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Abstract

This thesis describes the development of a relatively novel technique for the gen-
eration and subsequent trapping of cold species. Molecules in a pulsed supersonic
expansion are photolysed, such that the centre-of-mass velocity vector of one of the
fragments is equal in magnitude but opposed in orientation to the lab-frame velocity
of the precursor molecule. This technique, known as ‘Photostop’, leaves a fraction
of the fragments with a narrow velocity distribution, centered around zero velocity
in the lab-frame. They can be shown to have zero velocity by changing the time
between photodissociation and ionisation; fragments with a high kinetic energy will
leave the ionisation volume prior to interrogation. The underlying velocity distribu-
tion is uncovered by using the velocity-map imaging technique, and the temperature
of the fragments can be determined.

The method was originally optimised for the molecular case. Cold NO has been
produced from the dissociation of NO, molecules, and a single rotational state has
been shown to remain in the ionisation volume 10 us after dissociation, implying
a sample temperature of 1.17 K. Using the optimised experimental conditions de-
rived from the velocity cancellation of NO, the atomic case is demonstrated for the
dissociation of Br, to give zero-velocity Br fragments. The Br atoms are seen for
delay times in excess of 100 us, showing the greater applicability of the method
to the atomic case. The temperature of the residual atoms is shown to be in the
milliKelvin regime, as determined through detailed Monte Carlo simulation of the
motion of the stopped atoms. The possibility of trapping the ultracold Br atoms
in a magnetic field is explored, and a quadrupolar trap created between two per-
manent bar magnets is demonstrated to confine the atoms spatially, within the ion
extraction optics, for delays in excess of 1 ms.

The Photostop technique is intended to be a stepping stone on the way to widening
the number of chemical species available for study in the ultracold regime. The
possibility of improvements to the experiment is considered, in order to increase
the efficiency of the experiment such that the number density becomes high enough
to be viable as a source of atoms for use in cold chemical reactive studies. The
possibility of extending the method so as to be used as a tunable velocity source of
atoms is also discussed.
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Chapter 1

Introduction

The coldest natural temperature ever recorded on Earth was 184 K at the Vostok

Station in Antarctica in 1983. Although this seems incredibly cold, the mean ve-
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locity of molecules in the air at this temperature is still 476 ms~* (Umean =
calculated for N,). For the coldest natural temperatures, we have to search the cos-
mos. The cosmic microwave background radiation fills the known universe, meaning
that the temperature of deep space is 2.73 K [1]. Only in the laboratory can the
subKelvin regime be reached, and it is this temperature regime that we, as scientists,
wish to probe.

The field of cold chemistry is relatively new and vibrant. The techniques used
in the creation of cold species are highly specialised, and are often only applicable
to a few species of limited chemical interest. However, the novel properties of cold
matter could feasibly throw light upon a great many chemical and physical processes,
such as the effects of quantum mechanical processes, e.g. tunnelling, on the rates of
chemical reactions. This thesis aims to explore the prospects for developing novel

techniques for cold atom generation.
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1.1 Cold matter

The field of cold matter is still youthful, and the full range of applications of cold
species is unclear. Trapping ultracold gases in optical lattices may be of great use
in the simulation of various problems in many-body physics [2], or may even lead
to advances in quantum information processing [3]. The atomic clock Q], through
measuring precisely the electronic transition frequency of various species, has allowed
the second to be defined to an accuracy of within one part in 10'°, a precision that
has been only become possible through cooling of atoms down to the ultracold regime
to allow for longer probing times and reduced collision rates.

What is clear is that performing experiments at temperatures close to absolute
zero could cast a lot of light upon interesting new areas of physics and chemistry.
Ultracold species have been used to create a new phase of matter: the Bose-Einstein
Condensate (BEC) [5]. When weakly-interacting bosons are reduced to a low enough
temperature near absolute-zero, and are contained in some form of external poten-
tial, a high percentage of the bosons will exist in the ground quantum state, and if
the de Broglie wavelength, which is inversely proportional to T' (A = h/p) is greater
than the spacing between the bosons, then Bose-Einstein condensation can occur.
Despite being postulated by Bose and Einstein in the 1920’s, it was not until the
1990’s that the BEC was experimentally realised H, H], which has led to a much
increased interest in the field of ultracold atoms and molecules, and the chemistry
that occurs at such low temperatures. Translational cooling of atoms and molecules
provides several benefits to the fields of physics and chemistry. For instance, the
spectroscopic resolution can be increased by several orders of magnitude, as the ef-
fects of Doppler broadening are decreased E], and the reduction in velocities mean
that, the species being probed remains in the measurement apparatus for longer,

thus reducing transit-time broadening. In the quest to measure tiny constants, such

as the electric dipole moment of the electron, improved resolution is critical Q]
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1.2 Cold chemistry

By cooling atoms and molecules, we can expect to see the enhancement of quan-
tum phenomena which are invisible at higher temperatures. At sufficiently low
temperatures, i.e. in the sub-Kelvin regime, the de Broglie wavelength can become
comparable with, or greater than, the atomic radius, and we could imagine that col-
lisions between ultracold species would occur in a very non-classical manner. Indeed,
for collisions at low kinetic energy, the partners will appear to act as quasi-bound
species, and the dynamics can provide us with valuable insight into the long range
potential surfaces [10]. If we consider collision dynamics from a classical point of

view, the angular momentum for the reactive process can be written as:
|l| - /“)relb7 (11)

where g is the reduced mass of the colliding particles, v is their relative velocity
and b is the separation at closest approach ﬁ] This angular momentum is pro-
portional to the relative velocity, and thus, at sub-Kelvin temperatures, the angular
momentum will be limited to the lowest few quantum states. The investigation of
low temperature collisions opens up the possibility of controlling the outcome of an
experiment: external magnetic and electric fields are able to greatly perturb the
dynamics of a collision event [12].

Reactive collisions are of great interest, especially at low temperatures. The reac-
tion between HBr + K has been observed with slow beams [13], which demonstrates
that the chemistry can occur with cold species and produce cold products. Reac-
tions with low activation barriers are intriguing from a quantum perspective [14]; low
reactant energies mean that tunnelling through a barrier may become a dominant
process in the reaction itself. Near-barrierless reactions will generally occur between

species which are electronically excited or are otherwise highly reactive, such as in

a radical recombination reaction ] or reactions involving ionic species ]
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Insertion reactions have been witnessed with dimers of the alkali metals @]

To gain some measure of control over species at the atomic and subatomic levels,
we need to operate with forces appropriate to the scale. The famous Stern-Gerlach
experiment Ej] showed that an inhomogeneous magnetic field will perturb the mo-
tion of silver atoms, splitting the trajectories into two components, one deflected up,
and one down. The magnetic field imparts a torque on the magnetic dipole of the
silver atom, as if it were a classically spinning paticle precessing in the field. The
fact that there were two components, rather than a continuous spectrum, gave the
world the first insight into the existence of the spin angular momentum quantum
number. The experiment led to the important discovery of the spin of the elec-
tron, which would be an essential part of Dirac’s formulation of relativistic quantum
mechanics [22].

It was noted in some of the earliest experiments within the framework of quantum
theory, that lines in atomic emission spectra could be split under the influence of
external magnetic and electric fields. Emission from the Lyman-a transition in
hydrogen was noted to split under the presence of a magnetic field, as shown in
figure [L1 Upon application of a field, some energy levels are raised, and some are
lowered. This phenomenon gives rise to the concept of high- and low-field seeking
states of an atom; i.e. that an atom’s potential energy can increase on moving toward
or away from a region of high-field. High-field seckers will gravitate towards regions
of high-field and vice-versa. It is from such concepts that the idea of controlling the
motion of an atom by application of electromagnetic fields arises [23, 24].

Controlling an atom’s motion is not the only prospective use of electromagnetic
fields. The relative shifting of an unbound pair of atoms and the bound state of a
molecule can bring novel bound states into existence [25]. Such novel bound states
have been used as a route to the creation of ultracold molecules from ultracold
atomic samples (see section [[.3.2]).

In general, there have been two real barriers to the observation of cold chemistry:
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Figure 1.1: The effect of a magnetic field upon the first few energy levels of the hy-
drogen atom. The Zeeman splitting of the states leads to new transitions appearing
in the emission spectrum, as seen on the right hand side. Note that the spin-orbit
splitting of the P state occurs even in the absence of the magnetic field.

the limited range of species which are available to the experimentalist, thus limiting
the number of possible experiments of interest, and the low number densities of the
reactant species created from methods to generate the cold species initially. There
has therefore been a large amount of investigation into novel methods of generating

different and dense samples of cold atoms and molecules.

1.3 Current methods of cold matter creation

The major barrier to the investigation of cold matter is the creation and subsequent
confinement of such species in sufficient densities, so as to be able to use them in
an experimentally interesting manner. The experimentalist must somehow reduce
the temperature of a sample down from ambient to ultracold temperatures, which
requires the disposal of the undesirable energy. This section will discuss the possible
methods of energy removal which are available at present.

There are various routes to the creation of cold atoms or molecules (see fig-

ure [[.2)), and these can be described in terms of broad conceptions.
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Figure 1.2: A diagram showing the two general routes to form cold atoms or
molecules. The low velocity portion of the Maxwell-Boltzmann velocity distribu-
tion can be selected (left, highlighted region), or the velocity distribution can be
pre-cooled, red, and then re-centered around zero, blue (right).

Velocity selection

The Maxwell-Boltzmann distribution describes the statistical distribution of veloc-
ities for a thermal sample. At ambient temperatures, the distribution spans a wide
range of velocities. There is a small fraction of this distribution which has a kinetic
energy of almost zero, as seen in the left-hand panel of figure Some methods of
generating kinetically cool samples attempt to extract this subset of the distribution,
leaving a slow-moving (and therefore cold) sample. The quadrupole velocity-selector
(see section [[3.2) is an example of such an approach.

Notably, such techniques only affect the translational temperature of the species;
there is no way to cool a sample internally using such a method. However, a major
advantage for chemical reaction studies, is that the molecules are typically produced
with a continuous flux, unlike most of the other techniques, which operate under
pulsed conditions. As a result, this makes chemical reactions at low temperatures

more easily studied, since there is a higher probability of collisions occurring [26].

Direct cooling

The alternative to velocity selection is to forcefully reduce the temperature of a
thermal sample. This requires an input from an external factor to remove the

unwanted energy. This is conceptually a much less passive process than mere velocity
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selection.

The external factor can take many forms; the critical point is that the energy is
removed from the species of interest. The factors can be as diverse as interactions
with an electric or magnetic field [27], the application of a restorative force from a
light source [2§], or even collisions with an already cold species [29].

Notably, the different mechanisms work with differing degrees of success for
different species. The success of the cooling is dependent upon the properties of the
species that is cooled.

It should be mentioned here that I have broadly described this category as cool-
ing, based on the mechanism of creating cold matter. However, real cooling requires
an increase in the phase-space density. This is a combined measure of the tem-

perature and density of the sample. For a species with a de Broglie wavelength

(A =4/ T?:,;ZQT), the phase-space density can be written as:

D = nA®, (1.2)

where n is the number density @] For a ‘true’ cooling process, such as buffer-gas
cooling [29], the phase-space density increases over the course of the experiment. For
an experiment which is more of a ‘slowing’ process, such as atomic deceleration [31],
the cooling tends to come at the expense of the number density, leading to a relatively

constant phase-space density.

1.3.1 Atomic cooling

Unsurprisingly, the easiest place to begin when trying to generate a cold gaseous
sample is with the simplest species. Atomic species were the first to be reduced to

cold and ultracold temperatures, since they are a lot more straightforward to cool.
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Doppler cooling

In modern experiments with alkali atoms, the method of Doppler Cooling @] has
become predominant, whereby the atomic species absorbs and subsequently emits
photons from laser radiation; typically 6 lasers are used, 2 counter-propagating along
each of the major cartesian axes, to produce an overall slowing effect. Atoms mov-
ing towards a red-detuned laser beam will preferentially absorb photons from that
direction, as they are Doppler-shifted into resonance, leading to a slowing through
momentum conservation. The isotropic emission of photons will mean that, on av-
erage, an atom will gain a restorative momentum kick opposing its motion. This
region is generally in the centre of a pair of coils in an anti-Helmholtz configuration

to produce a magnetic field providing a potential barrier to low energy atoms from

escaping — known as a magneto-optical trap (MOT) [28]. This technique can be
extended to create ultracold plasmas [33], Rydberg gases |34], and has even been
demonstrated in a weightless environment Q], with the aim of investigating the

effect of microgravity upon ultracold gases.

The necessity for photon emission means that for successful cooling cycles, the
atom must have an excited state with a short lifetime, in order to be able to rapidly
undergo enough absorption-emission cycles to cool. Additionally, the species in
question must have a closed cycle of absorption and emission, or the atoms will be
lost to an inaccessible state. This requirement can be somewhat circumvented by
the inclusion of additional lasers tuned to the transitions to states in the cooling
cycle [18], which could be achieved by using a broadband laser cooling system [36].

An extension of laser cooling has also been demonstrated; cavity-assisted Doppler
cooling , B8]. The atoms are laser cooled inside a high-finesse optical cavity.
Certain radiative modes of the atom are enhanced inside the cavity, and as a result
the atoms can preferentially scatter photons into a cavity mode. It is the recoil from
the collision with the photon in this case, rather than the momentum imparted to

an emitted photon, which is the mechanism of slowing in this experiment.
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There are many atomic systems for which the cooling cycle has yet to be achieved
successfully. For instance, in the case of the halogen atoms, there is potentially such
a cooling cycle, but the photon energies required are in the vacuum ultra-violet spec-
tral region, which is difficult to generate at sufficient intensities and with sufficient
1

spectroscopic resolution, with photons required at 63436, 74226 and 104731 cm™

for F, Cl and Br respectively.

Buffer gas cooling

The most intuitive technique for cooling is buffer-gas cooling ], which uses elastic
collisions with cold (around 4 K) helium atoms to disperse the energy of the sample.
Helium is a possible buffer gas in this experiment as it still maintains a high enough
vapour pressure at such temperatures, so as to be able to collide and remove the
excess energy of the sample to be cooled. The residual atoms can then be trapped
and evaporatively cooled to remove the most energetic, so as to reduce the sample
temperature further. Evaporative cooling operates by reducing the magnitude of
the potential in which the ultracold species is confined, allowing the most energetic
of the atoms to escape from the trap. This needs to be performed slowly so as to
allow the gas to re-equilibrate once the energetic atoms have escaped, thus lowering
the mean energy. This has the effect of lowering the number of ultracold atoms, but
vastly lowering the temperature [39] and increasing the phase-space density.
Confinement of the species to be cooled is critical if ultracold temperatures are to
be pushed lower, as well as being necessary to attempt to separate the cold species
from the buffer gas. For one thing, adsorption onto the walls of the experimental
chamber would be a serious issue if magnetic fields were not used to contain the
atoms. This technique has even been utilised to create a BEC of metastable He
atoms [40]. Ordinarily, the collisions with the cryogenic buffer gas are the method
of energy dispersion, but Bose-Einstein condensation has been achieved for hydrogen

atoms using the special case of surface-contact M], whereby contact with the walls
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of the experiment removes energetic atoms, without the hydrogen atoms sticking to
the chamber walls.

The buffer-gas technique is plausibly a widely applicable method; the only re-
quirement is that the species being cooled survives enough collisions with the helium

so as to reach the lowest temperatures.

Atomic deceleration

By using a supersonic expansion of atoms ], the energy of a thermal atoms can be
channelled into forward momentum (this will be further discussed in section 2211
In the moving frame, the velocity distributions equate to temperatures of less than
10 K. As such, there are several techniques available to attempt to decelerate such
an atomic beam.

When an atom is placed in a magnetic field, the quantum states of the different
spin-orbit projections will split. Some states will be attracted to a high magnetic
field (high-field seeking states) and others repelled (low-field seeking states). By
firing an atomic beam up a magnetic potential gradient, the atoms will be slowed.
If this field is switched off, the atoms will have lost the kinetic energy which had
been transferred into potential energy. If this can be repeatedly performed, through
the application of pulsed magnetic fields, the atoms can be slowed down to to near

|;\j] This has been demonstrated for H atoms [44], Ne* [45] and

zero-velocity [31,

alkali metal atoms.

Velocity cancellation

As mentioned previously, the atomic beam generates a unidirectional pulse of atoms
with a very narrow velocity distribution, but a large forward momentum in the
lab-frame. It has been demonstrated that this momentum can be cancelled in the

lab-frame by a clever use of a moving nozzle as the source of the beam (depicted in

figure [L3]).
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Figure 1.3: Schematics of current techniques available which use velocity cancella-
tion. Left: a supersonic nozzle attached to a rotating armature to counteract the
velocity of the molecules being emitted. The lab-frame velocity will be equal to the
supersonic ejection speed, minus the rotational velocity of the arm. Right: kine-
matic velocity cancellation via inelastic collisions. The Newton Sphere highlights the
relevant vectors in velocity cancellation. If the centre-of-mass frame recoil velocity
of collision partner A is directly opposed to the lab-frame centre-of-mass velocity of
the colliding pair, then A will have zero lab-frame final velocity.

A nozzle mounted on a rotating armature , ] can be used to cancel the
forward velocity component of a molecular beam. This is a similar technique to
that developed by Narevicius and co-workers M], whereby a beam of helium atoms

is reflected off of a silicon surface which is attached to a rotating arm.

1.3.2 Molecular cooling

Molecules are much more difficult to reduce to cold and ultracold temperatures
than atoms. One obstacle to the creation of cold molecules has been the difficulty of
removing the internal energy arising from the rotational and vibrational modes. But
more generally, the non-applicability of laser cooling, because of the lack of closed

absorption /emission cycles, has been crucial.
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Atomic knitting

Since we have seen that it is possible to cool atoms, it would seem prudent to
attempt to bind the atomic species together to make cold molecules. There are
various mechanisms by which this can be achieved.

The so-called Feshbach resonance |25], occurs when a bound level of an excited
state potential is magnetically tuned into resonance with the energy of the unbound
atoms. Usually, the excited state potential will correlate to an excited hyperfine
state of one of the colliding atoms. When the atoms then collide, they can form a
highly vibrationally excited molecule on the excited potential. Feshbach resonances
are thus used to create an ultracold molecule, and have been shown to be able to
be cooled far enough to achieve Bose-Einstein Condensation [49].

using STImulated Raman Adiabatic Passage (STIRAP H a process by which

To achieve this end, the molecule must be 1nterna1@ cooled, for instance by
two near-simultaneous Raman transitions bring about coherence of non-degenerate
quantum states, specifically the bound Feshbach state, and the ground state of the
molecule. The two states will be brought into coherence by Raman excitation to an
intermediate excited state. By careful manipulation of the amplitudes of the two
Raman lasers, the molecule will exist in a coherent superposition of initial and final
states, and can be transferred into the ground state with very high efficiency.

