear materials 4 will be some function of B, and can be replaced in equation[3.6.11] by the
appropriate relationship. A magnetic element is created in FEMM by specifying shape, dimensions,
material composition and magnetisation vector. The software uses finite element analysis to find
solutions to the required potential; the problem domain is broken down into a large number of small,
simply-shaped domains in which the ‘true’ solution can be individually closely approximated. In
the case of FEMM the regions are triangular, and each element contains a solution found by linear
interpolation of the values at the three vertices. The mesh granularity can be increased in order to
give more accurate results at the cost of greater computation time. The model also requires boundary
conditions, with a variety of configurable options such as Dirichlet or Neumann available. It was
found that using the default setting of automatically choosing appropriate boundary conditions was
adequate for our permanent magnet calculations. The resultant solution can then be queried using

the Lua scripting language.

FEMM is two-dimensional, supporting either a standard x,y Cartesian grid or an axisymmetric
cylindrical polar grid r, z. To model the MT-MOT the latter was used, with one of the toroidal
magnets created in cross-section with the rotation axis passing through its centre. An appropriate
mesh size is chosen and FEMM calculates the approximate solution for the magnetic field B. This
can be queried at any point r, z to return either the magnitude B or the vector components B,., B,.
The model and its solution are shown in figures [3.16|and [3.17] The material chosen for the magnet
is N27 neodymium, with the direction of the magnetisation vector indicated by the arrow; the other

region is air.
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Figure 3.16: Cross-section model of a toroidal ring magnet in FEMM, rotation axis vertical, radius
horizontal. The dimensions and materials are specified, including magnetisation vectors - N27 is
a grade of neodymium material. The triangular discretization mesh over which the approximate
solution is calculated is shown; the mesh is finer where boundaries are more complex.
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Figure 3.17: Cross-section model of a toroidal ring magnet in FEMM, rotation axis vertical, radius
horizontal. Shown is the calculated solution of the model in figure flux lines are shown, with
the heatmap indicating the field magnitude.

We have developed a method to expand this solution to three dimensions, by exploiting the rotational
symmetry of the system. Firstly, we assemble a grid of coordinates x, y, z across which we wish to
know the field. The origin is at the centre of the trap and the modelling axes are already defined,
for example —50mm < z < 50mm and 0 < r < 50mm. Choosing the other coordinates as
0 < z,y <50mm we can then query the field at each point x, y, z by calculating » = \/W
(since the coordinate system is cylindrical), returning B,, B, and B. An interface written in Lua
extracts the data as the matrix x,y, z, B, B,, B, and Python code is used to complete the field. At
each point the angle between 7 and the z-axis is given by ¢ = arccos(y/x) allowing us to calculate
B, = B, cos(¢) and B, = B, sin(¢). The field components Biz,y,-) are now known across the
grid z, y, z, for positive values of x and y; the set is mirrored in the xz-plane and concatenated, and
then again in the yz-plane. This gives the vector field produced by a single toroidal magnet across
the entire region of interest. A copy of the data set is then rotated by 7 about y to give the opposite
magnet with the resultant field produced by summing them together, giving the pair of magnets
aligned along z. Similar rotations by 7/2 about the y and x axes give the pairs of magnets along x
and y, and finally the entire set of six magnets can be assembled. This method is simpler to adjust

and produces smoother outputs than Radia for rotationally symmetric objects.
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3.7 Interpolation

Where some quantity of interest is known as a discrete data set, it is necessary to interpolate the
set to acquire knowledge of the value at arbitrary points within the data domain. Broadly speaking
interpolation schemes fall into two categories; global, in which some approximating function is fit-
ted across the entire date set, and local, in which individual functions are created piecewise between
each pair of neighbouring data points. Global schemes such as polynomial interpolation may pro-
duce very smooth results but can be computationally expensive to calculate, and often suffer from

large oscillations at the boundaries (‘Runge’s phenomenon’ [[192]).

The simplest local method is linear interpolation which fits a straight line between each pair of
adjacent data points, but this does not produce a very smooth output - better are splines [[193]], which
use low-degree (typically cubic) polynomial functions, defined piecewise between pairs of points.
These do not suffer from Runge’s phenomenon, are relatively cheap to calculate, are smoother than
linear methods and, being local, large errors (often found at data boundaries) do not propagate.
Cubic splines have been heavily utilised in the work described in this thesis; there will now follow a
brief overview of background theory and a discussion of the algorithms employed (including a novel

extension to a well-known method).

3.7.1 Spline Interpolation

A ‘spline’ is one of a large family of related mathematical techniques employing piecewise polyno-
mials. They take their name from thin flexible rulers used in ship and aircraft design; when fixed
at key points or ‘knots’ on a blueprint, these devices naturally adopt a curve that minimises strain
along their length. Mathematical splines appeared in the 1940s [[194]] and were further developed in
the automotive industry in the 1950s and 1960s. This was the era of early computer-aided manufac-

turing, and splines allowed the use of arbitrary curves rather than simple conic sections [[193].

Consider data points along an axis z in the interval [z, <], giving n sub-intervals:
[0, 21], [1, Z2]...[Tn—1, x]. Rather than a single function f(z) covering the entire domain, each

sub-interval has its own function:

fO(I)7 CCOSI<I1

f(l’) _ fl(x)v 1 <z < T2 G7.1)

fa—1(x), Tpo1 < <@y,

The spline is of degree k if the polynomials have maximum degree k, i.e. for the cubic case here
each sub-function has at most a term in z3. Piecewise functions have a ‘smoothness’ defined as
the continuity of their derivatives at the junction between intervals; if at point z; both f;_1(x) and
fi(x) share common derivatives from order zero to y then there is smoothness C¥. f(x) is fully

continuous within each sub-interval; explicitly, f;(z) is C* in [z;, Z;41].
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A cubic spline has an interpolating function of the form:

fi(z) = a; + bi(x — x3) + ci(x — ) + di(x — )3, (3.7.2)

For a given data set the coefficients a;, b;, ¢; and d; are calculated for each sub-interval; once these
are known it is simple to calculate arbitrary values of f;(x) as required [[196]. Cubic splines of this
type for one- and two-dimensional problems are readily available as software libraries for Python

[179], C++, Matlab etc., and are generally well optimised for computational efficiency.

3.7.2 Tricubic Interpolation

For systems with more than one variable there exist multivariate schemes that combine interpo-
lation of the data set across these variables. Originally motivated by studies of ocean dynamics
[197]] Lekien and Marsden describe their ‘tricubic’ technique [[198] for either time-dependent two-
dimensional flows or three-dimensional time-independent flows. Earlier three-dimensional cubic
spline methods treated the problem as three one-dimensional problems [[199], whereas the Lekien-
Marsden solution efficiently combines them. The interpolated function has C' continuity and its
partial derivatives are analytically accessible.

The tricubic method assumes a data set known at a series of regular grid points in three dimensions
x,y and z. As long as the data are regular in all three dimensions they do not have to be the same
length, but without loss of generality we shall here consider a coordinate mesh that is a cube. This
mesh is composed of elements that are also cubes, for each of which the interpolant field f is known
at the eight vertices p; - - - pg (this is, of course, for a scalar field - for a vector field the same method

is simply applied to each component separately). Inside each element f is in the form of the cubic:

3

flz,y,2) = Z ijpatyl 25 (3.7.3)

i,5,k=0
The coefficients «;;;, must be calculated, and can then be used to return f for an arbitrary point
(2,9, z) within the element. In order to achieve C* continuity across the whole domain, the values
of f and its first derivatives df/0xz,0f /0y and Of/0z must be continuous across the faces and
vertices of the elements, giving 32 constraints for each. The list of coefficients in equation is
of length 64, so there must be an additional 32 constraints; it can be shown [198]] that the only valid
choice is the set:
of of of o*f &*f *f 0%f

- L 74
I Ox’ Oy’ 0z’ Oxdy’ 0x0z’ dydz’ OxOyOz (3.7.4)

To see why derivatives such as 92 f /022 cannot be used, consider the value of 9% f /0 at point p1,
which we can take to be at the origin. Along the z—axis equation [3.7.3|reduces to the cubic spline:

3
fl@) =" . (3.7.5)
=0

The values of f and 0f/0x at points p; = (0,0,0) and po = (1,0,0) are fixed, forming a unique
spline. This also constrains 0? / 02 at p; and po, which is therefore not independent of the values of
f and O /Ox. More generally this applies to all derivatives of the form 9% /922, 93 /0yd22, etc., and

means that no cubic spline method can achieve C? continuity [200]. In order to obtain higher-order
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derivatives the approximating function must also be of higher order, such as the C? ‘triquintic’ spline
recently described by Bradach [201]].

The derivatives in set are found via finite-difference methods [202]. If the coefficients ;i
from equation are placed into a vector « and the values of f and its derivatives from set
into another vector b, they are related by a 64 x 64 matrix B:

Ba =b, (3.7.6)

where the components of B are integers. If the elements are normalised to be unit cubes during
calculations, this matrix is the same for all elements, and so only needs to be calculated once. During

interpolation the results are scaled back to their actual values. The matrix is invertible, so:

B~ b =aq, 3.7.7)

allowing the coefficients « to be calculated. In order to perform an interpolation for an arbitrary
point (z,y, z), firstly the appropriate volume element containing the query point is located. The
alpha coefficients for this element are calculated, and then combined with the query coordinates in
equation to return f. The coefficients o), are a tensor of order 3, which is applied to the
vectors (1,z, 2%, 2%), (1,y,y2,9°) and (1, 2,22, 23). Differentiating these vectors can be used to
return the derivates of f - for example, using the set (0, 1,2z, 322), (1,y,y%,¥*) and (1, 2, 22, 2%)
gives 0f /0.

3.7.3 Quadcubic Interpolation

We have extended the Lekien Marsden method to four dimensions, allowing a time-dependent three-
dimensional field (or time-independent four-dimensional field) to be interpolated directly. Instead of
a cube in (z,y, z) with eight vertices, each volume element in our interpolation region is a tesseract

in (z,y, z, t) with 16 vertices, inside of which we have the function:

3
flz,y,z,t) = Z iyl 2t (3.7.8)
i,5,k,1=0
There are 256 coefficients o;;; meaning 256 constraints are required, and the derivatives given in
set[3.7.4] only supply 128 of them. Again noting the requirement to add independent constraints we
add the additional derivatives in set[3.7.9]to set[3.7.4

of 0*f 0%f o0%f 93f 03 f o f orf
Ot 9xdt’ Oyot’ 020t Oxdydt’ 0x0z0t’ dydz0t’ dxOydz0t

(3.7.9)

In order to calculate the derivatives using finite-differences, the values of f at the vertices of neigh-
bouring elements is needed - a point in this space is surrounded by 3* = 81 tesseracts defined by
256 points (since many of the vertices are shared). Placing these in a vector * = c¢; - - - ca56, the

finite-difference matrix D returns the elements of set[3.7.4]as a vector b:

Dz =b. (3.7.10)

The interpolation matrix B is 256 x 256 in size. For the three-dimensional case Faust ez al. [[203]
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describe a reduction in computation time which we have extended to four dimensions; we combine
the matrices D and B~! to produce a new matrix DB~! = A, which only needs to be calculated
once and then reused as required:

Az = a. (3.7.11)

@ijki is a tensor of order 4; applied to the four-dimensional vectors (1,z, 22, 2%), (1,y,y?, y*),
(1,2,2%,2%) and (1,¢,t2,¢3) it returns f. As before, taking the derivatives of one of these vectors
with respect to its variable allows the interpolated values of 9 f/dz, Of /Ot etc. to be calculated.

Simulations of the travelling-wave Zeeman decelerator experiment utilising the quadcubic method
were developed. Due to the large number of time steps over which the decelerator field needed
to be calculated, however, the codes were found to require an impracticable amount of computer
memory; the simulations of the experiment described in chapters [3|and ] instead utilised the tricubic
interpolation scheme. Simulations of the proposed MT-MOT in chapter 4] and in Booshanam [189)]
also used the tricubic code, since the trap field was not time-dependent. The quadcubic scheme has
been applied to simulations of the MT-MOT in which the field has extra time-dependent elements,
in an extension of work reported in Walker [[151]]; these results are not included in this thesis.

3.7.4 Software Implementation

There are many choices of programming language available for scientific computing such as For-
tran, C / C++, Java, Matlab efc. but for some years now one of the most prevalent has been Python
[204]). Python is object-oriented, highly compatible, and easy to learn, and being open source means
that it is free to use and any available code library can be inspected and modified as needed. Being
an interpreted rather than a compiled language means that it can be comparatively slow compared
to other options, but this is mitigated by the existence of numerical libraries of ‘wrapped’ fast C or
Fortran code which can be natively accessed by a Python script. Examples are SciPy, which contains
various fundamental scientific and mathematical features [179] and NumPy, an N-dimensional array
library [181].

In order to simulate our travelling-wave Zeeman decelerator and hybrid magnetic trap / magneto-
optical trap we needed to solve the motion of a paramagnetic particle in a non-uniform and time-
dependent magnetic field. An analytic solution for the field was available in neither case and so
the field was calculated on a three-dimensional grid, which we needed to interpolate. One- and
two-dimensional interpolators are included in SciPy but no suitable three-dimensional code was
available. A version of the Lekien-Marsden tricubic spline [[198]] was created in Python by U. Krohn
for McArd [2], allowing us to interpolate for the magnitude and gradient of a three-dimensional
magnetic field. (Although the following discussion of the software describes its use for this specific

application, it can be used for any suitably-formatted input).

The two major parts of the tricubic method are, firstly; for a given magnetic field B determining the
matrix of interpolation coefficients «v. For a model of the magnetic trap / magneto-optical trap mea-
suring 20 mm x 20 mm x 30 mm with a B-field determined on a regular grid with 0.5 mm spacing
the matrix would take up to an hour to calculate on a modern desktop PC. For the decelerator the

region of interest around several coil modules is several times larger, with corresponding increase in
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computation times, and additionally, every time the field changes the process needs to be repeated.
For a time-dependent simulation of particles in a static magnetic field the method worked well but
in order to model the molecular beam in the decelerator field a time-averaged potential had to be
used [2]. (The interpolation matrix could be saved to a file for later use but this proved prohibitively

expensive in total calculation time and disk storage).

The second major part of the interpolation scheme is determining the interpolated values of B and
its derivatives 0B/0z, 0B/0y and 0B /0z for a given set of coordinates. The overall time taken to
do this increases drastically as more particles are included in the simulation, since the first version
of the software returned the results for one coordinate at a time. All simulations shown in this thesis

use a minimum of 10° particles, which was impractical with the original method.

The tricubic code was completely rewritten by the author using Numpy [181], a library of array
manipulation routines based on optimised Fortran code. Each individual operation was analysed
separately to identify bottlenecks in computation, memory access or disk input / output. Firstly, the
query code was altered to allow multiple points to be sampled at once; using NumPy for matrix op-
erations rather than Python list comprehension led to an increase in code execution speed of almost

two orders of magnitude.

Adopting a standard normalised coordinate system within each volume element of the interpolation
region allowed the same coefficient matrix to be used; additionally this could be combined with
the finite-differences matrix used to approximate the field derivatives needed to form the function
constraints [[198] 203]]. Rather than calculate all interpolation coefficients in advance the code only
starts populating them as they are required and re-uses them where possible, thus saving much re-
dundant operation. The code methods used to determine which volume element a query point lay
within were also optimised for block operation. With the rewritten code it was now feasible to run
the interpolator in an ‘on-the-fly’ way; a new magnetic field geometry could be fed to the code and
it would be able to return queries from it within seconds, allowing us to model the operation of the

travelling-wave Zeeman decelerator much more accurately than before.

Additionally, the first version of the code was only written to return the interpolated gradient of a
scalar field, since that is the only relevant factor in magnetic trapping. The new version was created
so that it could be supplied with either a scalar field, in which case it could return the interpolated
values and gradients, or a vector field, in which case it could also return the values and gradients
of the magnitude, or the interpolated vector components, or both. When, for example, modelling
laser-cooling with magnetic trapping or Majorana transitions, all of these quantities must be known,

and the code library natively produces them.

The software has been designed to be modular and easily importable into other projects and is avail-
able online under a GPL open-source licence 205} 206]. Both the tricubic and quadcubic codes have
been adopted for use in a diverse range of applications, being cited in work in fields such as animal
vision [207]], quantum computation [208]], cosmology [209] and chemistry [210].
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3.7.5 Accuracy Of The Tricubic Method

The accuracy of the interpolator is difficult to quantify, because it strongly depends on the nature of
the data being interpolated. In this section we will consider two simple example cases with analytic
solutions, allowing us to calculate estimates for the error in the method. Some caveats regarding the

application of the interpolator to different systems will be shown.

The quadrupole electric potential V' due to four alternating charges ¢ arrayed in a square is given by
[211]:

1 1
S L ] 712
V) = e ~— DA (3.7.12)

Figure[3.18]shows a plot of a plane through such a potential. The left and centre panels are generated
by sampling the function in equation across uniform grids of, respectively, 121 x 121 and
13 x 13 points. The central sparse grid is then interpolated using the tricubic method across the
same 121 x 121 grid, to produce the right panel. To the eye, the interpolator is able to successfully
reconstruct the missing detail from the sparse data set; to quantify this by we can compare the

differences between a range of interpolated and ‘true’ analytic values.

Figure 3.18: The quadrupole electric potential around a series of alternating point charges. Left, the
solution is calculated analytically across a square grid with 121 points a side, centre, same as left but
13 points. Right, the sparse grid from the centre is queried with the tricubic interpolator to reproduce
the left plot. For this simple model the method is able to reconstruct sparse data well.

We begin by choosing a uniformly-spaced range of n points (1,y1), (22, ¥y2)...(Zn, yn) along a
diagonal line through the centre of the potential, so that (z1,y1) = — (2, yn). If the values of the
field according to the analytic / interpolated solutions are V4 / V; then the root mean square error
(RMS) is:

n 1/2
Erms = (Z (Vai— Vi) /n ) . (3.7.13)
i=1

In order to make the error dimensionless we can determine the normalised RMS error by dividing
FErms by the mean value VA,Z-, this can be presented as a fraction or a percentage. (We can work
with the mean value even though we are passing through the centre of the field because the potential
has the same sign in opposite corners, so the mean is not zero. For a line such as © = a with a # 0

we would have V 4 ; = 0, so a different approach would be necessary).
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The normalised error is calculated for a range of different values of grid spacings along the horizon-
tal and vertical axes, and the value of the error as a function of the spacing can be plotted, as shown
in figure[3.19] The grid spacing has also been made dimensionless by presenting it as a percentage
of the range x,, — x1. As the grid spacing increases so too does the error, although for this simple
example it remains small in absolute terms.
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Figure 3.19: Normalised RMS error for tricubic interpolator compared to analytic solution of an
electric quadrupole model, as a function of grid spacing. The interpolator is able to reproduce the
data accurately with low errors for this simple model.

Magnetic trapping experiments often use a quadrupole field, which can be generated by a pair of
coils in an anti-Helmholtz arrangement [46]]. The coils are separated by a distance approximately

equal to their diameter, and carry equal electrical current but in opposite directions.

Figure 3.20: The quadrupole magnetic field magnitude in a plane through the centre of a pair of anti-
Helmholtz coils. Left, the solution is calculated analytically across a square grid with 201 points a
side, centre, same as left but 21 points. Right, the sparse grid from the centre is queried with the
tricubic interpolator to reproduce the left plot. Although the method appears to have successfully
reconstructed the data, a consideration of the errors reveals problems in the fit at the centre.

In the region around the centre of the trap the magnetic field has a roughly uniform gradient in any
direction, falling to zero at the centre. The components of the field B can be approximated by:

Buy.1=Bo| vy |, (3.7.14)

—2z

where B is some gradient determined by the current in the coils, and their geometry. Figure [3.20]
shows a plot of the field magnitude B = |B| in the zy-plane through such a trap, at z = 0. As for
the previous example, the left and centre panels are generated for fine and coarse grids, in this case
of 201 x 201 and 21 x 21 points respectively, and the right plot is produced by interpolating the
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centre grid. Again, by inspection it would seem that the tricubic method gives a good reconstruction

of the missing detail in the more sparse data set.
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Figure 3.21: Normalised RMS error for tricubic interpolator compared to analytic solution of a mag-
netic quadrupole model, as a function of grid spacing. Although small overall, the errors fluctuate
for certain grid sizes, indicating that the interpolator is not adequately following some feature of the
source model at different scales.

We now calculate the error by the same procedure as for the electric quadrupole case; taking points
from a line through the centre of the field and comparing the interpolated results to those given by
equation Figure [3.21] shows the normalised RMS error as a function of grid spacing. Al-
though there is the expected general upward trend with increased grid spacing, the values of the
errors oscillate, and are orders of magnitude larger than the previous example. The explanation for
this is apparent when we compare the outputs of the analytic and interpolated models for particular

values of the grid spacing, shown in figure [3.22]
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Figure 3.22: The field magnitude B in the central region of the trap for two values of the interpolation
grid spacing. Orange, analytic solution, dashed line, interpolated. The disagreement arises because
the tricubic method favours smoothness over accuracy. This explains the oscillations in figure
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As stated in section the tricubic method favours smoothness of the interpolated function, and
fails to accommodate the sharp change in the field magnitude. As the grid spacing is adjusted the
fit alternates between the behaviours seen in the left and right panels of figure Rather than
working with the field magnitude B we can avoid this problem by using the vector components
Bis.y,-)» which vary smoothly through the origin. Our code can work with vector fields by separately
interpolating the components (see section [3.7.4), and we can then convert to magnitude. The result
is shown in figure 3.23} the differences between the interpolated and analytic solutions are now
negligible, with the remaining variation arising from floating-point limitations. The two examples
given in this section emphasise the point that care must be taken when applying an interpolator that

it is an appropriate method for the input data, and that problems may not be apparent at first sight.
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Figure 3.23: As per figure [3.21} but interpolating for the field components rather than magnitude.

The error compared to the analytic solution is negligible, with the oscillations arising due to floating-
point limitations.
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3.8 Numerical Integration

In section [3.2] we described a step-wise Monte Carlo simulation approach to reproducing the signal
arising from a free-flight supersonic expansion. With no forces involved the displacement of each
particle from its position r,, at time ¢, is given by r,+1 = r,, + vd;, where v is its velocity and the
timestep d; = t,,+1 — t,,. The free flight model could be reproduced without using a timestep-based
simulation, but doing so allows interactions with external forces to be included, since such forces

will generally need to be solved using numerical integration.

3.8.1 Runge-Kutta

In previous Monte Carlo simulations of the Zeeman decelerator [2]] and magnetic trap / magneto-
optical trap MT-MOT) [[151]] we utilised a fourth-order Runge-Kutta (RK4) integrator [212] to solve
the particle motion. We have subsequently moved to a velocity Verlet algorithm for the decelerator
(see section where the need to reduce computation time is very significant, since it provides
adequate accuracy with fewer steps. We retain the Runge-Kutta for the MT-MOT due to its smaller
global error, which is O(3}); the trap fields are static and so the computational overhead is smaller

than in the case of the decelerator.

Consider some time-dependent function ¢(t) with first derivative ¢ given by:

q=f(t,q). (3.8.1)

If at time ¢,, the function has a value ¢,,, the RK4 method says that at time ¢,,, the function has the

approximated value:

5
Gni1 = Qn + é(kl + 2ky + 2ks + k4), (3.8.2)

where §; = t,,4+1 — t,, is the timestep and the the variables k are:

ky = f(tn, ), (3.8.3)
ks = f(t, + % n + %kl), (3.8.4)
ks = f(t, + % an + %k‘g), (3.8.5)
ky = f(tn + 6¢, Gn + Otks). (3.8.6)

This method was implemented in Python using NumPy, and optimised to work with models con-
taining N > 10° particles. The atom coordinates are stored in N x 6 arrays with each row having
the positions z, y, x and velocities v, vy, v,, with code methods for each of equations @to@]
written to work on the entire set via matrix operations, rather than using loops to iterate through
them. For decelerator simulations, at each time step the code has to calculate the decelerator fields
and load them into the interpolator, which is then queried to find the forces acting on the particles.

The fields must then be calculated in full for the half-step time, and queried via the interpolator at
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the half-step positions, and finally this process is repeated for the iterated time. Retaining the in-
terpolator instance created at time ¢,,; to re-use as the basis for the next loop, each iteration still
requires two sets of field calculations and four interpolations. It is also necessary to make several
copies of the data during operation to allow the interim calculations to be performed, which impacts
code performance. Even with optimisation where possible, this is a reasonably costly method, and

as will be shown in the next section faster options are available.