Cold atoms can also be combined into cold molecules using a technique known as
photoassociation [52] (see figure [[]). It is possible to use a laser pulse to excite two
atoms on a ground state potential surface to a high vibrational level of an excited,
bound potential. Since photoassociation creates molecules in very high vibrational
states, there is a large separation between the atoms when the molecule is formed.
This makes photoassociation spectroscopy an interesting proposition [53] from the
perspective of investigating high vibrational states. It is also possible to use STIRAP

to bring the molecules down to the ground state [54].

The major obstacle with such techniques are that the basic requirement is for
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Figure 1.4: One technique for the knitting of ultracold atoms into ultracold
molecules. Photoassociation promotes a pair of atoms into a highly vibrationally
state of an excited bound state.

appropriate ultracold atomic precursors, and can therefore only currently be applied

to the alkali metal cases [55].

Velocity selection

The most direct technique for producing translationally cold molecules from a ther-
mal sample is to separate out the molecules which already have a very small velocity,
by capturing the low velocity component of the Maxwell-Boltzmann velocity distri-
bution. For a polar molecule, this can be done by allowing the molecules to fly
through a quadrupole electrostatic guide with a right-angled bend [26]. Molecules
entering the guide will experience a Stark shift which provides the centripetal force
to push them around the bend. This force is only sufficient to guide the slowest
around the curve, and fast molecules will fly straight past the electrodes. This is
a straightforward velocity selection, and cannot be regarded as true cooling, even
though it produces a sample of translationally cold molecules. This technique has
been successfully applied to cold chemical reactions in the case of ion-molecule re-

actions [1§].
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Atomic analogues

It is not only the internal energy, but also the underlying energy level structure that
causes problems when trying to cool molecules. For instance, molecules are difficult
to laser cool [30] since the complex rotational, vibrational and electronic structure
generally prevents the cycle of absorption and emission from closing; there are many
pathways for the photon energy in the system to be dissipated.

The techniques descibed in section [[L3.1] are all applicable to molecular cases,
but are all more complex than for the atomic equivalents. Doppler COOIE has been

.

recently achieved for the molecular case [56], as has buffer gas cooling

The supersonic molecular beam

A major advantage of the supersonic molecular beam is that the internal degrees
of freedom are cooled as a side-effect. Rotational, vibrational and relative kinetic
energy are cooled in the molecular beam ] The beam is formed from a supersonic
gas expansion, whereby the internal energy of the gas is converted into unidirectional
kinetic energy. This leaves a fast beam of molecules which are cold in the moving
frame. The molecular beam has found wide ranging usage within the realm of spec-
troscopy, since internal cooling reduces the spectral congestion and the low velocity
perpendicular to the molecular beam gives narrower spectroscopic transitions [58].
Molecular beams have also been pivotal in the study of chemical reaction dynamics;
indeed, the Nobel prize for chemistry in 1986 was awarded to Herschbach, Polanyi
and Lee for the development of the field [59]. Crossed beam experiments (figure [[H])
are particularly indebted to the development of supersonic molecular beams, since
the collision-free environment of the beam offers a terrific arena in which to study
peturbations to the motion and quantum states of the molecules. This collisionless
behaviour also makes the molecular beam a useful tool in the study of highly reac-
tive species, which can be prepared without the worry of adverse reactions before

the sample can be interrogated.
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Figure 1.5: Schematic of a typical crossed molecular beam experiment. Two molec-
ular beams will cross at right angles to one another, and the products of the collision
can be interrogated.

The counter side to using molecular beam techniques for cold chemistry is that
the molecular beam, whilst having an internal temperature of the order of 1 K, has
a lab-frame velocity of several hundreds of metres per second (see equation 2.4]). An
ultracold sample can be prepared by eliminating this velocity component.

Numerous techniques have been developed to apply this apprach to cooling;
energy from only one degree of freedom needs to be removed, the unidirectional
kinetic energy, which means it can be done in one experimental step. The way in
which this energy is removed varies by technique, and is highly dependent upon the

internal properties of the molecule.

Molecular electromagnetic deceleration

Section [[.3.1] showed that magnetic fields can be used to bring a sample of atoms
down to near-zero velocity, and the electric field analogue of Zeeman deceleration,
Stark deceleration, is a useful method in the creation of cold, polar molecules. ]
The switching sequence of the electric fields is such that a group of molecules passed
down the Stark Decelerator with the correct velocities and relative positions, will
be reduced to near-zero velocity.

The fact that only certain rovibrational states will be decelerated, makes this
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technique highly desirable for molecular cooling. The issues here are that, in order
for these techniques to work, the species in question must possess either a permanent
electric dipole moment, which makes the method only applicable to certain species;
e.g. metastable CO [60] or OH [61].

The Zeeman decelerator has also been applied to the molecular case, for oxygen
molecules |62]. The problem with using the Zeeman method for molecular deceler-
ation, is that the molecule in question must be paramagnetic, and such molecules

are few and far between.

Optical Stark deceleration

Another method of creating an electric field capable of decelerating polar species is to
use pulses of light. Counterpropagating pulsed lasers can generate a moving optical
lattice, which has been shown to be able to bring a sample of benzene molecules to
a halt in the laboratory [63]. The molecules are trapped in the wells of the optical
lattice moving at half the velocity of the molecular beam, which is then switched off
after a half-oscillation causing a deceleration of some of the benzene sample. This
technique could feasibly be quite general, since it depends upon the electric dipole
induced by the laser field (and hence the polarisability) rather than on an intrinsic
molecular dipole. This implies that it could be applied to a great many neutral

molecules which could not otherwise be decelerated.

Kinematic cooling

Chandler and co-workers have used the inelastic collision dynamics of the NO + Ar
reaction M, @] to bring a beam of NO to a halt (figure [3]). Through a carefully
executed collision between the NO molecules and the Ar atoms, the recoil vector
of the NO molecule and the centre-of-mass velocity of the collision partners can be
made to cancel one another out. The directional requirements mean that only a very

small fraction of the atoms are able to have their velocities cancelled. Additionally,



Introduction 17

in order to have effective vector cancellation, the NO molecule must end up in a
highly excited rotational state, since the energetics of the collision produces ground
state NO with too large a velocity vector.

This thesis aims to explore using the dynamics of photodissociation as the mech-
anism of velocity cancellation, in a direct analogue of the inelastic collision scheme
above. Increasing the number of chemically significant species is the only way to
make cold reactions a viable research area. In addition, widening the scope of
accessible species at ultracold temperatures will be of great use in exploring the

temperature dependence of various physical phenomena for a greater range of cases.

1.4 Trapping cold species

In order to successfully study chemistry at low temperatures, the particles them-
selves must be confined spatially so as to interact with another species. Spatial
confinement is important in the sense that it is easier to attempt reactive studies
upon a stationary target, but more significantly, the confinement prevents the reduc-
tion in number density that accompanies the expansion of a cloud of a cold species.
In order to see interesting chemistry, it will be essential to create and contain as
dense a sample as possible.

Fortunately, cold atoms have a very small amount of kinetic energy, and there-
fore forces to contain them do not have to be large. Trapping is necessary in order
to reach the lowest temperatures — temperatures as low as 100 picoKelvin have been
created in the laboratory [66] — and was part of the success of the first MOT [67].
Modern experiments use magnetic coils in an anti-Helmholtz configuration to si-
multaneously confine two cold atomic gases and attempt to create a bound species
using a Feshbach resonance [68]. However, even in the cases where species are at
milliKelvin temperatures, confinement is desirable.

The Paul trap [69] is the tool of choice in the field of quadrupole mass spec-

trometry, and can be used to trap ultracold ions. The trap uses constant DC, and
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oscillating radio-frequency electric fields to dynamically trap ions spatially. Alkali
earth ions can be loaded into the trap [70], which can form an ordered structure,
known as a Coulomb crystal. Other species can be loaded into the trap, and are
sympathetically cooled. This leads to a good basis for beginning ultracold reactive
ion-molecule studies and has recently been extended to rotational cooling of
the molecular species Q] However, confinement of neutral species is much more
challenging.

Optical lattices are commonly used, when attempting to access the lowest tem-
peratures, and are the likeliest current candidates for use in the field of quantum
information processing |73]. The lattice is created through the interference of mul-
tiple counterpropagating laser beams, creating a stationary wave field within which
the atoms experience a Stark shift. The force exerted upon the atoms is enough to
confine them to the potentials within the lattice sites; however, since the potential
wells in the optical lattices are very shallow, this only can only work for the very
coldest of atomic species. Such lattice-confined species have been shown to undergo
quantum phase transtions [74], such as from superfluidity to Mott insulation.

There has been much interest in trapping the output of a Stark decelerator. As
previously mentioned, the advantage of the decelerator is that ultracold molecules
will emerge in a single rovibrational Stark state, creating a pure sample for sub-
sequent, studies. Both electrostatic H] and magnetic g traps have been imple-
mented, achieving densities of the order of 10° cm™2. This has been shown to be a
high enough density to perform collisional studies on such molecules H], and could
be seen as a benchmark density to be achieved for future cold atom or molecule
trapping experiments.

A novel technique for the storage of polar molecules using electric fields has
been to extend the concept of the synchrotron from charged particles to neutral

species [78]. A storage ring made of high voltage electrodes can keep the molecules

on stable trajectories which have been recorded to travel over distances of the order of
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a mile @], and multiple molecular packets can be simultaneously loaded, plausibly
making it a highly useful arena in which to study low temperature collisions.

Other possibilities include the microwave trap, whereby forces that are derived
from the gradient of the microwave radiation field resonant with an atomic transition
confine the atomic species in space [80]. This type of trap utilises the AC Stark
shift that is associated with transitions from rotational structure in certain polar
molecular species as the source of the restorative force. The major advantage here is
that there is next to no spontaneous radiation emitted by the atoms, and that they
can be trapped in their ground states. The molecular microwave trap is capable of
trapping ground state polar molecules in deep wells [81].

There is also the possibility of combining different types of trap. A ring trap has
been demonstrated by combining magnetic trapping with a standing optical poten-
tial [82]. In addition, the MOT has been combined with a thin wire electrostatic
trap (TWIST) to produce a combined electric and magnetic trapping environment
for ultracold molecules [83]. This allows for independent trapping of the products of
photoassociation from the MOT. In short, there are many opportunities for trapping,

both straightforward and complex, with which to confine ultracold species.

1.5 Thesis outline

This thesis concerns itself with the development of the Photostop technique as de-
scribed by Trottier et al. ], and the applicability of the method to ultracold
chemistry in general. Chapter [2 outlines the theory underpinning the method — how
the photolysis of small molecules can lead to velocity cancellation in the lab frame —
in addition to some brief experimental results to verify the previous work as applied
to the NO molecule.

Chapter B details the improved prospects for velocity cancellation when applied
to the atomic fragment case. The chapter details the experiments performed in col-

laboration with Wrede and Carty at the University of Durham, to dissociate bromine
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molecules into zero-velocity atoms, using the velocity-map imaging technique to elu-
cidate temperatures for the atomic samples generated, as well as some estimates of
the number density achievable. It also deals with the simulation of the experimental
data, attempting to replicate fully the ballistic expansion of the atomic cloud, and
how that relates to the detectable signal witnessed.

In chapter M details are given about the attempted construction of a magnetic
trap for the bromine atoms, with designs and expected trappable densities envi-
sioned.

Chapter Bl expands upon the previous chapter, and describes the implementation
of the chosen trapping scheme. It details how a standard ion imaging set-up in Ox-
ford was converted into the Photostop rig as implemented in Durham, and describes
how the detection method was converted into a time-of-flight scheme. The insertion
of the magnetic trap into the ion optics is shown, and results for trapping of zero
velocity bromine is presented, and compared to the case for which no magnets are
present.

The final chapter discusses the successes and shortcomings of the method as a
whole, as well as the implications of the trap as implemented. It also touches upon

the future of Photostop, and the likely avenues of exploration for future studies.
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Chapter 2

Photostop theory

A major stumbling block in the area of ultracold science has been the difficulty of
generating a wide range of cold species, and storing them long enough for interro-
gation. In general, highly specialised equipment is required, such as in the case of
the Stark decelerator E], or many coincidental lasers must be simultaneously over-
lapped, as in the case of the MOT [2]. Thus, it would be highly desirable to create
a more generally applicable method to bring atoms and molecules to a halt. The
Photostop experiment seeks to use the recoil velocity of a photofragment created
during a photolysis process to cancel the velocity of the precursor species, in an
analagous way to that which has been demonstrated by Chandler and co-workers
with elastic collisions between NO and Ar [3], as described in section [[3]

A sensible question to ask at this stage, when looking to create a sample of
cold atoms or molecules for use in a chemical reaction, would be why choose the
Photostop technique? As described in chapter [II, there are already many techniques
available to manufacture either cold atoms or molecules. If our main goal is to
study chemical reactions, rather than just cool down the species, then surely more
advanced laser cooling techniques should be used. However, such methods can be
very difficult to construct and operate. So what are the benefits of this technique?

First and foremost, the Photostop method is experimentally and conceptually

more straightforward than many of the more mainstream techniques. From an ex-
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perimental perspective, the set-up is very much the same as you would find in any
standard ion imaging laboratory, and requires only two coincidental laser beams. It
could be argued then, that the Photostop method offers an easily accessible arena
in which to perform spectroscopy on ultracold samples; it should offer longer inter-
rogation durations, and thus more precise measurements than traditional molecular
beam spectroscopy. All of this means that for many groups, it may be a readily
accessible way to interrogate an ultracold sample.

The ability to generalise the technique to other species is the other main ad-
vantage of Photostop; since any molecule can be photolysed, there is a reasonable
probability than any number of fragments could be cooled to ultracold temperatures,
greatly extending the scope of low-temperature chemistry. It is therefore possible
that, in investigating the viability of the technique, we find a rival to the established
methods of cold atom and molecule generation, which would be a highly exciting
prospect, scientifically. The main drawback of the technique lies in finding an acces-
sible state of the precursor molecule near to the dissociation threshold, as discussed

n section [2.2.2)

2.1 Photodissociation

Photodissociation is one of the most basic of all chemical processes. Photolysis
plays an essential role in interstellar chemistry, being the major process by which
molecules are broken down [4], and, closer to home, is one of the most important
processes in the atmosphere of planet Earth [5]. In the troposphere, two of the most

significant reactions are:

O, + hv—>0, + O('D), (2.1)

and

O('D) + H,0 — 20H. (2.2)
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Radicals are amongst the most critical components of atmospheric chemistry; for
instance, the hydroxyl radical is central to many decontamination processes [6].
Oxygen radicals themselves are critical in the formation of the protective ozone
layer, however, photodissociation has also been shown to cause the damaging reverse
reaction [7]. Photolysis has therefore been extensively studied, and the dissociation
schemes of many molecules, large and small, have been catalogued in great detail.

Many methods have been used to elucidate data from photolysis experiments.
The rates of gas phase decomposition have long been monitored using absorption
techniques, which can be analysed using the Beer-Lambert law [8]. More modern
experiments attempt to detect the fragments in a more detailed manner, measuring
the kinetic energy released [9] by way of time-of-flight (TOF) measurements [10].
The most recent techniques available are able to reconstruct the full velocity and
angular distributions of the fragments ], and current techniques are being de-
veloped to allow full velocity, angular and temporal distributions to be determined
simultaneously |12, Q] Such techniques could all be useful in determining whether
a given photolysis process will be able to give us zero-velocity fragments.

It is important to note that in a photolysis process, there is a requirement for
a bound to unbound electronic transition in the wavelength of interest, so as to
dissociate the molecule rather than creating an excited bound state. Previous inves-
tigation [14] has shown that certain simple molecules (NO, CO and NH;) may not
have the correct energetics for facile velocity cancellation using photodissociation,

and therefore inviable as proof-of-principle precursor molecules.

2.2 The Photostop technique

The concept of velocity cancellation using photodissociation as the mechanism to
produce cold NO molecules was first postulated by Matthews and co-workers [15]
in 2007. The method was first proven by Zhao and co-workers [16], though the

molecules were only witnessed to stay in the detection region for a few hundred
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nanoseconds. The first methodical probing of Photostop was demonstrated by Trot-
tier and co-workers H] in 2010. The Photostop technique attempts to use photodis-
sociation as a mechanism of bringing the narrow velocity distribution (and therefore
kinetically cold) from molecular beam speeds to being centered around zero-velocity
in the lab-frame.

In a photodissociation process, the difference between the photon energy and
bond energy goes into the recoil kinetic energy of the fragments in the centre-of-
mass (COM) frame and also the internal energy of the fragments. The lab-frame
velocity of the fragment is then the vector sum of this recoil velocity with the
original parent molecule’s LF velocity. Controlling the photolysis energy and angle
of fragmentation, the LF velocity of one of the radical fragments can be varied
arbitrarily, and reduced to zero under the right conditions. This is best illustrated
through the use of a Newton Diagram (see Figure 2.1I). The Photostop technique
attempts to maximise the proportion of fragments which are produced with zero
lab-frame velocity.

There are two main factors that need to be considered: the spatial and energy
distributions of the fragments. The ring in the Newton diagram represents the
Newton sphere, the radius of which in velocity space is proportional to the square
root of the kinetic energy release of the dissociation process. If the radius of this
sphere is the same magnitude as the molecular beam velocity then, at a recoil angle
of -180° when compared with the molecular beam direction, the velocities will cancel.
This recoil angle is measured relative to the electric vector, €, of the dissociation

laser.

2.2.1 The molecular beam

The method by which a room-temperature sample of gas is converted into a uni-
directional beam with a narrow velocity distribution is via supersonic expansion of

the gas through a nozzle. Pulsing at 10 Hz limits the gas load, and therefore the
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Figure 2.1: Newton diagram detailing the relevant vectors for dissociation of a
triatomic molecule, ABC. In the diagram, v is used for lab-frame velocities and u
for COM-frame velocities. If uap is equal and opposite to vapc, then vag will be zero.
The motions of the atoms in the relevant reference frames are shown underneath
the Newton Diagram.
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background pressure in the vacuum system, in addition to the requirements on the
pumping system. This achieves a beam of molecules which can reach a transla-
tional temperature of down to 1 K in the COM frame; the use of a higher backing

pressure may give rise to a lower temperature but this may lead to cluster forma-

tion in the beam [18]. The mechanism by which the molecular beam is created is
well-documented, but highly complex |19, 20]. The energy equation is given by,
02

where h is the system enthalpy, v is the velocity, and hg is the enthalpy at the
stagnation source, i.e. the nozzle, and is a constant. The pressure gradient between
the source and the vacuum provides the flow work; as the gas expands out of the
nozzle, the enthalpy decreases, leading to an increase in velocity along the axis of
ejection.

It is not just the acceleration of the molecules along one axis that is of interest.
The kinetic energy of the molecules is high, but this energy has to have come from
somewhere. The rotational and vibrational energies of the molecules have essentially
been channelled into kinetic energy in the supersonic expansion, and as such, the
beam is internally cold. Using a Boltzmann style distribution of states to calculate
a temperature, it is common to find molecular beams temperatures of 1-10 K. How-
ever, the redistribution of energy is not comparably efficient; specifically, vibrational
energy redistribution is not as efficient as for kinetic or rotational energy redistribu-
tion ] As such, it is common to find that a molecular beam source will contain
a significant minority of v = 1 states.

Combined with a skimmer, which removes molecules with higher perpendicu-
lar velocities, the molecular beam provides a well-collimated set of molecules in a

collision-free environment, with very well defined trajectories, and cooled internal
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degrees of freedom. The terminal velocities can be described by equation 2.4}

Voo = \/% (ﬁ) T, (2.4)

where v, is the terminal velocity of the molecular beam, R is the molar gas constant,

W is the molecular weight, and v = C,/C'y, the ratio of the heat capacity at constant
pressure to that at constant volume. In addition, for a mixture of two gases, the

weightings of the two gases in the mixture are taken into account:

2R Vi
I L T 25
. (Zx ) o 25)

p Yi—

where y; refers to the mole fraction of species i. The target species can be seeded
in a rare gas to gain some control of the terminal velocity, since the final velocity
will be dependent upon the weighted molecular masses, as shown in equation
Using an excess of the rare gas, the final velocity will be closer to that of a pure
beam of the carrier gas. The main carrier gases used in the velocity cancellation
studies are argon, krypton and xenon, and their respective terminal velocities are
approximately 560, 385 and 310 ms~!. If we assume a molecular beam temperature
of 5 K, then this creates a Gaussian velocity distribution centered at the terminal
velocity, with a full-width half-maximum (FWHM) spread of around 10 % of the
total velocity of the beam. 5 K is a reasonable temperature to assume from previous
molecular beam studies.

The internal temperature of the gas can be verified spectroscopically. In the
case of NO,, a rotational spectrum of the residual NO in the molecular beam can
be recorded, which can then be simulated. The spectrum has been simulated using
the PGOPHER software ] and the relative amplitudes of the rotational lines at
T = 5 K most closely match the experimental data. The comparison is shown in

figure 2.2
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Figure 2.2: Rotational spectrum of NO, taken within the molecular beam. The
temperature of the beam is simulated from PGOPHER to be around 5 K. The
spectrum is in red, and the lower graph is the PGOPHER simulation.

2.2.2 Energy distribution of fragments

Newton’s First Law of Thermodynamics states that the internal energy of a closed
system is equal to the heat put in minus the work performed by the system onto
its surroundings. In other words: the energy of the system must be conserved.
When molecules dissociate, energy must be conserved in accordance with the First
Law. The system here is the molecule, and the energy input comes from a laser
photon. The total energy after dissociation must be equal to the inital energy of the
molecule, plus the photon energy. Therefore, it is straightforward to establish the
recoil energetics of the photodissociation process. For instance, in the dissociation

of a triatomic molecule, ABC, in the laboratory frame:

hv + EglC + B = Do = Efgile: (2:6)
where hv is the energy of the dissociation photon, EAEC and EABC are the kinetic

and internal energies respectively of the precursor molecule, Dy is the zero-point
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AB+C
Eavailable

dissociation energy of the process, and is the total energy available to the

departing fragments. Eé:]zﬂtﬂcale can be described as such:
AB+C AB C AB C
Eaitabie = Piin + Bign + By + Eiye- (2.7)

Equation simplifies when we consider the equation in the COM frame. In this
frame of reference, the kinetic energy of the parent molecule is zero, hence:

hv 4 EABC — Dy = ERETC(COM) + EAP 4+ ES,, (2.8)

nt int 1

where

Einarc(COM) = ESB(COM) + ES (COM). (2.9)

The COM kinetic energy available to each fragment is related to the ratios of the
masses of each species; a lighter fragment will take the majority of the kinetic energy
available in the system (Equation 2.10).

EE, (COM) = ﬁEﬁf*c(COM). (2.10)

The velocity spread of the final sample will be dependent on the partitioning of
energy between the number of possible dissociation pathways available. For instance,
if there are many rotational quantum states available to a fragment, then there will
be many different ways to partition the kinetic energy, reducing the possibility of

producing fragments at an exact recoil speed:

2man
- Eavaia e COM 2.11
(¢ \/mc<mc T mAB) labl ( ) ( )

It is worth noting that E#Z¢ is normally very low in a molecular beam precursor,

as detailed in section 2.2, and therefore contributes little to the overall energy

distribution.
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It is all well and good at this stage declaring that dissociation of a molecule
with a photon at a given energy can bring about velocity cancellation, but there
are other factors to consider. The linewidth of the dissociation laser means that
there will be a (narrow) distribution of input energies, hr, leading to a distribution
of energies available to the fragments. In addition, there is a spread of velocities
of the parent molecules in the supersonic expansion, despite the low translational
temperatures [19]. As a result, not all precursor molecules will have a velocity
vector which is capable of being cancelled. Both of these factors will diminish
the probability that any given fragment will be formed with zero-velocity after the
dissociation event.

It is plain to see from equation .T1] that the recoil velocity is proportional to
the square root of the available kinetic energy, and thus highly dependent upon the
energy provided by the dissociation photon. This illustrates the point that the higher
above the dissociation threshold at which photolysis occurs, the greater the recoil
velocity. Since we are attempting to match the recoil velocity to the molecular beam
velocity, a higher recoil velocity necessitates a higher beam velocity. As a higher
molecular beam velocity is broadly associated with a greater velocity spread, it is
preferable to use as low a molecular beam velocity as possible, and by extension, it
is desirable to dissociate as close to the dissociation threshold as possible.

It is clear from the energetic requirements that dissociation near to threshold is at
least useful, maybe even a necessity. Hence, it required that there is a dissociative
potential energy surface near to the threshold, to which the precursor molecule
can be excited to bring about fragmentation. This requirement is likely to be a
major barrier to finding species which can be used as the parent molecule for the

experiment.
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Figure 2.3: Schematic of the co-ordinate system, where z is the axis of the molecular
beam, and also the axis of the laser polarisation, e.

2.2.3 Angular distribution of fragments

The description of the interaction between light and matter can be conveniently
described with standard perturbation theory, linking the transition dipole moment
pgi = (f|pe|i) to the probability of photon absorption. The photon absorption prob-
ability is at a maximum when its E-field vector, €, is parallel to iy, [23]. For the case
of simple diatomic molecules, fif; is generally either parallel to, or perpendicular to
the molecular axis, and as such, dissociation is most likely to be along one of these
axes.

In the photodissociation process, the angular distribution of fragments is deter-
mined by the route of dissociation. The electronically excited state through which
the dissociative pathway proceeds will determine the recoil angle of the fragments
relative to € of the dissociation laser, defined in figure 23l The fragment recoil ve-
locity must be not only be equal in magnitude, but opposite in direction, in order
for it to cancel with the molecular beam velocity vector.

For one-photon dissociation, the angular distribution of a dissociation can be

reduced to a dependence upon one variable, 3, the angular anisotropy parameter,
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when expressed in terms of Legendre polynomials M]

o

1(0) gy

(1 + BPy(cos(6))). (2.12)

In this equation, ¢ is the photodissociation cross-section, 6 is the angle between the
electric vector of the dissociation laser, €, and the velocity vector of the departing

fragment (see figure 23]), and Py(cos(f)) is the second Legendre Polynomial:
Lo o
P() = 5 (3 - ). (2.13)

To calculate the probability of a specific fragmentation angle 6, it is necessary to
integrate equation over 6.

The classical limits of this parameter are § = +2, where the fragmentation
primarily occurs parallel to the axis of ¢, and § = —1, the perpendicular limit. If
dissociation were to occur isotropically, then there would be a very small number
of fragments recoiling back along the molecular beam axis. To achieve maximum
velocity cancellation, we require that the recoil of the fragments occur along the axis
of the molecular beam. Thus, € can be aligned along the said axis, and a dissociative
pathway with a 3 value near the parallel limit is ideal.

[ is a difficult variable to calculate from first principles, as it is a function of
the energy available upon dissociation, and which product channels are active. It
is therefore affected by the mixing of the electronically excited states. Hence, when
selecting a precursor species, it is best to work with a system which has been heavily

studied, and for which the  parameter has been experimentally verified.

2.3 Verification of the Photostop method with NO

NO is a very chemically significant molecule that has been widely studied, owing to

its status as one of the simplest radical molecules, and also by virtue of its strong
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resonances in its REMPI spectrum, making it easily detectable @] Whilst it is
rarely used commercially, it is a very important molecule biologically ]. NO
is also present in the atmosphere; it has been implicated in the destruction of the
ozone layer [29].

Given the significance of NO, it is therefore an attractive candidate for study at
ultracold temperatures: its well documented REMPI spectrum will make it a good
test subject for testing the improvement in resolution of spectroscopic lines at the
lowest temperatures, and as a radical species, it may well have some near-barrierless
reactive pathways which were highlighted in chapter [I as being likely scenarios in
which quantum reactive behaviour may be observed. However, the major advantage
of choosing NO is that it is experimentally feasible to create at low temperatures,
and detect in small quantities, due to the aforementioned strong REMPI spectrum.

Previous studies into the anisotropy of the photodissociation of NO,, , Q] have
shown that the [ parameter fluctuates wildly directly at threshold, but it emerges
that around 300 cm ™! over the dissociation limit this levels off to around 8 = +1.5,
a dissociation largely parallel to the laser polarisation. Combined with the fact
that NO, absorbs strongly near threshold, it should be possible to stop either NO
molecules or O atoms. Past attempts to implement the method for cold molecule
formation have used NO, dissociation to create zero-velocity NO molecules [16,

|. Other ideas have been to try and velocity cancel SO molecules from a Stark
decelerated beam of SO, [31], since the SO, can be dissociated almost directly at
the dissociation threshold — though deceleration of SO, is not straightforward in
itself [32]. The following work in this thesis was performed in collaboration with
Wrede and Carty at the University of Durham, who had an apparatus set up with

the correct geometry for these experiments.
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Figure 2.4: Energy level diagram for the dissociation of NO, molecule. The disso-
ciation photon excites the molecule from the 2A; ground state to the 2By, where it
predissociates into NO+O. The NO is then probed using a (1 + 1) REMPI process.

2.4 The Photostop experiment

2.4.1 Dissociation of NO,

The dissociation of NO, has been widely studied, since both statistical and state-
specific features have been witnessed in the photolysis of the NO, molecule. The
dissociation pathway utilised in the experiment is shown in figure 2.4

The dissociation threshold is Dy = 25128.56 cm™! [33], and the near-threshold
dissociation has been extensively investigated in its own right |15, 130, Q] Most
significantly, the studies show a great deal of variation of the [ parameter close to
threshold E_J] The mechanics of the dissociation process are shown in figure

If we assume that dissociation is infinitely fast over the timescale of the rotation of

the molecule then [36],

Brim = 2Ps(cos(x)) (2.14)

where y is the angle between the laser polarisation vector and the vector R where
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Figure 2.5: Dissociation dynamics of the NO, molecule.

R is the initial distance between the departing O atom and the COM of the NO
fragment. The available energ@ﬁects the [ parameter, which depends upon the

).

transverse recoil angle ¢(Eay)

Brimit (Lav1) = Pa(cos(x + @(Ea))) + Pa(cos(x — ¢(Eav))), (2.15)

where the transverse recoil angle is the angle between R and the oxygen velocity vec-
tor. Eg,,; is the excess energy over the threshold for production of a given rotational

quantum state. To determine p(E,,;), we can use the classical expression |36,

2
HNOT Erot

HNOT Pt 2.16
,UNO2 RzEavl ( )

sin? O(Ea) =

where r is the NO internuclear distance. However, near the dissociation threshold,
the dissociation can be slow compared to the rotational period. This modifies 3 to

become an average quantity [37].

Py(cosa) + (w <7 >)* —3w < 7 >sinacosa
145w <7 >)?

< ﬁ > (Eav1> ~ 5limit(Eav1> R (217)

where w < 7 > is the angular velocity of rotation of the parent molecule, multiplied
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by its average lifetime, and « is a tipping angle @]

a = arctan <ﬁ> : (2.18)
u

where u is the COM recoil velocity of NO and v; is the tangential velocity of the

separating fragments. All of this leads to complex dissociation dynamics.

2.4.2 Photofragment ion imaging

One of the most powerful modern techniques for the study of molecular reaction
dynamics has involved the ionisation of the products of a photodissociation pro-
cess. In 1987, Chandler and Houston developed the method of photofragment ion
imaging [38]; the photofragments were ionised in the electric field gradient created
by a repelling plate held at a fixed potential and two grounded plates, which then
accelerate the ions towards a position sensitive imaging detector. The great advan-
tage of the ion imaging technique is that, through the 2-dimensional crushing of the
ions onto the detector, we can witness the angular distribution of the fragments as
they are ejected, as well as their relative velocities. The direct imaging of the ions
represented a major step forwards in the field of molecular reaction dynamics, as the
internal energies of the parent molecule and fragments all play a part in determining

the kinetic energy of the resultant fragments.

REMPI

Resonance Enhanced Multi-Photon Ionization, or REMPI, is the tool of choice for
ionisation in photofragment ion imaging. It also allows for ionization and detection
of species which are unsuitable for detection by laser induced fluorescence (LIF). LIF
excites a transition within the species, and monitors the fluorescence as it relaxes
back to the ground state. This gives a spectrum, as emitted photons correspond
to relaxation back to particular rotational states. As LIF is an emissive technique,

rather than an absorption method, it makes it a very easy way of measuring signal,
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since you only need an optical detection system, such as a camera.

A major advantage of the REMPI scheme is the ability to measure the veloc-
ities of the ions as they collide with the detector, by using a position sensitive
detection scheme. This is a critical advantage for a scheme involving velocity can-
cellation, where we are attempting to extract the velocity distribution from the
stopped species. It is possible to measure the velocity distribution of the stopped
atoms using LIF; the Doppler width of the transitions can be measured in order to
determine the velocity distributions in some cases [39].

One of the negative points of REMPI is that it is necessarily a destructive tech-
nique; the formation and subsequent detection of ions removes the particles from
the detection volume. In the case of LIF, the particles are not lost in the process of
detection, and thus for future experiments where retention of the sample is critical,
may be of interest.

The main benefit of REMPI for early experiments where detection efficiency is
paramount, is that the detection of ions occurs with near unit efficiency. For the
case of LIF, photons can be emitted in all directions, not necessarily towards the
detector. Since the initial experiment will be attempting to detect very low number
densities, REMPI was chosen as the detection technique.

Importantly, the REMPI spectrum of NO is well characterised; indeed, some of
the earliest REMPI studies were performed on jet-cooled NO [25]. For the following
experiment, (1 + 1) REMPI of NO via the (A ?XT) state was performed in the
Jj] (see figure 2.6]).

In the experiment, the dissociation and probe lasers are assumed to have a

region of 226 nm

Gaussian intensity profile [20]. In such a description, the laser beam is ‘bounded’ by
the distance at which the intensity drops to 1/e? (approximately 0.135 of the peak)
of that on-axis. This boundary, the beam waist, w, is described in equation 2.19]

e (22)] 219)

w?(x) = wy
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Figure 2.6: Energy level diagram for the (1 + 1) REMPI process used in the exper-
iment.

Figure 2.7: Depiction of the focus of a laser beam, showing the definition of the
Rayleigh length, xg.

where wg is the waist size at the focal point, A is the wavelength and z is the
displacement from the focus along the laser axis. The collimated region of the beam
is defined as the area for which the laser spot is less than /2 wy (see figure 7).
The distance over which this occurs is known as the Rayleigh range, +z 5, defined
in equation 220}

rp =2 (2.20)

The spot size at the focus of the beam is dependent upon the focal length, of the

lens used in the experiment, as seen in equation 22T}

3

)
TW;

wo = (2.21)

where f is the focal length of the lens, and wy is the spot size at the lens.
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Figure 2.8: Schematic of an Eppink-Parker velocity-map imaging set-up, as used in
our experiment, with electric field lines creating velocity-mapping shown. If ions are
created with identical velocities (represented by the arrows) but at different points
within the electric field, they will still be focussed to the same point on the detector.

Velocity-map imaging

The determination of photofragment velocities is the crucial part of the velocity
cancellation experiment for analysis of the temperature distribution of the molecules.
Velocity-map imaging was refined in 1997 by Eppink and Parker ] as an extension
of photofragment ion imaging. They discovered that removing the grid from the
extractor and ground plates in a standard Wiley-McLaren style ion imaging
apparatus, ions created with the same velocity but at different positions would be
mapped onto the same point on the detector. This is illustrated in figure 2.8

The image appears as a 2D compression of the full 3D velocity distribution
in which the Newton sphere of velocity vectors is reduced to rings (see figure [2.9]).
However, the compression of the 3D sphere can complicate matters; extraction of the
full 3D velocity distribution from the 2D image is necessary. This can be achieved,
by means of mathematical techniques, such as the inverted Abel transformation,
as described by equation 2.22], or polar onion peeling methods }, although these

methods assume that the image has a cylindrical axis of symmetry in the plane of

the detector.

1 [ZdF(y) dy
f(r)= ——/r i el (2.22)
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Figure 2.9: Tlustration of the full 3D velocity distribution and the 2D crush that
is seen on the detector. A mathematical reconstruction technique can be used to
regenerate the form of the 3D distribution.

where r is the radial position from the centre of cylindrical symmetry, ¥ is the axial

displacement and F'(y) is the 2D function with respect to y. For experiments where

there is no such axial symmetry, such as those involving aligned fragments ,

|

must be applied. The need for any mathematical manipulation can be eliminated by

more complicated forward convolution techniques or Fourier moment analysis

collecting data using slice imaging techniques }, wherein the several slices through
the velocity sphere can be directly imaged using narrow time gating techniques at
the detector.

Abel inversion is used to determine an accurate value for the radii of the velocity-

map rings, which then calibrates the velocity in any image (see section 2.4.4]).

Detection

In order to take advantage of the velocity-map imaging, we need a detection scheme
which allows us to visualise the final positions of the ions when they hit our detec-
tor. For this we use a matched pair of imaging-quality microchannel plates (MCPs:

40 mm diameter, Kore Ltd.), which amplify the small current of the ions hitting the
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Figure 2.10: Plot of the measured signal level versus MCP voltage (blue stars). The
data has been fitted to an exponential growth curve (ochre).

surface of the front plate, by causing a cascade of electrons to shower off towards the
rear plate, which in turn creates another electron cascade which flys towards a phos-
phorescent screen. The electron impact upon the screen causes it to phosphoresce,
the light from which can be picked up by a CCD camera.

Since the signal amplification by the MCPs is dependent upon this electron
cascade, it follows that the voltage applied to them directly affects the visible signal.
Figure shows the measured dependence of the detected signal on the voltage
applied to the front plate. In this instance, the rear plate is grounded. The fit to
the data is an exponential fit — signal oc e®), where V is the applied voltage, and
b is a variable determined to be 1.68x1072 V1. With this factor calculated, it is
possible to compare high signal levels, recorded at low MCP voltage, with low level

signals that need to be taken at high MCP voltage.
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Figure 2.11: Schematic view of the experimental chambers.