3.8.2 Velocity Verlet

In an effort to reduce computational overhead we looked for an alternative to the fourth-order Runge-
Kutta algorithm. The velocity Verlet method [186]] is commonly used in molecular dynamics [213]],
and proved to have adequate accuracy with fewer operations. In a stepwise simulation with timestep
0, of a particle with position r(t) the following and previous positions can be written as the Taylor

expansions:

s de(t) | 67 d’r(t) | & d’r(t) Lo

4
dt 2 d2 6 af (%), (3.8.7)

r(t +0;) = r(t)

dre(t) 62 d°r(t) &} d’r(t) 4
S = L 0. (3.8.8)

Combining these expressions gives the standard Verlet algorithm:

r(t — o) =r(t) =&

er(t) 4
a o) (3.8.9)

=2r(t) — r(t — &) + 67a(t) + O(8}).

r(t +6;) = 2r(t) — v(t — &) + 67

Equationcan be used to solve particle motion assuming the acceleration function a(t) is known
for each particle, and the error term of order O(J}) can generally be neglected for small enough
timesteps. However, this form is not very convenient, since it requires storing two sets of position
data r(¢) and r(¢ + d;). It also does not explicitly give the particle velocity, because the first-order

term vanishes. The alternative ‘velocity Verlet’ method can instead be derived [214]:

r(t+6:) =r(t) +v(t)d: + %a(t)(sf, (3.8.10)
v(t+6;) = v(t) + % (a(t) +a(t + ;) 6. (3.8.11)

Stern-Gerlach type forces arising from the interaction of a paramagnetic particle with a magnetic
field depend only on position and time (if the fields are time-varying), so the method can be im-
plemented simply; the particle position is iterated according to equation the acceleration
a(t + d;) at the new position is calculated, and then the velocity is iterated according to equation

B.811

If dealing with interactions that are velocity-dependent (for example, in a laser-cooling simulation)

a slightly altered formulation may be used, first calculating a half-step velocity:

v (t+0:/2) = v(t) + a(t)s,/2, (3.8.12)

which is used to iterate the position:
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r(t +06;) = r(t) + v (t + 6:/2) 6. (3.8.13)

Finally, the acceleration at the new position is determined and used to complete the iteration of the

velocity:

The standard Verlet method involves keeping a copy of the previous particle array in memory, which
adds to computation time (the Runge-Kutta method described in section [3.8.1] has a similar draw-
back). Either of the velocity Verlet methods above avoid this complication, since all operations can
be applied sequentially to the one array object in memory. Balanced against this is the fact that
Verlet methods have a cumulative error O(67), compared to O(3}) in the fourth-order Runge-Kutta.
Although hard to assess precisely for the decelerator, with a timestep of 0.5 s either method should
produce negligible error, compared to other uncertainties in the system; see section Similar
assessments for the proposed MT-MOT experiment were also previously done by the author [[151].

Although not strictly necessary for modelling pure magnetic trapping we have implemented the
version with the half-step velocity, since it is more flexible if other (e.g. frictional) forces need to be
incorporated into a simulation. When simulating the Zeeman decelerator, the trapping fields and the
resultant acceleration on the particles are calculated as described in sections [3.6.1] and [3.4] at time
t., which is when the coils activate. After the steps in equations and the field at time
t.+6; is calculated and used to complete the cycle via equation|3.8.14} a key advantage over previous
simulations is that the interpolator instance created at ¢, + J; can be stored and used as the basis for
the Verlet integration at the next timestep, eliminating excess calculation. As described in section
the interpolator has been designed to operate efficiently on multiple queries simultaneously,
with the phase-space coordinates of the particles stored in an N x 6 array. The velocity Verlet
algorithm has also been implemented to operate in this way, to take advantage of the efficient matrix

operations natively included in NumPy [181].



3.9. POINT LOCATION 83

3.9 Point Location

‘Point location’, or the determination of which region of a partitioned space a point is located in,
is a fundamental problem in computational geometry, with applications in fields such as geofencing
[215]] and computer graphics [216]. One of the most well-known solutions is the ‘point-in-polygon’
technique, as illustrated in figure [3.24] The simplest case to solve is a rectangular space R with
minimum / maximum z—coordinates /b and minimum / maximum y—coordinates c¢/d; a point P

is internal to this space if its components (P,, ;) lie within these bounds:

(PER) <= (a< P, <b)A(c< P, <ad). (3.9.1)

For a more complicated shape () we can initially determine the smallest rectangular boundary R that

contains ) and test whether our point P lies outside it by applying the inverse of the test in[3.9.1}

(P¢R) <= (Po<e)V(P;>f)V(Py<g)V(P,>h). (3.9.2)

(P¢R) = (P¢Q),but(PeR) < (PeQ)V(P ¢ Q). Inorder to determine whether P
lies within @ we can employ ‘ray-casting’; draw a line in any direction from P, if it crosses () zero

or an even number of times then P ¢ @), if it crosses an odd number of times then P € Q.

Y] Y
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4
N .
o
a b z o fx

Figure 3.24: The ‘point-in-polygon’ problem in computational geometry. Left, for a rectangular re-
gion it is simple to determine whether a point lies interior or exterior to the boundary by considering
whether the coordinates (P, P,) lie within the bounds (¢ < P, < b) and (¢ < P, < d). Right, for
more complicated shapes the ray casting technique may be used. This is based on the observation
that a ray drawn from the query point in any direction will cross an odd number of boundaries if it is
internal, and an even (or zero) number if it is external. Example rays are shown as dotted lines. As
a first approach the rectangular region technique can be applied to the smallest box that can contain
the boundary (shown as a dashed line); further investigation is only needed when the query point lies
within this box.

Choosing a horizontal ray pointing in the direction of positive x, we need to iteratively test whether or
not it intersects each segment of the boundary. First, for segment I.J determine if the y—component

of P lies between the y—components of vertices I and J:

(Py <I,)N(Py>J)]VI[(Py>1,) A (Py < Jy)l (3.9.3)

If condition [3.9.3]is not met then the ray cannot intersect the segment, and we move to the next one,

otherwise we proceed as follows; if .S is the point on IJ with S, = P, then S, is given by:
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(3.94)

If P, < S, then we can increment IV, the number of boundary crossings. (The choice of direction
of the ray is arbitrary, and we could equally well choose to test whether P, > S, as long as this
choice is consistent across all segments of ). It can be seen in figure[3.24]i that the hollow dot will
have a final N = 2 and the filled dot will have N = 3, indicating that they are respectively outside

and inside the closed region.
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Figure 3.25: Reducing the point location problem to one easily solved via a method analogous to
Monte Carlo rejection. Left, a closed surface in a Cartesian coordinate system. Filled and hollow
dots mark equivalent points on the boundary, filled and hollow triangles mark points inside and
outside the surface. Right, the same objects plotted in a polar coordinate system. By querying the
polar boundary with a one-dimensional interpolator it is simple to determine whether a point lies
above or below the boundary.

Ray-casting works well for simple polygons but is problematic for arbitrary shapes, such as the
estimated separatrix (see section f.1.2) shown on the left of figure [3.25] In order to determine
whether a given point lay within this shape we could approximate it with a quadrilateral or pentagon
and use ray-casting, but to improve the accuracy of the method to some arbitrary degree the boundary
needs to be represented by polygons of higher order, with a corresponding computational overhead.
We instead describe a simple solution combining a coordinate transformation and one-dimensional
interpolation. The image on the right of [3.25] shows the boundary and points from the left image
displayed in a polar coordinate system. Rather than determining whether a point x, y lies within
the closed region we instead need to determine whether the corresponding point 6,7 lies below
the line. The boundary is loaded into an interpolator (for example, the cubic spline (section
method from the SciPy library [[179]]), such routines are well optimised and efficient. It is then
simple to test a point 6, r; if r < rg, where ry is the value the interpolator returns for 0, then the
point is within the surface. This method lends itself well to, for example, generating a set of initial
phase-space coordinates within the phase-stable region of a magnetic trap, for the purposes of a
simulation. In this case it is analogous to the Monte Carlo rejection technique (section [3:3), used
to randomly fit data points to an arbitrary function. The method can be applied to any data known
as a two-dimensional set. The use of a piecewise polynomial interpolant routine also means that
the boundary does not have to be uniformly sampled, allowing shapes with a mixture of simple and

complex regions to be more efficiently handled.
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3.10 Monte Carlo Simulation of the Decelerator

This chapter has described the components that have been developed in order to enable us to simu-
late the travelling-wave Zeeman decelerator. The goal was to reproduce our experimental data and
thus infer the characteristics of the molecular beam, and the effects of the decelerator on its veloc-
ity distribution. Once we were confident that the simulation codes were sufficiently able to capture
the behaviour of the experiment, they could be used for predictive purposes, for example to allow
us to rapidly determine optimal operating parameters without having to resort to trial and error, or
to test new configurations or components without physically altering the apparatus. The following
chapter will give examples of this predictive use, beginning with a method for calculating the power
electronics delay time in section[4.1.1] This section will give an overview of how the software com-
ponents that have so far been described are combined to simulate the decelerator, this will be in the
specific context of guiding and deceleration of metastable argon. The experimental parameters used
for the data presented in this section are given in section All simulations were composed of 106
particles.

In order to simulate the deceleration process it is first necessary to generate a range of initial particle
positions and velocities. When taking data with the decelerator we typically record a ‘transmission’
signal between every few deceleration (or guiding) events; this is simply a time-of-flight with the
power electronics disengaged. As described in section [3.2] this transmission data can be fitted with
a model for a supersonic expansion and the fitting parameters used in the generation of an initial
sample of atoms, or we can simply fit a spline to the data and then use this to generate our source.
This latter empirical method is most effective at reproducing the data although it does not allow us to
give an estimate of the temperature. The settings for the power electronics are then used to calculate
the time-varying currents and thus magnetic fields, these include the driving voltage, peak current,
and the travelling-wave velocity. The trajectories of the particles are then solved for each timestep by
interpolating the field to calculate their Zeeman interaction and numerically integrating their motion.
Particles that are determined to have drifted to the sample tube are counted as lost, ones that reach a
distance corresponding to the detector in the physical experiment are marked as complete and their

arrival times are recorded. Once all are accounted for the simulation terminates.
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Figure 3.26: Argon deceleration, decelerator operating at 329 ms~! to 321 ms~*, comparison of
data (left) to simulation (right). Decelerated traces in black, transmission in orange.

The arrival times can be histogrammed to give a reproduction of the experimental time-of-flight as
recorded at the MCP detector. This is illustrated in figure the left plot shows data and the right
the simulation. The decelerator was set for deceleration mode from 330ms~! to 320ms~! with
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a peak current of 400 A at 600 V. As described in section [4.2] the achieved wave velocity for any
given set of parameters depends on how well the PWM can approximate the target waveform; for
this configuration the achieved magnetic wave had initial and final velocities of 329 and 321 ms~1,

respectively. In both cases the decelerated trace is in black and the transmission signal in orange.

Assuming the data are well reproduced by the simulation we can use the latter to infer the properties
of the beam. As seen in the figure, the signal from the travelling-wave decelerator is complicated,
since it is composed of overlapping signals from several adjacent and partially-loaded traps in the
field. Additionally, the beam is comprised of atoms with various different values of the projection
quantum number; for 3P2 argon there are five sub-levels m; = —2,—1,0,1, 2, of which two are
low-field-seeking, two are high-field-seeking and one is neutral. Ideally, we would expect all of
the high-field-seekers to be ejected during the deceleration process, but this would still leave three
possible states present in the sample. The m ; = 0 atoms would be expected to produce a component
to the signal equivalent to the transmission curve, since they feel no force from the field. The m; =1
and 2 atoms would both be confined and decelerated by the field but not equally, and so would not
be present in equal numbers at the detector even if they have equivalent populations at the source.
This all equates to a signal with multiple peaks that is difficult to interpret. To make matters worse,
some of the m; = —1 and —2 atoms will certainly make it to the detector, since the decelerator is
not long enough for them to all interact with the field for enough time to be ejected, and some will

‘surf’ along a local longitudinal field maximum.
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Figure 3.27: Argon deceleration, decelerator operating at 329 ms~! to 321 ms~!, comparison of
data (grey) to simulation (black). Panel 1 shows the combined signal of all atoms in the simulation.
Panels 2 - 6 give the individual contributions based on magnetic projection quantum number, as
labelled, and are normalised to the total plot in panel 1.
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We can begin to unpick the components of the time-of-flight signal by considering the contributions
of the different magnetic sub-levels. Figure [3.27]shows simulations in black with the experimental
trace in grey for comparison. The first panel plots the arrival times for all atoms that make it to the
detector, both the real and simulated traces are scaled to their maximum value. The following panels
compare the flight times for the individual sub-states, as labelled, and are normalised to the plot for
all states in the first panel. It can be seen that the signal contains multiple peaks, and the simulation
does a reasonable job of reproducing the main features. However, the overall shape of the total signal
differs from the data, and the simulated peaks are more prominent than the real peaks.
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Figure 3.28: Deceleration data versus simulation, the same data as in figure but the simulated
source population has equal numbers of atoms in the 3P0 and 3P2 terms, with the latter being equally
distributed among its five sublevels. This gives a much more plausible match to the data, suggesting
that we are producing significant numbers of unwanted atoms in the other metastable state in our
excitation source.

Whether for deceleration or guiding this pattern of stronger peaks and a differently-shaped overall
signal body when compared to the data is common to all of our argon simulations. This suggests
that there is a problem with our assumptions regarding the composition of states labelled by the pro-
jection number m ; in the source. As described in section [3.5] we make the reasonable assumption
that for the excited sample of atoms in the 3P2 term there are roughly equal numbers of atoms for
each value of m;, which are degenerate at zero field. The population shown in the simulation in
figure [3.27] is composed of approximately 33 %, 34 %, 25 %, 6 % and 3 % of my = 2 --- —2,
which makes sense; of the atoms surviving the deceleration process the low-field-seeking states are
the most populous, followed by the neutral state, with the high-field-seekers only present in small
numbers. Earlier work by the group assumed that only the 3P2 term would be present in the beam.
In work on supersonic expansion of neon, Osterwalder et al. suggest that all three triplet states are
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populated equally via electron impact excitation [217]. We are using a discharge excitation system
(see section [2.2.3)), however, the three argon terms lie within an energy band of only 0.18 ¢V, and so
we may expect to see a signal composed of some mixture of 3P2 and 3P0. We are also utilising a
thermal-emission electron source (see sectionm to assist with the discharge, but we still see the

disagreement between signal and simulation with the filament disengaged.

If we assume that there are equal numbers of atoms from both of the metastable terms in the super-
sonic expansion then instead of having 20 % of each of the five values of m; we would have 60 %
my = 0 and 10 % of each of the others (since the term 3P0 only contains the m; = 0 sub-level).
Figure[3.28]shows the result of this approach for the same data as in figure[3.27] and it can be clearly
seen that this gives a much closer agreement between simulation and experiment. Practically, for
a given set of experimental parameters we have found that the ratio between the populations of the
two terms has to be adjusted somewhat to give the best match, but generally an even split between

them works quite well.
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Figure 3.29: Velocities of simulated argon atoms post-deceleration, for the whole ensemble and by
individual quantum state. Panels 2-6 are normalised to panel 1, giving the relative population of each
state.

Being able to reproduce the time-of-flight is important, but we wish to know what effect the de-
celeration process has had on the velocities of the atoms. Figure [3.29 shows a comparison of the
longitudinal velocities of the simulated atoms that reach the detector, in this simulation no extra *P,,
were added so each of the five sub-levels was equally represented in the initial population. As was
the case for the time-of-flight plots in figure [3.27) we see significant manipulated peaks in the low-
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field-seeking states and depletion of the high-field-seekers, with the m; = 0 atoms unaffected by
the decelerator fields. A closer view is given in figure [3.30] which compares the complete simulated
ensemble and the low-field-seekers, all normalised to the same scale. Also shown is a velocity dis-
tribution generated from experimental data, using the method outlined in section [3.2] but this must
be treated with caution. Recovering a velocity distribution from a time-of-flight profile is justifiable
if we can assume a straightforward correlation between flight time and velocity; this is the case for
a free-flying molecular beam which is not undergoing collisions or subject to any external forces,
as long as the pulse is very short, i.e. we neglect the temporal (and spatial) widths of the source.
Although the bulk of the plot represents atoms in a non-paramagnetic state, the peaks in the data
do not. Both high- and low-field-seeking atoms may have been accelerated or decelerated variously
during their journey through the decelerator and we cannot assume that the effects average out. Re-
gardless, there is reasonable agreement between the top two panes in the figure. The red and blue
dashed lines indicate the initial and final velocities achieved by the moving trap. There are small

peaks for m; = 1 and 2, although surprisingly the latter is weaker than the former. This will be

explored shortly.
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Figure 3.30: Time-of-flight data converted to a velocity profile, compared to the velocities in the
simulation for all magnetic states and the two low-field-seeking states. Red / blue lines indicate the
initial and final velocities of the decelerator wave.

We know the velocity distribution that we have assigned to the complete ensemble of particles at
the source, but comparing this distribution to the velocities of the atoms that survive to reach the
detector does not tell us very much. More useful would be to know what the initial conditions of
these specific atoms were, rather than the whole set. In order to achieve this the simulation code
saves a copy of the source distribution at the instant at which it is fully populated. Each atom has
a unique index so that the final sample at the detector can be related back to the beginning. Figure
@ shows the initial (red) versus final (blue) longitudinal velocities for all atoms in the sample, and
the same for only the m ; = 2 atoms. The peak visible between the lines in figure [3.30|can be seen,
and appears to correspond to a peak in the source that has been shifted. In order to better determine

what has happened we can consider also the physical positions of the atoms in the decelerator wave.
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Figure 3.31: Comparison of initial (red) to final (blue) velocity distributions for only the argon atoms
that survive to reach the detector. Left, all 5 sub-levels, right, only the spin-stretched m ; = 2 atoms.
There appears to be a shift of atoms to the left in the region of the velocity of the decelerator trap,
indicating a deceleration.

The decelerator field sequence can be calculated and inspected to determine the position as a function
of time of the target individual trap in the travelling wave that we aim to load, as discussed previously.
This gives us the times at which the trap is fully formed and about to collapse, and the simulation
code takes a snapshot of the particle positions and velocities at these times. These can be plotted
against the decelerator fields as a longitudinal phase-space plot, shown in figure [3.32} left is the
atom sample and field at the time the trap forms, right at the time it is about to shut down. For the
experimental parameters we are currently considering these times ¢ are at £ = 0.9 ms and ¢ = 2.23 ms
after the beam source is activated. Here we are considering the second trap to form in the wave,
marked by the dashed green line. This is the trap we typically aim to load; historically this was due
to the alternating focussing / defocussing interaction of the wire quadrupole with the decelerator field
(see section [2.377) although the data shown here had no external quadrupole applied. The trailing

trap is marked in orange.
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Figure 3.32: Longitudinal phase-space plots of argon before and after deceleration. The positions
and velocities of the atoms are saved at the instant at which the second trap in the wave is fully
formed (0.9 ms, left plot), and just as it is about to collapse (2.23 ms, right plot). The trap centre is
marked by the green line; trap 3 is marked in orange, see figure[3.35] The atoms located within the
trap at the end are highlighted in blue, and their positions at the start in red.
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The atoms that are between the maxima of the trap at the end of the sequence are marked in blue,
and we can identify their positions and velocities in the earlier sample, shown in red. Figure [3.33
shows only the m; = 2 atoms. Comparing the left and right plots we can see that not all of the
atoms that were present in trap 2 at the beginning are there at the end; some will have been lost to
collisions with the tube wall, others will have escaped to a neighbouring trap. The large thermal
spread of longitudinal velocities in the beam is seen, and is much larger than the acceptance of the
decelerator, so that the majority of the atoms will not be phase-stable at any point in the magnetic
wave and will eventually be ejected. However, for the four-module decelerator there is not enough
time for this process to complete, and it can be seen in the blue plot that some atoms from the trailing
trap are in the process of entering the target trap. The phase-stable region of the trap is not uniformly
filled but given enough time the trapped atoms would rotate in phase-space and a somewhat more

even distribution would form, with the atoms orbiting around the centre of the potential.

B| Field / T

Figure 3.33: As per figure , but only the atoms in the m ; = 2 state are shown.

The shift in velocities for only the atoms located in trap 2 at the end of the deceleration sequence
is shown in figure We are most interested in the spin-stretched m; = 2 atoms shown in the
second panel, which appear to show significant deceleration; the peaks in this plot can be identified
in ﬁgure Analysis of these atoms shows that their mean velocity has decreased from 336 ms~!
to 325 ms~! during their passage through the decelerator.
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Figure 3.34: Velocities of the simulated argon atoms that remain in trap 2 at the end of the decelera-
tion sequence, as illustrated in figure[3.32] Red / blue are initial /final velocities. There is not enough
time for all phase-unstable particles to be ejected but a deceleration of the spin-stretched m; = 2
atoms is seen.

Also visible in figure [3.33]is a bunched set of atoms in trap 3 (marked by the orange line), which is
trailing the trap containing the set marked in blue. For the current set of decelerator parameters this
trap forms at ¢t = 0.96 ps after the source triggers and begins to collapse at ¢ = 2.34 us. Following
the same procedure as described for trap 2 we can save the atom distributions at these times and
examine them to determine what effect the deceleration process has had on the atoms that end the
sequence in trap 3. This is shown in plot[3.35] The shapes of the initial and final phase-space dis-
tributions of the trap 3 atoms can be seen to be somewhat different to those of the trap 2 atoms; at
the beginning of the sequence the trap 3 atoms are already loaded into the trap and stay in it until
the end. They also form a distinct shape that suggests that the longitudinal separatrix of this trap is
reasonably well-filled compared to the previous example. However, when we look at the velocity
distributions for the components, shown in figure[3.36] we do not see a clear example of deceleration
as we did for trap 2. It seems that the part of the beam loaded into this trap was centred around a
velocity slightly lower than that initially possessed by the wave. The mean longitudinal velocity of
the m; = 2 atoms is practically unchanged, going from 324 ms~! to 323 ms~!. This illustrates
the care that must be taken when interpreting the results of this experiment, especially when such a

modest deceleration as the one shown here is used.
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Figure 3.35: As per figure but considering the atoms in trap 3, marked by the orange line,
compared to trap 2, green line. Right, the trap is about to collapse at 2.34 ms after the source
triggered. Atoms within the trap are in blue. Left, the trap has just formed at 0.96 ms. The atoms
that will be in the trap at the end are in red. The positions and velocities of the atoms entering this
trap are not well matched to it and so little deceleration is seen.
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Figure 3.36: Velocities of the simulated argon atoms that remain in trap 3 at the end of the decelera-
tion sequence, as illustrated in figure [3.35] Red / blue are initial / final velocities.
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Figure [3.37) shows pre- and post-deceleration of the atoms in trap 2, but this time for the m; = 1
state. Compared to figure [3.33]it can be seen that the range of longitudinal velocities possessed by
the atoms is significantly smaller, which is to be expected; they are less strongly trapped, and so their
phase-stable region is reduced. This appears to be relevant to the somewhat surprising results shown
in figure[3.30] in which . ; = 1 has a sharper, narrower peak in the region of the target velocity than

mJ:2.

B| Field / T

Figure 3.37: As per figure(3.33| but showing the atoms in the m ; = 1 state.

Remaining on the subject of the distribution of low-field-seeking states in this simulation; it was
mentioned that both m; = 1 and m; = 2 are present in roughly equal numbers in this simulation,
presumably because there is not enough time for the less strongly trapped particles to be lost. We
should therefore predict that a longer decelerator would produce a final sample population with a
greater prevalence of m; = 2 than m; = 1, although the latter should have a smaller range of
velocities. We would also expect fewer m; = 0, since they would have more time to be lost to
lateral drift, and few to no high-field-seeking atoms. These predictions are supported by the results
of a simulation with the same initial conditions as the work shown so far in this section, but with 9
instead of 4 decelerator modules; at the end of the deceleration sequence in the longer machine there

were 4 times as many m, = 2 as my = 1. Further details are given in section[#.5.1]
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For comparison, an example of constant-velocity guiding mode is shown in figures [3.38] [3.39] and
3.40| The decelerator was configured to operate at 330 m s~ at 400 A; the PWM achieved this with
negligible error. Other parameters were the same as for the previous deceleration case. A clear
enhancement of the signal around the target velocity can be seen. The m ; = 2 atoms in the second
trap, shown in figure [3.40l had mean initial / final velocities of 339 / 327 ms~1.
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Figure 3.38: Argon guiding, decelerator operating at 330 ms~*, comparison of data (left) to simu-

lation (right). Guided traces in black, transmission in orange. As described in the main text, extra
atoms in the m; = 0 state have been added to the simulation to account for the suspected presence
of ®P,, in the excitation source.
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Figure 3.39: Guiding mode, comparison of initial (red) to final (blue) velocity distributions for only
the argon atoms that survive to reach the detector. Left, all 5 sub-levels, right, only the spin-stretched
my = 2 atoms.
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Figure 3.40: Velocities of the simulated argon atoms that remain in trap 2 at the end of the guiding

sequence. Red / blue are initial / final velocities. At the end of the sequence the m; = 2 atoms in

this trap had a mean velocity of 327 ms~!, compared to the trap velocity of 330 ms~!.



96 CHAPTER 3. DATA ANALYSIS AND SIMULATION OF THE ZEEMAN DECELERATOR

The examples shown so far have compared simulations with data for argon guiding and deceleration,
with a target initial trap velocity of 330 ms~!. Establishing the beam flow velocity by analysing the
transmission time-of-flight signal was discussed in sections [3.1.1] and [3.2] which gave alternative
models in equations [3.1.8] and [3.2.7] Fitting these models to the data in this section shown so far
gives the flow velocity of the beam as being approximately 350 to 360 ms~!; this seems plausible
when compared to the velocity plots in figures [3.30} [3.31] and [3.39] The trap is therefore moving
more slowly than the bulk of the atoms in the beam. An alternative approach is to try and match the

travelling-wave to the central flow velocity of the beam, maximising the number of atoms available

to be captured.
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Figure 3.41: Deceleration of argon, trap initial / final velocity of 361 / 350 ms~*, peak current of
400 A. Experimental data is in grey with simulated time-of-flight overlaid in black, the latter padded
with additional 3P0- When attempting to capture the central portion of the beam the manipulated
peaks are obscured by the bulk signal.

Figure [3.41] shows such an attempt. The beam has the same flow velocity and temperature as the
previous examples but the decelerator was configured with initial and final velocities of 360 and
350ms~! at 400 A; analysis of the simulation shows that the PWM synthesis actually achieved 361
to 350ms~!. Additionally, the experimental runs with an initial trap velocity of 330 ms~! were
configured with a power electronics delay of 796 us; this turned out to be a sub-optimal setting, as
will be described in section f.1.1] The data in figure 3.41| had a delay of 749 us, which was better
chosen to match the central velocity of the atom sample into the centre of the phase-stable region of

the moving trap.
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Figure 3.42: Simulation shown in figure [3.41, comparison of initial (red) to final (blue) velocity
distributions for only the m ; = 2 atoms that survive to reach the detector.
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Extra *P, atoms were added to the simulation, in this case a ratio of 2:1 of *P, to *P., was necessary
to reproduce the bulk of the data. Any peaks in the fast wing of the data are as usual obscured by
interference from the decelerator power electronics, those in the slower wing appear to be hidden
by the high background of non-paramagnetic 3P0 atoms. The central peaks are well represented,

however, and they are the ones that are relevant.
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Figure 3.43: Initial (red) and final (blue) velocities of the simulated m ; = 2 argon atoms that remain

in trap 2 (left) and trap 3 (right) at the end of the deceleration sequence. In trap 2 the mean velocity

decreased from 364 to 355 ms™!, in trap 3 it increased from 349 to 358 m s~

Considering only the atoms that were located within the maxima of the second trap in the wave
(which was the loading target), we see a clear shift in the longitudinal velocities, as shown in the left
plot of figure[3.43] The initial / final velocities are as usual depicted in red / blue, the mean value of
which decreased from 364 m s~ at the instant the trap formed to 355 m s~ at the time it was about
to collapse. The right plot shows trap 3, and it can be seen that the fraction of the beam it captured
was on average slower than the initial trap velocity, so that some of the atoms were actually acceler-
ated. The end result is that both traps produced spatially bunched samples of atoms with velocities in
the region of the target velocity. By the time they reached the detector these bunches would expand
and partially merge, giving rise to the multi-peak signal seen in figure[3.41] Admittedly, these peaks

are not very prominent, given the number of non-paramagnetic atoms obscuring them.

We will conclude this section with a recap of the chapter. We have demonstrated the application of
the set of computer codes that we have developed in order to simulate the travelling-wave Zeeman
decelerator, with details of its individual components. We have attempted to justify the choices that
were made regarding the physical models that were used, and the computational methods used to
achieve our goals. These simulation codes represent the main result of the work described in this
thesis, and have granted us significantly greater insight into the operation of the physical experiment
than we previously had. In addition to their application to our decelerator experiment, the individual
code libraries that we have made available for use by others have contributed to multiple research

projects, not only within our group but also at other institutions.

This section has compared some experimental data with reproductions of those data, for constant-
velocity guiding and deceleration of metastable argon. Firstly, we have shown that we are able to
match the major structure of the time-of-flight signal, as seen in figures [3.26] 3.38| and 3.41] Al-

though there is some variation in their relative intensities, the temporal positions of the manipulated

peaks is reproduced in the simulations. The quality of the time-of-flight signals produced by the
simulations gives us confidence that the velocity distributions they provide can give some good
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quantitative information on the actual velocities of the atoms in the molecular beam. The problem
of matching flight times to velocities in a supersonic expansion was described in chapter 2] and in
sections and[3.2} we have argued that for our experiment we can neglect complications arising
from the spatial and temporal widths of the source and we can reliably reproduce the distribution
of molecular velocities in our experimental data by fitting either a ‘real’ model based on physical
principles or simply an empirical model to match the data. This is much more complicated when the
interaction of the particles with the decelerator fields is included and there is no longer a relatively
simple correlation between arrival time and velocity. Our ability to produce fully time-dependent
simulations of the dynamical interactions of the beam with the decelerator has been key to addressing
this problem, which was only partially addressed in earlier work that had to rely on semi-dynamical
models.

The signals produced by the experiment when guiding or decelerating are much more complicated
than the relatively simple skewed Gaussian obtained from zero-field transmission. This is due to sev-
eral factors; the decelerator field is comprised of multiple sequential traps, which are differentially
loaded with parts of the supersonic expansion. Even though the Even-Lavie valve produces very
short pulses, the thermal expansion of the beam means that it rapidly spreads out along the propa-
gation axis. The atoms in each trap may or may not be phase-stable, and will either escape to the
leading or trailing traps. Once the decelerator field collapses even groups of atoms from individual
traps that are well bunched spatially will expand and can partially merge with each other, making the
interpretation of the signal received at the detector more difficult. The presence of multiple magnetic
sub-levels in the case of most species of interest confounds matters further, since they will not all be

equally manipulated by the field.

All of this needs to be accounted for in the codes in order to fully reproduce the signal; once that is
achieved we can isolate the parts of the simulation result that we are interested in, confident that it is
representative of the data. This is shown in e.g. figures[3.3T)and[3.34] where we examine the pre- and
post-deceleration velocities of the entire beam, or only those contained within a single trap. Earlier
models of the experiment generated a time-average of this one trap and were able to make some
analysis this way, but we have shown that in order to match the experimental data the entire beam
needs to be included. This has allowed us to attempt to quantify the operation of the decelerator
in a detailed way for the first time. Two approaches have been shown in this section; attempting
to match the moving trap to the central velocity of the beam, where the particle number density is
highest, or instead trying to capture a slower-moving part of the beam, so that the acceptance is
greater for an equal reduction in velocity. The data available were not optimal, but regardless there
is good evidence that the decelerator is operating as intended. Our simulation codes now allow us
to test various sets of operational parameters and assess their performance. We have extended them
to allow us to also test modifications to the experimental apparatus, such as increasing the length of
the deceleration stage or changing the transverse-focussing quadrupole guide. We can also estimate
the acceptance and maximum deceleration for other paramagnetic species, allowing us to compare
our results with those of other travelling-wave Zeeman decelerator experiments. These topics will

be the subject of the following chapter.



Chapter 4
Applying the Simulations

4.1 Decelerator Loading

4.1.1 Delay Calculation

When the power electronics of the travelling-wave Zeeman decelerator are activated with a pro-
grammed pulse sequence, a series of longitudinal magnetic traps are created, which move in turn
along the length of the decelerator. In order to successfully load part of the molecular beam into
one of these traps the sequence needs to be activated an appropriate time after the pulsed valve has
triggered. This delay time can be estimated by borrowing a concept from the field of particle acceler-
ators; the ‘synchronous atom’, an idealised particle that experiences the optimum manipulation from
the driving fields. The following example is for the specific case of the low-field-seeking m; = 2

state of °P, metastable argon.
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Figure 4.1: Sequence showing the longitudinal decelerator field, operating in guiding mode at
336ms~!, 600V and 400 A, the wave ‘travels’ from left to right. Top, left; 10 us after coil acti-
vation, trap 1 is forming (red dashed line) - this is the first trap which could carry an atom through
the entire deceleration sequence, and so the traps to the right of it are not considered. Centre; trap
1 is fully formed. Right; trap 2 is forming (green line). Bottom, left; trap 2 is fully formed. Centre;
trap 3 is forming (blue line). Right; trap 3 is fully formed.

We consider the trajectory of an ideal atom, with creation time and start position midway in the range
of possible values. Excited argon atoms are created in a time interval determined by the frequency
and number of pulses of the dielectric barrier discharge (DBD, see section [2.2.3)), typically of order
20 to 30 ps. The central point of the DBD is at z = 6 mm. The velocity distribution of the atoms

99
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is estimated by fitting a model of supersonic expansion (see section [3.2) to an experimentally de-
termined time-of-flight; for argon produced in our Even-Lavie valve cooled to 140 K the gas packet
has a temperature of ~ 6K and a typical velocity in the lab frame of ~ 360ms~'. Ideally, the
decelerator will be programmed with a travelling wave matching the central velocity of the beam,
but if the beam is too ‘hot’ then it might not be possible for a valid pulse sequence to be generated
(see section [2.3.6). In this case a lower frequency wave may be chosen to capture a slower portion
of the beam.

Figureillustrates the first three traps forming for a 336 m s~* constant velocity guiding sequence,
with maximum coil current of 400 A driven by 600 V. As a first attempt, we considered an arrange-
ment such that the ideal atom arrives at the centre of trap 2 just as the rear wall of the trap has risen
to 50% of its full value. As shown in panel 3 this occurs 87 us after the power electronics activate;
the trap centre, marked by the green dashed line, is at z = 303 mm. Historically, we aimed to load
trap 2 in the decelerator, because odd-numbered traps in the field were defocussing when combined
with the wire quadrupole, see section[2.3.7} This problem would not occur with the permanent mag-
net quadrupole. Choosing a typical set of parameters for the DBD of 18 pulses at 550 kHz gives a
discharge time of 32.7 ps, so the ideal atom is considered to be created in the source apparatus at ¢
= 16.4 ps. The estimated time delay for the power electronics t4 is given by t4 = t, — t;, where t, is
the arrival time of the atom and ¢, = 87 s is the time elapsed since the coils activated (note that this
includes a 3 ps overall lag in the control system for the power supplies, see section[2.3.5). Neglecting
an interaction with the magnetic fields the flight time of the ideal atom is ¢ = (303 — 6) x 1073 m
/336ms~! =8.839 x 10~* s. Arrival time t, = t. + t; ~ 900 ps, giving a delay time of 813 ps.
The same technique can be used to determine the delay for an ideal atom arriving at a different point
in the decelerator sequence by adjusting the values of ¢ and ¢,; for the current example better results
were obtained by aiming to load the ideal atom into trap 2 as it is fully formed at £ = 107 ps, as in
panel 4 of figure [4.1]

The interaction between the ideal atom and the rising decelerator field was added to the model using
the method detailed in section[3.4] The code creates the ideal atom with characteristics as described,
and begins modelling its motion through the decelerator with an arbitrary initial electronics delay ¢4
= 500 ps. Once the atom reaches the point z = 303 mm the simulation stops. The difference between
the actual and target arrival times is 0t = ¢, — (tq + t,); if &t is too large, say |dt| > 1ps, then
the sequence is restarted with an iterated delay t;l = tq + dt. The trajectory simulation runs with
a timestep of 0.5 us so two loops is generally enough to obtain an adequate estimate for the delay
time, as illustrated in figure For the example given here of argon moving at v, ~ 336 ms~*
the effect of the decelerator field on the arrival time at the forming trap is found to be negligible, as
seen in figure 4.3} for the range of plausible mean beam velocities achievable with a pulsed source
of cryogenic argon the error in the estimated optimal loading delay is no more than 0.4 ps. This
is not necessarily the case for much slower beams, or species with lower mass / higher magnetic
moment. Figure shows a comparison of a free-flight loading model and one including the field
interaction for hydrogen; at 50 ms~! the free-flying ideal hydrogen atom will arrive 25 ms~! too

early, significantly affecting the trap-loading efficiency.
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Figure 4.2: The operation of the software model used to estimate the time delay parameter for the
power electronics in order to load an ‘ideal’ atom into the moving trap. Top, arbitrary delay of
500 ps, left; 25 us after coil activation. Centre; the field has progressed to the loading point, the
green dashed line indicates the trap minimum. Right; the atom arrives at the target location (red
dashed line) too late, and is loaded into the wrong trap. The position it should be in is shown by the
green line. The code measures the difference between target and achieved arrival time and adds this
to the delay, and restarts. Bottom, delay of 813 ps, left; 25 ps after coil activation. Centre; the atom
arrives at the correct trap minimum, the difference between the target and arrival times is within 1 ps
so the software successfully terminates. Right; comparison with top right of situation 400 us after
switch-on, with the atom correctly loaded.
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Figure 4.3: Power electronics delay time required to deliver an ideal on-axis particle into the decel-
erator field at the optimal time, as a function of particle velocity. The dots show results of an iterative
trajectory simulation including the interaction with the decelerator field, for 3P2 argon. The dashed
red line indicates the delay neglecting this interaction; the difference between the two values is no
more than 0.4 ps across the range of interest.
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The estimated delay value is a good starting point when setting up the decelerator, but the three-
dimensional shape of the traps in the field is complicated and so it is not surprising that simply
aiming the central atom in the packet at the centre of the trap does not necessarily give optimal

results; in practice further work must be done to optimise the signal at the detector.
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Figure 4.4: Power electronics delay time required to deliver an ideal on-axis particle into the deceler-
ator field at the optimal time as a function of particle velocity for (low-field-seeking) S, » hydrogen.
The black curve shows the results of an iterative trajectory simulation including the interaction with
the decelerator field, the dashed red line is a simple time-of-flight model neglecting this interac-
tion. At higher velocities the difference between the two values is negligible, as for the argon case,
however for slower beams the estimated delay is wrong by ~ 25 us (shown in inset).

4.1.2 Longitudinal Acceptance Model

Sectiond.T.T|discussed the concept of the synchronous atom, an idea borrowed from particle accel-
erators. A related concept is ‘phase stability’, or the tendency of particles with a range of positions
and velocities close to those of the synchronous atom to remain bunched with it during the operation
of the machine. First discussed in the context of accelerators [218]], models were later developed for
Stark deceleration [32,219] and then Zeeman deceleration [220]. The boundary of the phase-stable
region is called the ‘separatrix’, the enclosed volume of which, or ‘acceptance’, is a common metric
used in regard to molecular beams and traps. We can expand on the theme of decelerator loading
by visualising the overlay of the phase-space coordinates of the molecular beam with the separa-
trix. This section describes a model for the longitudinal acceptance of the decelerator; extending the

model to include the transverse dimensions will be explored in section[4.3]

The phase-stable region of a trapping potential is determined by the shape of the potential, and
where analytic descriptions of the trapping field are not available the problem may be addressed
with a Monte Carlo method. We will consider constant velocity guiding and deceleration of the low-
field-seeking m ; = 2 state of 3P2 metastable argon, but this method can be used for other low-field
seeking species. For the appropriate decelerator parameters (driving voltage, peak current, initial and
final travelling-wave velocity) the pulse-width modulation sequence to drive the power electronics is
determined (section[2.3.6), from this the current generator code calculates the time-varying current
through each coil phase and thus the magnetic field in the decelerator (section [3.6.1)). For the time
at which the moving trap of interest is fully formed the magnitude of the field along the z-axis is

extracted. Figure[d.5]shows the force curves for this trap. For the deceleration case a constant pseud-
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oforce is applied, determined from the initial and final trap velocities and the length of the coils. As
the trap forms the magnetic field profile is asymmetric, since it is at the beginning of the first coil
(see figure[d.T]) - when it reaches the centre of the active coil module the asymmetry is removed. The
pseudoforce does not change the shape of the curve but slightly shifts the central equilibrium point
by approximately 0.025 mm in the positive z direction, causing further asymmetry in the decelerated
case. As the travelling-wave proceeds the trap depth and centre fluctuate (see section 4.2)), and so
the phase-stable regions determined here are only indicative of the conditions at the beginning of the

sequence.
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Figure 4.5: Left, force curve for argon atoms in the m; = 2 sublevel of the 3P2 term, within a
single moving trap of the travelling wave, just as it is formed. The magnetic trap is moving with a
constant velocity of 336 m s~ (blue trace), and at 337 ms~! with a deceleration of 9497 ms~2 (red
trace). Green dashed lines indicate the maxima of the trap. Right, a magnified view of the centre of
the left plot. Although the central equilibrium point of the trap is only shifted by 0.025 mm by the
deceleration, the shape and area of the phase-stable region is much affected (cf. figure @)
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Figure 4.6: Monte Carlo determination of the approximate longitudinal acceptance for metastable
argon, operating in constant-velocity guiding mode at 336 ms~*, decelerator running at 600 V and
400 A. The longitudinal decelerator field (black trace) is calculated for the time at which the target
trap is fully formed; this is populated with a uniform distribution of atoms in the low-field-seeking
spin-stretched m; = 2 sublevel of the 3P2 term (blue). Their trajectories are numerically solved
until enough time has passed that only phase-stable atoms remain; at every time step atoms that pass
the trap maxima (dashed green) are discarded. The largest stable orbit approximates the separatrix.
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Figure 4.7: Monte Carlo determination of the approximate longitudinal acceptance for metastable
argon, as per figure but the decelerator is operating in deceleration mode from 337ms~! to

324ms~!, corresponding to an acceleration of —9497 ms~2. The magnetic trapping interaction

is adjusted by adding a pseudo-force to match the deceleration of the wave; this is valid since the
deceleration is shown to be approximately constant in a separate model that tracks the trap position
over time. Again, the largest stable orbit approximates the separatrix.

Figure [4.6] shows the longitudinal decelerator field around the region of the trap just as it is fully
formed, with minimum at z = 310 mm from the source. The decelerator was programmed with a
constant velocity guiding sequence with a target of 335 ms~! and a maximum current of 400 A at
600 V. Section [4.2] discusses the determination of the actual trap dynamics by fitting the output of
a full time-dependent simulation of the coil sequence; this method shows that the trap velocity for
these parameters is actually 336 ms~!. We proceed by treating the field as fixed and move into a
reference frame 2, v'z centred on the trap, so that a particle moving with a velocity v; = 0 is station-
ary with regard to the travelling wave. A uniform random sample of argon atoms is generated with
=" coordinates between the trap maxima and velocities v;i 30ms~t. The atoms are now allowed
to evolve, the interaction with the field being solved as per section 3.4} with any atoms passing the
maxima being discarded. The simulation is run until only phase-stable atoms remain; the area of the
region they occupy approximates the longitudinal acceptance, and the largest stable orbit describes
the separatrix. Note that the time required for all phase-unstable atoms to escape is much larger
than a typical deceleration sequence. The asymmetry mentioned in the context of the force curves
is visible in the plot of the field magnitude B, and the shape of the separatrix. As the trap moves
position further into the active coils the asymmetry will be reduced.

The decelerator was then configured to decelerate from 335 to 325 ms~!. Simulation and fitting of
the field sequence showed that the trap actually moves from 337 to 324 ms~?!, with a corresponding

acceleration of —9497 ms™2.

In the trap frame the deceleration manifests as a pseudoforce. We
proceed as before and generate a sample of atoms then solve their motion, including the acceleration
due to the pseudoforce. In figure 48] the trajectories of the largest stable orbits, moved back into
the z, v, frame, are plotted as the separatrices, showing that deceleration produces a smaller overall
acceptance and much more pronounced asymmetry of the phase-stable region. The uniform initial

atom distributions in figures [#.6] and [£.7] have two-dimensional phase-space volume of 21 mm X
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60ms~! =1260 mm ms~'. For the guiding and deceleration cases 34.4 % and 16.9 % of the atoms
are stable in the trap; multiplying these fractions by the source volume gives estimated longitudinal
acceptance values for spin-stretched argon of 0.344 x 1260 = 433 mm ms~' and 0.169 x 1260 =

213mm ms~ L.
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Figure 4.8: Comparison of longitudinal separatrices for the moving trap at the instant of formation
for constant-velocity guiding mode at 336 ms~" (blue trace) and deceleration mode from 337 to
324 ms~! (red trace). Green dashed lines show trap maxima.

4.1.3 Longitudinal Decelerator Loading Model

In figure[d.9]the estimated guiding-mode separatrix is overlaid on a plot of a one-dimensional Monte
Carlo simulation of argon guiding. With an electronics delay setting determined as per the method
in section f.1.1] the plot shows the moment at which the trap is fully formed. Although this one-
dimensional model is only a limited representation of the real physical layout it is helpful in ex-
plaining some of the characteristics of our experiment. This is expanded on in section [3.10] which
compares Monte Carlo models and experimental data. In the context of decelerator loading, we can
use the approximate separatrix of the initial trap to study the effect of varying the power electronics
delay on the fraction of the molecular beam that is available to be loaded, i.e. the relative number
of atoms that are inside the phase-stable region as the trap is fully formed. Although it is simple
to determine ‘by eye’ whether this is true for any given particle, achieving this computationally for

many millions of simulated atoms is more difficult.

Figure 4.9: Guiding separatrix overlaid on a decelerator simulation. Blue dots are the phase-space
coordinates of argon atoms, filled dot is the ‘ideal’ atom as in section[d.1.1} dashed line is longitudi-
nal field. An efficient way to determine which particles lie within the closed surface of the separatrix
was developed, see section@
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Point-in-polygon was initially considered as a solution to this problem, but proved to be inefficient
and difficult to implement. The method of point location via coordinate transformation (see sec-
tion [3.9) was developed as an alternative. The method is illustrated in figure which shows a

separatrix and its transformation.
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Figure 4.10: Axial separatrix for one well in the decelerator field. Left, the separatrix is shown in a
Cartesian coordinate system, in a reference frame centred on the well. The axial field is shown as a
dotted line. Right, the same separatrix plotted in a polar coordinate system. Filled and hollow dots
mark equivalent points on the boundary of the phase-stable region, filled and hollow triangles mark
the central point in the trap and an arbitrary location outside the phase-stable region. By loading
the polar separatrix into a one-dimensional interpolator it is simple to determine whether a point lies
above or below the phase-stable boundary.
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Figure 4.11: One-dimensional Monte Carlo simulation of 3P2 argon with central velocity of
372ms~! and temperature of 6.1 K, top, decelerator is running in guiding mode at 336 ms~?,
bottom, deceleration from 337ms™! to 324ms™!, both at 600 V and 400 A. Electronics delay t4
= 813 us and separatrices for the m ; = 2 sub-level estimated as per sections {.1.T)and f.1.2] Left,
view in a reference frame centred on the moving trap. To optimise the loading of the trap the delay
is adjusted to maximise the ratio of stable m ; = 2 atoms (dark blue / dark red) to those that could
potentially be loaded (between the dotted lines, all blue / red). Right, polar coordinate system, the
separatrix is now a horizontal boundary and the phase-stable region lies below it. The yellow atoms

are too slow / fast too be phase-stable, for any value of 4.

Figures {.11] and [£.12] show the method applied to the one-dimensional Monte Carlo simulation
from figure 4.9} only atoms with velocities in the region between the dotted lines, corresponding to
the trap high and low points, can potentially be loaded, these are shown in blue / red for guiding /
deceleration. If the total number of atoms between these bounds is /N, and the number within the
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Figure 4.12: As per figure but delay adjusted to optimise number of m; = 2 atoms within the
phase-stable region. Top, t4 = 798 us gives a 2 % increase. Bottom, ¢4 = 818 us gives an almost
negligible improvement, due to the shape of this separatrix. See ﬁgure@

separatrix (dark blue / red) is Ny then we wish to maximise the ratio N; = N /Np. This was done
by varying the decelerator delay t4, starting with the value ¢; at which the ‘ideal’ atom arrives at the
centre of the trap just as it forms (section f.T.1). In[F.T1]tq = 813 ps for both cases, in[F.12] this has
been offset by —15 us for guiding and 5 ps for deceleration, giving an increase in capture of 2 % and
0.1 % respectively. Greater decelerations result in more asymmetry in the separatrix and a larger
delay is needed to optimally load the trap. The variation of N} with ¢4 is shown in figure[.13] where
Aty = tq—t;. These curves are dependent on the flow velocity, translational temperature and species

of the beam, but the code can easily be adapted to suit other values of these parameters as required.
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Figure 4.13: Dependence of the fraction of argon atoms loaded into the decelerator trap IV} with the
power electronics delay, for constant-velocity guiding mode at 336 ms~* (blue plot) and decelera-
tion mode from 337 to 324ms~! (red plot). Aty = 0 corresponds to a delay value that brings the
‘ideal’ or central atom in the beam into the centre of the trap at the time that it is fully formed, as per

section @
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4.2 PWM Effects

We utilise the technique of pulse-width modulation (PWM) to generate the required time-varying
magnetic fields in our travelling-wave Zeeman decelerator. The desired ideal sinusoidal current
waveform is calculated and a sequence of switching events for the power electronics is generated,
as described in section [2.3.6] The degree to which the achieved waveform approximates the ideal
sinusoid is ultimately determined by two factors; the electrical characteristics of the coils, and the
response and recovery times of the switching components. This constrains the possible values of
the frequency and peak current of the output waveform, and its deviation from the target. Figures
@-T4]andA-T5]show two examples of PWM generation, with the ideal target waveform and estimated

current compared to the actual current measured at the coils.
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Figure 4.14: PWM example; target waveform (grey), the pulse sequences that are calculated to
produce it (orange), estimated achieved current (red) and actual current measured at the decelerator
coils (blue). The decelerator was operating in guiding mode at 150 ms~!, 500 A peak at 650 V.
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Figure 4.15: As per figure , but guiding at 350 ms~1.