2.4.3 NO, Experiment

The apparatus used to run the experiment is described below. A schematic of the
experimental chamber is shown in figure 2211l and a more detailed schematic of the
ion-optic set-up is shown in figure A molecular beam is created through a
pulsed (10 Hz repetition rate) supersonic expansion of the gas mixture through a
0.5 mm nozzle, in a source chamber pumped by a diffusion pump to 10~7 mbar. The
molecular beam passes through a 1 mm diameter skimmer into the main chamber,
pumped to 10~ mbar by a rotary-backed turbopump, before being intersected at
right-angles by two focused laser beams counter-propagating along the z-axis, gen-
erated using tunable dye lasers (Sirah), 121 mm from the nozzle. The gas mixture
is created by mixing 1 bar of NO, in 5 bar of Xe. Seeding the NO, in the heavier
Xe reduces the molecular beam velocity, allowing us to dissociate closer to threshold

for the photolysis experiment.
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Figure 2.12: Schematic view of the experimental ion optics.

The first laser dissociates the NO, molecules in the region 385-392 nm (Nd:YAG
3rd-harmonic pumped dye laser, 1 mJ/pulse) and the second ionises the NO molecules
via a (1 + 1) REMPI process on the NO A?Y* J = 1/2 «— I3, J = 3/2, Ppy
rotational line [40] at 226.816 nm (Nd:YAG 3rd-harmonic pumped dye laser, fre-
quency doubled, 0.15 mJ /pulse). Both lasers are linearly polarised, with the electric
vectors, € lying parallel to the molecular beam axis, z. The ions are then velocity-
mapped onto an MCP and phosphor screen imaging detector, and the subsequent
image is captured by a CCD camera (see Figure 2.12]). Note that we are attempting
to detect NO molecules in the excited spin-orbit state, X %Il 12 J = 3/2 state.

The timing sequence for the experiment has been outlined in figure 2.131 The
time referred to as ‘delay’ throughout the thesis refers to the time between the Q-
switch of the dissociation laser and the Q-switch of the probe, i.e. the time between
dissociation and ionisation. The sequence of pulses is important; the pulse which
triggers the nozzle firing (B) must be set relative to the Q-switch delay of the
dissociation laser (C), unlike the other timings which are set relative to the Q-switch

of the probe laser (F). This means that the relative delay between gas firing and
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Figure 2.13: Timing sequence for the experiment. The channel letters are used for
clarity.

dissociation laser firing remains constant, even whilst the dissociation to ionisation
delay increases. The dummy channel (A) is installed so as to be able to program
negative timings — for instance, firing the probe laser prior to the dissociation laser.

The delay between the two lasers can cause problems with the signal level, mak-
ing it acutely sensitive to misalignment, as shown in figure 2214l The signal should
be optimised on the velocity-map image, at a relatively short delay time, e.g. 10-
20 ps, so as to ensure we are imaging the zero-velocity ions, and not an artifact of
misalignment. To check for such misalignment, it is necessary to maximise signal
level, then confirm that the signal decays correctly over the first few microseconds.
The signal can be seen to increase in some instances after zero delay if the probe is

in the path of the faster moving molecules.

2.4.4 Velocity-map image calibration

Looking back to equation 2.8 we see that the kinetic energy of the fragments de-
pends upon the energy supplied to the system. Notably, in the experiment, we
are detecting a single rotational quantum state of NO, the internal energy of the
molecule, E;,;(NO), is fixed. It is this single rotational state that is seen in the

velocity-map images. Faster fragments will create larger rings in velocity space,
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Figure 2.14: The possible effects of laser misalignment upon signal level. The di-
agrams show what happens if signal optimisation occurs at a short time delay. In
a), the two lasers overlap spatially, and during alignment at a short delay, the zero-
velocity atoms are ionised. In b), the lasers can be spatially misaligned, yet the
signal will appear to be at the same level, should the delay be such that the faster

atoms have moved into the probe beam.

Ref | hv / em™ | TKER / em™! | KE NO / em™ | v NO / ms™! | pixel radius | ms™! / pixel
a 25411.98 165.51 D7.58 214.29 32.55 6.584

b 25456.23 209.64 72.93 241.16 36.66 6.578

¢ 25546.51 298.54 103.86 287.79 43.88 6.558

d 25608.23 359.70 125.13 315.90 48.20 6.554

e 25664.44 416.61 144.93 339.97 51.82 6.561

f 25731.49 482.18 167.74 365.75 55.83 6.551

g 25828.93 582.27 202.56 401.92 61.19 6.568

h 25940.14 692.83 241.02 438.42 66.79 6.564

i 26107.43 860.51 299.36 488.60 74.42 6.566

shown in figure 2.15]

Table 2.1: Velocity-space calibration for the NO molecule.

Calibration of the velocity-map gives the pixel-to-velocity ratio. Here, one pixel

on the velocity-map is equivalent to approximately 6.56 ms~—! for an NO* ion. This

is calculated in table 211

2.4.5 Characterisation of the molecular beam

In the experiment, the molecular beam is travelling perpendicularly to the axis

of detection.

As a result, velocity-map imaging of the molecular beam itself is

possible along both the z- and x-axes (as seen in figure [Z12]), from which we will be
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Figure 2.15: Calibration images of NO molecule velocities. Rows 1 and 3 show the
2-D compressed raw velocity-map images, and underneath are shown the relevant
slices through Abel Inversion. The relevant calibration data is given in table 2.1],
and the letters in the table correspond to the images shown in the diagram.

able to extract both perpendicular and parallel molecular beam temperatures B]
The velocity distribution of the molecular beam is a critical parameter; the spread
of velocities in the molecular beam determines the fraction of the fragments that
can be brought to zero-velocity. The velocity distribution can be thought of as a
convolution in velocity-space of the COM recoil velocity and the velocity spread
of the molecular beam (as described in figure 220)). The velocity distribution of
the molecular beam can be measured using velocity-map imaging of the resonantly
ionised NO, molecules, and the calibration can be calculated by comparing the mass

of the NO, to that of the NO:

m
TOF « ,/—, 2.23
e (2.23)

where ¢ is the ion charge, and Vg is the voltage of the repeller plate H] The profile

of the molecular beam pulse can be determined by recording velocity-map slices
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Figure 2.16: Plot of velocities of the NO, molecules versus position in the molecular
beam, as determined by the time between the nozzle and the laser firing.

through the beam, using the 10 ns long laser pulse to record only a specific velocity
portion of the beam.

Figure shows how the density and velocity of gas varies through the molec-
ular beam. It is important to know the peak velocity of the molecular beam, since
the efficiency of the velocity cancellation process depends upon matching the pho-
todissociation wavelength to cancel the most probable velocity. Figure 2217 shows
the profiles of the 3D plot for clarity.

There are various ways that the molecular beam can be altered in order to
best achieve the stopping condition. The composition of the gas in the beam can
greatly affect the flow, as described in section 2.2.J] We can alter the carrier gas
to change the terminal velocity, or change the relative ratios of the two gases, or

change the backing pressure to the valve. In addition, we can change the parameters
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Figure 2.17: Left: Plot of NO, intensity as a function of the position through the

molecular beam. Right: Plot of velocities of the NO, molecules in the molecular
beam.

determining the size and shape of the gas pulse. The width of the voltage pulse
applied to the solenoid to retract the poppet can be varied; ideally, this would want
to be as short as possible, to reduce the possibility of collisions from undissociated
molecules or carrier gas with the stopped molecules (see Chapter [). The tension
of the face-plate on the front of the valve can also be adjusted, externally to the
experiment. This has a great effect on the shape of the molecular beam pulse, and
was therefore optimised during the course of the experiment. The molecular beam

shape was analysed with a fast ionisation gauge (FIG), positioned on the molecular

beam axis, after the ion optics.

2.4.6 Finding the zero-velocity point

While measuring the diameter of well-characterised rings calibrates the relative
velocity-mapping, another method is required to determine the image pixel that
corresponds to zero transverse velocity. Using the extraction voltages for velocity-
mapping, the main chamber is filled with a low pressure of NO, via a leak valve
directly connected to the source chamber. This gives a Maxwell-Boltzmann distri-
bution of velocities with a zero-mean (Gaussian spread with a standard deviation,

o = \/kT/m). Tonisation of this gas will produce an image as shown in figure 2.T8]



Photostop theory 54

—X
i

-200 -100 0 100 200
pixel

Figure 2.18: Thermal background of NO, leaked into the main chamber: velocity-
map, left, and plotted Gaussian distributions, right. The Gaussians are shown with
their positions relative to the geometric centre of the detection apparatus.

a diffuse blob with its centre at zero velocity. Fitting a Gaussian curve to each of
the velocity distributions will yield the zero-velocity point, in pixels, as well as the
standard deviation. The offset of the zero-velocity pixel from the geometric centre
of the detector is given in table 22 and exists due to a minor misalignment be-
tween the centre of the CCD camera and the centre of the phosphor screen. Taking
the previous velocity calibration and correcting by the ratio of NO to NO, masses,
the velocity-to-pixel ratio is measured to be 5.30 ms™' /pixel. The standard devi-

1

ation of a the Gaussian fit to these data is 0 = 235 ms™'. Rearranging the 1D

Maxwell-Boltzmann velocity distribution equation gives,

F(v) o exp <-me%€’ > , (2.24)

we can extract the temperature:
Tip = 701D (2.25)

where 1D represents the fact that this is a measurement along one cartesian axis;
this yields a temperature of 320 K, i.e. slightly above room temperature. This

shows at the very least, that the velocity-to-pixel calculation is of the correct order
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axis | centre / pixels | FWHM / pixels
Vg 18.5 111
v, 34.9 115

Table 2.2: Zero-velocity point analysed.

of magnitude.

2.4.7 Finding the point of velocity cancellation

Velocity cancellation occurs when the recoil velocity of the NO fragment is equal and
opposite to that of the parent NO, molecule. The dissociation wavelength required

can be expressed using equation [2.206

1 /myo,m -1
Adiss = he |:_ ( O NO) ,Ulz)eam + DO + Fing ) (226)
2 mo

where Vpeqr 18 the velocity of the molecular beam. This equation is derived from
the rearrangement of equations and 210l The dissociation process produces one

molecule of NO, and one oxygen atom, shown in equation
NO, + hv — NO(v', J') + O(*P;), (2.27)

where hv is the photon energy, v and J are the vibrational and rotational lev-
els of the NO molecule and j represents the spin-orbit state of the oxygen atom.
Near-threshold dissociation of the NO, molecule occurs via the vibrational levels
of the A 2B, state. However, there is much nonadiabatic coupling with the higher
vibrational levels of the ground state, X 2A;. Due to this coupling, the decay of
NO, into its fragments is a chaotic process and becomes quite complex very near
threshold [46]. For the purposes of this experiment, however, the critical factor is
that the dissociation anisotropy is highly polarised along the electric field of the
laser at the required dissociation energy.

It is helpful to know the rotational temperature of the NO,, in addition to the
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390 nm 389.5 nm 389 nm

Figure 2.19: Velocity-map images showing the change of transverse velocities of zero
v, atoms with respect to dissociation wavelength, 10 us after dissociation. On the
right-hand side, a Newton diagram descibes how the velocity mismatch generates
these 'wings’, overlain on the 389 nm case.

fragment rotational distribution. The relative probabilities of dissociation to each
of the oxygen spin-orbit states is also necessary. Coupling in the velocity spread of
the molecular beam, there are a wide variation of possible recoil velocities for the
NO molecule.

Figure shows that at a delay of 10 us, increasing the wavelength of the dis-
sociation laser significantly alters the transverse velocities of the atoms. From left to
right, each frame shows the velocity-map image recorded at decreasing dissociation
wavelength, and therefore the recoil kinetic energy available is increasing. Thus, in
order to match the velocity of the molecular beam along the z-axis, the velocities
along the perpendicular axes will have to increase, seen in figure 219 (right-hand
velocity-map). The dotted line is the v, = 0 line in the laboratory frame. This only
intersects with the COM recoil velocity at non-zero perpendicular velocities. On the
velocity-map, this manifests as lateral velocity ‘wings’. In the experiment, we can
vary the dissociation wavelength whilst watching the velocity-map image at a par-
ticular delay time to optimise the signal. To get the best signal we want to catch the
very crest of the ring, which will lead to perfect velocity cancellation. In practice, it
is difficult to obtain a high enough signal level at a long enough delay time to be able

to optimise the wavelength in real time. Hence an alternative method of zero-point
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determination is needed. An action spectrum can be taken; that is, the dissociation
wavelength can be scanned whilst the probe laser wavelength remains positioned on
a given REMPI rotational line of NO, and overall signal can be measured, giving

some idea of an optimum dissociation wavelength.

2.4.8 Understanding the action spectra

An action spectrum is produced when the dissociation wavelength is scanned for a
given probe wavelength, measuring the ionisation signal that remains in the probe
volume, at a given pump-probe delay. This will give us some idea of the efficiency of
the dissociation process. If make the (erroneous) assumption that all fragments are
dissociated such that their velocity vectors point directly back along the molecular
beam axis, the problem of velocity cancellation reduces to a purely energetic issue.
So, having discounted the angular distribution, what can the action spectrum tell
us?

Assuming an infinitely narrow laser linewidth, there is a direct relationship be-
tween the photon energy, hv, and the fragment recoil velocity in the COM frame.
For a precursor molecule with a given internal energy, and dissociating to specific
product quantum states, the only variable is then the photon energy (see equa-
tion 2.8)). In this case, for every photon energy, there is a corresponding fragment
recoil velocity. It is this velocity that can therefore be considered the cancellable
velocity; when dissociated with an ideal fragment recoil angle, a precursor molecule
moving with the cancellable velocity will yield a fragment with a velocity vector of
magnitude zero.

Velocity-map images of the molecular beam can yield the velocity distribution,
and from this we can use the same logic to calculate the required photon energies
to stop a fragment of each of these molecules. As such, we can convolute the
action spectrum with the velocity spread at different gas-laser delays (see figure 2.13]

B) in the molecular beam, and get some idea of where the optimum dissociation
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wavelength may lie; that is, where the peak density within the molecular beam
overlaps with areas of maximum dissociation signal. The ‘velocity’ spreads seen in
figure are calculated from velocity-map images of NO, T at various nozzle-laser
delay times (see figure 23], B), shown in the legend, which have been transformed
into required photon energies to plot.

We can see from the convolution that the best strategy for producing zero velocity
NO molecules will be to aim for one of the peaks in the action spectrum and therefore
try to match the molecular beam to the corresponding velocity. Which peak (here
around 389.6 nm), is determined by the molecular beam velocity. Clearly, we want
to pick the gas-laser delay that gives the highest convoluted signal, assuming that
all of the molecular beam (and implicitly, all velocities at that point in the beam)
is capable of creating zero-velocity fragments.

Note that since we are dissociated around 120 mm from the nozzle, the molecules
will have had enough time to separate out spatially based on their velocities. As
a result, molecules observed at a long nozzle-laser delay time have taken longer to
reach the ionization volume, and therefore have a lower mean velocity, requiring a
longer wavelength (higher photon energy) to velocity cancel. In other words, the
peak distribution, that recorded with a 340 us nozzle-laser delay, contains the fastest
molecules. Subsequent distributuions have a lower mean velocity, and are found later

in the molecular beam pulse.

2.4.9 Understanding the rotational distribution

A major drawback of the use of a polyatomic species as a precursor for the Photostop
mechanism, is that the fragments can be formed in a multitude of rotational states,
and this can lead to dissociation occurring with the correct fragmentation angle, but
with an incorrect kinetic energy for velocity cancellation. Essentially, the rotational
states act as an energy leech.

Figure 22T shows four action spectra taken at different probe wavelengths -
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Figure 2.20: Top: action spectrum taken for NO, on the NO Pi5 J = 3/2 line at
226.839 nm with the ‘velocity’ spreads of the molecular beam for different gas-laser
delay times. The velocity spreads have been plotted in terms of the dissociation

wavelength required to stop an NO molecule. Lower: The convolution of the two,
to give optimum velocity cancellation conditions.

12 "3/2

12

5/2

|

J
J
J
J

T U T T

Signal

390 392 394 396 398 400
Dissociation wavelength / nm

Figure 2.21: Action spectra for four different rotational states of the NO fragment
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226.816, 226.839, 226.860 and 226.877 nm corresponding to the Pis lines of the NO
molecules at J = 3/2, 5/2, 7/2 and 9/2 respectively. Notably, although the action
spectra are broadly similar, there is an overall increase in detected signal at higher
rotational states. This suggests that the product state distribution is skewed away
from the ground state, although the action spectra are, in reality, a convolution of
the rotational population and the line strengths of the transitions. Either way, it
is clear that we are not just populating the lowest rotational state of the excited
lambda doublet state, 211 /2 of the NO molecule.

Previous studies on NO, find that the distribution of rotational states can be
reasonably approximated by invoking Phase Space Theory, which calculates the
probable final states by considering the conservation of total angular momentum in

the dissociation process [47]:

Jyo, = Jno +Jjo +1, (2.28)

where j refers to the total angular momentum, and 1 is the orbital angular momen-
tum. For dissociation at 390 nm there is around 500 cm™ of total energy released.
Using the rotational constants of NO [48] (see table 2.3]), this means that there are
around 16 rotational levels available to be populated. This is a large proportion of
molecules which will have non-zero velocity, regardless of the direction of fragmen-
tation. The real problem is that the NO, molecule is bent in both its ground (*A4,)
and excited (2By) states, and although it can be photolysed very near to the disso-
ciation threshold, it is predisposed to forming a great number of rotational states

post-fragmentation.

Constant B, Qe D;
Magnitude/cm™! | 1.72016 | 0.0182 | 1.023x107°

Table 2.3: Rotational constants of the (X *II3/5) NO molecule

For this reason, it follows that the most suitable precursors for velocity cancella-

tion using the Photostop technique are diatomic molecules, or highly linear species
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Figure 2.22: A typical velocity-map image taken of NO fragment molecules following
NO, photodissociation.

which will dissociate in a manner so as to impart as little torque as possible upon the
vacating fragment, as is the case for NCNO [49]. Since the products will be atomic

or rotationally inactive, there will be no energy leeched into rotational modes.

2.5 Experimental results

The experiment involves the recording of velocity-map images of the type seen in
figure The molecular beam direction and laser polarisation are shown for
clarity. The blob in the centre of this image is residual signal from ionisation of
residual NO in the molecular beam, which is centered on the molecular beam velocity

— the centre of the ion rings.

2.5.1 NO signal

We need to consider the sources of the NO signal in this experiment. Clearly, the
primary contribution is from dissociation of the NO, molecules in the molecular
beam. However, the longest delay images show a sharp background of NO signal.

The source is native NO molecules in the molecular beam, which naturally exist in
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Figure 2.23: Decay of the NO molecule signal, calculated by integration of the
signal over the velocity-map images, with respect to delay time, blue points. The
velocity-map images at various delays are shown above the figure. The red line is
an exponential decay lain over the experimental points.
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equilibrium with the pure NO, beam. For this reason, the detection is performed
using the excited state of the NO. Trottier et al. B] showed that the ratio of native
ground state NO (*I; 2) to spin-orbit excited state NO (*II3/2) is 40:1. This ratio
reflects the relative populations of the two states at the temperature of the beam
(5 K as determined in section 2Z271]). It would be expected that the majority of the
molecules will be in the ground state at such a low temperature, since the energy
separation of the two states is 119.82 em™ [50].

A third source of background can be deduced from the experimental images:
there is a background ion signal present at longer delay times. This background
signal can be easily subtracted, since it appears to be NO ions with a Gaussian
velocity distribution, centered around the zero-velocity point. This implies that the
signal is a result of residual NO molecules in the main chamber which have not yet

been pumped away after the previous shot.

2.5.2 Results

The Photostop technique as a method of cold molecule creation has already been
verified most successfully by Trottier and co-workers [17], showing that the NO
molecules remained after velocity cancellation for at least 10 us after dissociation.
The aim of the experiments reported here is to replicate this in order to optimise the
apparatus on a well-characterised system, before implementing velocity cancellation
with other species. Figure[2.23]shows the velocity-map images for a few of the pump-
probe time delays used in the experiment. We can see the integrated fragment ion
signal decays exponentially with respect to time. This decay results from the fastest
atoms vacating the ionisation region, i.e. those moving from left to right in the
ion images over the course of the first microsecond or so. The atoms with a high
transverse velocity, v, (vertical axis in the velocity-maps) will be next to vacate
the ionisation region, leaving only a small proportion of the initial photofragments

in velocity- and real-space. After 10 us, we can fit the measured velocities to a
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Figure 2.24: A profile of the near-zero-velocity NO after 10us, blue, and a Gaussian
fit to it, red. This can give us the molecular beam axis velocity, v, and therefore a
temperature.

Gaussian distribution, and determine a sample temperature using equation
The sample is visibly colder along the molecular beam axis, z, since there is
a stricter velocity-component selection for this axis, set by the aspect ratio of the
probe laser volume. The propagation direction of the probe laser is along x, and thus
atoms moving with larger v, can be seen for longer, remaining within the Rayleigh
length of the laser beam (see section 2.4.2] and thus can still be ionised along the
laser axis. The z-axis velocity coincides with the radial direction of the laser beam;
faster atoms can move out of the focus, as described by the laser waist radius, w
(equation ZT9) much more quickly if they have a higher v, component. As such,
v, gives the best indication of the likely sample temperature which we can expect,
since anything but the very slowest molecules will depart out of the laser focus very
quickly along the z-axis, we see the likely attainable velocity distributions. Fig-
ure [2.24] shows the v, distribution for the ions in the probe volume after 10 us, and
a Gaussian fit. It can be seen that the velocity distribution is very narrow, mea-

sured here as 0, = 18 ms™!. Using equation 225 for a 1D velocity distribution, we
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arrive at a sample temperature after 10 us of T, = 1.17 K. This can be reduced to
the sub-Kelvin regime, by selecting out the very core of this velocity distribution,
either through experimental improvements, such as using a more favourable pre-
cursor species (explored in chapter [J)), or otherwise confining only the very slowest
molecules (explored in chapters @ & [).

If we have created cold molecules which are stationary in the lab-frame, then
why are we only able to see them for up to 10 us after dissociation? The molecules
will be visible until they have vacated the laser focal volume. After they have left,
no matter how slow they are, we will not be able to observe them. The problem
with the technique as it stands is that there are too few molecules remaining at long
enough delays to be seen. This is because we are not producing enough molecules
at zero-velocity. The problem of stopping a molecular fragment lies in the spread
of the internal energy throughout its rotational modes, thus leaving a range of
kinetic energies available to the molecule. This limits the effectiveness of the velocity

cancellation technique for the molecular case.

2.6 Identifying species suitable for velocity can-
cellation

How do we go about identifying species which are suitable for producing cold samples
via the Photostop technique? Clearly there are several important factors to consider.
The first and foremost is that the fragment in question is one of chemical interest.
The precursor species needs to have as narrow a velocity distribution as possible,
which is achieved here using the cooling provided by the supersonic expansion. The
velocity spread is proportional to the total velocity however, ie. a faster beam will
have a greater velocity spread. As a result, we want to use a slow molecular beam,
which can be achieved by seeding the species in a heavy rare gas, such as Xe (mass =

131 atomic units). To cancel this velocity, we need to photolyse the molecule closer
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to the dissociation threshold, so as to limit the amount of energy available to the
fragments. Ideally, the energy available to the fragments would all be transferred
into kinetic energy, with no avenues for loss into rotational, vibrational or electronic
excitations. The most direct way to prevent channels leading to rotationally or
vibrationally excited species is to dissociate a diatomic molecule into two atomic
fragments. The technique would, from this regard, appear to be better suited to the
creation of cold atoms, rather than molecules.

Finally, we need to dissociate using states with a favourable anisotropy param-
eter, 3, as described by equation Various precursors and their dissociation
dynamics were considered — oxygen from NO ] or CO @], NH, from NH, @] or
Cl from BrCl [54]. Tt was decided however, that, although dissociation with a light
atom departing removed a large proportion of the kinetic energy from dissociation,
based on the mass ratios outlined in equation 2.10, using a homonuclear diatomic
molecule would double the number of atoms available to be brought to zero-velocity.
By using a heteronuclear species, it is possible that only 50% of the fragment atoms
recoiling with the correct fragmentation angle could possibly undergo velocity can-
cellation, due to an unfavourable molecular orientation. The excess kinetic energy
released by the dissociation can be offset by changing the dissociation wavelength or
the carrier gas. Both Cl, [55] and Br, Q, offered reasonable channels for velocity
cancellation, and Br, was eventually chosen on grounds of experimental simplicity;
the bromine is less corrosive to the experimental apparatus, and less toxic to humans

than chlorine.

2.7 Outlook

As previously shown B], the Photostop technique is a viable and highly attractive
technique for the production of zero-velocity molecules in the lab-frame; velocity
cancellation via photolysis is a simple yet effective method. The mechanism of

photodissociation is well-understood and has been extensively studied for many
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years.

By extending this technique, we can increase the number of species for which we
can study cold chemical reactions. From the velocity calibration of the NO images,
it ought to be possible to at the very least to produce cold samples down to 1.17 K.
In the case of atomic species, the problem of product rotational and vibrational
states acting as avenues of loss for kinetic energy cancelling is removed. Further
experiments can therefore be carried out on other species to attempt to improve its

efficiency.
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Chapter 3

Production of cold bromine atoms

Bromine is an interesting molecule to choose as a precursor for velocity cancellation
experiments. To date, cold atom production has been mostly focussed around the

left hand edge of the periodic table. Hydrogen atoms have been cooled by various

methods, such as Zeeman deceleration , | or evaporative cooling [3]. All of the
alkali metals have been reduced to sub-Kelvin temperatures ], and chemistry has
been observed with cold alkaline earths |[L0]. An obvious route to observing chemical

behaviour at low temperatures would be to match up these electron-donating species
with electron accepting species from the right hand side of the periodic table: for
instance, the halogen atoms. The alkali metals famously react with the halogens
under ordinary conditions, making a variety of salts, such as: NaCl, used widely as
a flavouring and preservative; LiBr, previously used as a sedative; KCI, used in the
manufacture of fertilizers, not to mention the lethal injection; LiF, widely used in
optics due to its transparency in the short wavelength UV region; and CsCl, used
extensively as a radioisotope in the medical sciences.

Some of the most successful work in the field of ultracold molecules has arisen
from the creation of ultracold dipolar molecules, such as KRb [11]. Replacement of
one of the alkali atoms with an atom such as chlorine, would create a molecule with
a much greater electric dipole moment, and would be very interesting for the study

of dipole-dipole interactions.
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There has been some limited exploration of the rest of the periodic table: ele-
ments in both the d-block B] and f-block [13] have been buffer-gas cooled. However,
it is in the elusive p-block that cold chemistry may begin to become more interest-
ing. As yet, the p-block elements have not been cooled to ultracold teeratures.

"

] , but

the halogen atoms lack accessible routes to perform laser cooling (see section [L3)).

There has been interest in exploring options for laser cooling gallium

A novel technique to create cold halogen atoms would therefore be quite welcome.

3.1 Molecular Br,

Molecular bromine appears to be a good precursor for producing cold bromine atoms
via the Photostop technique. Dissociation of the molecule has been extensively
studied [16, [17]. In its ground state, molecular bromine (X '3, (0,)) absorbs light
over the range 320 to 600 nm |18]. This broad absorption band covers three separate
excitations: A 31T, (1,), B *I1,(0}), and C 'TI,(1,) <— X, each peaking at around
400, 490 and 550 nm respectively. The notation for the bromine molecule arises from
the strong spin-orbit coupling in the Hund’s case (c) limit (term symbol 2**1Agq),
where {2 (the projection of the spin-orbit coupling onto the molecular axis), is a
good quantum number, but ¥ (spin projection) and A (orbital angular momentum
projection) are not ]

At long internuclear separation, the ground state potential rises to the disso-
ciative limit, leaving two ground state (*Pj/2) bromine atoms [20]; this is the first
dissociation limit, Dy = 15890 cm~!. Above this threshold, there are higher disso-
ciation limits, leading to one ground state and one excited state atom (Br (*Ps2) +
Br* (2P, /2)) above the second dissociation limit, and two excited state atoms from
the third dissociation limit. The energy of each limit increases by the spin-orbit
splitting of the bromine atom (3685.24 cm™! [21]]), and subsequently the threshold
wavelengths for one photon dissociation are 629.0, 510.6 and 429.8 nm respectively.

The near-threshold dissociation of Br, near to the second dissociation limit is
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Figure 3.1: Depiction of the energy level diagram for bromine. We excite just above
the second dissociation threshold to try and access the favourable recoil dynamics
arising from parallel dissociation from the B state, leading to Br + Br*.

fascinating because of the interplay between two of the three excited states of the
molecule. In the region around the 450-500 nm dissociation wavelength, the tails of
the B and C' state absorptions will overlap. Since there is a real curve crossing in
this region, dissociation occur adiabatically on either surface competitively, leading
to the two product channels. In figure Bl we can see a schematic of the energy
levels. Dissociation occurs above the second dissociation threshold, at 19580 cm ™!,

and products can be formed as either pair of products, Br 4+ Br or Br + Br*. An

important factor to note, then, is the branching ratio to either product state, given
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by equation Bl
[Br + Br"|

¢(Br + BrY) = [Br + Br*] + [Br + Br]

(3.1)

Cooper et al. B] studied the photolysis of Br, in the wavelength region of 260—
580 nm, and have mapped out the branching ratio over the region of 360-500 nm. At
very high photon energies, A < 430 nm, the dissociation occurs to give solely ground
state bromine atom fragments, attributed to direct dissociation from the C state, a
purely repulsive potential. Closer to the dissociation threshold, there is some mixing
between this state and the attractive B state potential, which dissociates directly to
Br+ Br*. The closer to threshold one gets, the higher the probability of dissociation
via the B state, and the higher the branching ratio. The highest branching ratio
(approximately 0.8) occurs at wavelengths from around 480 nm, until the second
dissociation threshold at 510.6 nm. As the Br + Br* channel gives fragments of the
right energy for velocity cancellation, dissociation in this wavelength region will give

the optimum number of atoms centered at zero velocity.

3.1.1 Alternative channels

We have specifically chosen the dissociation wavelength to use in the experiment, to
attempt to maximise the number of stopped atoms generated. However, molecular
bromine absorbs light much more readily in the wavelength region below 430 nm,
so why do we not dissociate in this region?

The greater photon energy supplied to the system means that we will be unable to
velocity cancel the atoms dissociated via the C state, since the velocities involved will
be much greater than those available to a molecular beam, without seeding in helium.
Seeding in helium would give us the opportunity to velocity cancel, but as the recoil
velocity increases, the fraction of atoms that would adequately velocity cancel, i.e.
those with a residual velocity below a given threshold, decreases. In addition, the C
state gives fragments with a perpendicular dissociation pattern, requiring a change

in experimental configuration to velocity cancel initially. From a 0, — 0, parallel
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transition, the expected product angular distribution can be characterised by a (8
parameter of +2, whereas for the 0, — 1,, transition, a § parameter of -1 is presumed.
This implies that when imaging the rings from dissociation, the fragments from
the two states should appear different not only in terms of kinetic energy release
(and therefore radius), but also in fragmentation direction. The innermost ring will
appear to have dissociated along the molecular beam axis, and the outer ring will

appear larger, and rotated by 90°.

3.1.2 Isotope abundance

There are only two stable isotopes of atomic bromine, which exist in a near 50-50
ratio naturally. ™Br and ®'Br are separated by two atomic mass units, and as a
result, we see that there are differences in the recoil velocities. In the molecular
beam, the Br, molecules have a 1:2:1 ratio of the isotopomers: *®Br,, %Br, and

162Br,. The relative kinetic energies of each isotope are related by equation [3.2]

Mp.B AB
B Br2

: ‘Ekin ) (32)

B A
Ekiil = T
mBrA mBrB

so we see a spread of recoil velocities. For instance, for dissociation at 20570 cm™!,
18Br, yields two “Br at 388.2 ms™!, Br, gives a ™Br atom at 390.4 ms~! and
one ¥ Br atom at 380.7 ms™!, whilst the '®?Br, molecule produces two %' Br atoms
at 382.9 ms—!. This analysis takes into account the slightly different dissociation
thresholds for each of the states: Dy = 15890 cm ™!, 15891 cm ™1, 15892 em ™! [22] for
the 1%®Br,, °Br, and '%?Br, molecules respectively. Ideally, we would want to use
an isotopically pure sample of bromine. In practice, pure Br, is not commercially
available, and in reality, the mass has little effect upon the final velocity distribution.
The velocity spread arising from the isotopes, is smaller than the velocity spread of
the molecular beam, so all recoil velocities can indeed be cancelled.

The isotope abundance can be experimentally verified by using a TOF detection

scheme; the REMPT laser was positioned at 263.007 nm to create Br,™* ], though
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Figure 3.2: A time-of-flight mass spectrum for ionisation on the Br,™ REMPI line,
showing the different isotopes of Br around TOF = 13.8 us, and the different iso-
topomers of Br, around TOF = 19.3 ps. The signal around TOF = 17.5 us is
residual Xe from the NO, experiment.

some one-colour dissociation giving Brt ions was also observed. The arrival times of
the ions could be seen on the detector, in accordance with their mass ratios, as seen
in figure Attempts to gate by mass on the detector by pulsing the voltage on
the MCPs during the experiment to improve the signal-to-background ratio, proved
fruitless. The gating for some reason reduced the absolute visible signal level by
around an order of magnitude. This presumably was due to the pulsing unit not
providing an adequate pulse to the MCPs to be able to detect ions, and as such, the

gating was not used in later experiments.

3.2 Experimental set-up

The experiment is a traditional photodissociation apparatus with the imaging plates
positioned perpendicular to the plane of the molecular beam as described in sec-

tion Z43l A mixture of approximately 10 % Br, in Kr is allowed to equilibrate in
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a mixing cylinder with heated arms aiding convection mixing. Bromine exists as a
liquid at room temperature, and was stored in a sealed vial on the gas line. The
vapour pressure of the liquid is negligible at -78 °C, so by placing a dry ice/acetone
bath around the vial and then pumping on the gas line, we are able to remove any
air in the system. The uncooled portion of the gas line was then heated with a heat
gun, to attempt to vapourise any water adsorbed onto the surface of the pipework.
Any reaction between water and bromine leads to HBr, which is corrosive to the
metal of the gas line. The vial is then allowed to return to room temperature, where
the vapour pressure is approximately 0.3 atm. A carrier gas can then be added to
the mixture. The molecular beam itself is formed by a 10 Hz pulsed supersonic
expansion through a 0.5 mm diameter nozzle, followed by a 1 mm skimmer. The
dissociation laser (Nd:YAG 3rd-harmonic pumped dye laser, 1 mJ per pulse) pho-
tolyses the Br,, in the wavelength region of 480-490 nm. This photodissociation
wavelength yields mostly Br + Br* fragments, from the first electronically excited
product channel. After a variable delay, the probe laser (Nd:YAG 3rd-harmonic
pumped dye laser pulsed at 10 Hz, frequency doubled, 0.15 mJ per pulse) ionises
the bromine atoms remaining in the laser focal region via a (2 + 1) REMPI scheme,
probing the 4D5/2 2 Ps3/ transition at 264.211 nm. The experimental appara-
tus is identical to that for the NOy experiment, as described in section (see

figures 211 and

3.2.1 Determination of the dissociation wavelength

The wavelength of the dissociation laser is critical to the success of this experiment,
and therefore must be carefully considered prior to performing the experiment. To
get the greatest stopped signal, the wavelength of the greatest absorption peak must
coincide with that which produces photofragments matching the peak velocity of the
molecular beam. Previous experiments on NO,, had too much background noise to

be able to scan quickly and determine the wavelength required for velocity cancel-
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lation simultaneously — it was impossible to be both fast and accurate. Therefore
some extra measurements were required. For Br,, this proved to be unneccessary
— the zero velocity signal was strong enough such that it was possible to scan the
dissociation laser with a short delay before probing, and still be able to see the signal
in real-time, thus being able to take the maximum of the scan to be the point of ve-
locity cancellation. The calibration of the dissociation wavelength could be done via
the velocity-map images using the velocity ‘crests’ as described in section 247 The
ease with which this measurement could be taken renders the action spectrum con-
volution method somewhat obsolete. The method may still prove useful if molecular

velocity cancellation is attempted in the future.

3.2.2 Bromine calibration

The calibration of the velocity-map for bromine was performed in an identical man-
ner as for the NO fragments described in section .44l The images, taken at zero-
delay time, were Abel inverted to best determine the radii of the individual rings,
and a velocity was calibrated in terms of pixel count. This calibration worked cor-
rectly for wavelengths above the dissociation threshold for the B state at 510.4 nm.
At 495 nm dissociation, a second ring appeared just outside the innermost ring,
showing that a second dissociation channel had opened to create faster fragments.
The energy of the laser probe is much too large to create a ring of this radius from
photodissociation alone: at 495 nm dissociation wavelength, the total kinetic energy

I above that of the innermost

release (TKER) for the new ring is around 660 cm™
ring. Similarly, a third ring can be seen around the ring arising from dissociation
to Br + Br, for dissociation to the limit of the C state, implying that this also has
excess energy coming from an internal mode of the Br, molecule.

If we attempt to quantify which internal degrees of freedom are exhibiting this

behaviour, we can presumably exclude the rotation modes, since the rotational con-

stant for Br, is very small (B, = 0.082 cm™ [24]), a great many rotational levels
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would have to be populated to produce an excess energy of 660 cm™!. If we account
for the vibrational levels, the TKER could be explained by v = 4 for the inner ring
of the at A = 495 nm, and v = 5 and v = 6 for the 500 nm pair.