The effects of the PWM were previously studied by McArd [2] via simulation of the time evolution
of one trap in the decelerator wave, comparing the synthesised waveform with a ‘pure’ sinusoid.
This was performed for two different wave velocities, allowing the fluctuations of the trap centre
and depth to be determined. Due to limitations of the codes available at the time these simulations

only covered a section of the decelerator. It was concluded that as the trap velocity increased the
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frequency of the jitter in trap position decreased, with the magnitude of the oscillations increasing
slightly. The trap depths were on average lower for the synthesised compared to pure waveforms,

with a similar inverse relationship between velocity and frequency.
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Figure 4.16: Effects of the PWM technique on one trap in the decelerator wave as it passes through
one quarter of a period of one coil. For all plots the PWM-generated waveform data are in red, the
reference pure sinusoid data are in blue. First row, the z-position of the trap minimum over time,
the dashed line is fitted to the PWM data to give the mean trap velocity. Second row, the variation
between the PWM data and the fitted mean. Third to fifth rows show the fluctuation of the trap depth
in the -, y- and z-directions. Left / right, target velocity of 150 / 350 m s !, fitted velocities shown
at the top. In this simulation the wire quadrupole is active at 700 A.

Utilising our fast interpolator code and the methods described in sections [2.3.6] and [3.6.1] we have
been able to extend this analysis to the entire decelerator sequence, with a higher sampling frequency
and grid resolution. We begin by plotting the decelerator field along the beam propagation (that is,
z) axis for several tens of us to determine the time at which a target trap forms and its longitudinal
position. The trap chosen is the second one to form, due to its favourable combination with the wire
quadrupole field (see section[2.3.7). The code then runs a full sequence of the wave propagation, and
at each timestep the longitudinal field is examined to determine the position of the trap minimum.
Also recorded is the magnitude of the field at the front of the trap, and at the transverse positions
corresponding to the radius of the sample delivery tube in the z and y directions. For guiding mode
the z versus time data can be fitted to determine the average trap velocity, or for deceleration mode

they can be fitted for the initial / final velocities and deceleration.
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Figure [4.16] shows some results across one quarter of a period of one coil, chosen to be comparable
to the figures shown in section 4.4 of McArd, for two sequences corresponding to target wave veloc-
ities of 150 and 350 ms—'. The wire quadrupole is active at 700 A. The centres of the first traps in
the decelerator wave are plotted against time in the upper row, and fitted to give the mean velocity.
The variation of the trap centres from the positions expected from the fitted mean are shown in the
second row, and we see a difference from the earlier simulations; at higher velocities the oscillations
do appear to have a lower frequency, but they also show a significantly smaller amplitude. The error
bars represent the spatial grid across which the simulation was performed, which is 0.1 mm in the
z-direction, and the timestep, which was 0.5 ps. Rows three through five show the trap depths along
the Cartesian axes for the synthesised (red) versus pure (blue) waveforms. McArd reported that in
the PWM case the trap became shallower, with the effect increasing at higher velocities; we find the
same, but the effect is much more pronounced than previously estimated. As before, the frequency

of these oscillations is inversely related to the velocity.
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Figure 4.17: As per figure but showing the motion of one trap in the wave across the entire
decelerator.

Figure .17) shows the same analysis as figure .16] but extended across the entire four-module de-
celerator. The achieved trap velocity is closer to the target than in the case of the smaller sample,
indicating that the variation of the trap minimum is not uniform throughout an entire coil. The dif-
ference between the desired and achieved velocities also gets larger with the target velocity. The

boundaries between coil modules can be seen in the peaks in longitudinal depth for the faster wave.
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Figure 4.18: As per ﬁgurebut with permanent magnet rather than wire quadrupole (see section

Figure[d.18]shows the effect of replacing the wire quadrupole with the permanent magnet quadrupole
(described in section [2.3.7). The achieved wave velocities and longitudinal trap depths are practi-
cally the same. Notable is the much improved trap depth in z. In addition to the periodic variation
along z due to the decelerator coil boundaries a regular variation in transverse depth can be seen,

indicating the regions where the quadrupole magnets adjoin.
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Figure 4.19: Estimated root-mean-square error in the central position for one trap in the travelling
wave, compared to the expected position from the fitted mean velocity. All simulations have the
decelerator electronics set to operate with a peak current of 500 A at 650 V, PWM tolerance at 8 %.

The simulations were repeated for a range of travelling-wave velocities. Figure[#.19shows the RMS
error in the longitudinal position of the trap, and it can be seen that the positional jitter increases with
wave velocity from ~ 150 m s~ to a surprisingly high peak at 275 ms~! before decreasing again.
Figure [£.20] shows the mean and standard deviation of the oscillations in trap depth, which display
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similar behaviour in all three dimensions. The mean depth steadily decreases as the wave velocity
increases above 200 ms~?, as does the standard deviation except for an unexpected outlier, again at
275ms~ L.
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Figure 4.20: Estimated variation of the depth of one trap in the decelerator wave, as a function of
velocity. Shown are the mean and standard deviation of the depth along the three coordinate axes.
Peak current of 500 A at 650 V, PWM tolerance at 8 %.
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Figure 4.21: Analysis of variation of trap position and depth, guiding mode at 275 / 300 ms ™1,
500 A at 650 V.

Figure compares the trap properties for guiding at 275 and 300 ms~'. Larger amplitude oscil-
lations in depth and position can clearly be seen for the slower wave. An explanation can be found
by considering the PWM pulse sequence calculated for 275 ms™*, shown in figures and [4.23]
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Using the typical tolerance envelope value of 8 % of the peak current, the code is forced to add
extra short pulses in order to try and match the reference waveform. Increasing the tolerance value
allows a synthesised waveform to be built from fewer pulses, meaning that it is more smooth. This
illustrates the need to inspect the output of the PWM code for a set of target experimental parameters.
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Figure 4.22: PWM current synthesis, guiding mode velocity of 275ms~!, 500 A at 650 V; target
waveform (grey), pulse sequences (orange), estimated current (red). Left / right, PWM tolerance at
8% 116 %.
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Figure 4.23: Analysis of variation of trap position and depth, guiding mode at 275 ms~!, 500 A at
650V, left / right PWM tolerance set to 8 % / 16 %.

In summary; the PWM method causes the longitudinal position of the moving trap to oscillate with
an amplitude somewhat proportional to the wave velocity. The trap depth also decreases as the wave
gets faster. Inspection of the calculated pulse solution for a given set of parameters may indicate the
problem; increasing the tolerance to which the target waveform is approached may give a smoother

current profile, with reduced oscillation.
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4.3 Static Acceptance Model

Section described a model for longitudinal acceptance which is not very meaningful except
as a tool for optimising the decelerator loading process. This section describes a simple model to
estimate the acceptance across all dimensions for a single trap in the decelerator wave.

Figure 4.24: Magnetic field magnitude at the centre of the moving trap, decelerator guiding mode
at 336 ms~! with no additional quadrupole; at the instant of formation the trap is centred at z =
310mm, see figure A1} Left, the zy-plane, the solid circles represent the sample delivery tube
(inner diameter of 5.2 mm) that runs the length of the decelerator. Right, field strengths along the
x/y (dotted / dashed) axes; the decelerator geometry gives rise to a trapping field that is much more
strongly confining in the y direction. See sections 2.3.4and[2.3.7]
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Figure 4.25: Magnetic field magnitude of the moving trap in the xz-plane, the plot is bounded in z
by the trap longitudinal maxima, and in = by the inner diameter of the sample delivery tube. It can
be seen that the trap is shallow in z, in contrast to y (figs [f.24] .26).
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Figure 4.26: Magnetic field magnitude of the moving trap in the yz-plane, the plot is bounded in 2
by the trap longitudinal maxima, and in y by the inner diameter of the sample delivery tube. It is
seen that the trap is much more strongly focussing in y than in x (figs [f.24] [4.25).
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Figure 4.28: As per ﬁgurebut the wire quadrupole provides much stronger confinement in x.
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Figure 4.29: As per ﬁgurebut with wire quadrupole active.
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The profiles of the decelerator and quadrupole fields was covered in chapter[2]but figures[#.24]to.29]
give a detailed view of a single trap. In the one-dimensional model we calculated the decelerator
field along the beam axis at the moment the target trap was fully formed. Here, we instead extract the
full three-dimensional scalar field B in the volume surrounding the trap. A random sample of atoms
is then generated and allowed to evolve using the methods described in sections [3.4] and [3.8.2] until
all ‘phase-unstable’ atoms have escaped. The trap field was modelled both with and without the wire
quadrupole included. A similar study was performed by McArd [2], but our improved interpolator
code allowed a greater range of configurations to be tested.

For convenience we move to a reference frame with coordinates as/, y,, 2’ centred on the trap, so that
the trap centre is the origin along the beam axis z and a longitudinal velocity v/z is stationary with
respect to the trap (the transverse components are the same in both frames). The sample is created
with initial positions and velocities chosen from uniform random ranges —6.5 mm < [m/, y,, z/] <
6.5mm and —18ms~! < [v), v;, v.] < 18ms~!. These values do not have to be chosen very
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carefully as long as they are larger than the actual phase-stable region, with the caveat that the larger
the initial volume in phase-space the more particles need to be added to attain meaningful statistics,
increasing the processing time and memory requirements at the beginning of the simulation. Once
running, however, non-phase-stable particles rapidly leave the trap region, being counted as lost once
they reach the boundary of the modelled field region. The code runs until the number of particles
remaining has stabilised; the acceptance is then estimated by multiplying the initial phase-space vol-
ume by the fraction of the particles that are still in the trap. For the case of deceleration rather than
guiding a pseudoforce is added when solving the trajectories at each time step. A constant decel-
eration is assumed, the magnitude of which is determined by considering the initial and final trap
velocities and the distance between the first and last decelerator coils. Figure .30 shows examples
of the initial and final phase-space distributions for argon, for both guiding and deceleration. The

shape of the final z, v, components can be compared to the separatrices, discussed in sections [4.1.2]
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Figure 4.30: Estimation of decelerator phase-space acceptance for 3P2 argon by solving particle
trajectories in a single trap of the decelerator plus wire quadrupole field, for guiding at 336 ms~*
(blue) and deceleration from 337ms™! to 324 ms~! (red). An initial sample of atoms with a uni-
form spread of positions and velocities is created (light blue/red) and allowed to evolve in the trap
until only phase-stable atoms remain (dark blue/red). The fraction that remains is multiplied by the
initial phase-space volume to give an estimate of the acceptance.

Simulations were carried out for argon in both the existing 4-module decelerator and the proposed
9-module extended design, with a range of target final velocities. The initial trap velocity was
set at 350 ms~'; our supersonic expansion source produces argon beams with approximately this
flow velocity. Figure [F.31] shows the results, both with and without the wire or permanent mag-
net quadrupole guide active. It can be seen that for this relatively heavy species the acceptance
of the short decelerator decreases rapidly with increased deceleration. The effect of the transverse
focussing field is also evident. These results are close to those found by McArd [2]|. Finally, for
comparison figure f.32]shows the results of applying this method to ground-state hydrogen (specifi-
cally the spin-stretched mp = 1 sub-level). As expected, both the spatial and velocity components
of the acceptance of this light atom are significantly larger then those of argon. A more complete

approach to determining the decelerator acceptance is described in section [4.4]
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Figure 4.31: Six-dimensional phase-space acceptance of the travelling-wave decelerator for the
my = 2 state of 3P2 argon, estimated via simulation of one trap in which the field is static. The
horizontal axis shows the final wave velocity, which has an initial value of 350m st Left, the
existing 4-module machine, right, proposed extended 9-module design. The field corresponds to a
peak current of 500 A at 650 V in the deceleration coils. The squares / triangles / circles represent
the field with at 700 A wire / permanent magnet / no additional quadrupole.
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Figure 4.32: Six-dimensional phase-space acceptance of the 4-module travelling-wave decelerator
for the mp = 1 state of S, hydrogen, parameters otherwise as per those in figure with wire
quadrupole. As expected, for this lighter species the decelerator has significantly greater acceptance.
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4.4 Dynamic Acceptance Model

Sections[.T.2]and[d.3]described our attempts to estimate the phase-space acceptance of the travelling-
wave Zeeman decelerator via static simulations. These involved taking a snapshot of the magnetic
field around a single trap in the decelerator field and evolving the trajectories of a uniform distribu-
tion of particles, to see which ones would remain trapped. This method has the advantage of being
relatively simple to set up, since the magnetic fields are only calculated once and treated as constant
throughout the simulation, and this also means that the code has relatively low requirements for pro-
cessor and memory, with associated short running times. In this idealised view of the decelerator the
acceptance in guiding mode is independent of trap velocity, and is only a function of the trap depth
(i.e., the peak current in the coils). In deceleration mode the only relevant factors are the trap depth
and the rate of deceleration. In reality, these static simulations do not capture the fluctuations in the
depth and central position of the trap that are a side-effect of the pulse-width modulation (PWM)
technique used to generate the time-varying currents in the decelerator coils, as shown in section
H.2] McArd [2]) used similar static methods in earlier work on the decelerator, both to estimate the
acceptance and to simulate the deceleration process, for which he produced a three-dimensional trap
field that was the time-average of these fluctuations. A more desirable solution for determining the
acceptance would therefore be to produce a fully dynamic time-dependent simulation of the deceler-
ation (or guiding) process of a uniform sample of atoms. This is feasible using the methods outlined

in chapter 3] and will be the subject of this section.
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Figure 4.33: Snapshot of the Monte Carlo acceptance code, based on the decelerator dynamic sim-
ulation code. A sample of atoms with positions and velocities equally spaced in all dimensions
is generated, centred on the target trap at the instant at which it is fully formed. The decelerator
fields are calculated at each timestep and the motion of the trap centre and forward and rear maxima
(dashed lines) are tracked. Particle motion including interaction with the fields is solved, and all par-
ticles that pass the maxima or move to a radial distance equating to the radius of the sample delivery
tube are discarded. The simulation terminates when the field shuts off, and the fraction of particles
remaining is used to calculate the acceptance.

The operation of the code is illustrated in figure [4.33] For a given set of decelerator parameters
including initial and final wave velocity, voltage and peak current, the profile of the field as it rises is
plotted. The time at which the target trap is fully formed and the position of its centre are determined
by inspection and used as inputs to the acceptance code. At the start time a sample of atoms is created
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with positions uniformly spaced along ranges centred on the beam axis in x and y and at the trap
centre in z. The initial velocities are likewise generated, centred on zero in the transverse directions
and with a mean value equal to the trap velocity at the beginning of the sequence. The longitudinal
position and velocity components of the initial sample are shown in red on the plot. The on-axis
field magnitude is shown, with the centre and forward and rear maxima of the trap marked by the
dashed lines. At each time step the field is calculated and the code finds the new position of the trap
centre by finding the nearest minimum to the last position along z. The forward and rear peaks are
found by locating the nearest maxima in front of and behind the trap centre, and any particles that
pass beyond these lines are removed. As is the case in the decelerator Monte Carlo code, at each
timestep all particles that drift laterally to a distance corresponding to the sample delivery tube are
also counted as lost and removed. This process continues until the field shuts down. The fraction of
particles that remain is then combined with the phase-space volume of the initial sample to calculate

the acceptance.
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Figure 4.34: Estimated acceptance of the 4-module decelerator in constant-velocity guiding mode,
for the m; = 2 sub-level of P, argon. The circles / pentagons show the decelerator operating in
PWM / ideal sinusoid mode with no quadrupole. The squares / triangles are for PWM mode with
wire / permanent magnet quadrupole. The higher acceptance obtained with transverse focussing
present is as predicted. Less expected is the performance of the permanent quadrupole dropping
below that of the wire at low velocities.

Results of constant-velocity guiding of argon are shown in figure §.34] The circles represent the
decelerator field alone in PWM mode with no extra quadrupole. The pentagons also have no extra
transverse focussing but the currents giving rise to the field are the ideal or ‘pure’ reference sinusoids
used to create the PWM sequence. Section described the fluctuations in the decelerator field
arising from PWM, but the depths and positions of the trapping fields calculated using the pure
waveform are not entirely free of variations in time, although on a much smaller scale. Nonetheless,
it can be seen that the pure waveform gives rise to slightly larger acceptance at higher velocities when
compare to PWM. The squares and triangles are both PWM simulations, and have, respectively,
the wire and permanent magnet quadrupoles included. The greater acceptance produced by the
permanent magnet system at higher velocities is as expected, given the stronger focussing fields it
produces when compared to the wire one. More surprising is the drop in the performance of the
former when compared to the latter at lower velocities. The cause is not immediately apparent;
referring to figures [2.15} [2.16] and [2.17]in section we would expect the permanent quadrupole
to give better confinement in all cases.
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Figure 4.35: Estimated acceptance for argon in guiding mode, as per figure but for the proposed
extended 9-module decelerator. The circles, squares and triangles represent no, wire and permanent
quadrupoles, respectively. The weaker performance of the permanent quadrupole at slower beam
velocities, as seen in the 4-module case, is more prominent.

150ms~! 350ms!
&= 200
g Myl e - -
\
» N s
M 150

F
= 500

~ I, ~

3" 250

=

S 750 Tamripermbigasrirmatimiimsstyimotestad

~ 500 1 =

M 2501 : : : .
0 1 2 3 0.0 0.5 1.0

Time / ms

Figure 4.36: Effects of PWM on trap depth for a single trap in the decelerator wave, with the wire
quadrupole applied. The average depth in x and y is higher than without the quadrupole, the field in
z is unaffected.

In section [4.3] the change in quadrupole performance appeared to be linked to the magnitude of the
current in the decelerator coils. Another possibility for the declining performance of the permanent
as compared to wire quadrupole at low beam speeds in the dynamic simulation is the fact that there is
a spatially periodic fluctuation in the shape of the transverse field arising at the boundaries between
magnet sections. The wire system is reasonably uniform along its length. Possibly this oscillation
contributes to a lowered acceptance for slower beams, in which the atoms spend more time in this
region. This is illustrated in figures [#.36] and .37 which use the same analysis as in section {.2]
As expected, there is a negligible effect on the depth of the trap in the z-direction since neither
quadrupole has a component in z. Compared to figure d.17]the trap depths in « and y are on average
larger for both quadrupoles than in the case with neither applied, but the periodic variation in z can
be seen for the permanent case. Given the smallness of the dip in trap depth it seems unlikely that
this causes significant loss of focussing but it cannot be ruled out without a more careful analysis of

trap loss mechanisms.



4.4. DYNAMIC ACCEPTANCE MODEL 121

150ms~! 350ms~!
=
E 200 -%vv“"y“'\;‘:r"“—'."“v“‘,“‘ - A-"..'un. o ‘L‘ MW I A MM A S A TR T ]
~ ¥ b 4
oA 150 1
= -
= 500
~ N
250 1
BE RER R S et e
~ 500 - " -
m' 250 : : : :
0 1 2 3 0.0 0.5 1.0
Time / ms

Figure 4.37: Effects of PWM on trap depth for a single trap in the decelerator wave, with the per-
manent quadrupole applied. The average depth in x and y is higher than without the quadrupole,
the field in z is unaffected. There is a periodic oscillation of the field in the z-direction arising
from the boundaries between magnets, and this may contribute to the worsening performance of the
permanent quadrupole at lower beam speeds, since particles spend longer in these regions.
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Figure 4.38: Estimated acceptance for argon in deceleration mode. The circles show the decelerator
operating with no quadrupole. The squares / triangles have the wire / permanent magnet quadrupole.
The discrepancy between quadrupoles seen in the guiding case does not appear for deceleration,
however the acceptance in general drops very rapidly for larger decelerations for this combination
of relatively heavy species and short decelerator.

Figures [4.38] and [4.39] show the results of deceleration of argon in the four- and nine-module decel-
erator, with or without the wire or permanent quadrupoles. As expected, the acceptance falls with
the target trap velocity, with the longer design giving better results due to its gentler deceleration.
The data suggest that the same effect that causes the permanent quadrupole to perform worse than
the wire one at lower beam velocities is still present, but this is less significant for several reasons.
The traps in the wave spend less time at the lower velocity, starting out faster, so whatever weakness
in the potential the particles are exploiting, they have less time to do so. Also, the acceptance plum-
mets by several orders of magnitude for significant decelerations of such a relatively heavy species
as argon, since the deceleration effects dominate other trap loss mechanisms, and so the very low-

velocity effects are irrelevant.
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Figure 4.39: Estimated acceptance for argon in deceleration mode, as per figure but for the
proposed extended 9-module decelerator. The circles, squares and triangles represent no, wire and
permanent quadrupoles, respectively. The fall in acceptance for larger decelerations is less pro-
nounced for the longer machine.
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Figure 4.40: Estimated acceptance for hydrogen in deceleration mode for the 4-module machine.
As before, the circles / squares / triangles are for PWM mode with no / wire / permanent magnet
quadrupole. Compared to argon, the acceptance is much greater for this lighter species.

The code was adapted to model the mp = 1 sub-level of ground-state hydrogen. The results of
deceleration of this state in the four-module decelerator are shown in figure .40} for comparison
with argon these simulations all had an initial beam flow velocity of 350 ms~!. It can be seen that
for this much lighter species even the shorter decelerator could potentially remove the majority of the
forward velocity of the beam. Regarding the two methods of estimating the acceptance, the ‘static’
method given in section #-3]and the ‘dynamic’ one described here; the static method requires much
less computation time, and can be run for an arbitrarily long simulated time to allow non-phase-stable
particles to escape, and thus approaches the ideal or ‘true’ acceptance of the decelerator. However, it
does not include effects arising from the PWM method, which the dynamic code does. The dynamic
code, modelling the real physical experiment, does not allow sufficient time for all unstable atoms
to escape, and so over-estimates the acceptance. Regardless, the results of both methods appear to
be compatible to within an order of magnitude, and should therefore be useful in characterising the
experiment. The discrepancy between the results for the alternative quadrupoles will be considered
further in section
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4.5 Extending the Decelerator Simulations

Chapter 3] described the simulation codes we have developed in order to model the operation of the
travelling-wave Zeeman decelerator, and gave examples of their application in reproducing experi-
mental data. The codes can also be used to explore different combinations of parameters without the
need to run the physical experiment, as well as to investigate possible modifications to the apparatus.
Some of these results will be shown in the following sections, to begin we will extend our results for
the deceleration of metastable argon.

4.5.1 Argon

Section [3.10| compared simulations with several sets of experimental data, for guiding and deceler-
ation of metastable argon. Two data sets with a decelerator initial target trap velocity of 330 ms~—!
were considered; in both cases the time delay between the source trigger and the activation of the
power electronics was set to 796 ps. This value was chosen according to an earlier estimate of the
time taken for a synchronous atom moving at the trap velocity to reach the centre of the trap as
it formed, and when we applied the methods described in section they suggested that 829 us
would be more appropriate. Figure 4.41|shows the result of a simulation with this delay but all other
parameters the same as those given in section i.e. deceleration from 329 to 321 ms~! with a
peak current of 400 A. The target trap appears to be well loaded compared to that in figure [3.33}

the shape of the loaded region of the phase-space plot suggests a more uniformly-filled longitudinal

separatrix.
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Figure 4.41: Longitudinal phase-space plots of attempted argon deceleration from 329 ms™! to
321 ms~!, peak current of 400 A, equivalent to figure but with an electronics delay of 829
rather than 796 us. The atoms located within the trap at the end are highlighted in blue, and their
positions at the start in red.