However, at 5 K there ought to be no appreciable vibrational states populated
other than v = 0. Even at 300 K, the Boltzmann equation (3] shows that 80 % of

the molecules will be in the v = 0 state, and this fraction has dropped off to 0.2 %

for v = 4.
N Zj eEi/ksT’ (3:3)
where % is the fraction of molecules populating state ¢, and F; is the energy of the

vibrational state. The energy of each state can be calculated using equation 3.4
AFE (v, —vg) = vwe + v(v + 1) XeWe, (3.4)

where v is the vibrational level, w, is the vibrational constant and Y. is the an-
harmonicity constant. For bromine, these values have been sourced from the NIST
Chemistry Webbook ]

Notably, this dissociation wavelength region is the same region for which the
A 311,(1,) state of the bromine molecule begins to absorb. It could be possible that
there are some other effects beginning to emerge. Since we are unable to see any
rings for v = 1, 2 or 3, it stands to reason that the dissociation photon energy comes
into resonance with a higher excited state, which may offer a competing dissociation
pathway. Critically, the presence of this unknown dissociation pathway does not
affect the calibration of the velocity-map images, since this can be calculated purely
from the v = 0 rings.

The other side-effect of having a variety of ring sizes with which to calibrate the
velocity-maps, is that we can extrapolate the data to get a dissociation energy, Dy,
with which we can compare to existing data as a check for accuracy. Figure

shows this, giving Dy to be 19578 cm™!, which is very close to the literature value
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Figure 3.3: Plot of the dissociation photon energy versus the square of the inner
ring radius for 475-495 nm, extrapolated to zero radius. This yields the dissociation
energy, Dy, of 19578 cm™!.
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Figure 3.4: Velocity-map images at zero pump-probe delay for various photolysis
wavelengths, with the Abel inverted distribution shown below. The ring sizes are
given in table Bl

of 19580 cm™! ]
The data gives a velocity to pixel ratio of around 3.95 ms™! /pixel. We can now
use this to calculate the velocity to pixel ratio for the Br, molecules in the molecular

beam from the TOFs.

mpr
tBr2 - tBr mBja (35)

where t is the TOF of the species and m is the mass. The average TOF for the Br+
ions is 13.7 pus, and is 19.3 for the Br,™ ions. This gives a velocity to pixel ratio of

about 2.8 units for the Br, molecule, which we can use to calibrate the molecular



Production of cold bromine atoms

81

Alair) /nm | hy / em™! | pixel radius | pixel radius | ms™! / pixel | ms™! / pixel
(inner ring) | (outer ring) | (inner ring) | (outer ring)
475 21126.58 121 226 3.98 3.92
480 20903.15 111 223 4.01 3.88
485 20684.39 102 215 3.99 3.94
490 20470.17 92 213 3.97 3.89
495 20260.33 80 / 112 205 /222 | 3.99 /4.01* | 3.94 / 3.98"*
500 20054.76 111 223 4.01** 3.94*

Table 3.1: Velocity-space calibration for the Br atom. Notably, as the wavelength
approached the dissociation threshold (510.4 nm), extra rings appear (figure B.4)).
In the cases of the 495 and 500 nm dissociations, the rings can be approximated by
invoking the vibrational levels of the Br, molecule — v = 4*, 5** and 6***.

beam velocity-maps to get the molecular beam velocity average and distribution
width.

In order to determine the temperature of the molecular beam, velocity maps were
created by preparing Br,™ ions with a (2 + 1) REMPI process at 264.333 nm ]
Using the data shown in figure 3.5, we can estimate the molecular beam tempera-
ture from the velocity distribution of the gas. Along the z-axis, the FWHM veloc-

1

ity is 39 ms™*, about 10 % of the molecular beam velocity, and along the z-axis,

the FWHM is 8 ms~!. This corresponds to moving-frame kinetic temperatures of

T, ~5Kand T, ~ 250 mK.

3.2.3 Optimization of the zero-velocity signal

There are various techniques that can be tried to optimize the signal. It is however,
important to ensure that any signal improvement is due to an increase in stopped
signal and not the background of the system. It is quite easy to accidently increase
the level of the background signal in the experiment and be unaware that the signal
has disappeared. Examples of experimental parameters and their effects are outlined

below.
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Figure 3.5: A velocity-map image of the molecular beam, taken on a Br,™ REMPI

line. The velocity profiles through the centre of the pulse are shown

Pressure

The molecular beam backing pressure was varied by creating a 10 % mixture of
bromine in krypton gas at 2 bar in a sealed mixing vessel. If we consider a binary
gas mixture, the partial pressures of the final gas mixture will be related to their

mole fractions:

P = pBr2 + PKrs (36)
PBr, = XBr,P (3.7)
PKr = XKiDs (3.8)

where p is the total system pressure, and y, and p, are the mole fraction and partial
pressure of species x respectively. If we reduce the overall system pressure, the mole
fractions remain the same, and therefore the relative concentrations of each species
within the molecular beam remain the same. Thus, the pressure was changed by

pumping out small amounts of the gas mixture from the mixing chamber, to keep
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Figure 3.6: Profiles of the molecular beam images at settings of 120 V(blue) and
40 V(red). It is fairly clear then, that the background level is unsatisfactory at high
opening voltages, and a clean molecular beam is only formed at the lower voltages.

the ratio of Br, to Kr identical. The experiment took images of the Br, molecular
beam, and of a stopped signal at 20 us to compare the effects on both the molecular
beam and fragment signals.

A major problem in the detection of signals at long pump-probe delay was the
amount of background noise centered around zero velocity, which can obscure the
stopped signal. Background noise is determined to be any signal that cannot be
described as being part of the supersonic expansion, with the associated narrow
velocity distribution, for instance, that which would be created by ionisation of
background gas in the chamber. Generally, background signal is centered around
zero-velocity with a room-temperature distribution. Examples of mostly supersonic
(red) and mostly background (blue) signals can be seen in figure[3.6l To obtain these
data, a velocity-map image of Br,™ gas was taken using REMPI at 264.1291 nm [23]
at differing backing pressures of the gas mixture and voltages applied to the noz-
zle. Both of these factors will have a great effect on the gas load to the chamber.
Figure B shows two plots: the blue plot is the total integrated signal from the
images, which is clearly increasing linearly as the backing pressure increases. This
is due to the greater gas load entering the chamber. However, the red points show

the ratio of the supersonic part of the expansion to the background signal, as calcu-
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Figure 3.7: Molecular beam signal along molecular beam axis from VMI images.
The blue points show the raw signal level over the whole signal integrated over the
velocity-map image, and the red points show the relative proportions of signal to
background counts in the images. The plots are for different Kr backing pressures,
and show the increase in background noise above approximately 1.5 bar. Relative
signal is calculated by integration of two Gaussians on the image, one supersonic
and one thermal, and comparing the levels. The baseline levels are included as a
guide for the eye.

lated by fitting Gaussian peaks to each part of the distribution, and comparing the
integrated areas of the two. The background appears to increase with the molecular
beam backing pressure; however, further study showed that there was a threshold at
around 1.5 bar, above which there was a sharp increase in the background level, as
illustrated by the drop in the molecular beam to background ratio seen in figure 3.7
(red triangles). At lower pressures, the ratio of background gas to supersonic signal
is relatively constant.

To quantify the effect, ion images of the molecular beam pulse were taken at
different backing pressures, but under otherwise identical conditions. The images
were compared by integrating the number of counts over all pixels for a given v,
(the velocity along the molecular beam axis). This compresses the two dimensional

ion image into one dimension, and the noise levels could be compared. The sudden
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increase in noise at a critical backing pressure is confusing, although it could be
attributed to the changing flow properties of the molecular beam at different backing
pressures, or possibly be related to Br, molecule cluster formation [26].

There is a linear relationship between the pressure of the backing gas, and the
stopped signal, up to the 2 bar measured in the experiment, as seen in figure 3.7 It is
possible that the molecular beam becomes less well-defined at the low pressures, such
that supersonic expansion is not completely realised, and there is a more effusive
quality to the gas expansion, though in this case there should really be a plateau in

the pressure dependence.

Nozzle voltage

Varying the voltage pulse applied to the solenoid of the valve changes the flow of
the molecular beam. Figure illustrates the behaviour of the signal amplitude as
a function of this voltage. As the amplitude is increased, the overall signal increases
(blue stars). The primary cause of this increased signal, however, is residual gas
in the vacuum chamber. Increasing the molecular beam valve pulse amplitude has
little effect on the density of Br, in the beam (red squares). In fact, the increase in
amplitude appears to have an adverse effect upon the actual stopped signal (green
circles); at the highest voltages, the signal at 20 us completely vanishes, indicating
that the extra background gas is removing stopped atoms from the focal region
through elastic collisions.

It is possible that increasing the voltage keeps the solenoid in the open position
for too long, and the source becomes less supersonic in nature. The plots of z-axis
velocity distribution for two different opening voltages are illustrated in figure
For the lower voltage pulse, red, the molecular beam velocity distribution is narrow
and sharp, indicating successful supersonic expansion. However, for a larger voltage,
blue, there is an almost Gaussian distribution of velocities around the molecular

beam speed, spreading for hundreds of metres-per-second. The source of this messy
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Figure 3.8: A plot of the voltage amplitude versus the signal taken from the velocity-
map images. The blue stars show the total signal from the images, taken for on a
Br,™ REMPI line at 264.1291 nm, the red squares show the same signal with the
Gaussian background removed, and the green circles show the Br' ion signal at a
delay of 20 us.

signal is unclear. It may be a result of the longer opening time of the nozzle flooding
the chamber with gas, but without a more detailed investigation we cannot be
certain. We can be certain that the lower opening voltages should be used in the

experiment.

Power saturation

There is an obvious limit to increasing the power of the dissociation laser to increase
the stopped signal; there are a limited number of bromine molecules in the beam,
and at some laser power, all available molecules will be dissociated, and there will
be no further benefit to increasing the power. Figure shows this; this signal
increases linearly with dissociation laser power, up until around 1 mJ, at which

point the signal plateaus, indicating saturation.
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Figure 3.9: Plot of dissociation laser power at the chamber versus signal for the
experiment.

3.3 Results

The experiment yielded velocity-map images of the type seen in figure 2221 In these
images, the molecular beam is travelling from left to right, with ions extracted per-
pendicular to the page. The electric vector, €, of the dissociation laser is horizontal
in the images, which is parallel to the molecular beam in the experiment.

The bromine signal could be seen for in excess of 100 us, which is an order of
magnitude greater than that seen for the experiments with NO. In the velocity-
map images, the loss of the faster atoms from the ionisation region can clearly be
seen, as can the overall contraction of the velocities of the ions as the delay is
increased. Figure [3.11] shows that as the delay time increases, the signal drops off
almost exponentially. However, since we can see signal at very long delay times —
a pump-probe delay in excess of 100 us — and the fact that the logarithmic plot
asymptotically approaches a finite value, shows us that there is a real signal being
maintained in the ionisation region, which cannot be attributed to anything other
than atoms remaining in the laser focal volume due to velocity cancellation. These
images however, were taken in three batches to maintain single ion-counting levels.
Since the imaging software counts the number of strikes above a certain threshold, we

do not want to lose signal by having two ions hitting the same point on the detector
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The zero-velocity point, is located on the left hand side of the image. As the delay
between dissociation and probing is increased, the faster moving atoms, i.e. those
on the right hand side of the image, leave the focal volume of the probe laser,
leaving only the atoms which have achieved velocity cancellation (see figure BI0).

Figure 3.10: A visualisation of the short delay time decay of Br™ ion signal over
the first 2 ps, showing the velocity-dependent reduction in signal level from the
experimental data. The faster atoms will be moving towards the left in this image,
and the signal from these decays much faster than those that have undergone velocity
cancellation.



Production of cold bromine atoms 89

| |
A N

log (normalised signal)

|
(<2]

‘ *
50 100 150
Delay time / us

0/us 0.25/ us 1/ us 10/ us 50/ us 100/ us

Figure 3.11: Above: Logarithmic plot of the integrated signal against delay time.
Below: The associated ion images at various delay times are shown. The signal at
100 ps is boxed for clarity.
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simultaneously. Hence, the probe laser intensity is decreased at the shortest delay
times, when there is an abundance of ions being generated, and the intensity is
increased at the longest delays for which there are few ions created. The short
time data, taken between -10 ns-2 us, and visualised in figure B.10, were taken at
the lowest laser power. The negative time signal was taken to make sure that our
temporal laser overlap was correct; at negative time, i.e. probe before dissociation,
we see the signal disappear. The medium time data were taken over the interval of
0-10 ps, overlapping the chosen delays so that the two curves could be normalised
to one another. These data were taken at a slightly higher laser power. Finally,
the long time delay data were taken at the full laser power of 0.15 mJ/pulse, and
cover the region of 5-150 ps. To construct the full decay curve, scaling factors
were determined by comparing the overlap regions of the 3 experimental conditions.
Having obtained these, the three curves could be normalised to zero delay.

A notable point is that the zero delay image is not in fact the image that was
used for normalisation, since there appeared to be some enhancement of the ioni-
sation of the atoms when the two lasers were temporally overlapped, by a factor of
approximately two. This is due to a (2 + 1) REMPI process, with ionisation oc-
curring using a dissociation laser photon. Hence, the 10 ns delay signal was actually

used for normalisation.

3.3.1 Analysis of the images

The velocity-map images, a sample of which can be seen in figures and[3.13] were
analysed by measuring the integrated number of counts per pixel. Doing so not only
gives us an idea of the velocities of the ions, but also of the rate of production, and
therefore allows comparison of signal magnitude. These could then be normalised
to the zero-delay image level, and we can manufacture a decay curve — a measure of

the rate of loss of faster atoms over time.
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3.3.2 Theoretical analysis of the data

To simulate and quantify the data from the experimental images, a theoretical treat-
ment of the process was created. The initial positions and velocities were created
using Monte Carlo selection from the known distributions, and the molecules were
then allowed to fly freely into a simulated dissociation region. The positions of
atomic fragments are then propagated with statistically weighted recoil velocities,
calculated from the angular anisotropy parameter, /3 (equation 2-I2]) and the branch-
ing ratio, ¢ (equation BIl). After a given delay, the atoms were counted as detected
if they remained within a set region. Simulated velocity-maps and decay curves
could then be built up based on the final velocities of the ions.

The Monte Carlo simulation was written in Matlab. A sample of atom posi-
tions were generated in a cylindrical region approximating the dissociation laser
focal volume, taken to have a radius of 200 ym and a length of 5 mm. These were
each assigned a velocity, randomly assigned from a normal distribution of veloci-
ties centered at the molecular beam velocity, with parameters calculated from the
velocity-map image of the Br, molecular beam. With the Br, positions and ve-
locities calculated, the next step was to create the COM fragment properties. A
program was written to calculate the correct distribution of recoil velocities. This
meant determining the correct branching ratio, ¢, of the fragmentation to the two
different dissociative states, each with their respective 8 parameters, and then cal-
culating the distribution of the recoil angles, 6 and ¢ (see figure Z3]) to give a set
of recoil velocities along each axis. The [ parameters were taken from Cooper et
al. |17]; for the dissociation via the B state, to the Br 4+ Br* products, the g param-
eter was taken as +1.8, whereas for the dissociation via the repulsive C potential,
to Br + Br, it was taken to be -1. The molecular beam velocity, v,, was generated
by calculating the cumulative probability of dissociation at angle 6, and then ran-
domly assigning 6 from interpolation of that function, thus maintaining the correct

probabilities under randomisation. The perpendicular velocities, v, and v, could
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then be calculated from this value and a randomly assigned angle . In addition,
the isotopic abundances were accounted for when calculating the recoil velocities,
again under randomisation. These velocities are then combined with the molecular
beam velocities to reveal the lab-frame velocities of the fragments.

To generate a decay curve, the atoms are allowed to fly freely for a given amount
of time, and are then tested to see if they remain in the probe laser focus, here
optimised to be 180 pum radius and 4 mm long. The critical factor in determining
the decay rate for the experiment is the size of this ionisation volume: altering
this changes the initial rate of decay over the first microsecond. The optimisation
was performed using the experimental data, looking at the short delay part of the
decay curve to estimate the radius of the laser beam. We determine the probe laser
dimensions by fitting this initial decay to the model. The signal is then normalised
to the zero-time level. The simulation of the velocity-map images is created from the
same source, via a 2-dimensional histogram with velocity bin sizes equal to the size
of one pixel on the experimental images. This can be seen in figure B 12 third row,
where the points in red are the experimental points, and the dashed blue line is the
simulated fit, based on the calculated laser volume. The experimental points were
determined by integration of the signal, with the background gas signal removed
where possible.

Significantly, the simulations allow us to calculate the velocity distributions of
the atoms at very long delay times. We can compare the distributions along the
r— and z—axes, calculated from the integration of the 2D velocity distributions
along v, and v, of the velocity-maps, (see figure B13). Notably, at the longest delay
times (50-100 us), the expected velocity distribution calculated in the Monte Carlo
simulations, are much narrower than those observed experimentally. This could be
attributed to the effect of ionisation upon the atom velocities. Ordinarily, ionisation
can be considered to have a negligible effect upon the velocity distribution; in the

ionisation process, the departing electron takes the majority of the kinetic energy
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Figure 3.12: The decay of the bromine ion signal with respect to delay time between
dissociation and probe. Top: experimental velocity-map images at delays of 10 ns,
250 ns, 1 ws, 5 ps and 10 ps, respectively. Second row: Simulated velocity-map
images from a Monte Carlo simulation atom expansion. Third row: Decay curve
over the first 10 us with experimental points in red, and the simulated decay curve
in blue (Inlay shows the very short delay times). Bottom: Logarithmic plot of the

decay curve, experimental in red, simulation in blue.
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Figure 3.13: The comparison of the real experimental images (far left) at long
delay times, and the equivalent simulated images (centre left). The profiles of the
velocities in the laser direction, v, (centre right) and the molecular beam direction,
v, (far right) are also shown. The experimental profiles are shown in blue, and the
simulations in red. Note that the profiles are taken only from the boxed region on
the velocity-map images.
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‘ Probe Delay 10 pus 20 pus 50 ps 100 ps ‘

Ave® (ms!) 20 21 20 17
Avi™ (ms!) 287 186 113 105
(ms™)
)

1

AvgFP ! 255 219 143 29
Av¥™ (m s7! 263 211 150 75

TP (K) 151 080 0.73  0.52
T (K) 112 832 355 6.0

AvPT (ms™t) 27 17 7.0 3.9
TR (K) 126 049 0.09  0.03

Table 3.2: Velocity spreads (FWHM) and associated temperatures derived from
experimental and simulated Br™ ion velocity distributions along the z- and z-axes
(see Fig. 3). The underlying z-velocity spread, AvP" and temperature, T5T, for the
neutral Br atoms obtained through simulations is also given. Effective temperatures
are defined here assuming a 1D Maxwell-Boltzmann distribution

release, purely from a mass ratio argument (see equation 3.9]).

BB = nT—BEEn (3.9)
This equates to the bromine ion receiving 6.8x107°¢ of the available kinetic energy,
ordinarily a negligible amount. However, with the high excess energy associated with
photoionisation, this equates to an added recoil velocity of approximately 6 ms™!,
which confers a significant blurring effect onto a velocity distribution which ought
to be very narrow, and centered around zero. Hence, it can be assumed that the
atom velocity distribution is narrower than that of the ion velocity, as can be seen
by comparing AvP" and Av®P in table This blurring effect from electron recoil
has been incorporated into the simultated results. Hence, the temperatures listed
are obtained from the simulated Br atom profiles (as opposed to ion profiles), as
these ought to be the realistic velocities which we will be able to trap in future
experiments.
It is also plausible that some of the broadening of the profiles could be attributed

to the non-zero dissociation laser linewidth, although the effect of this on the final

velocity distributions has not been added to the simulated results.
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3.3.3 Density

A critical factor in determining whether or not the experiment will become a viable
source of cold atoms is the density of the sample. The method of detection, allowing
fragments to fly out of the laser volume, necessarily means that as the experiment
progresses, the density of the bromine atoms will decrease exponentially. However,
for the technique to progress, we will need to find some method of confining the cold
fragments. Thus, we can estimate a density that could be trapped, which is a better
gauge of the usefulness of the experiment than attempting to calculate the density
seen at 100 ps.

The absolute detection efficiency of the experiment is an unknown quantity,
hence making it impossible to create an accurate estimate for the number of atoms
stopped from the data. However, we do have some idea of the expected numbers of
atoms that we are creating, so an upper limit can be calculated from the molecular
beam density , } If we assume that the measured molecular beam temperature
from the Br, is equally applicable to the krypton, then at a distance of 121 mm from
the nozzle, we predict that the Kr density will be of the order of 10** atoms cm™3,
and therefore the Br, density to be on the order of 10'* molecules cm™3. Photodis-
sociation simulations indicate that the fraction of bromine atoms produced with
a kinetic energy less that 1 K (i.e. imov? < kgT, where T' = 1 K) is 2.5x107*.
The highest strength commercially availble NdFeB magnets have a remanence of
approximately B, = 1.5 T, which, if this is taken to be the trap depth, should cor-
relate to a temperature of about 1 K. Using this definition, and assuming for the
moment that we are in a collision-free environment, and that the dissociation is fully
saturated, then this equates to a zero time density of near zero-velocity atoms of
around 10% atoms cm ™. This is comparable to previous experiments using velocity
cancellation techniques @], and should therefore be sufficient to study chemical

reactions, as suggested in chapter [l
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3.4 Experimental issues

It was noted that there were several issues with the implementation of the experiment
as it stood. Stopped signal is incredibly sensitive to the overlap of the two lasers.
Any misalignment would prevent the zero-velocity signal from being seen at all. It
is also important to keep a keen eye on any drift in the wavelength of the probe
laser. At times, if the wavelength wandered at all, the photon absorption of the
atoms with different velocities would change, due to the Doppler effect. This meant
that it was possible to pick up background signal but not the zero-velocity signal if
the wavelength was not perfectly resonant.

Over the course of a day, it was sometimes possible to see even zero-delay signal
vanish to almost nothing, for no change in laser intensity or wavelength. This may
be due to a depletion of the bromine gas from reactions with the steel gas line. What
had at first seemed a simple addition to the experiment — adding a metal vial of
bromine liquid onto the end of the gas line — was now corroding the tubing, and in
the process, removing the reagent gas itself. Keeping a separate reservoir of Br, /Kr
mixture helped in the short term, but future designs would have to consider this
reactivity more carefully. The bromine also reacted with the metal interior of the

general valve, which meant that this had to be cleansed on a relatively regular basis.

3.5 Appraisal of the atomic and molecular cases

Clearly, this chapter has demonstrated the greater applicability of the atomic case (sec-
tion B3]) when compared to the molecular case (section [ZH]). The length of time
after dissociation for which atoms can be observed is an order of magnitude greater
than for molecules. The reasons for this are fairly plain to see. The dispersal of
the photon energy between internal and kinetic energy of the fragments is consider-
ably more predictable for the atomic case. One only has to consider the electronic

excitation of the fragments, and by carefully tuning the dissociation wavelength,
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the process can be encouraged to preferentially dissociate to the atomic states of
choice ]

When dealing with molecular fragments, there is a great deal more uncertainty.
The energy can be leeched into internal rotational and vibrational states, often with
limited options to control the apportionment. In the case of NO, the bent state of
the precursor NO, means that there will be significant torque imparted upon the
NO molecule upon dissociation. As such, there will be a great number of rotational
levels populated. This diminishes the effectiveness of velocity cancllation

It is clear that the easiest route to advancing the applicability of the Photo-
stop method will be to optimise the system with the atomic case, and attempt to

demonstrate spatial confinement of the atoms.

3.6 Confirmation of the results and optimisation

In setting up the experiments in Oxford, the first step was to recreate the data from
the Durham experiment [30]. This first meant a redesign of the existing Oxford
experimental chamber, previously used in velocity-map imaging studies of NO, dis-
sociation [31], in order to match the experimental oreientation used in Durham (see
figure Z11]). The previous velocity-mapping apparatus was rearranged, so that the
detection axis was perpendicular to the molecular beam. The alteration process was
straighforward, indicating that the change from a standard velocity-map imaging
rig to a machine capable of performing velocity cancellation is relatively trivial pro-
vided the vacuum chamber has been constructed with sufficient ports, and can be
installed in a reasonably short time period.

There were a few experimental differences between this generation of experiment
and the apparatus in Durham. For instance, there was no automated image pro-
cessing software, so a new camera-PC interface had to be constructed, written in
Labview by myself and Dr Chris Rennick. A new scaffold for the extraction elec-

trodes had to be constructed; to ensure that the electrodes were fully co-linear with
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the detection axis, an extension to the time-of-flight tube had to be built. The
molecular beam, now pressurised behind the nozzle to 4 bar with argon as a carrier
gas, was attached to an z—y translation stage on the entrance flange to the main
chamber. The nozzle could thus be moved to optimise the signal. This made sure
that the core of the molecular beam was being skimmed, rather than a component
with a higher perpendicular velocity. This could be monitored on the velocity-map
images; if the translation stage was too far to one side, molecules with a higher
lateral velocity would be dissociated, and would hit the detector to one side.

The source chamber was pumped to a pressure of 2 x 10~7 mbar by a turbopump
(Leybold TMP 1100c) backed by a two-stage rotary pump (Leybold Trivac), and
the main chamber was pumped to a pressure of 1 x 10~7 mbar by a turbopump
(Alcatel TMP 5400) with a two-stage rotary backing pump (Leybold Trivac).

The dissociation laser (Nd:YAG, Quanta-Ray, 3rd-harmonic pumped dye laser,
Sirah Cobra-Stretch, using Coumarin 460, 2 mJ/pulse, measured at the chamber)
operated at around 460 nm, a lower wavelength than that used in the Durham
experiment. This is due to the increased photon energy required to stop bromine
atoms produced from Br, moving with a velocity equal to the terminal velocity
of a pure argon expansion. The bromine ionisiation was performed with a second
laser (Nd:YAG, Continuum, 3rd-harmonic pumped dye laser, pulsed at 10 Hz, Sirah
Cobra-Stretch, frequency doubled, using Coumarin 503, 0.15 mJ/pulse) to detect

the bromine 2-photon atomic resonance 4Dj /2 2p; /2 transition at 260.536 nm.

3.6.1 Optimisation
Focussing

The focussing lenses for the two lasers were both reduced from a focal length of
500 mm to 300 mm in this iteration of the experiment. Hence the corresponding
focal volumes were changed considerably. Referring back to equation 2Z.21], the beam

radius at the focus is linearly proportional to the focal length, and as a result, the
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beam radius is this experiment will be smaller than previously used. We observed
that in the Durham experiment, the fast ‘crescent’ in the velocity-map image van-
ished after 250 ns, whereas in the Oxford case, it disappeared after 150 ns, which
is consistent with a smaller laser focus. This will couple with the fact that the gas
we are now seeding in, argon, has a higher terminal velocity (see equation 23) than
krypton, and as such, are using a higher energy dissociation laser, creating faster

fragments which will vacate the ionisation region more rapidly.

Corrosion

Initially, it was thought that the best method for creating the gas mixture was to
use an identical bromine containment source as utilised in Durham; a steel vial
of bromine liquid which could be heated and cooled to create the desired vapour
pressure of bromine gas in a mixing chamber before adding a known pressure of seed
gas. However, it was noted that the greater length of metallic gas line inside the
source chamber was not efficiently heated by ordinary external heating tape, leading
to the problem of bromine liquid condensing on the metalwork. Corrosion of the
stainless steel pipework by bromine gas, most probably through reaction of bromine
with water to form the corrosive HBr, was also a concern. Hence, a redesign of the
external gas line was implemented. The tubing was replaced with PTFE pipework
(Swagelok), which is chemically inert to halogen species. The steel bromine reservoir
was replaced with a 250 ml glass bulb, which served as both bromine liquid housing,
and gas mixing chamber. This amendment minimises the amount of metal that
comes into contact with the bromine vapour at any time, thus limiting any possible
corrosion. The only remaining problem would then be the General Valve nozzle itself,
which is by necessity metallic, and would need cleaning on a regular basis. Cleaning
the nozzle brought additional problems, however. Having bare metal in the nozzle
merely facilitated reaction with any remaining bromine, so gas depletion whilst

experimenting was noticeable. All metal surfaces must therefore be passivated, by
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repeatedly passing the bromine gas over the surface. A more permanent solution may
be to coat the internal mechanisms of the valve in a corrosion resistant substance,
e.g. PTFE. The effect that this may have upon the operation of the valve is unclear,

however, and this was not attempted here.

Spatial-map imaging

Spatial-map imaging (SMI) is an extension of the standard VMI arrangement,
and was given as an alternative possibility in the original article by Eppink and
Parker Q The voltage applied to the extractor electrode is greatly reduced when
compared to the VMI case, resulting not in a mapping of particles of a single ve-
locity to a single point on the detector, but those created at a given position in
the focal region to a single detector point |33]. Figure 314l shows what happens
to the spatial-map when the focus of the probe laser is moved horizontally (in the
plane of the images). SMI turns out to be a useful tool in this experiment, since
knowledge of the focal position of the probe laser is very important. The position of
the spatial-map image of the bromine ions on the detector gives us information on
where in the plane parallel to the ion-optics the ions are being formed. It is worth
reiterating the advice offered by Wu Ej], that whilst VMI is the major use of the

Eppink and Parker ion optics design, the simple changeover to the SMI regime offers

a powerful diagnostic for experimental optimisation.

Laser drift

An important complication (noted in section B.4]) was the drift in the wavelength
of the probe laser. It could be seen in the previous iteration of the experiment
that being slightly off the REMPI resonance would essentially image atoms with a
different transverse velocity. This is best illustrated in figure B0t as the wavelength
shifts, the probability of detecting atoms with higher velocities along the axis of the

laser beam (left to right) is increased.
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Figure 3.14: Spatial-map images of the Br, molecular beam, with the extractor plate
voltage reduced to 1000 V. The distances indicate the displacement of the focus of
the probe laser beam, calculated by measurement of the position of the entrance
and exit of the beam from the chamber.

Fundamental

Wavelength / nm 521.0390 521.0395 521.0400

521.0405 521.0410 521.0415 521.0420

Figure 3.15: As the wavelength of the probe laser is increased, the Doppler shift
experienced by atoms with different velocities along the axis of the laser beam brings
the atoms in and out of resonance.
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The wavelength of the probe in figure .15 would need to be centered at 521.0410 nm
in order to be able to most efficiently detect atoms with zero lab-frame velocity along
the laser axis, x. This dye laser is not frequency-stabilised to an external standard,
so in order to consistently measure a zero-velocity signal, the wavelength must be
constantly monitored. The ion image was therefore scrutinised for symmetry after
every data acquisition stage. Symmetrisation confirms that the laser is not prefer-
entially exciting atoms with a non-zero perpendicular velocity due to the Doppler
effect.

In addition, a shutter for the dissociation laser was implemented, which could
be controlled from the laboratory computer. This meant that the background sub-
traction could occur over much shorter periods, over which the wavelength is stable.
For instance, a single experimental run may comprise of 20 shots with the disso-
ciation laser blocked, and then 20 with the block removed. This would then be
repeated several hundred times. As such, this was superior to previous methods of
background subtraction, whereby one long scan would be taken with the block in,
and one long one without, in which time the conditions may have changed more

noticeably.

Secondary dissociation

A surprising side-effect noticed during the course of the Oxford experiment, was
an unwanted dissociation pathway of the Br,, arising from single-colour one-photon
excitation by the probe laser, leading to an excess energy of just under 19000 cm™1!, or
a fragment recoil velocity of about 1700 ms~t. This is attributed to rapid dissociation
following excitation to the 33 (1,) state [34]. The ring contributed little in most
velocity-map images, since it was dwarfed by the two-colour signal. However, the

ring can be clearly seen when overlap between the two lasers is poor (see figure B.10]),

and needs to be considered in the simulations and later, time-of-flight experiments,

as described in section [.2.1]
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Figure 3.16: Velocity-map image captured during poor spatial overlap of the dis-
sociation and probe lasers. Since very little signal is two-colour, the larger ring,
attributed to one-colour dissociation by the probe laser, is clearly visible. The rings
for the two two-colour pathways and the one-colour dissociation have all been circled
for clarity.
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Figure 3.17: The results of the testing of the Oxford apparatus. The pressures
on the right-hand side are the running pressures of the source chamber during the
experiment. In the lowest two images, the zero-velocity signal has been highlighted
to differentiate it from the molecular beam signal.

3.6.2 Results

The aim of these experiments was to prove that the newly reconfigured apparatus in
Oxford was equal to the task of stopping bromine atoms. Therefore, the objective
was to prove that atoms remained in the laser focal region for at least 100 ps. The
results proved to be similar to those seen in the Durham experiment (see figure B.17],
and section B.3)), at least visually.

The velocity-map images show that the atoms can be stopped using the photol-
ysis equipment available in Oxford, but that the signal at long delay times is heavily
obscured by the signal generated from background gas in the main chamber. Ideally,
these two signals should be separated. Since they have largely different velocities
along the detection axis, they will have different times-of-flight to the detector, even

if their perpendicular velocities are both centered on zero.
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Figure 3.18: A comparison of the ion image rings at 457 nm dissociation, left, to the
molecular beam velocity spread, centre. The crush profile of the molecular beam
along the z-axis is also shown, right. Just from the ion image, we can see that the
molecular velocity distribution is much broader than would be expected from a well
cooled supersonic expansion. The scales in the two images account for the different
velocity-to-pixel calibrations between the Brt and Br,™ cases.

Calibration

Using the velocity-map calibration technique as utilised in the previous experiments
(sections 224 and B2.2)), we can readily determine the temperatures of the Br atoms
in the apparatus. The velocity to pixel ratio for the bromine ions is 5.14 ms™! /pixel,
and this equates to a Br, ratio of 3.63 ms™! /pixel, giving our molecular beam velocity
as 549 ms~!. However, a noticeable problem manifested when calculating the beam
speed from the ion image of the Br,™ ions; the velocity spread appears to be very
broad, much broader than would be expected from a supersonic expansion (see
figure B.I]). It is plausible that the high level of signal in the velocity-map image
may be leading to some blurring from a Coulomb explosion of the ions (many ions
formed simultaneously repel one another via Coulomb repulsion), or we may indeed
just have an imperfect expansion under the new set-up. It is possible that the
corrosion of the general valve as observed in section B.6.1], is leading to a less than

optimal expansion of the bromine gas.

Wavelength dependence

As in all iterations of the Photostop experiment, the tuning of the dissociation

wavelength changes the excess energy provided to the system, in turn changing the
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velocity at which the atoms can be stopped. It was noted during the course of the
experiment, that the overall ‘stopped’ signal changed little over the range of the dye
curve for Coumarin 460. This was rather disconcerting, since the velocity cancel-
lation conditions are very strict when concerning the fragment energies. Stopped
signal could be seen for dissociation from 455-475 nm, an increase in the excess
energy of around 1000 cm ™!, which would seem to be highly counterintuitive.
However, as seen in section B.6.2] the velocity spread of the molecular beam is
feasibly much greater than we may have originally predicted, and hence it is likely
that there is an opportunity to velocity cancel a subset of the atoms at a variety
of dissociation wavelengths. This is illustrated in figure B.19, in which Gaussian
approximations to the molecular beam spread have been plotted for a variety of

1 as cal-

standard deviations, o,, assuming a molecular beam velocity of 549 ms™
culated for a mixture of Ar and Br,. The widest of these Gaussians is constructed
using the o, as calculated in section of 62 ms™!. It can be seen that the
spread of the molecular velocities easily encompasses the corresponding range of
photolysis wavelengths produced by the dye curve, illustrated by the dotted lines.
These lines indicate the velocities at which you would expect velocity cancellation
to occur, for the given photon energies. If the molecular beam velocity distribution
is indeed this broad, then that would explain our apparent insensitivity to disso-
ciation wavelength. The other curves are added to show what may happen if we
had a beam spread ranging from the measured case, o, = 62 ms™!, to the black

L corresponding to the expected velocity spread from a supersonic

line, o, = 20 ms™
expansion.
Clearly, the way to be certain of this is to narrow the velocity distribution in

the dissociation volume, either by some form of velocity selection with the nozzle

set-up, or by improving the supersonic expansion source.
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Figure 3.19: A plot of various possible velocity spreads within the molecular beam.
Whilst effective internal cooling for the molecular beam should reduce the velocity
spread to something on the order of the black Gaussian, analysis shows that we may
in fact have a much broader set of velocities than we first imagined, leading to a
lack of sensitivity to the wavelength of the dissociation laser.
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3.7 Conclusions

This work has demonstrated that the Photostop technique works exceedingly well
for cold atom production when compared to the molecular case. This is attributed
primarily to the reduction in competing channels which will not lead to velocity
cancellation; that is, in the absence of product rotational and vibrational states. In
the case of the bromine atoms, we need only consider the product spin-orbit state
branching ratio, over which we can exert some control by careful selection of the
dissociation wavelength ]

We have shown via the powerful velocity-map imaging technique, that the ve-
locity distribution of the detected ions is on the order of a few Kelvin at the longest
delay times, and the simulations point to an underlying atomic velocity distribution
that is in the milliKelvin regime (see table B.2]). The data can be simulated in a rel-
atively straightforward manner, and point to number densities of the atomic sample

3

of being on the order of 108 cm™3. This is of a magnitude that may be viable for

cold chemical reactive studies.
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Chapter 4

Design of the magnetic trap

4.1 Introduction

Whilst the creation of cold bromine atoms is a step forward, it is difficult to perform
experiments on a free cloud of atoms, however slowly they are moving. Therefore,
the ideal solution would be to confine the cold atoms spatially, as considered in
chapter [l As with any method of creating cold atoms, the overall number densities
are low, meaning that in order to progress the Photostop technique into a useful
route to cold reactive chemistry, we need to increase the interaction times, which can
only be achieved by moving to a regime where the atoms are spatially confined. To
successfully confine the atoms, we require a 3-dimensional trapping field. However,

we also need optical access and an ion ejection route for detection.