The velocities of the spin-stretched m; = 2 atoms that reached the detector before (red) and after
(blue) the deceleration are shown in figure [4.42} left is the whole sample, right is only the atoms
located in trap 2. A deceleration of atoms is visible, with the mean velocity of the atoms in trap
2 decreasing from 331 to 323 ms~!; however, the allegedly less optimal equivalent in section
figure had initial / final mean velocities of 336 / 325ms~!. An explanation can be found
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by comparing figures 3.33] and .41} the less well-loaded trap in the earlier example effectively
contained two separate populations of atoms with different central velocities, and not enough time
was available during the deceleration process for them to merge, with the non-phase-stable atoms
escaping the trap. Whilst some atoms had been decelerated, the values placed on the initial and final
velocities were somewhat misleading. The example shown here has a well-populated phase-stable
region so that the atoms have a rather more unimodal distribution, which maintains its approximate
shape as the mean value is reduced during deceleration. More significantly, with the corrected delay
setting the ratio of m; = 2 atoms in trap 2 compared to trap 3 at the end of the sequence was ~ 2:1,

compared to ~ 1:4 for the badly loaded simulation in section [3.10}
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Figure 4.42: Comparison of initial (red) to final (blue) velocity distributions for the m ; = 2 argon
atoms that survive to reach the detector. Left, all atoms in the sample, right, only those located in the
second trap at the end of the deceleration sequence. Comparable to figures [3.31]and [3.34] but with a
more optimal power electronics delay for loading.

Again considering the badly-loaded example from section[3.10} we can explore the effects of adding
an additional transverse quadrupole field, which was not present in the experimental data. Adding
the wire quadrupole running at a current of 700 A we obtain phase-space and velocity distributions
practically indistinguishable from figures [3.33] [3.34] [3.33| and [3.36] with the mean initial and final
velocities of the atoms located in traps 2 and 3 differing only by ~ 1%. This is unsurprising since

the quadrupole guide has no components in the beam direction z. However, the number of m; = 2

atoms present in both trap 2 and 3 is increased by ~ 50 %.

We are also able to simulate increasing the number of deceleration coil modules from the existing
4 to the proposed 9 (see section[3). Compared to the real data, simulations of a 9-module machine
set to decelerate from 330 to 320 m s~ (again with no quadrupole) show equivalent redistribution
of the atomic velocities to within ~ 1%, but with a reduction of those reaching the detector of ~
25 %. The gentler deceleration achievable with a longer decelerator increases the acceptance of
the phase-stable region but this is balanced by the increased time the particles have to drift laterally

to the sample delivery tube and be lost, indicating the importance of the additional quadrupole guide.
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Combining these ideas, we can attempt to determine an optimal deceleration of argon. The simu-
lation shown in figure 4.43| utilised the 9 module decelerator operating at a peak current of 500 A,
driven by 650 V. The wire quadrupole was included, operating at 700 A, and the power electronics
delay was set at 822 ps. The atom source characteristics were once again based on the experimental
data described in section The initial travelling wave velocity was set to 330 m s~ for com-
parison with these deceleration data, but the final velocity was chosen to be 290 ms~'. For these

parameters the PWM achieved initial / final wave velocities of 330 /292ms~1.
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Figure 4.43: Longitudinal phase-space plots of attempted argon deceleration from 330 to 292ms™1,
peak current of 500 A, wire quadrupole active, proposed 9 module decelerator. Atoms shown are in
the m; = 2 state.

Much clearer deceleration results are obtained for this configuration, with the mean longitudinal
velocity of the spin-stretched m ; = 2 atoms present in trap 2 as the field shuts down decreasing from
330 to 295 m s~ . These values are, however, somewhat distorted by the presence of a population of

atoms that are not phase-stable and are leaving trap 2, identifiable in figures [4.43|and [4.44]
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Figure 4.44: Velocities of the simulated argon atoms that remain in trap 2 at the end of the decelera-
tion sequence from 330 to 292 ms~!. Red / blue are initial /final velocities. Both low-field-seeking
states are decelerated, although there are twice as many m ; = 2 than m ; = 1 atoms.
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Figure 4.45: Deceleration of argon from 330 to 292ms~!, proposed 9 module decelerator with
quadrupole, 500 A at 650 V. Shown are the velocities of all magnetic states and the two low-field-
seeking states. Red / blue lines indicate the initial and final velocities of the decelerator wave. See
figure [3.30|for an equivalent view of real data.

As well as attempting to capture atoms with a mean velocity well below the central velocity of the
beam, section [3.10] gave an example in which the decelerator wave was set to initially match it.
For the data shown in figures [3.41] to [3.43| the decelerator field was set with initial / final velocities
of 360 / 350ms~'. Considering the proposed 9-module extended experiment, we can assess the
extent to which it could successfully decelerate argon. Figures .46 and show a simulation of
deceleration from 360 to 330 ms~!, peak decelerator current is 500 A and the wire quadrupole is
active. The initial atom distribution is chosen to match the real transmission data used in section
[3-10] Much more significant spatial bunching of the atoms is seen than was the case for the shorter
decelerator. The initial / final longitudinal velocities of the m ; = 2 atoms that remain bunched in
trap 2 at the end of the sequence are 356.9/334.7m s~ !, and represent ~ 1.1 % of the initial sample.
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Figure 4.46: Longitudinal phase-space plots of attempted argon deceleration from 360ms~! to
330ms ', peak current of 500 A, proposed 9-module decelerator. The atoms located within the
trap at the end are highlighted in blue, and their positions at the start in red.
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Figure 4.47: Argon deceleration from 360 ms~! to 330 ms~*, peak current of 500 A, proposed 9-
module decelerator. Comparison of initial (red) to final (blue) velocity distributions for the m ; = 2
atoms that survive to reach the detector. Left, all atoms in the sample, right, only those located in
the second trap at the end of the deceleration sequence.

A harder deceleration still is shown in figures#.48]and[4.49] with initial / final wave velocities of 360
/300ms~!. The other parameters are unchanged from the previous case. The initial / final mean
longitudinal velocities of the m ; = 2 atoms that remain bunched in trap 2 at the end of the sequence
are 343.1 / 324.6ms~*, and represent ~ 0.8 % of the initial sample. The optimally-loaded atoms
are seen to be decelerated but the distribution is not as clear as that of the less-harsh deceleration in
the previous example. The mean velocities are clearly somewhat misleading here; there are multiple
peaks distorting the average. However, there are strong peaks for the initial and target velocities.
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Figure 4.48: Longitudinal phase-space plots of attempted argon deceleration from 360ms~! to
300m s, peak current of 500 A, proposed 9-module decelerator. The atoms located within the
trap at the end are highlighted in blue, and their positions at the start in red.
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Figure 4.49: Argon deceleration from 360 ms~! to 300 ms~*, peak current of 500 A, proposed 9-
module decelerator. Comparison of initial (red) to final (blue) velocity distributions for the m ; = 2
atoms that survive to reach the detector. Left, all atoms in the sample, right, only those located in
the second trap at the end of the deceleration sequence.

The multiple peaks present in the velocity distributions of the atoms located within the bounds of
a single trap that are seen in e.g. figures[3.40/and [#.49] can be understood by taking a close look at
a plot of longitudinal velocity versus position for the atoms towards the end of the deceleration se-
quence. This is shown in figure[.50} the on-axis decelerator field magnitude is included to show the
positions of the traps. The decelerator electronics delay setting was chosen to target trap 2, which
is the trap located to the right at z ~ 1.38 m, the one to the left at 2 ~ 1.36 m is trap 3, and so
on. It can be seen that whilst traps 2 and 3 have bunched atoms suggesting reasonably well-loaded
separatrices, with central velocities in line with the trap velocity, atoms that are moving too fast to be
trapped are skipping between traps. When analysing the effects of the decelerator field on the atoms
by tracking the ones located in a particular moving trap, the presence of these atoms can distort the
conclusion drawn. These effects can be minimised in several ways, where feasible; setting a gentler
deceleration, using a colder source, using a lighter species, or increasing the trap depth by choosing

a larger peak current.
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Figure 4.50: Argon deceleration 360 to 330 ms~*!, peak decelerator current is 500 A. The longitu-
dinal positions and velocities of the atoms is presented with the axial decelerator field magnitude at
the end of the deceleration sequence, as the field is just about to shut down. The shading gives the
relative density of atoms, with red being the most dense.

To summarise this section; we have demonstrated some predictions for the results we would expect
to get when decelerating metastable argon if various experimental parameters were adjusted, or if
the physical apparatus was upgraded. Although argon is not of particular scientific interest to us,
it has been chosen here for comparison to the characterisation data that we presented in chapter
B} Predictions regarding other species will be made in section 4.6 and chapter [5] In this section
fairly conservative values of the peak decelerator current have been chosen, again for comparison to
existing data, but higher currents are also explored in chapter[5} Our simulations suggest that for the
existing 4-module decelerator and source, with an ideal set of experimental parameters we should
be able to effectively decelerate a portion of a beam of argon from = 350 to ~ 325ms~! or lower,
but this remains to be tested.
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4.5.2 Assessing Quadrupole Effects

The decelerator fields are described in section and it was shown that they are not strongly
confining in the directions orthogonal to the beam axis, particularly along the z-axis. Additional
transverse focussing is desirable to mitigate particle losses in these directions, and section
described two possible schemes. The experiment was initially constructed with a wire quadrupole
comprising a high-current DC circuit, typically operating at ~ 700 A (for specific details see McArd
[2). This design has undesirable fringe fields arising from the wire connectors at the ends, necessi-
tating precise and complex control electronics in order to ensure they do not impinge upon the beam.
Otherwise, it produces a strong, uniform quadrupole field in the zy-plane, but as shown in figure[2.1

it is not ideal when combined with the decelerator fields, so that the traps in the travelling wave are
alternately weakened or strengthened. Extending the wire quadrupole to a longer decelerator would
also be problematic, and so when a part of the system failed it was decided not to repair it, but to
instead replace it with a permanent magnet guide. This design was expected to be superior to the
wire guide for reasons additional to the lack of electronics; the magnetic field gradients are rather
steeper, giving stronger confinement, and the problem of weakened alternating traps is avoided due

to the field lines entering the trap along different axes. These differences are illustrated in figures

216land 217

Section [4.3] described a method of estimating the acceptance of a trap in the decelerator wave by
modelling the motion of an initially-uniform sample of atoms in the trap. A pseudoforce can be
added to represent deceleration effects. This was done for metastable argon with an initial beam
velocity of 350 m s, for both the 4-module and proposed 9-module decelerator, and the results are
shown in figure @31} As expected, the presence of either quadrupole gives higher acceptance than
the decelerator fields alone, with the wire quadrupole performing slightly worse than the permanent
one. The fully dynamic acceptance model described in section [4.4] was used to repeat these tests.
Figures @ and @] show the 4- and 9-module machine in deceleration mode, with results simi-
lar to those of the static simulation for higher final velocities. Somewhat surprisingly, however, for

harder deceleration the performance of the permanent quadrupole dips below the wire.

The obvious conclusion when looking at figures [4.38] and [4.39] is that the estimated acceptance for
the different quadrupoles is related to the time that the particles spend interacting with the trapping
fields; namely, that the permanent quadrupole provides superior confinement for a short time, but the
wire system is better for slower beams / longer decelerators. However, the static acceptance model
is run for an artificially long time, allowing a closer approximation of the ‘true’ acceptance to be
determined, albeit without including the effects of the oscillations in the trap field (see section .
Therefore, the differing behaviour of the quadrupoles when compared to the static case is not simply
due to the time that the atoms spend in the field, but is due rather to the nature of the decelerator

fields in the fully time-dependent model.
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Figure 4.51: Argon loss in guiding mode, static simulation with decelerator coils at 500 A peak and
wire quadrupole active at 700 A. A single trap in the decelerator field is modelled with an initially
uniform sample of argon atoms as described in section.3] The density plot indicates atom losses at
the inner surface of the sample delivery tube, depicted in cylindrical polar coordinates. The vertical
axis is bounded by the trap longitudinal maxima, with the centre of the trap at z = 0. The angle 6 is
defined such that § = 0 and =  lie along the z-axis.
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Figure 4.52: As per figure but with permanent magnet quadrupole.
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The static acceptance simulations were adjusted to record the leaving direction of escaping atoms,
in order to verify that there was not a fundamental weakness in the design of the permanent magnet
quadrupole. The code marks particles that have drifted to a radius r corresponding to the inner sur-
face of the decelerator sample delivery tube as lost; figures[4.5T)and [4.52] show density plots of these
losses. The diagrams are converted into cylindrical polar coordinates, with the z-axis as the beam
direction, centred on the trap and bounded by the forward and rear trap maxima. # = 0and 0 = 7

represent the points x = r,y = 0 and z = —r, y = 0, respectively.

The equivalent plot for the system with no quadrupole is not shown, because it has little to no struc-
ture. The wire system, however, does show some structure, with the main regions of loss being in the
x and —x directions. There are clear regions with little loss in the y and —y directions in the centre
of the trap, reflecting the strong y focussing. It appears that atoms either leave along x or, if they
move forward or back from the centre, can be guided to escape in y. The rear trap wall is slightly
deeper than the front (see figure so that the greater losses to the rear are somewhat surprising.
Overall, the potential has a complicated shape, and taking views along given axes or planes does
not allow us to easily predict the behaviour of all plausible particle trajectories. This illustrates the

importance of such Monte Carlo simulations.

xr / mm

Figure 4.53: Argon loss in guiding mode, static simulation with decelerator coils at 500 A peak. Left,
wire quadrupole active at 700 A, right, permanent magnet quadrupole. Shown are the xy positions
of atoms at the instant they escape by passing the forward maximum at z ~ 10 mm.

The permanent magnet quadrupole model shows behaviour that at first sight appears rather different
from the wire system. Closer inspection shows that the losses in the x-directions have a similar
structure. There are reduced losses along one diagonal plane, although more atoms have escaped in
y than for the wire case. The typical asymmetry of the decelerator field plus permanent quadrupole
along the z = y and = —y axes, as shown in figure[2.16] can be clearly seen. The structure of this
plot is suggestive of the pattern shown in figure |4.51|if it was ‘squeezed’ along one diagonal.
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The static field simulation used here was run for a simulated time of 3 ms, which is rather longer
than the atoms would spend in the decelerator field for the the current 4-module machine at a typical
wave velocity, but this is necessary to allow time for the non-phase-stable atoms to escape. For this
example of constant-velocity guiding the permanent quadrupole resulted in ~ 9 % more retained
atoms than the wire, although both systems had over a factor of five more atoms at the end than the
simulation with no quadrupole. More revealingly, the permanent quadrupole actually lost =~ 10 %
fewer atoms in the zy direction than the wire, but more in z. As seen in figure .53} plotting the
pattern of final coordinates for atoms reaching the forward trap maximum at z ~ 10 mm showed
no significant structure for either system, apart from a hint that the losses from the trap with the
permanent quadrupole were more strongly clustered at smaller radii from the beam axis. To further

investigate, a repeat of these simulations under significant deceleration was performed.
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Figure 4.54: Argon deceleration from 350 to 275 ms™!, static simulation with decelerator coils at
500 A peak. Left, wire quadrupole active at 700 A, right, permanent magnet quadrupole. Shown are
the zy positions of atoms at the instant they escape by passing the forward maximum at z ~ 10 mm.

Figure shows the atoms escaping in the z-direction for deceleration from 350 to 275 ms~!. As
expected, both plots show higher intensity of atoms than in the guiding case, since the deceleration
pseudoforce is driving them forwards. Both plots show that the atoms are more dense closer to the
beam axis at the origin, with the permanent quadrupole displaying a suggestion of the asymmetry
along r = y and * = —y that was alluded to earlier. Neither show a significant weak point or ‘hole’
through which atoms are being lost.

Figures [4.55] and [4.56] give the losses in the zy-direction. Compared to figures f.51] and .52] both
systems show, as expected, that the losses are now more significant for positive z as the atoms are
pushed to the front. The overall patterns of loss are otherwise very similar to those shown for the
guiding case. For this harsh test, modelling hard deceleration in the 4-module decelerator, all atoms
were lost from the trap region after 3 ms. Comparing the directions of loss, the wire system lost 54 %
in zy and the remainder in the positive z-direction, compared to 48 % for the permanent quadrupole.
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Figure 4.55: Argon deceleration from 350 to 275 ms™!, static simulation with decelerator coils at
500 A peak and wire quadrupole active at 700 A. A single trap in the decelerator field is modelled
with an initially uniform sample of argon atoms as described in section #.3] The density plot in-
dicates atom losses at the inner surface of the sample delivery tube, depicted in cylindrical polar
coordinates. The vertical axis is bounded by the trap longitudinal maxima, with the centre of the
trap at z = 0. The angle 6 is defined such that § = 0 and 6 = 7 lie along the z-axis.
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Figure 4.56: As per ﬁgureﬁbut with permanent magnet quadrupole.
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The code to count the atom leaving directions was then added to the dynamic acceptance code (see
section[d.4). Figure[d.57)shows the percentage particle loss in the radial, forward and rear directions
of a single trap in the decelerator field as a function of guiding velocity.
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Figure 4.57: Percentage loss in the (left) radial, (centre) forward and (right) rear longitudinal direc-

tions, time-dependent acceptance simulations. Constant-velocity guiding mode, decelerator fields
set to peak 500 A. Square, wire quadrupole, triangle, permanent magnet.
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Figure 4.58: Argon loss in guiding mode at 150 ms~!, dynamic simulation as described in section
PE'I, decelerator coils at 500 A peak and wire quadrupole active at 700 A.
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Figure 4.59: As per figure but with permanent magnet quadrupole.
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Figure 4.60: Argon loss in deceleration mode from 350 to 275 ms~!, dynamic simulation as de-
scribed in section@, 4-module decelerator coils at 500 A peak and wire quadrupole active at 700 A.
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Figure 4.61: As per figure but with permanent magnet quadrupole.

Figures and show the particle losses in the dynamic code, when guiding at 150 ms™—!. The
time variation of the decelerator fields is driving the direction of the radial losses to be along the
diagonals, when compared to the static code. Running in deceleration mode further enhances this
loss, as shown in figures .60 and [4.61] Figure shows that the permanent quadrupole has sig-
nificantly less loss radially, especially at higher wave velocities, but worse longitudinal losses. The
different structure seen in the dynamic guiding and deceleration plots as compared to the static ones
is probably not that significant, since it seems that the main driver of the difference in acceptance is
losses in z. Further work is needed to investigate the loss channels in the front and rear of the decel-
erator traps. To some extent it may be the case that particles that are moving too fast to be trapped
and would escape radially are, in the case of the permanent magnet system, deflected to escape lon-
gitudinally, but this cannot be the entire picture since the total losses are larger when compared to
the wire quadrupole. Therefore, some combination of the permanent magnet and decelerator fields

is driving particle loss in z even whilst losses in the zy-plane are reduced.
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4.6 Comparison to Other Travelling-Wave Zeeman Decelerators

Section gave a brief description of several other travelling-wave / moving-trap Zeeman decel-
erators, for convenience referred to as the ‘Paris’ [51]], “Tel Aviv’ [52] and ‘Basel’ [53]] experiments.
In this section we attempt to compare some of the results of these experiments with the achieved and

predicted results of the Durham decelerator.

4.6.1 Paris Decelerator

The most straightforward comparison is with the Paris decelerator, since the Durham machine was
based upon it. Trimeche et al. demonstrated constant-velocity guiding of metastable argon at 430
and 464 m s~ [51]]. The time-of-flight traces presented are very clear with significant peaks repre-
senting the atoms that are well confined in the moving trap of the decelerator wave. The data are also
well reproduced by simulation, which allows insight into the positions and velocities of the particles
in the beam. Although we also use argon we have no directly comparable data since the flow veloc-
ity of the Paris General valve source is estimated to be 465 m s~ with a translational temperature
of 3 K when cooled to 100 K with a backing pressure of 2 bar. This is considerably faster than our
Even-Lavie valve, which produces an argon beam at an estimated 370 ms~! / 7 K when cooled to
140K at 5 bar. In order to simulate a faster beam source we generated a velocity distribution using
equation [3.2.2] with vy = 465 ms~! and oy, = 25ms~!. The spatial and temporal distribution of
the atoms were chosen according to the geometry and typical discharge parameters of our source (as
described in section [3.2). The simulation code was then configured for constant-velocity guiding at

465 m s~ !, peak current of 350 A, wire quadrupole active at 700 A.

\)

my =all

1.6 18 2.0 2.2 2.4 2.6
Time of flight / ms

Signal / arb. units

'?

Figure 4.62: Simulated guiding of 3P2 argon, decelerator operating at 465 ms—! with peak current
of 350 A. Black trace is all atoms, the labelled grey traces are the sub-levels with projection number
my =0,1,2. Parameters chosen to compare with figure 7 in Trimeche [51]].
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Figure [4.62] shows the simulated time-of-flight profile. Overall, the results have reasonably good
agreement with figure 7 of Trimeche [51]], having the same general shape and features. The greater
length of our decelerator can be seen in the position of the peaks. The exact dimensions of the Paris
experiment are not given, but it appears to be ~ 620 mm from the valve nozzle to the detector, com-
pared to 924 mm in Durham. The plot shows the overall trace and the contributing traces of the two
low-field-seeking states m ; = 1,2 and the neutral state m; = 0. Trimeche state that both the 3PO
and 3P2 metastable terms will be present with ‘all the Zeeman sub-levels equally populated’, but it is
not clear what they mean by this - it could be interpreted to mean that 1/5 of the total population will
be m; = 0, or 1/3 of the total if the J = 0,m; = 0 and J = 2, m; = 0 populations are counted
separately. If both 3PO and 3P2 are assumed to be equally populated then 3/5 of the atoms will be in
the m; = O state. The lower curve in the Trimeche figure is small compared to the others, suggesting
that they have taken the first interpretation and included the five Zeeman sub-levels equally, and so
our simulation has the same initial distribution. The Trimeche simulations are a good match to their
recorded signal, but as discussed in chapter [3] we believe that our source is producing significantly
more °P, than *P,, so that a simulated time-of-flight profile that does not include extra *P does
not well represent our data. To illustrate this, the plots in figure £.63] show the same time-of-flight
as figure but with extra *P, added in a 5:1 ratio, and it can be seen that these results look more
like those given in chapter 3]

£ 1.0 210

3 3

£ £

< 0.5 < 0.5

~ ~

= =]

= o

20.0l=— , , : | 200l=— , , , |

.75  2.00 225 250 275 1.75 200 225 250 275
Time of flight / ms Time of flight / ms

(a) (b)

Figure 4.63: Simulated guiding of 3P2 argon as per figure , however extra atoms in the 3P0 term
added in the ratio 5:1 with 3P2. Left, wire quadrupole, right, no quadrupole.

Figure .64 shows a longitudinal phase-space plot of the m ; = 2 atoms at the end of the guiding
sequence; the atoms shown in blue are within the maxima of the moving trap, and the estimated
separatrix (see sectiond.1.2)) is overlaid in black. This can also be compared to figure 7 in Trimeche;
both the Durham and Paris decelerators show a similar spread of trapped velocities, ~ & 20ms™!,
although somewhat larger for the Durham results due to the deeper traps. The different longitudinal

dimensions of the Paris and Durham traps, ~ 6 mm and ~ 20 mm respectively, can be seen.
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Figure 4.64: Simulated guiding of 3P2 argon as per figure Longitudinal phase-space plot of
atoms in the m; = 2 sub-level at the end of the deceleration sequence. Atoms within the trap
maxima are in blue, the estimated separatrix is in black.

Sections [£.3|and [f.4] described methods for estimating the acceptance of the decelerator using either
a static or time-dependent model of the trap fields. The former is not meaningful for guiding mode,
since in the absence of deceleration pseudoforces the trapping potential is not velocity-dependent.
The Trimeche results did not include an estimated acceptance, but we have calculated it for guiding
at 465 ms~! using the dynamic code model, for comparison with the results shown in figure
in section We find that for no / wire / permanent magnet quadrupole we obtain 7.9 x 10° /
1.7 x 10° /3.0 x 10° (mm ms~1)3, compared to 4.8 x 105 /1.2 x 105/1.9 x 105 (mm ms~1)3
when guiding at 350 ms~!. These values can be somewhat misleading; the acceptance appears to
increase with guiding speed because there is not enough time for phase-unstable particles to escape
the trap.

Additionally, Bera reported guiding of argon at 480 and 464 ms—! as well as deceleration from 400
to 380 and 370 m s~ !, and from 395 to 365 ms~! [221]], again seeing good agreement between data
and simulations. Trimeche then reported deceleration of argon from 464 to 420 ms~! and from 430
to 402m s~ [222]. Compared to the deceleration experiments reported in this thesis, which had a
much lower beam flow velocity, these values are impressive. Repeating the caveat that we are using
an approximate reproduction of the Paris initial beam conditions we have simulated deceleration of
argon from 464 to 420 m s~ ! with the Durham decelerator.
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Figure 4.65: Simulated deceleration of 3P2 argon, decelerator operating from 465 to 420 ms~! with
peak current of 350 A, wire quadrupole active.
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The time-of-flight in figure f.63] does show a sharp peak at about the expected arrival time of atoms
decelerated to ~ 420 ms~!, but the phase-space plot in figure shows that there are few atoms
in the central region of the trap. The shape of the atom sample in the centre of the trap suggests that
it is not phase-stable; i.e. the atoms are only present in the trap because they have not yet had time
to escape. To confirm this we attempted to plot the longitudinal separatrix using the method from
section but found no phase-stable region in the trap when such a large deceleration pseudo-
force was applied. For the Durham decelerator the necessary pseudoforce equates to a deceleration
of magnitude ~ 4.1 x 10° ms~?2; for the shorter Paris design there is an even larger deceleration
of /= 7.2 x 10° ms~2. This corresponds to a loss of kinetic energy of ~ 18%; for the deceleration
data presented in chapter |3| there was a reduction of ~ 6%. In later experimental work we have
demonstrated a reduction of 10 - 15% of kinetic energy of argon (see appendix [A)), which is close
to the maximum that can be achieved for this species with our decelerator in its current form. The
predictions made in this chapter suggest that for the proposed 9 module extension a maximum of ~
30% of the kinetic energy of an argon beam could be removed. The next section will discuss the
possibility of extending the decelerator further still.
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Figure 4.66: Simulated deceleration of 3P2 argon as per figure Longitudinal phase-space plot
of atoms in the m; = 2 sub-level at the end of the deceleration sequence, atoms located within the
trap at the end are marked in blue, with their initial positions in red.

Despite their similarities, there are key differences in the Paris and Durham decelerators which must
be borne in mind when comparing their experimental results. The most obvious difference seems
to be related to the beam source; the Paris experiment appear to have been able to produce a beam
of metastable argon that was largely composed of atoms in low-field seeking states by the time it
reached the detector. This is most likely related to the different excitation schemes used. The tube
through which the beam flows in the Paris experiment is 1.2 mm diameter, compared to 5.2 mm in
Durham, so that particles that are not transversely focussed by the decelerator and quadrupole fields
are more likely to be lost to collisions with the tube wall, but this is unlikely to be a very significant

factor in the difference in Zeeman sub-level populations we see.



4.6. COMPARISON TO OTHER TRAVELLING-WAVE ZEEMAN DECELERATORS 141

The distance from the end of the Durham decelerator to the detector is 140 mm, giving the guided or
decelerated particles time to disperse along the propagation axis and thus broadening and weakening
the peaks seen on the time-of-flight profile. This distance is even larger for the Paris experiment at
210 mm, but this is compensated for by the much faster beam flow velocity as well as by the more
confined dimensions of the Paris moving traps. This can be seen by comparing the simulations in
figure (4.63| with those in section Also, the Paris excitation source produces pulses of ~ 2 us
duration, about an order of magnitude smaller than the temporal width of the samples we generate
with our DBD (see section[2.2.3)). Although this means that there are fewer excited atoms they have
a much smaller temporal width, and it was therefore possible for the Paris experiment to effectively
load only a single trap of their field. The faster beam and smaller dimensions also meant that the

separatrix was more completely filled on loading than in our simulations.

Trimeche also describe the presence of secondary peaks which complicate the signal, caused by the
interaction with the trapping fields of particles that are not phase-stable. They note that in a longer
decelerator these secondary effects will be lessened as particles have more time to escape the unsta-
ble regions. Although our decelerator is longer we still have these issues due to our slower beam,
which means that one or more traps adjacent to the target will be at least partially populated. We
explored this in section .5] where we considered decelerating argon in an extended version of our
machine. It will be further considered in chapter [5] when we simulate the deceleration of lighter

species.
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4.6.2 Tel Aviv Decelerator

The ‘Tel Aviv’ decelerator has a different design, as described in section being composed of
cylindrical coils arranged in overlapping anti-Helmholtz configuration. We will initially consider
the results in Lavert-Ofir [52], in which deceleration of metastable neon was reported. This first
version of the decelerator was 1.14m in length, and although the coil geometry is very different
from the Durham decelerator the source is similar; an Even-Lavie valve with dielectric barrier dis-
charge. With the valve cooled to 74K a beam velocity of 430 ms~! and translational temperature
of 399 mK was estimated. Deceleration data for a range of final velocities down to 50 ms™~! are
presented, and reproduced in simulations which show excellent agreement with the measured time-
of-flight profiles. Detection is via a microchannel-plate detector mounted on a translation stage,
allowing measurement of the beam velocity and translational temperature as described in section
The acceptance is reported as being 8 x 10° /4 x 10° (mm ms~1)3 for final velocities of 350
/50ms~1.

Although we did some exploratory work with metastable neon in the early phases of our experiment
[[1] we switched to argon in order to achieve slower beams. This is because in a supersonic expansion
the flow rate has an inverse dependency on the particle mass (see equation in section [2.2.1).
We have used our static model code to estimate the acceptance when decelerating this species. The
metastable °P, term of neon has the same Zeeman sub-level splitting as argon (shown in figure
3.14) so we can easily adapt our argon simulation code by adjusting the atomic mass. Figure
shows the results for an initial velocity of 430 ms™—!; figure is the same but for the proposed
9 module extended decelerator, since this would be of comparable length at 1.1 m. For both cases

results were calculated with no quadrupole or with the wire or permanent magnet quadrupoles active.
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Figure 4.67: Estimated acceptance of the 4 module decelerator in deceleration mode, for the m ; = 2
sub-level of 3P2 neon, peak current of 350 A. The circles / squares / triangles are for no / wire /
permanent magnet quadrupole.

It can be seen that the Durham decelerator is not able to match the acceptance of the Tel Aviv decel-
erator. Sections [4.3]and [4.4] presented some estimates of acceptance for argon guiding (albeit with a
lower initial velocity) and it is reasonable to expect that neon will have somewhat larger acceptance,
since it has a more favourable magnetic moment to mass ratio. We see however that even consid-
ering the proposed extended decelerator with additional quadrupole, for deceleration from 430 to
350ms~! our acceptance is lower than the Tel Aviv results by an order of magnitude, and the per-

formance drops rapidly for harder deceleration.
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Figure 4.68: Estimated acceptance of the proposed 9 module decelerator in deceleration mode, for
the m; = 2 sub-level of 3P2 neon, peak current of 350 A. The circles / squares / triangles are for no
/ wire / permanent magnet quadrupole.

Figure .69 shows phase-space plots of the initial and final atom distributions along the three axes,
and can be compared to figures 2¢ and 2d in Lavert-Ofir [52]]. The Durham spatial acceptance is
about half that of the Tel Aviv machine in the radial directions, due to the smaller beam tube. The
radial velocity acceptance is not symmetric about x and y in Durham due to the coil geometry, in
y the Durham machine is only slightly weaker with ~ & 20ms~!, although it only achieves half
that in z. Longitudinally, the Tel Aviv traps are limited by the 10 mm distance between coil centres,
which is about half the length of the Durham traps, but the Durham phase-stable region is smaller
at about 8mm and &+ 15ms~! compared to 10 mm and + 25 ms~'. The Tel Aviv decelerator has
approximately 25 % greater trap depth for this deceleration, at least in the forward direction; the

asymmetry of the forward and rear walls of the trap can be seen in the shape of the separatrix.
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Figure 4.69: Estimation of decelerator phase-space acceptance for *P, neon by solving particle
trajectories in a single trap of the decelerator, peak current of 350 A, wire quadrupole at 700 A, for
deceleration from 430 to 355ms~!. An initial sample of atoms with a uniform spread of positions
and velocities is created (light red) and allowed to evolve in the trap until only phase-stable atoms
remain (dark red). The fraction that remains is multiplied by the initial phase-space volume to give
an estimate of the acceptance.

As described in Akerman et al. [56], the Tel Aviv decelerator was then extended to 480 coil pairs
spanning 2.4 m. They report deceleration of a dual-species beam comprising 1 % molecular oxygen
and 99 % 3P2 metastable argon. The number of argon atoms in the spin-stretched m; = 2 state
is increased by optical pumping at 811 nm, and a flow velocity of 450ms~! is reported. Results
are presented for guiding at the beam mean velocity and deceleration to various velocities down to
100ms~—!. The excited argon atoms can be directly detected by a microchannel-plate detector, the

oxygen molecules are first ionized in a 2 + 1 resonance enhanced multi-photon ionization process.
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Significant detected signals are visible even for deceleration to 100 m s~!, which represents a reduc-

tion of = 95 % of the kinetic energy of the particles.

We have a good understanding of the capabilities of the Durham decelerator when working with
metastable argon, as discussed in chapters [3| and @] However, even with the proposed 9 module
extended decelerator we estimate that we could at best remove ~ 30 % of the kinetic energy of an
argon beam with an initial flow velocity of 350 ms~!. For comparison with the data in Akerman we
have used our static code model to estimate our acceptance for argon and oxygen if our decelerator

was extended further, to 20 modules, which would provide a 2.4 m long deceleration stage.

Due to spin-rotation interaction in the 32; electronic ground-state of molecular oxygen the quantum
number J can take the values 0, 1 or 2 with the J = 2, m; = 2 sub-level being the most favourable
for magnetic trapping or deceleration due to its ratio of mass to effective magnetic moment. Al-
though oxygen is less massive than argon this ratio is slightly worse (= 16 Da / ug compared to ~
13 Da /ug for the m; = 2 level of argon), so we would expect oxygen to have similar but somewhat
worse deceleration results. The J = 2, m; = 2 level of oxygen has a linear Zeeman shift so can be

easily modelled using the methods previously described for e.g. argon in chapter[3]

= 10%] : :
| A
0w o
g R o °
= 10°1 ® o
£ . .
~ )
. 4 |
g 10 )
< a

200 250 300 350 400 450
Final v, / m s~

Figure 4.70: Estimated acceptance of a 20 module Durham decelerator in deceleration mode, for the
my = 2 sub-level of 3P2 argon, peak current of 350 A. The circles / squares / triangles are for no /
wire / permanent magnet quadrupole.
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Figure 4.71: Estimated acceptance of a 20 module Durham decelerator in deceleration mode, for the
J = 2,m = 2 sub-level of oxygen, peak current of 350 A. The circles / squares / triangles are for
no / wire / permanent magnet quadrupole.
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The estimated acceptance of a 20 module decelerator for argon and oxygen is shown in figures
and With an initial velocity of 450 m s~! the acceptance is comparable down to a final velocity
of ~ 300ms~!, below which is drops rapidly for both species, although as expected performance
is somewhat worse for oxygen. Given the similar results for the two species it seems likely that the
Durham decelerator could work with such a dual-species beam, but it would not be able to decelerate
it by a very useful amount unless the source was much slower. Again, we see that our performance
is hampered by our low peak current at such high wave velocities.

The Tel Aviv group later reported an experiment in which molecular oxygen was seeded into a
krypton beam, into which lithium was then entrained [57]. They were able to achieve an initial
flow velocity of 375 ms~!, then decelerate the beam and trap it in a permanent magnet quadrupole
trap. We will present some preliminary simulations on proposed experiments in which we decelerate
lithium with other species in chapter[5] Although they show some potential, however, these propos-
als rely on a much lower initial flow velocity of order ~ 200ms~!. Another dual-species beam, this
time atomic carbon and molecular oxygen, was reported by Karpov et al. [59]]. Carbon is relatively
light and in its 3P1 term the low-field-seeking m ; = 1 level has a ratio of mass to moment of ~
16 Da / ug. Choosing an initial beam velocity of 375ms~! to match that in Karpov we estimated
the acceptance for a range of final velocities down to 100 ms~!, which seems feasible for either a
16 or 20 module decelerator. Figure shows the results for 20 modules.

= s

; ‘. e e
A 5]

wn \

= 10%; NS

E A A ; =] 8

E s = °

= L e °
L]

31 o ¢ °

o
<107 e o °
100 200 300

Final v, / m s™!

Figure 4.72: Estimated acceptance of a 20 module Durham decelerator in deceleration mode, for the
my = 1 sub-level of 3Pl carbon, peak current of 350 A. The circles / squares / triangles are for no /
wire / permanent magnet quadrupole.
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4.6.3 Basel Decelerator

The ‘Basel’ decelerator [|53]] is a more recent development than the experiments so far discussed.
Damjanovi¢ et al. describe the production of a beam of hydroxyl radicals by entraining water into a
supersonic expansion of xenon, with 98 % of the OH present being in the rovibrational and electronic
ground state X 21_[3 /2 [168]. The beam was guided at the flow velocity 445m s~! and decelerated
to 400 and 350 m s~ !. Post-deceleration, the particles are detected using laser-induced fluorescence.
The three experimental time-of-flight traces shown differ from those that we have seen for argon in
that the bulk of the signal shifts appreciably with deceleration, rather than just the particular ma-
nipulated peaks. This is likely related to the fact that in OH there are only high-field seeking and

low-field seeking states, and no ‘neutrals’ as is the case for e.g. argon or neon.

Damjanovié report having the same problem that we faced when analysing the results of the Durham
decelerator, namely that in their experiment multiple adjacent traps in the decelerator are more or less
loaded, giving rise to a complicated overlapping signal that is hard to interpret. As described earlier
in the context of the Paris experiment, being able to produce a sample of particles for deceleration
with a small temporal or spatial width is desirable but not always feasible. Instead, the Basel group
used the same method that we have described in this thesis in order to interpret their results; Monte
Carlo simulation of the experiment based on multiple particle trajectories. Their simulated time-
of-flight profiles are in good agreement with the data, although less so for the larger deceleration
example. Their simulated phase-space plots suggest that their traps are ~ 6 mm in length, or about
a third the length of the traps in our experiment. Although spatially short samples are desirable for
experimental goals such as loading a trap, this does exacerbate the problem of multiple traps being
loaded unless the source is very constrained (e.g. short excitation pulse or a very small translational

temperature, depending on the species involved).
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Figure 4.73: Approximate energy levels of the Zeeman splitting of OH in its rotational, vibrational
and electronic ground-state X °IT, /2-

In order to simulate deceleration of OH we need to calculate the Zeeman splitting in an applied
magnetic field B,. The X 21'13 /2 term comprises two spectra of 8 sub-levels each, the two spectra
having opposite parity [223]]. At field strengths above approximately a few hundred Gauss each
spectrum can be treated as four states with a linear Zeeman shift, with the two spectra separated by

the ‘lambda-doubling’ energy splitting, A;p. The energies can be approximated by treating each
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spectrum as being given by:

mJQ

AE = pup(g9rA + gsg)m

B., 4.6.1)

Where m ; and €2 are, respectively, the projection quantum numbers of the total angular momentum
J along the applied field and the molecular axis, the A and ¥ quantum numbers represent the projec-
tion of the orbital and spin electron angular momentum along the molecular axis, and g;, and gg are
the orbital and spin g-factors. For the term in question A = g;, = 1, gg = 2,3 = 1/2, || = 3/2
and J = 3/2 givingmjy = —3/2,—1/2,1/2,3/2. This produces a set of 4 energy levels, which are
duplicated and separated by Ap. A plot of this result is shown in ﬁgure where e/ f represent
the negative / positive parity states.

Considering only the spin-stretched states labelled m; = 3/2, we can treat them as a population
with a linear Zeeman shift and effective magnetic moment per = 6up/5. This was used in the
static acceptance code for both the existing 4 module and proposed extended 9 module decelerator,
over a range of deceleration values. The 9 module machine would be slightly longer than the Basel
decelerator. The results are shown in figures and[4.75]
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Figure 4.74: Estimated acceptance of the Durham decelerator in deceleration mode, for the m; =
3/2 sub-levels of X 2H3 /2 hydroxyl. The circles / squares / triangles are for no / wire / permanent
magnet quadrupole. Decelerator operating at 350 A.
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Figure 4.75: As per figure but for the proposed 9 module decelerator.
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The acceptance figures suggest that the existing decelerator should be able to successfully guide an
OH beam at 445 m s~! and decelerate a portion of it to perhaps 430 m s~!, but the acceptance drops
rapidly for harder deceleration. The proposed 9 module extension has more promising acceptance
down to a final velocity of 400 ms~! and perhaps further. To test this deceleration sequences were
simulated to match the initial and final velocities reported in Damjanovi¢ [168]], with a peak de-
celerator current of 350 A and wire quadrupole at 700 A. An initial OH distribution was generated
using equation with vy =445ms~! and o7 . =50 ms~! (as reported in Damjanovi¢) but other
source parameters typical for our experiment. Although rather artificial this should at least give us

some insight into the relative performance of the two decelerators.
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Figure 4.76: Longitudinal phase-space plot of simulated guiding of mj = 3/2 sub-levels of X 21_13 /2
OH at 445ms~1 in the 4 module Durham decelerator, peak current of 350 A, wire quadrupole at
700 A. Particles within the target trap maxima are in blue.
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Figure 4.77: Longitudinal phase-space plot of simulated deceleration of m; = 3/2 sub-levels of
X 2H3 /2 OH from 445 to 400 m s~! in the proposed 9 module Durham decelerator, peak current of
350 A, wire quadrupole at 700 A. Particles within the target trap maxima are in blue.
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Good results were obtained for the 4 module decelerator for guiding at 445 m s ™!, figure shows
a longitudinal phase-space plot of the particles at the end of the guiding sequence. Deceleration
from 445 to 400 ms~! gave a weak result, there was evidence of deceleration but the separatrix is
small for these parameters. The proposed 9 module decelerator performed well for both guiding and
deceleration to 400ms~1, figures and show phase-space and velocity plots of the decel-
erated atoms. There are faster non-phase-stable particles exiting the trap, but the central bunch has
been clearly decelerated by the target amount. At a final velocity of 350 ms~! we again saw a weak

performance compared to the Basel decelerator.
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Figure 4.78: As per figure longitudinal velocities of particles loaded into the target trap (red)
before / (blue) after deceleration.

Figures [4.76] and .77 can be compared to figures 11a and 11b in Damjanovi¢ [168]. The Basel
and Durham phase-stable regions appear to be comparable in size in velocity space for guiding, al-
though for deceleration the Basel result is perhaps twice as large. The greater longitudinal size of
the Durham traps is clear. It is unclear what the temporal width of the Basel source is, but it appears
to be larger than the width of our source judging by the number of filled traps, even allowing for the

smaller trap size.
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Figure 4.79: As per figure but for a 20 module decelerator.

Figure [4.79] shows estimated acceptance for OH in a 20 module Durham decelerator. This machine
would be significantly longer than the Basel decelerator and we have considered deceleration of OH
to much lower velocities than they have reported; however it seems that with the initial conditions
reported by Damjanovi¢ the Durham design is less capable than the Basel for decelerating OH.
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4.6.4 Conclusion

To summarise this section; we have used our simulation codes to try and compare our decelera-
tor with several other designs. The Durham decelerator is easily programmed with a desired target
travelling-wave profile using the technique of pulse-width modulation. Issues relating to oscillations
of the trap centre and depth caused by the synthesis of a ‘moving’ magnetic trap are not unique to

our design but do not seem to be a serious impediment to performance.

The decelerator can provide strong longitudinal confinement, although this is dependent on the re-
quired wave velocity. It is not well suited to dealing with beams with a high initial flow velocity,
especially in its current form. Based on our simulation work it shows promise for handling certain
species, e.g. Li or H, especially if it is extended as we have previously proposed [2]], however the

feasibility of such possible future work strongly depends on the nature of the beam source employed.

A significant issue with the Durham decelerator design is that of transverse focussing, as considered
at length in section [4.5.2] The Tel Aviv design does not have the same problems with lateral con-
finement due to the rotationally symmetric nature of its fields, although periodic variation in radial
trap depth as the beam passes between coil pairs can cause coupling of longitudinal and transverse
velocities, leading to instability. Ji et al. claim to have designed a similar machine that addresses
this problem through an amended method of applying the time-dependent currents to the coil phases
[S5]. The Basel design, as discussed, has a similar field profile to the Durham decelerator except that
it rotates around the beam axis. With the correct choice of travelling-wave parameters this seems to

reduce transverse loss.

Compared to the Paris decelerator upon which it was based we believe we have improved upon
its performance somewhat, but certainly the decelerator in its current state is of limited potential
compared to the other experiments now in use. A future development of this experiment would need
to extend the number of decelerator modules and consider carefully the issue of focussing; whether
to proceed with the planned permanent magnet quadrupole or a revised version of it, or return to
some form of wire quadrupole. Probably the most serious impediment to its performance is the
fact that it can only achieve close to its maximum current when the travelling-wave velocity is low,
making it best suited for beams that are already slow in the laboratory frame. This will be further

discussed in section[3.1]



Chapter 5
Outlook

Our travelling-wave Zeeman decelerator was initially conceived as part of a project with the goal of
obtaining trapped samples of ultracold molecules. The physical design of the experiment is discussed
in chapter 2] and chapter[3|analysed some of the data we have taken when characterising the machine
with metastable argon. Although this data is sub-optimal in terms of the experimental parameters
that were chosen, we have demonstrated that the experiment operates in the way that we claim, and
we are able to utilise the suite of software tools that we have developed to interpret our data and
make predictions about our expected results for different parameters, or even physical alterations
to the apparatus. Additionally, the decelerator on its own is not enough; in order to achieve our
research goals, some form of trap must be built and added to catch the output of the decelerator.
These topics will be the subject of this chapter, which will consider the short- and long-term outlook
for the experiment, and describe the results of some preliminary design and simulation work that we

have undertaken.

5.1 Extending the Decelerator

McArd [2] characterised the effects of deceleration on the moving traps in the travelling wave in
two ways; firstly, by estimating the phase-space acceptance of the traps for a given species via the
method described in section f.3] Secondly, he presented the trapping potential of the decelerator
wave, modified by treating the deceleration as a pseudoforce that acts to alter the shape and depth
of the walls of the trap. This view is very illustrative, but in the present work we have focussed on
ways of estimating the acceptance and displaying the results as phase-space plots. To achieve this
we have expanded on the ‘static field” method previously used, and developed the fully dynamic

model described in section [£.4]

Both the work of McArd and the work described in this thesis have shown that the decelerator in
its current 4 module long form is too short to decelerate metastable argon to an effective standstill,
given a beam with initial conditions achievable with our current source. The greater the magnitude
of the deceleration the smaller the volume of the phase-stable region in the decelerator traps, and
hence the smaller the acceptance. For species with a more favourable ratio of magnetic moment to
mass the machine could effectively remove a greater fraction of the forward velocity of the beam,
for example some exploratory simulations of atomic hydrogen suggest that it could be significantly
decelerated even with the 4 module machine, dependent on the initial flow velocity and temperature
- this can be seen in the estimated acceptance shown in figured.40]in section[4.4] for which the initial
beam velocity was 350 ms~!. (More detail will be given in section .

McArd discussed a proposed sympathetic cooling experiment in which lithium and calcium monohy-
dride were co-decelerated and loaded into a hybrid magnetic trap / magneto-optical trap (MT-MOT),

further details of which will be given later in the chapter. It was estimated that a 9 module decelera-

151



152 CHAPTER 5. OUTLOOK

tor would be required in order to decelerate the particles to a low enough velocity that they could be
loaded into the trap, whilst achieving adequate acceptance. Some predictions related to deceleration
of argon with this extended machine were given in chapter[dfor the purposes of comparison with our
existing argon data. As discussed in section[4.6] however, a 9 or indeed 16 or 20 module decelerator
is still not able to match the performance of some other travelling-wave decelerators, dependent on
the species and initial beam conditions. A longer decelerator coupled with a slower source could
potentially allow us to handle heavier species, for which the deeper traps we can generate at low

frequency would be an advantage.

Some caveats must be made regarding a longer decelerator. In the speculative simulations shown
here we have included a wire quadrupole, which we previously had installed. Extending this to 9
modules or longer would be challenging, due to the technical difficulty of running such high cur-
rents through a long wire. The proposed permanent magnet quadrupole has no such limitation as to
length, however as discussed in section [4.5.2] there are possible problems with the current design at
low beam velocities. More work remains to be done to analyse this. If a wire quadrupole was to
be used again, then care should be taken regarding its polarity. In previous chapters we showed that
the combination of wire quadrupole and decelerator field causes alternate traps to be strengthened
or weakened, to which end we typically aimed to load the second full trap of the travelling-wave.
However, particles that are in the second trap experience some time at the end of the deceleration
sequence during which they have left the field but it is still active behind them. For relatively fast
beams of heavy species such as argon this is not a significant problem but for light / slow species
such as hydrogen the decelerated packet of atoms gets a significant kick back to higher mean veloc-
ity in the time it takes the field to collapse. Unless the pulse-width modulation sequence is revised,
the best approach would be to load the third trap in the wave, but have the wire quadrupole installed

with reversed polarity with regard to the decelerator coils.

An alternative to simply extending the length of the Durham decelerator is to combine it with a
conventional Zeeman decelerator, which could provide a beam with a lower mean velocity to in-
put into the travelling-wave machine. This would allow us to work with a greater variety of ‘fast’
sources but then utilise the deep trap depths available when operating at lower frequencies and thus
higher currents. A similar approach was described by Quintero-Pérez ef al. [39]; a conventional
Stark decelerator was used to feed beams of NH3 and NDj3 into a travelling-wave Stark decelerator,
combining the best features of both devices. This could be explored in further simulation work with-
out difficulty; we have previously used our codes to model a conventional Zeeman decelerator for

a proposed experiment [224]] in which the ‘photostop’ technique [[125] was used to load a decelerator.

In chapter ] we have already considered the efficacy of an extension to the existing decelerator in
the case of metastable argon as well as some other species used by other groups. In this chapter we

will make further predictions on other species of interest to us.
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5.2 Magnetic Trap / Magneto-Optical Trap

Magneto-optical traps or ‘MOTSs’ are generally built with a pair of coils in anti-Helmholtz configu-
ration to provide a quadrupole magnetic field at the centre of the trap. These field gradients give rise
to position-dependence of the laser scattering effects, creating forces that act to confine the trapped
particles. For sympathetic cooling of species that cannot be cooled or trapped with lasers we require
additional magnetic trapping (see section [3.4). The proposed ‘magnetic trap / magneto-optical trap’
or ‘MT-MOT’ is shown in figure [5.1} it comprises 6 toroidal magnets to give a trapping potential
with steep sides to provide strong confinement of paramagnetic species, but with shallow gradients

at the centre that should allow laser-cooling.

18 mm

¢/
&
"

Figure 5.1: The magnetic trap / magneto-optical trap design, comprising 6 toroidal magnets. The
face labelled ‘c’ contains a ‘cancellation’ coil, when active this nullifies the field due to the front
magnet and effectively ‘opens’ the trap. The face labelled ‘s’ contains a ‘slower’ coil, which is
switched on during loading to provide a steeper stopping potential.

12 mm

Some analysis of this trap geometry was carried out by D. Nohlman [225] with further work done
by the current author [[I51]]. The detailed design is in McArd [2]. The MT-MOT is intended to be
mounted at the end of the decelerator; the face that abuts the decelerator contains a coil calculated to
cancel out the magnetic field due to the front magnet. This ‘opens’ the trap and allows the decelerated
beam to be loaded. An additional coil is mounted around the opposite, rear magnet; this is designed
with current polarity such that it reinforces the magnet to create a much steeper final stopping poten-
tial. The intended mode of operation is that the switching times of the two coils are set so as to allow
a packet of particles to enter the trap and be virtually stopped at the rear side, the slower coil is then
switched off before the particles roll back down its potential gradient and regain their lost kinetic
energy - it thus works in the same way as an individual coil in a convention Zeeman decelerator. The
cancellation coil is then switched off before the particles can rebound back and escape the trap. For
a detailed description of the shape of the trapping fields and earlier work on calculating optimised
coil switching sequences see Walker [151]. Ideally, the MT-MOT is then loaded with a population of
two species, both magnetically trapped; one that can be laser-cooled, and one that cannot. Taking the
beam loading direction to be along the z-axis, counter-propagating lasers are mounted along x and y,
as is conventional for magneto-optical traps. Where this design differs is that we cannot easily place
alaser along z, and so it is proposed to add the required z-component along one of the trap diagonals.
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5.3 Sympathetic Cooling

The Zeeman decelerator described in this thesis was originally conceived as being an enabler for a
molecular quantum simulation experiment, by providing an improved mechanism for the decelera-
tion of paramagnetic molecules. A key factor in this goal and an interesting outcome in its own right
is the necessity to understand and control the dynamics of cold molecular collisions. Sympathetic
cooling offers a potential alternative route to ultracold molecules, compared to other well-known
techniques such as magneto-association. In simple terms, it consists of co-trapping the molecular
species of interest with some pre-cooled atomic species. The cooled atoms then collide with the
molecules and thermalise, removing energy from the molecules. The atoms may be laser-cooled
initially. Evaporative cooling may be applied after the two species are co-located so that the atoms
extract energy from the molecules and are then removed from the trap. The feasibility of this pro-
cess is strongly dependent on the properties of the system involved; the particles must be suitable
for magnetic trapping, so that they can be confined whilst the laser and collisional cooling processes
occur. (For species / states that cannot be magnetically trapped, confinement using ac [[135] or mi-
crowave [226] trapping may be an alternative approach, but only magnetic trapping is considered

here).

Inelastic collisions can cause the atoms or molecules to flip to a high-field-seeking state and be
ejected from the trap, and a common ‘rule-of-thumb’ figure given is that the ratio of elastic to in-
elastic collisions should be at least ~ 100 : 1 [227]. It is also desirable for the molecular species to
be described by Hund’s case b, i.e. the electron spin coupling to the molecular axis is weak, since
in this case the inelastic cross-section is smaller [[228]]. In collisions of a 2»2+ diatomic molecule
with an atom the expected rate of loss of trapped particles due to inelastic collisions is dependent
on the interaction of the spin and rotation of the molecule [229]. This is reduced for the rotational
ground-state N = 0 state, in which the spin-flip transitions depend on coupling to the N > 0 states
[230]]. Studies also show that it is advantageous if the atomic species is light [231]; this gives rise to
large centrifugal barriers which help suppress low energy losses. This has been tested in, for exam-
ple, collisions between NH and H [232] or Li [233]]. In the next section we consider interactions of
calcium monohydride, CaH (X 7) and lithium, Li (*S).
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5.3.1 Calcium Monohydride plus Lithium

An interesting system for possible sympathetic cooling is that of calcium monohydride, CaH (*- )
and lithium, Li (2S). This system has interactions that offer great scope for control in the cold and
ultracold regimes. The low reduced mass of the system makes it a good choice for energy exchange
through collision. In a magnetic trap the net angular momenta of the particles must be projected
in the same direction relative to the space quantisation axis, so that the exothermic singlet reaction
surface is not present. The triplet surface is endothermic, so that at low particle energies it is also
inhibited.

Even with reactions suppressed, inelastic collisions are of concern - as previously mentioned, a ratio
of elastic-to-inelastic collisions of at least 100 to 1 should exist for sympathetic cooling. If optically
pumped into their maximally (electron) spin-stretched states, theory suggests that the cross-sections
for the CaH + Li system are very favourable for this [69]]. These estimated cross-sections, however,
did not include hyperfine effects - it remains to be tested whether the presence of states with op-
posing nuclear spins may interfere with the suppression of inelastic collisions. Feshbach resonances
have been found to be important in inelastic collision rates in other systems [234]]. The estimated
cross-sections are also strongly affected by the accuracy of the ab initio calculated potential surfaces
[73]]. Since we originally considered this system a new ab initio potential energy surface has been
calculated [235]], and this remains a system of interest.

Additionally, spin-orbit interactions may lead to non-adiabatic transitions (also known as ‘Majorana
transitions’ or ‘spin-flips’) to the singlet surface. Theory suggests that these transitions should be
negligible for the CaH / Li system [71]]. Unfavourable predictions were made for the proposed MT-
MOT field geometry in work by another group [225]], however, this work relied on assumptions that
were strictly only applicable in quadrupole traps. These tests were subsequently expanded upon by
the current author [[151]] with much more encouraging results, although further work remains to be
done. Our group has also studied the possible addition of a time-orbiting-potential or “TOP’ field to
the MT-MOT [236]]; TOP traps work by creating an effectively rotating bias field in addition to the
trapping fields. A prototype was constructed and the fields characterised, with simulations of Li in
an MT-MOT plus TOP system carried using the codes described in this thesis. Some preliminary
assessment of the probability of Majorana transitions in the travelling-wave decelerator is discussed
in section

5.3.2 Co-Deceleration and Trapping of CaH and Li

As mentioned in section[5.2] we previously simulated the loading of the MT-MOT [151]] with a dual-
species beam of Li and CaH; the initial conditions were given by the output of earlier decelerator
models [2f]. As described in chapters [3| and |4 more detailed codes for the decelerator have been
developed; the following sections give results of their application to Li and CaH. The codes can
be configured to model beams composed of multiple species with different distributions of initial

positions and velocities, however for clarity we will show the results for Li and CaH separately.

The ground state term of lithium is %S, /2» With electron spin 172, zero orbital angular momentum

and nuclear spin 3/2. Using the methods outlined in section 3.4 we can calculate the splitting of the
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energy levels of this atom in an external magnetic field, as seen in the Breit-Rabi diagram in figure
5.2} Hyperfine interactions give rise to two manifolds, which further separate under Zeeman effects
to give four low-field-seeking and four high-field-seeking sub-levels. The desired spin-stretched
F = 2,mp = 2 sub-level is highlighted in red; this has an effectively linear energy shift in an
external field, and an effective magnetic moment of 1 ug. A sample of Li containing all of these
sub-levels could be modelled using the eigenenergy interpolation code described in section [3.4] but
for the purposes of this simulation we have considered a population composed of only atoms in the
upper state. Given its linear Zeeman shift we can determine the force arising from interactions with

the decelerator or trap fields simply from the gradient of the field at the required point.
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Figure 5.2: Energy splitting of the sublevels of the 281 /2 state of lithium in an applied magnetic
field. The maximally spin-stretched low-field-seeking ' = 2, mr = 2 sublevel is shown in red.
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Figure 5.3: Acceptance of the F' = 2,my = 2 sub-level of S, /2 lithium in the Zeeman decelerator,
operating at 1000 A peak current, decelerating from 200 to 20 ms~!. Estimated via the static sim-
ulation method described in section @ Pink, initial atom distribution, red, those remaining in the
decelerator field after 2 ms. Coordinates are in a reference frame centred on the trap.

In this example we set the (9-module) decelerator to have initial / final trap velocities of 200 /
20ms~! with peak current of 1000 A, and the wire quadrupole active. Using the techniques de-
scribed in section [4.3] the acceptance of a single trap in the decelerator field was estimated to be
2.6 x 105 (mm ms~1)3, as illustrated in figure For comparison, running the simulation with
no quadrupole gave a value of 5.9 x 10° (mm ms~!)3, and the permanent magnet quadrupole gave
1.8 x 10% (mm ms~1)3. These numbers agree with those found by McArd [2]] to within + ~ 10%.
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Figure 5.4: Deceleration of the F' = 2, mp = 2 sub-level of 281 /2 lithium, decelerator operating

from 200 to 20 ms~! with peak current of 1000 A. Upper left, the atoms just as the second trap
forms, lower / right, the atoms just as the trap collapses. The atoms located within the bounds of the
trap at the end are in blue, their initial coordinates are in red.

1

The deceleration of an initial population of Li atoms with flow velocity v, = 200ms™" and lon-

gitudinal spread of velocities o, = 13ms™!

was modelled. This corresponds to a translational
temperature ~ 0.14 K, chosen for comparison with the parameters tested in McArd [2]]. The de-
celerator delay was determined such that the second trap in the wave would be optimally overlaid
by the Li beam at the instant it formed. Figure shows the longitudinal phase-space coordinates
of the beam at the times that trap 2 forms and collapses, at 1.5 and 11.2 ms, respectively. Com-
pared to similar plots for argon in section [3.10] several differences are immediately apparent. For
these conservatively-estimated initial conditions, namely a slow and internally cold beam, the beam
is much less spread out in phase space than the hotter, faster argon. The decelerator field also has
much deeper traps in this simulation, given the higher current, and the atoms have interacted with
them for longer by the time the trap is formed than was previously the case. Coupled with the lighter
mass of Li than Ar, therefore, the atoms have already been significantly bunched by the time the first
few traps form. For this longer 9-module decelerator gentler deceleration is possible; along with the
deep traps this gives a large phase-stable region, and it can be seen in the bunched group of atoms
at the right that the bulk of the forward velocity has been shifted down. Also different from the Ar
simulations is the presence at the end of a significant population of atoms with negative velocities
in the z-direction, these have effectively ‘dropped out’ of the back of the decelerator wave and been
pushed back towards the source. Figure [5.5]shows the initial (red) and final (blue) velocities in z of
only the atoms that are located in trap 2 as the field collapses, the mean values of the red / blue traces
are 181.7/44.5ms™ L.
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Figure 5.5: Deceleration of the F' = 2, mp = 2 sub-level of 281 /2 lithium, decelerator operating
from 200 to 20ms~! with peak current of 1000 A. Only the atoms remaining in the second trap
of the decelerator wave at the end are considered. Red, their longitudinal velocities just as the trap
forms, blue, as it collapses.

Section [2.3.T] discussed the Zeeman shift of atomic energy levels in an external field, with methods
of calculating these shifts for various species described in section Molecules also undergo en-
ergy shifts in applied fields, but the situation is greatly complicated by the presence of rotational
and vibrational terms in the overall Hamiltonian. In some cases a simplified molecular Hamiltonian
may give adequate results [237]. Calcium monohydride has electronic ground state X2 F, with no
electronic orbital angular momentum and a nuclear spin of 1/2. Similarly to the atomic case we can
describe the total angular momentum as F = J + I where J and I are the electronic and nuclear terms
respectively, but in this case J = N + S, with the term N arising from the coupling of L with the nu-
clear rotational angular momentum R. The simplified Hamiltonian therefore contains contributions
from the electron spin, molecular rotation, Zeeman effects and corrections to centrifugal distortion,
plus coupling of these terms. The energy levels are shown in figure 5.6 and the low-field-seeking

my = 1/2 sub-level used in the deceleration simulations is marked in red.
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Figure 5.6: Energy splitting of the electronic ground state X2X T of calcium monohydride in an
applied magnetic field. a): The rotational states N = 0 and 1. Inset, hyperfine splitting of N = 0. b):
Zero-field splitting of the rotational states and Zeeman-shifting of the sublevels described by the m;
quantum number. The m; = 1/2 state used in the decelerator simulations is shown in red. Image
reproduced from McArd [2].
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Figure 5.7: Acceptance of calcium monohydride in the Zeeman decelerator, operating at 1000 A
peak current, decelerating from 200 to 20 ms~!. Estimated via the static simulation method de-
scribed in section @ Pink, initial atom distribution, red, those remaining in the decelerator field
after 2ms. Coordinates are in a frame centred on the moving trap.

The acceptance of CaH in the decelerator trap was estimated to be 3.1 x 10? (mm m s~!)3, as shown
in figure [5.7] This is likely to be an upper boundary on the actual acceptance, since it can be seen
that some phase-unstable molecules are still escaping. However, simulating the deceleration of this
species using the same parameters as given for Li gave promising results, as seen in figures [5.8 and
@ We have chosen an initial translational temperature of 20 mK for the beam; as was the case
for Li this value was chosen for comparison with the earlier work of McArd [2]. This (admittedly
conservatively low) temperature gives a small spread in position by the time the molecules are being
loaded into the trap. Given the effective deceleration shown in figure[5.9] in which the mean longi-
tudinal velocity shifted from 199.0 to 27.1 ms~!, it seems likely that somewhat hotter beams could
be handled.
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Figure 5.8: Deceleration of calcium monohydride, decelerator operating from 200 to 20 ms~! with
peak current of 1000 A. Upper left, the molecules just as the second trap forms, lower right, the
molecules just as the trap collapses. The atoms located within the bounds of the trap at the end are
in blue, their initial coordinates are in red.
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Figure 5.9: Deceleration of calcium monohydride, decelerator operating from 200 to 20 ms~! with
peak current of 1000 A. Only the molecules remaining in the second trap of the decelerator wave at
the end are considered. Red, their longitudinal velocities just as the trap forms, blue, as it collapses.

Utilising the method described in section 4.3] we can estimate the acceptance of the MT-MOT for
both Li and CaH, obtaining values of 5.2 x 107 (mm ms~!)3 and 5.3 x 10 (mm ms~1)? respec-
tively. Figures [5.10]and [5.11| show the initial and final distributions of position and velocity for the
particles along the axes. Comparing the phase-stable regions with those in figures [5.3] and [5.7) con-
firm that the acceptance of the trap is larger than the emittance of the decelerator.
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Figure 5.10: Acceptance of the F = 2, mp = 2 sub-level of S, /2 lithium in the MT-MOT. Pink,
initial atom distribution, red, those remaining in the trap field after 2 ms.
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Figure 5.11: Acceptance of calcium monohydride in the MT-MOT. Pink, initial atom distribution,
red, those remaining in the trap field after 2 ms.

Together, these preliminary results suggest that the combination of travelling-wave decelerator and
MT-MOT has potential for exploring low-temperature chemistry with the CaH + Li system. Future
work could refine the optimisation of trap-loading for these species, and incorporate the actual laser-

and collisional-cooling processes.
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5.3.3 Hydrogen plus Lithium

Changing focus from controlled low-temperature chemistry and cold molecules; there has been sig-
nificant recent interest in the search for new physics. One proposed method of achieving the re-
quired spectroscopic precision to test for deviations from the Standard Model is to use light atoms
for which the atomic wavefunction can be calculated very accurately. For example; measuring the
Rydberg constant for hydrogen across Rydberg states from n = 2 to n = 30, with a corresponding
range of wavefunction radii up to r =~ 30 aq , would allow constraints on the masses of new bosons
in the eV to keV regime to be calculated. Reaching the ultracold regime with hydrogen is difficult;
it cannot be laser-cooled due to limitations in current technology [238]. It has been evaporatively
cooled but this process is very slow due to the small S-wave scattering length [239] . It has been
suggested that sympathetic cooling of hydrogen by lithium is feasible [240]. We have therefore
considered using our travelling-wave Zeeman decelerator to produce a dual-species beam of atomic
hydrogen and lithium, with the aim of loading it into the MT-MOT. We have carried out simulations
of the deceleration of atomic hydrogen, and estimated the acceptance of the decelerator and trap for
this species; similar results for lithium were given in section [5.3.2] Additional work was done on
simulating the MT-MOT by O. Turnbull [241], who began combining the interpolation, magnetic
trapping and numerical integration codes described in chapter 3] with laser-scattering code based on
that of R. Hanley et al. [242]. This was greatly developed by S. Booshanam [189]], who produced
some preliminary simulations of laser-cooling of Li and collisional cooling between Li and H in the
MT-MOT.

5.3.4 Co-Deceleration and Trapping of H and Li

The energy levels of 281 /2 hydrogen are shown in figure m If it is required to handle all four
sub-levels and their motion in a magnetic field we can use the eigenenergy interpolation scheme
described in section [3.4} for the purposes of the deceleration simulations shown here we can instead
consider only the ' = 1, mp = 1 state, as we did for lithium in section @} The force on the

atoms is then, once again, easily related to the gradient of the magnetic field.

Figure .40 in section [f.4] shows the estimated acceptance of the spin-stretched mp = 1 level of
ground-state hydrogen for deceleration from an initial velocity of 350 ms~!, chosen to be compa-
rable to the typical velocities we see when producing a supersonic expansion of argon. Figure
shows a simulation of hydrogen deceleration from 350 to 100 ms~' with peak current of 400 A in
the existing 4-module decelerator, with a view of the velocity distributions of the atoms pre- and
post-deceleration in figure[5.12] This represents a reduction of ~ 98 % of the kinetic energy of the
atoms, which are well bunched in several following traps, with the faster non-phase-stable atoms

escaping above.
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Figure 5.12: Simulated deceleration of the F' = 1, mp = 1 sub-level of 281 /2 hydrogen, 4-module
decelerator operating from 350 to 100 m s~ with peak current of 400 A. Upper left, the atoms just
as the second trap forms, lower / right, the atoms just as the trap collapses. The atoms located within
the bounds of the trap at the end are in blue, their initial coordinates are in red.
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Figure 5.13: As per figure [5.12] but comparing the longitudinal velocities of the atoms remaining in
trap 2 as it collapses (blue) with their velocities as the trap formed (red).

Once again, we consider a slower beam, decelerated from 200 to 20ms~" in the proposed 9-
module decelerator. The estimated acceptance of hydrogen in one trap of the decelerator wave is
3.9 x 107 (mm ms~")?, with the results of the simulation code shown in figure[5.14] Figure
shows the result of simulating the deceleration of hydrogen, with the (9-module) decelerator param-
eters the same as in the previous sections; 1000 A peak in the deceleration coils, wire quadrupole
active. The source is created with a mean flow velocity v, of 200 m s~! and a standard deviation O,
=28ms~! corresponding to a temperature of &~ 95 mK. Very similar structure to the lithium sim-
ulation shown in figure [5.4]is seen; there is a strongly spatially-bunched cluster of atoms emerging
from the decelerator trap is it collapses, with a significant spread of velocities extending to negative
values. There is also a secondary cluster with a very similar shape trailing it, and significant back-
wards scattering of particles that been lost out of the rear of the decelerator wave and are moving
back towards the origin. The pre- and post-deceleration longitudinal velocities of just the atoms in
this trap are shown in figure[5.16} these atoms make up ~ 2.7 % of the initial sample, and their mean

velocity in z has decreased from 180.9 to 44.1ms~ 1.
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Figure 5.14: Acceptance of the ' = 1,mp = 1 sub-level of 281 /2 hydrogen in the 9-module
Zeeman decelerator, operating at 1000 A peak current, decelerating from 200 to 20 m s~*. Estimated
via the static simulation method described in section@ Pink, initial atom distribution, red, those
remaining in the decelerator field after 2 ms. Coordinates are in a reference frame centred on the

trap.
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Figure 5.15: Deceleration of the F' = 1, mp = 1 sub-level of 281 /2 hydrogen, 9-module decelerator
operating from 200 to 20 m s~ ! with peak current of 1000 A. Upper left, the atoms just as the second
trap forms, lower / right, the atoms just as the trap collapses. The atoms located within the bounds
of the trap at the end are in blue, their initial coordinates are in red.
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Figure 5.16: As per ﬁgure but comparing the longitudinal velocities of the atoms remaining in
trap 2 as it collapses (blue) with their velocities as the trap formed (red).

The trailing bunched atoms are marked in figure [5.17} and it can be seen that they originate from
the lower-velocity tail of the beam. They were unintentionally loaded into a trap following the main
target trap, but were subsequently still effectively bunched and decelerated. The number density of



164 CHAPTER 5. OUTLOOK

the atoms in this cluster is lower, they only comprise ~ 0.2 % of the initial sample, and they have
been decelerated from mean v, = 134.0 to 57.8 m s~ . These plots suggest that the decelerator could
effectively work with atomic hydrogen across a range of possible initial flow velocities and temper-

atures, and still produce a suitable output sample.
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Figure 5.17: As per figure[5.15| but considering the other strongly-bunched cluster of atoms trailing
those in trap 2.

One immediate point arising from consideration of figures [5.4] and [5.15]is that although the decel-
erated groups of particles are strongly spatially bunched, they have a large spread in velocity. This
is a function of the deep traps arising from the large peak currents set in these simulations, so that
the longitudinal separatrices are large. It may assist the loading of the MT-MOT to choose a smaller
peak current and therefore get bunches of atoms with a reduced spread of velocity. The output of
such a simulation is shown in figures and[5.19] The bunch of atoms in trap 2 comprise ~ 4.6 %

of the sample, and their mean velocity in z has decreased from 179.9 to 36.1 ms~!.
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Figure 5.18: As per figure , but decelerator operating at peak current of 500 A.

The phase-space distribution of the atoms in the end traps for the two current values are compared in
figure This gives some interesting results. The simulation on the left has one bunch of atoms
with a mean longitudinal velocity v, = 44.1ms~! and standard deviation o, = 38.5ms~!. The

lower-current simulation on the right has two clusters; the rightmost, corresponding to the bunch
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in the high-current simulation, has v, = 36.1 ms~! and oy, =264 ms~L. This is in line with our
hypothesis that shallower decelerator traps should produce a packet of atoms with a smaller velocity
spread, with the added bonus that it is also moving more slowly. What is even more significant is
the density of the two packets; the high-current simulation produced a cluster comprising ~ 2.7 %
of the initial population of hydrogen atoms, whereas the equivalent bunch in the shallower-trap run
contains ~ 4.6 %. Although the trailing packet in the right plot has a similar shape and velocity

distribution it is less dense, and only contains = 0.2 % of the initial hydrogen.
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Figure 5.19: As per figure [5.18| but comparing the longitudinal velocities of the atoms remaining in
trap 2 as it collapses (blue) with their velocities as the trap formed (red).
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Figure 5.20: Hydrogen deceleration, shown are the atoms bunched in the end traps as the field
collapses. Left, peak decelerator current of 1000 A, right, 500 A. The colour gradient shows the
relative density of atoms.

A similar analysis for lithium is shown in figure [5.21} encouragingly, this also gave very posi-

I and

tive results. The single main bunch of atoms in the high-current plot had v, = 44.5ms™
0y, = 38.6 ms~!, and its equivalent in the low-current simulation had v, = 36.4ms~! and Oy, =
26.4ms~!. The relative proportion of the initial sample has increased from ~ 5.9 % to ~ 9.7 %.
This indicates the importance of testing different combinations of experimental parameters, beyond
simply adjusting the relative trigger times of the source and decelerator, and that simply setting the
deceleration fields to their maximum value may not always be the optimal solution. If attempting to
produce a dual-species beam comprising two species with a greater mass difference than the H-Li
system considered here, it may be more difficult to find a set of parameters that provide a good com-

promise for deceleration and number density for both.
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Figure 5.21: Lithium deceleration, shown are the atoms bunched in the end traps as the field col-
lapses. Left, peak decelerator current of 1000 A, right, 500 A. The colour gradient shows the relative
density of atoms. The distribution is very similar to that of hydrogen in figure[5.20] which is encour-
aging for the possibility of a decelerating a dual-species beam.

We had originally planned to see if we could create atomic hydrogen in our existing source. Hy
has a dissociation energy of 4.52 eV so it seems possible that we can produce atomic hydrogen via
the dielectric barrier discharge unit in our Even-Lavie valve; we currently produce metastable 3P2
argon, which has an energy of 11.54 eV. We constructed a circulation chamber in which Hy was to

be mixed with xenon before being fed into the valve.
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Figure 5.22: Supersonic expansion of xenon in the Even-Lavie valve with dielectric barrier dis-
charge, detected on the microchannel-plate detector. This is converted to a speed distribution and
fitted with equation see section [3.2] Left / right, the valve is cooled to 200 / 180 K, giving
fitted flow velocity of 290.6 / 251.9 m s~ and temperature of 10.1/13.3 K.

We began construction of a Wiley-McLaren mass spectrometer to be installed onto the end of the
decelerator, interposed before the microchannel-plate detector. We intended to test the spectrometer
by attempting to detect xenon; it should be possible to ionise metastable 3P2 xenon (excited in the
DBD) using a YAG laser, either quadrupled to 266 nm or possibly the third harmonic at 355 nm. Al-
ternatively, Gilmour et al. [243]] describe detection of xenon in a Wiley-McLaren mass spectrometer
via a two-photon dipole-forbidden transition driven at 249 nm, which should be achievable with a
dye laser, which we also possess. Another possibility for producing atomic hydrogen is the scheme
described in Hogan et al. [244]; ammonia is fed through a capillary into the region next to the
pulsed valve where it is photolysised by an excimer laser operating at 193 nm. The resultant hydro-
gen atoms are then entrained into the supersonic expansion of the carrier gas from the valve. This
is a proven technique but would require non-trivial reworking of our source chamber, to say nothing
of the issues associated with handling ammonia. In either case, the hydrogen would be ionised for

detection using the dye laser operating at 243 nm.
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Unfortunately we did not get the opportunity to undertake this work. We did at least produce a beam
of xenon with the Even-Lavie valve and detect it at the MCP. Figure [5.22] shows two speed distribu-
tions derived from time-of-flight signals, using the methods described in section[3.2} and fitted with
equation [3.2.7)in order to extract estimates of the flow velocity v. and temperature Tr. The source
was operating with a stagnation pressure of 1.9 bar and cooled to between ~ 180 K to 200 K, giving
flow velocities of ~ 250ms~! to 290ms~!. Only a small amount of data was taken and so the
source parameters were not at all well optimised, so it seems likely that even slower beams should
be achievable with some adjustments. It remains to be tested, however, how feasible it would be
to entrain hydrogen into such a beam. There is a concern that the mixture of such light and heavy

species would give rise to velocity slip.
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Figure 5.23: Energy levels of xenon in the first excited configuration, relative to the ground state.
Dashed lines indicate states with a short excited lifetime before undergoing radiative decay, states in
red are metastable.
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Figure 5.24: Acceptance of the F' = 1, mp = 1 sub-level of 281 /2 hydrogen in the MT-MOT. Pink,
initial atom distribution, red, those remaining in the trap field after 2 ms.

We did not attempt to guide or decelerate the xenon beam. It seems possible that we could adjust the
DBD parameters such that all metastable xenon atoms produced would be in the 3P2 state; unlike in
argon, the two metastable states are separated by a large energy gap. The energies of the first four ex-
cited states of xenon are shown in figure[5.23] It seems unlikely that the 4-module decelerator could
significantly operate on a species with such an unfavourable ratio of magnetic moment to mass, but

it may be worth trying if it was desirable to attempt to quantify the relative state population of the
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beam. Finally, the acceptance of the MT-MOT for hydrogen was assessed, as shown in figure[5.24]

and was found to be 1.1 x 108 (mm ms™—1)3.

Other groups have previously decelerated dual-species beams, for example Akerman et al. describe
doing so with oxygen and metastable argon [56], using their travelling-wave Zeeman decelerator
(referred to here as the ‘Tel Aviv’ decelerator for convenience). In section we considered the
estimated acceptance of our decelerator for both argon and oxygen. The results for the two species
were comparable, suggesting that the Durham decelerator could work with such a dual-species beam,
but at the high beam velocities described by Akerman the acceptance was low in comparison to the
Tel Aviv machine. Even with the proposed 9-module extension discussed here, we would not be able

to successfully decelerate these species from such initial conditions.

Akerman et al. also report decelerating and then trapping a beam of oxygen and lithium [57]]. Both
species were loaded into a trap formed from two permanent magnets, producing a quadrupole trap
geometry. This was later replaced with a superconducting trap, and used to capture lithium and oxy-

gen [58]] and then a co-decelerated beam of carbon atoms and molecular oxygen [59].

Our preliminary results with lithium are more encouraging, with an estimated acceptance that is
1 — 2 orders of magnitude larger than we found for oxygen or argon, albeit again we are consider-
ing a much slower initial beam flow velocity. The expected emittance of the decelerator for these
2 species seems to be comparable to the acceptance of the MT-MOT, which could be confirmed by
further simulations using the methods described previously by the author [151]] and in this thesis.
Compared to our previous simulations, our quadcubic interpolator has improved our trap-loading

models.

In conclusion; the proposed extended decelerator and MT-MOT show promise for decelerating a
dual-species beam of Li and H, with the caveat that significant uncertainties surround the properties
of the input to the decelerator. Further work should try to generate more plausible initial conditions
for the two species to be loaded, and work to optimise and assess their deceleration and loading into
the trap could be done.

The hydrogen and lithium decelerator acceptance estimates given for the decelerator are all with
the wire quadrupole active. In the case of argon, sections and described the surprising
result that the permanent magnet quadrupole did not always provide greater acceptance under all
decelerator operations, and that is also the case for hydrogen and lithium. Although he did not see
it for argon, McArd also described this result for hydrogen and lithium [2]]. It is clear that further
work needs to be done to investigate these effects and amend the design of the permanent magnet

quadrupole, especially since its poorer performance appears to be worst for lighter species.
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5.4 Buffer Gas Source

The Even-Lavie valve and dielectric-barrier discharge source have been described in sections [2.2.2]
and 2.2.3] Despite their several advantages, a possible alternative is to replace them with a buffer
gas source. This should offer comparable output translational temperatures of the order of ~ 5K
but lower flow velocities in the region of 50 to 200 m s~ [[12]]. This would enable slower beams
of various species from the Zeeman decelerator and facilitate the loading of the MT-MOT. Buffer
gas sources are typically populated via capillary loading or laser ablation, which offer high particle
number densities. However, compared to a source such as the Even-Lavie valve the temporal widths

are large [245]], which can necessitate a careful consideration of the geometry of the source.

Such a source could be modelled on that described in Bulleid [246], based around a helium cry-
ocooler. The production of atomic hydrogen was briefly considered in section the associated
lithium might be loaded into the cell by laser ablation from a sold target. Design of such a source

and its compatibility with the travelling-wave decelerator should be explored in future work.

5.5 Non-Adiabatic Losses

If a perturbation to a quantum system acts slowly enough, then according to the adiabatic theorem
it remains in its instantaneous eigenstate [247]]. If particles in a magnetic trap are not able to adi-
abatically follow the magnetic field, either due to their motion or changes in the field, then they
may undergo a transition from a low-field-seeking state to a high-field seeking state, and be ejected
from the trap. These are known as ‘Majorana transitions’ [62] or ‘spin-flips’. Utilising the Born-
Oppenheimer approximation the internal and centre-of-mass coordinates = of the particle can be
separated [248]], giving adiabatic energy states at the latter with eigenstates |¢y) and eigenenergies
Ep:

H(r) |¢x(r)) = Ex(r) [or(r)) (55.D

Then, transition from the trapped states |¢;) to the untrapped states |¢,,) has a maximum probability
of [247]:

2

(9] d/dt |pu)
Pooe < | ————7 (5.5.2)
|Et - Eu|/h
A condition for adiabatic following of the trapping field can then be given by:
d |E: — E,|
— |du —_— 553
el 7 19u)] < = (5.5.3)

An equivalent way to present this condition is as wr < wz; here wy is the Larmor precession rate,
given by wy = upB/h, and wr is the rate at which the orientation of the field B changes [76]. In
previous work tests of this condition were applied to the MT-MOT [236, |I51] to estimate the likeli-
hood of Majorana losses for lithium. At each timestep the code determines the magnetic field at the
position of each trapped particle; as usual it uses the gradient of the field to calculate the magnetic
trapping force, but the vector components of the field are also interpolated. The angle between this

vector and the value that was found at the previous position of the particle is calculated, and this can
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be used with the timestep to estimate the angular frequency of the particle motion. Likewise, the
magnitude of the field is interpolated at each point, this can be averaged with the previous value to
estimate the average Larmor frequency across the timestep.

The ratio of Larmor to orbital angular frequency can then be used as a rough guide to how likely a
spin-flip transition would be. However, the question is; how large does the ratio have to be for us
to assume that no transitions occur? In the earlier simulations of the MT-MOT we applied various
threshold values of this ratio and ran simulations to count the percentage of particles lost for each.
Although imprecise, this gave some suggestive information as to how bad any problems were likely
to be, and the results suggested that the trap might not perform as poorly as had been feared [225].

A version of this code was adapted to test the decelerator field, using a similar method to that
described for the acceptance tests in section .3} a ‘snapshot’ of the decelerator field around one
single trap was extracted and populated with a uniform sample of atoms. This was then evolved
under magnetic trapping, with the ratio of frequencies calculated as described above. Rather than
remove particles, as in the earlier work, the mean of the ratio was saved. The simulation ran for a

virtual time of 500 ps.
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Figure 5.25: Estimated ratio of Larmor precession rate to orbital angular frequency in the decelerator
field, guiding mode, peak current 500 A. Particles were evolved for simulated 500 ps. Grey, argon,
red, hydrogen, blue, lithium.

Figure [5.25] shows histograms of the mean ratio for argon (grey), hydrogen (red) and lithium (blue).
Although this is only a very rough test, it seems that non-adiabatic losses should not be significant
for this system, since the approximate adiabatic condition is generally met by at least a factor of 10°
for all species. This does not appear to vary too much under deceleration, when the particles explore
different regions of the trap; this is shown in figures[5.26|and[5.27]
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Figure 5.26: As per figure but decelerating from 350 to 300 ms~?.
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Figure 5.27: As per figure but decelerating from 350 to 250 ms~*.

A version of the fully time-dependent decelerator code was developed to incorporate these tests, but
not pursued given the preliminary results given by the static code. However, it is worth noting that
Trimeche reported seeing a disagreement between the expected signal and data when decelerating
metastable argon, using the decelerator upon which our experiment was based [222]]. This was
specifically the case for deceleration but not constant-velocity guiding, and the weakened signal was
attributed to losses via non-adiabatic transitions. Possibly this is due to the different shape of the
phase-stable region, seen in e.g. figure[#.30} the particles with higher velocities spend more time in
the region of low field in the centre of the trap. A similar effect cannot be ruled out for our experiment
without more analysis. Future work could attempt to calculate the actual transition probabilities for
this system, and indeed the MT-MOT. For the latter, Majorana losses may be more significant due to
the lower field magnitudes and the time the particles may spend in the region of the trap centre.



Chapter 6

Conclusion

This thesis has been largely concerned with the development of a comprehensive toolkit of software
tools used to analyse and explain our travelling-wave Zeeman decelerator. This experiment produces
data that can be difficult to understand without utilising Monte Carlo techniques to reproduce and
thus quantify the signals that we receive. Chapter|[I| gave a very brief overview of the motivation and
background for the intended research goals for the project. Some consideration of the context and

alternative approaches to working with cold molecules were given.

Chapter [2] gave a brief review of some of the technical aspects of the project that were previously
undertaken [1, [2]]. It also included more detailed studies of the specific aspects of the experiment
that have been developed in this thesis, with one of the most significant being the work on super-
sonic expansions and time-of-flight data. This is explored further in chapter 3] which deals with the
specific applications of computer modelling to the experiment. A careful analysis of the theoreti-
cal structure of gas expansions in a source with small temporal and spatial widths has been used to
generate methods for simulating these expansions which are remarkably close to those we record in
our experimental data. These methods might have some application for other groups using slightly

different apparatus but that could be explored in future work.

Chapter |3| continued with descriptions of our methods for calculating the complex time-dependent
magnetic fields used in the decelerator. Key to our ability to utilise these model fields in our simula-
tions is our ability to rapidly and accurately interpolate them using the tricubic and quadcubic code
libraries that we have developed. These are perhaps the most significant outcome of the work in
this thesis, having already spawned several external collaborations. It is only in the relatively recent
past that easy access to computers powerful enough to undertake large-scale numerical calculations
has become very common, and these codes have arrived at an opportune time when other groups
were looking for a solution of this type. Indeed, if suitable libraries had existed in 2018 then our
interpolation codes would not have been written. Finally, the chapter concludes by comparing some
argon data with simulations, allowing us to quantify the effects of the decelerator. The previously-

unsuspected presence of other metastable terms of argon in the data is described and justified.

Chapter [4] takes a step back to review some of the ways in which the outputs of the developing sim-
ulation codes were fed back to make better estimates for the parameters that we should set when
operating the experiment, specifically the combinations of settings for the power electronics and the
source. Models for the optimum loading, by maximising the fraction of the incoming beam overlaid
on the estimated longitudinal separatrix, are described. One of the most significant issues relating to
this experiment is the effects of the PWM synthesis technique on the depth and position of the mov-
ing traps in the beam, and this is carefully analysed. Models for the acceptance of the decelerator are
developed and justified, and compared with earlier models. A significant amount of work has gone

into analysing and comparing the effects arising from the two possible quadrupole focussing fields,
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but more work remains to be done. We have shown that the data given in chapter [3] was somewhat
sub-optimal in the choice of experimental parameters used, and some predictions are made relating
to argon. We have compared the capabilities of some other travelling-wave Zeeman decelerators

with our experiment, by using our simulation codes to partially reproduce their published results.

Finally, chapter 5] gives some outlook for the project. It has always been known that the decelerator
should be extended, and some simulations are made to predict the possibilities if this work were
done (this was also considered in section[4.6). The proposed hybrid magnetic trap / magneto-optical
trap is briefly described. The work undertaken by other members of the group on this project, util-
ising some of the resources developed in this thesis, shows promise. Dual-species beam simulations
of hydrogen and lithium and their loading into the trap are encouraging but questions remain to be
answered; specifically, how realistic are the estimated initial properties of the beam? These proper-
ties include the flow velocity, translational temperature, spatial distribution and number density of
the relevant species. Given the importance of additional transverse focussing on a decelerator with
our coil geometry, what is the best solution? The performance of the existing permanent magnet
quadrupole design is not as clearly superior to the wire quadrupole as we had hoped. However, a

wire quadrupole brings technical challenges, especially if the decelerator is lengthened.

The question of the decelerator length is also not straightforward to answer. Preliminary simulations
indicate that simply extending the machine to match the size of comparable experiments would not
allow us to match their existing results for comparable species and conditions. However, our design
has potential for very strong confinement at lower beam velocities, which we have hardly explored.

It is unfortunate that further progress towards the research goals of the project has not been made.
This is in no small part due to the 2020 pandemic which effectively stopped physical work in the
laboratory for a prolonged time. The positive outcome to this is that the greater theoretical treatment
of the project that this mandated has given us a vastly improved understanding of the characteristics
and capabilities of the decelerator. We believe that we have demonstrated that the machine works
as intended. Additionally, data obtained subsequent to the main work in this thesis are presented in
Appendix [A] and the analysis of these data is in good agreement with our expectations. This is de-
spite the apparent presence of excessive unwanted m ; = 0 argon atoms in the beam, which has been
one of the most significant barriers to our characterisation of the decelerator. It would be desirable
to address this in more detail, either by switching to a different species or different beam source.
A longer decelerator would also help here, since non-trappable particles would be more likely to

disperse.

Some discussion of the future prospects of the decelerator have been given. The current author and
previous members of the group have done preliminary work on proposed experiments involving the
co-deceleration and trapping of CaH with Li [2|151]] and H with Li [236, 241} [189]. Assuming that
we were able to construct a suitable source, it seems entirely feasible that at least H and Li could
be decelerated very well in our decelerator. We could also extend the existing simulation work on
the MT-MOT to gain further understanding of the feasibility of sympathetic cooling of H or CaH, or

indeed other species.



Appendix A
Additional Argon Data

Subsequent to the completion of this thesis there was an opportunity to perform an additional set of
argon guiding and deceleration experiments with the Travelling-Wave Zeeman Decelerator, allowing
us to test the predictive power of the simulation methods described in the preceding chapters. The

results, given here, were somewhat better than the data presented in the main thesis.

Prior to capturing new data various combinations of experimental parameters were assessed via sim-
ulation. We had a good understanding of the expected flow velocity and translational temperature of
the source, from analysis of our previous data. For a given initial travelling-wave velocity and peak
current we were therefore able to estimate the electronics delay time that should lead to the greatest
capture of atoms within the phase-stable region of the target trap. The decelerator wave velocity can

be chosen to match the central portion of the beam, where it is most dense, or part of the slower tail.

Transmission (i.e. zero field ) data were captured and fitted as previously described; the beam flow
velocity was estimated to be in the region of 380 — 390 ms~!. An initial wave velocity of 380 ms~*
was chosen, with final velocities of 380, 360 and 340 m s—!. The decelerator power electronics were
set with a peak current of 400 A at 600 V. For this combination of initial wave velocity and current
the estimated optimal power electronics delay was 725 ps; additional data were taken in which the

delay was swept by £ 10 s in 2 us increments.
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Figure A.1: Guiding of the m ; = 2 sub-level of 3P2 argon, decelerator operating at 380 ms~! with
peak current of 400 A. Experimental data is in grey with simulated time-of-flight overlaid in black,
the latter padded with additional *P,,.

The Even-Lavie valve was configured with a 25.8 us pulse duration, and the argon feed was at 9 bar.
The valve assembly was cooled to 138 K. The DBD was set to trigger 165 us after the valve, with
RF voltage of 1200 V, RF current of 10 A, and 27 pulses at 700 kHz. Figure shows attempted
constant velocity guiding at 380 m s~ !; the experimental data are in grey with the simulated results
overlaid in black. The simulation comprised 1 x 10 argon atoms equally distributed amongst the
5 sub-levels of the *P., term; an additional 8 x 10° ®P, were added to reproduce the shape of the data.
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Figure A.2: Guiding of argon, trap velocity of 380 ms~1, peak current of 400 A. Left, the atoms
just as the second trap forms, right, the atoms just as the trap collapses. The atoms located within
the bounds of the trap at the end are in blue, their initial coordinates are in red.

Figure [A.2] shows the longitudinal phase-space coordinates of the simulated beam at the beginning
and end of the guiding sequence - only the atoms in the m ; = 2 state are shown. The atoms located
between the maxima of the second trap of the decelerator wave as the field shuts down are marked
in blue on the right, these same atoms are marked red in the left plot. The mean velocities of these
atoms, plotted in ﬁgure increased from 378 to 380 ms™!.
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Figure A.3: As per figure but comparing the longitudinal velocities of the atoms remaining in
trap 2 as it collapses (blue) with their velocities as the trap formed (red).

The broad, almost multi-peaked structure of the blue velocity plot in figure[A.3|can be explained by
figure [A-4] which is a zoomed-in view of figure The separatrix is not completely filled, since
for this short decelerator there has not been enough time for the atoms to rotate in phase-space. It is,

however, more uniformly populated than the trap seen in e.g. figure[3.33]in section [3.10}
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Figure A.4: As per figure @ but zoomed in on the atoms in trap 2 at the end of the guiding
sequence. The estimated longitudinal separatrix is in black.

At the time the data were taken measurements of the current through several phases of the decelera-
tor coils were also captured. Using the PWM technique we would expect the peak current to reach
the target of 400 A to within ~ 10 %, however later analysis of the probe results showed that the peak
current was instead reduced by up to 20 %, although this was not consistent across all of the phases
measured. At the time of writing we are not certain where the fault lies. Each data set was simulated
at both 300 and 400 A, with the former value generally giving the best match between the data and
prediction. The simulation code includes measured values for the resistance and inductance of each
phase of each coil, ideally these should be physically tested again. The components of the power
electronics should also be tested for faults, but it has not yet been possible to do so. Nonetheless, we

see reasonably good agreement between the simulations and data presented in this section.
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Figure A.5: Deceleration of the m; = 2 sub-level of 3P2 argon, decelerator operating from 379 to
363ms~! with peak current of 400 A. Experimental data is in grey with simulated time-of-flight
overlaid in black, the latter padded with additional 3P0-

Deceleration from 380 to 360 ms~—! was then attempted; in ﬁgurethe experimental data are in
grey with the simulated results overlaid in black. The simulation comprised 1 x 105 argon atoms
equally distributed amongst the 5 sub-levels of the 3P2 term; an additional 4 x 10° 3P0 were added to
reproduce the shape of the data. For this example the power electronics delay was set to 731 s, and

simulation of the decelerator wave shows that it achieved an initial / final velocity of 379 /363 ms™!.
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Figure [A.6] shows the longitudinal phase-space coordinates of the simulated beam before and after
deceleration; again, only the atoms in the m ; = 2 state are shown. The longitudinal velocities of
these atoms are histogrammed in ﬁgure the mean values decrease from 378 to 366 ms !, how-
ever it can be seen that a higher-velocity population of non-phase-stable atoms are present, distorting

the results.
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Figure A.6: Deceleration of argon, trap initial / final velocity of 379 / 363 ms~!, peak current of
400 A. Left, the atoms just as the second trap forms, right, the atoms just as the trap collapses. The
atoms located within the bounds of the trap at the end are in blue, their initial coordinates are in red.
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Figure A.7: As per figure but comparing the longitudinal velocities of the atoms remaining in
trap 2 as it collapses (blue) with their velocities as the trap formed (red).

There is good agreement in the structure of the peaks between approximately 2.3 us to 2.5 ps, with
the specific peak relating to the m; = 2 atoms located in trap 2 being at ~ 2.48 us. There is, how-
ever, disagreement in the central times of the peaks. Adjusting the simulated peak current shifts the
relative positions of the peaks in time, but a value for which all features align with the data was not

found. This supports our suspicion that the current drop was not constant across all coil phases.
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Deceleration from 380 to 350 m s~! was attempted, as shown in ﬁguresand The electronics
delay was 721 us and “P,, were added to the simulation in the ratio 5:1 with *P,,. The time-of-flight is
reproduced reasonably well, but as can be seen from the simulated phase-space plots the acceptance

for this magnitude of deceleration is small, so that there are few atoms in the decelerated packet.
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Figure A.8: Deceleration of the m; = 2 sub-level of 3P2 argon, decelerator operating from 379 to
352ms~! with peak current of 400 A. Experimental data is in grey with simulated time-of-flight
overlaid in black, the latter padded with additional 3PO.
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Figure A.9: Deceleration of argon, trap initial / final velocity of 379 / 352ms™!, peak current of

400 A. Left, the atoms just as the second trap forms, right, the atoms just as the trap collapses. The
atoms located within the bounds of the trap at the end are in blue, their initial coordinates are in red.

An initial wave velocity of 360ms~! was then selected, with final velocities of 360, 340 and
320ms~'. Figure shows the experimental signal compared to simulated time-of-flight for
deceleration from 360 to 340 ms~! (simulation showed that the PWM technique achieved 360 to
341 ms~!). The power electronics delay was 771 ps. In this case an additional 5 x 10° 3P0 atoms
were added to the 1 x 10° in the 3P2 term in order to match the bulk shape of the data. Although the
peaks are weak in both the data and the simulation, there is good agreement in the region of interest,
approximately between 2.5 and 2.6 ms. The longitudinal phase-space coordinates and velocities of
the m; = 2 atoms are shown in figures [A.T1] and [A.-T2] specifically those loaded into the second
trap. Again, there is a presence of non-phase-stable atoms distorting the mean velocities, which are
~ 360 / 345 m s~ pre- / post-deceleration. The atoms in the phase-stable region can be identified,

however, and show clear indication of deceleration by the intended amount.
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Figure A.10: Deceleration of the m; = 2 sub-level of 3P2 argon, decelerator operating from 360
to 341 ms~! with peak current of 400 A. Experimental data is in grey with simulated time-of-flight
overlaid in black, the latter padded with additional 3PO.
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Figure A.11: Deceleration of argon, trap initial / final velocity of 360 / 341 ms~!, peak current of
400 A. Left, the atoms just as the second trap forms, right, the atoms just as the trap collapses. The
atoms located within the bounds of the trap at the end are in blue, their initial coordinates are in red.
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Figure A.12: As per figure|A.11} but comparing the longitudinal velocities of the atoms remaining
in trap 2 as it collapses (blue) with their velocities as the trap formed (red).
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