4.1.1 Bromine magnetic moment

The bromine atom energy levels will split into Zeeman states under the influence of
a magnetic field. The ground state bromine atom will split into four states since it
has J = 3/2. These m, states can be classified as either high- or low-field seeking
states, depending on whether they are attracted to or repelled by a magnetic field.
Figure .T] shows the effect of the magnetic field upon these states. The blue line

shows the Zeeman shift of the simple form shown in equation .11
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Figure 4.1: The effect of a magnetic field upon the m  states of the ground state
™Br atom. The blue dotted lines are the simple linear splitting of the states, and
the green solid lines show the full hyperfine splitting from coupling to the nuclear
spin.

The green lines show the calculated energies when including the coupling of the
nuclear spin with the total angular momentum to give the hyperfine states, as cal-
culated for ™Br [1]. There are 3 hyperfine states at zero-field, but this splits into
16 mp states when a magnetic field is applied. That the calculation is explicitly for
the ™Br atom alludes to the fact that we will, in fact, be stopping both isotopes
of bromine. There is a small difference between the hyperfine coupling constants
of the two isotopes, in addition to the differing masses. The broad picture is that
although there will be minimal difference between the two isotopes, but the heavier
atom will be slightly harder to trap, purely because of the mass effect; the difference
in the Zeeman shift is negligible.

The other point of note here is that the calculation has been explicitly performed
for ground state (*Ps/5) bromine. The procedure will simultaneously halt the excited
Br* 2P, /2 state, since it has an identical mass. This state will only split into m ; states
of & 1/2, of which, the high-field seeking state, m; = +1/2, will be considerably

less effectively confined than the ground state atoms m; = +3/2 level. As such,
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in calculations of trappable atoms, the excited state atoms have been completely
neglected. It is therefore unclear what the effect that atoms with a large amount
of electronic energy will have upon the others. It is assumed in this instance, that
the atoms will be so poorly trapped that they will vacate the magnetic region in
the same manner as in the regular ballistic expansion case. Indeed, all calculations
have been run to only include the Br 2P3/2 my = +3/2 state atoms, due to their

experiencing the greatest restrictive magnetic field gradient.

4.2 Trap design

Clearly, since the atom exhibits a Zeeman shift in its ground electronic state, it
would be desirable to use this to confine it spatially. Considerable amounts of
design work had to be done to ensure the optimum fields in the current experimental

arrangement, whilst still being able to image the ions produced from trapped atoms.

4.2.1 Trapping geometries

It was quickly decided that the most effective method to generate trapping fields
would be to use permanent magnets in the magnetic trap. Unless superconducting
magnets were to be used (which would only be viable once cooled to very low
temperatures) it would be difficult to generate a magnetic potential deep enough
to confine bromine atoms with the velocities that we generate. Magnetic fields
generated by current-carrying wires create very shallow traps, and although the field
can be switched off, such traps are only viable for the very coldest species. Whilst
permanent magnets cannot be switched off, they will be the most direct route to
insertion of a magnetic field inside the velocity-mapping region. Neodymium Iron
Borate (NdFeB) magnets have the highest available remanent magnetic field strength
(Arnold Magnetics: |http://www.arnoldmagnetics.com ) and were chosen as
the magnetic material. Various configurations were considered along with their

relative merits. Evidently the best configuration from the view of the magnetic
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Figure 4.2: Finite element method modelling of the proposed magnet setting. The
two bar magnets are positioned so as to point north to north. The field strength is
shown by the colours: pink/red indicates regions of high field, blue/green regions of
low field.

field would involve building a 3-dimensional trap, with magnets along each axis.
However, such an arrangement would limit the extraction of ions. If we were probing
a species that could be detected using LIF as opposed to REMPI, then a magnetic
trap with a more uniform field, such as one created by a higher order multipole set-
up, may be worthwhile. The requirement for extracting bromine ions means that
the best solution for our experimental conditions would involve plenty of physical
access. Hence the simplest solution was to use a pair of NdFeB magnets facing
north-to-north. The exact configuration was a subject of much consideration. The
most straightforward possibilities were ring magnets or bar magnets, at a given
separation. Magnetic field strength was one consideration, as was optical access.
Two ring magnets would give a more spherically symmetric field, whereas the bar
magnets would allow for a more straighforward laser alignment procedure, as well
as being more easily mounted into the apparatus. The latter concern turned out to
be the critical factor in choosing the initial magnet design. A pair of 2 x 4 x 10 mm
cuboidal NdFeB magnets were inserted into the apparatus end-on to one another, at
a separation of 2 mm. To simulate the magnetic field, an open source finite element
analysis program, FEMM [2] was used (the result is shown in figure .2). Finite

element analysis is used to find the approximate solutions to partial differential
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equations, in this case, Maxwell’s equations:

AxH=J (4.2)
A-B=0, (4.3)

where H is the magnetising field, J is the total current density, B is the magnetic
field and g is the magnetic constant, or permeability of free space. Equation [£.4]is
only valid for a linear magnetic material, i.e. the relationship between B and H is
linear. If this were not the case, we would replace ug with p(B). Luckily, NdFeB
magnets are very well behaved under normal temperature conditions, and are as
close to linear as can be commercially bought. This simplifies the magnetic field
calculations.

Most finite element analysis tools use a magnetic vector approach, whereby the

flux density is written in terms of a vector potential, A:

B=A-A, (4.5)
which allows equation to be rewritten as:
Lo
— A" x A= (4.6)

Ho

It is equation which can then be solved. The main advantage of the finite
element technique is that it treats the boundary conditions of magnetic problems
very robustly, concentrating its computational resources in these problematic areas.
The calculations have been performed assuming a uniform magnetic field strength
over the surface of the magnets, and ignoring any effects of the external field on the
interior of the NdFeB, such as hysteresis H]

The limiting boundaries are at (x,z) = (0,0) and (y, z) = (0,0), where saddle
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Figure 4.3: Plot of the magnetic field strength along the z—, y— and z—axes, in
each case setting the other two axial positions to zero. The magnets are positioned
along the y—axis.

points in the magnetic field are formed, as can be seen in figure The magnetic
fields have linear gradients within the 2 x 4 x 2 mm region between the two magnets,
however, the closer the magnets are to one another, the larger the potential at
the saddle point. It can be seen, that with the unequal axial lengths of the bar
magnets, the magnetic field gradient is different in all three directions. When a
limiting trap depth is calculated (approximately 0.2 T), the resulting isosurface is
highly ovoidal (figure [4]). This can now be defined as the confining volume of
the trap, the volume in which we will consider atoms below a certain energy to be
trapped. We can visualise this fraction as a percentage of the fragments that are
ejected in the photolysis process. In figure [L3], the atoms with a velocity lower than
the maximum allowable for confinement have been circled, giving an idea of how
many of the atoms can be trapped per pulse. This fraction, purely from a kinetic
energy perspective, is around 2x107?, corresponding to a velocity of no more than

8 ms~!

, or a maximum trapped temperature of 300 mK (using %va = kgT).
Factoring in the random assignment of the individual m; states, only a quarter

of these will be trappable, in addition to half of the atoms being created in the
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Figure 4.4: The isosurface of 0.2 T within the space between the magnets, orange.
This is defined from here on to be the trapping volume.

600 -300 0 300 600 40 20 0 20 40

v,/ ms™ v,/ ms™

Figure 4.5: Left: a slice through the Newton sphere for the bromine photolysis
process, showing the LF velocities of the atoms. Right: a close-up centered around
zero-velocity. Atoms that with a velocity less than v,,.,, the maximum velocity that
can be confined in the trap, are circled.
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’p, /2 excited state. This leaves a trappable fraction of around 2.5x107% atoms per
pulse. With a conservative molecular beam density of bromine around 102 molecules

3 assuming 100%

cm ™3, this should still yield densities in excess of 10° atoms cm™
photodissociation efficiency.

The effect of the trap is best illustrated by figure .6l With the magnetic fields
included, the atoms do not vacate the trapping region and are forced back to the
field origin (x,y,z = 0). This can be seen in the images on the left hand side
at 250, 500, 750 and 1000 ps. In the case of no magnetic fields, the atoms are
free to expand, and diffuse out of the trapping volume. This should manifest itself

experimentally; the accummulated density in the trapping region should give us a

higher signal at long delay times.

4.3 Extraction optics

Evidently, the main issue with inserting anything into the ion optics region will be
the extra difficulty with extraction of ions. Ideally, we would want to disrupt the
standard VMI plate setting as little as possible. LIF is not possible for bromine
atoms, so the ion detection scheme must be maintained. In figure L7, we can see
some early designs for the trap mounting. In each case the lighter more central items
are made of polyether ether ketone (PEEK), a non-conductive material selected so as
not to disrupt the extraction fields around the magnets (the two black blocks in each
schematic). In the upper case, the entire region between the plates would be filled
with PEEK for ease of attachement to the outer ion optics mounts. The magnets
would be sandwiched between the two PEEK spacers, and a shallow channel would
be milled into the PEEK to allow laser access. This plan was discarded on grounds
of cost.

In the lower schematic in figure 4.7, a much smaller amount of PEEK is used, to
save on costs, but a new pair of extractor and repeller electrodes would have to be

made in order to effectively clamp the PEEK mount in place around the magnets.



Design of the magnetic trap 120

With Magnets Without Magnets

Figure 4.6: Monte Carlo simulated trajectories of bromine atoms in the trapping
volume over the course of 500 s, both with and without magnetic fields. The
magnet case (left column) shows the constraining of the atoms with low kinetic
energy, whereas in the non-magnetic case (right column), normal ballistic expansion
occurs.



Design of the magnetic trap 121

Figure 4.7: Schematics of possible PEEK spacer designs, magnets shown in black.
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The top PEEK section would be cut into two so that only one magnet at a time
needed to be clamped, making magnet insertion more straightforward. The top and
bottom sections of the PEEK mount would be held together with eight plastic bolts,
which would clamp directly onto the repeller plate. Both repeller and extractor
would have a recess milled into the surface to centre the magnets in the electrode
stack, and the two electrodes could be clamped together with six more plastic bolts
in order to hold them parallel to one another. The whole repeller-extractor section
could then be put into the electrode mounting as one.

Figure shows the final attempted design for the PEEK spacer, attached to
the repeller plate. From an engineering perspective, it was simplest to use a cuboidal
block of PEEK from which to create the spacer, hence the change in design from
figure L7l The image shows the extra adaptation to the design over the schematic;
in the original plans, it was assumed that the magnets would automatically charge to
the intermediate voltage of the repeller and extractor plates. Consultation with the
electronics workshop suggested connecting the plates resistively, with a 1 MS) resistor
between the magnets and each of the plates, connected by copper shims inserted
around the PEEK. This would ensure that we could be certain of the voltage of the
magnets for simulation purposes. The path through the trap centre can be seen in
figure L9l Clearly, overlapping the lasers would be tricky, but possible due to the
small area of acceptance for laser passage.

The major issue with this design proved to be a fault with using PEEK itself; the
plastic began to charge up when struck by the lasers or charged particles perhaps,
disrupting the extraction of the ions, and signal would disappear at random intervals.
PEEK would have to be removed from the design of the extraction optics. Therefore,
the only way of mounting the magnets would be with an extra electrode plate, in
between the repeller and extractor plates, with a separate power supply. From here
onwards, this plate will be referred to as the magnet plate.

The next design to be tested was a very simple attachment of the magnets to
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Figure 4.8: Photograph of the final design for the PEEK spacer, with magnets
inserted. Resistors were added to the design to attempt to position the magnets at
an intermediate voltage to the extractor and repeller plates. This is essentially a
rectangular version of the lower panel in figure 7]

an existing plate; an epoxy resin (Araldite) was used to glue the magnets to the
surface of the plate, and electrical connections were formed to the magnet surface
with conductive tape (see figure This too proved to be experimentally unsuc-
cessful, albeit for a different reason. Alignment of the lasers into the magnet region
was hampered by the proximity of the magnets to the surface of the electrode, thus
causing a large amount of scattered laser light, often towards the detector, in addi-
tion to photoelectrons being ejected from the surface of the electrode. Although this
did not damage the MCPs, it was a substantial risk to take. Glueing the magnets
to the surface was also something of a challenge, since the repulsion of the magnets
from one another whilst the resin set required unusual clamping configurations in
order to prevent the clamp from becoming stuck to the electrode. In short, this
design is not recommended for anything other than quick testing purposes, since it
is relatively easy to implement into existing apparatus. It should also be noted that

at our vacuum pressures, ~10~7 mbar, there was no noticeable outgassing effect
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Figure 4.9: Photograph of the full ion optics stack with PEEK spacer. The path
that the laser beam takes through the centre of the trap is clearly visible.
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Figure 4.10: Photograph of the electrode with the magnets attached, affixed with
2-part epoxy resin.

from the resin, although one might be dubious about trying this sort of test in a
very high vacuum situation.

All things considered, another design was required. A compromise between the
two previous designs was eventually decided upon. Clearly, the magnets needed to
be away from the surface of their mounting electrode to aid laser alignment, but the
mounting blocks needed to be constructed out of an electrical conductor. However,
from SIMION simulations M], the protruding blocks required to mount the magnets
would warp the extraction fields, making it near impossible to detect the ions. So,
a novel plate with a deep channel was designed (Figure [LTT]). This plate would not
be compatible with a velocity-map image set-up. However, the notation used in this
thesis will refer to the ion optics stack in terms of the repeller and extractor plates,
which are carried over from the velocity-mapping set-up. The new plate, which was
installed in between the repeller and extractor plates, is referred to as the magnet
plate. No further imaging studies were carried out after the installation of this new
electrode.

The final plate was built in the Oxford Physical and Theoretical Chemistry Labo-

ratory student workshops, and included irises on the plate itself for ease of alignment
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Figure 4.11: Top: schematic of the magnet plate prior to construction. Bottom:
photograph of the final plate on the bench.
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through the centre of the magnets. These ‘doghouse’ irises were designed so as to
attempt to avoid scattering of stray beams towards the trap centre, thus attempting
to minimise any detection of background species, in addition to protecting the de-
tector from wayward beams. The iris holes were drilled to be 0.5 mm in diameter,
thus leaving very little leeway for misalignment. These irises sit in the deep channel
cut into the plate to sit at the level of the magnets. There is a very small amount
of adjustability in the possible positioning of the magnets to be able to adjust them
if the laser will not pass through cleanly.

The magnets themselves are attached to the plate in recessed grooves, with
extra metal blocks bolted onto the top to clamp them into place. This allows direct
electrical contact with the plate, while positioning the magnets above the surface of
the plate itself, aiding the alignment procedure. The new design was still susceptible
to damage from the laser, if poorly aligned on the iris apertures (figure [L.12), so
in the experiment itself, only the outermost two irises were actually used to keep
light from scattering closer to the magnets, as well as to prevent the generation of

photoelectrons close to the trap centre.

4.3.1 1Ion detection from within the trap

The same detection scheme to that employed in the conventional velocity cancella-
tion experiment can be employed. A (2 + 1) REMPI scheme was utilised to ionize
the atoms, and electric fields were used to propel the ions towards the micro-channel
plate detectors. However, the extraction process is less simple with the inclusion
of the magnets and the insulating framework. There are new factors to consider;
namely, the perturbing effect of the magnetic trapping field on the trajectories of
the ions, and the effect of the presence of the electrically conductive magnets.

The electric fields for the new configuration were simulated in SIMION M], using
a cylindrically-symmetric potential array for the ion optics, and a higher-resolution,

three-dimensional array for the magnet region. The smaller gridpoint size was used-
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Figure 4.12: Laser damage to the electrode plate. Poor alignment could cause serious
burns to the metalwork. Shown here is damage caused by reflection off of the back
of one of the irises.

for the magnet region, since the asymmetry of the magnets had to be simulated
fully in three dimensions to accurately obtain the ion trajectories. The simulated
fields are shown in figure[4.I3l There are several things to consider when attempting
to accumulate density within the trap. We need to be sure that the new geometry
within the electric field is not interfering with the extraction. For this we test the
case where the magnetic field was absent, but the geometry of the magnets were still
in place. To achieve this end, a pair of ‘magnots’ - aluminium blocks of identical
size to the neodymium magnets - could be inserted into the magnet housing as a

control.

4.3.2 Trap losses

If we stop a certain number of bromine atoms inside the trapping volume, with a
kinetic energy that is below the trap depth, should we expect the atoms to remain

in the magnetic region indefinitely? It is instructive to look at the avenues of loss
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Figure 4.13: Main experimental chamber as simulated in SIMION. The upper im-
age shows the potential gradient for the ion extraction as used in the experiment.
Below is the schematic of the whole chamber. Multiple potential arrays of varying
scales had to be combined to fully simulate the magnet region of the ion optics.
R, M, E and G refer to repeller, magnet, extractor and ground plates respectively.
Some trajectories for the ions, with positions and velocities generated in Matlab,
are shown.
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for trapped atoms. One could consider the possibility that the trapped atoms could
collide with one another, and that such a collision could knock one or both of the
atoms out of the trap. This can be considered a negligible source of loss for the
trap, since the density of bromine atoms will be low, as well as the fact that trapped
atoms will have a very low kinetic energy in the trap, making collisions unlikely to

impart enough energy for trap loss to occur. So, what other possibilities are there?

Molecular beam collisions

The major problem with loading a trap directly inside the ion optics in the path of
the molecular beam, is the barrage of carrier gas atoms (and, to a lesser extent, Br,
molecules) from the beam that will likely knock most of the atoms out of the trap.
The absolute number density in a molecular beam is a difficult number to determine
experimentally with any degree of accuracy [5]. At the kind of distance (121 mm)
from nozzle to laser focus in our experiment, there will be some significant divergence

of the molecular beam, leading to a decrease in the number density downstream [6].

Background collisions

The vacuum in the main chamber is maintained by a turbo pump (Leybold Turbovac
600c), which keeps the pressure at approximately 1x10~7 mbar. Using the ideal gas
equation:

pV =nRT, (4.7)

we can calculate that this equates to 10°-10'° molecules cm™3.

Considering basic
collision frequency theory [7], the rate of collision will be linearly dependant upon
the number densities of the sample which is trapped and the background gas. Since
the background density is considerably less than that of the molecular beam, it
seems sensible to ignore collisions with the background as a loss source, certainly

in the short term. The vacuum is not Ultra-High Vacuum, unlike that used in

many modern experiments, which can reach 107!° mbar, and so the initial goal of
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the trapping experiment will be to attempt to witness an increase in the signal
remaning in the trap volume over the timeframe of the molecular beam pulse length
and upwards. Subsequent experiments, if trapping can be shown to occur for 100 ms
and above, i.e. the duration from one molecular beam pulse to the next, we may

consider the background collision rate more thoroughly.

Majorana losses

Majorana losses occur when the atomic spin state is nonadiabatically changed, aris-
ing from a zero-point in the magnetic field [§8]. Adiabatic motion occurs when

following condition is met:

1 |dB
B |dr

v
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h

dB
_ 4.
wr, >> ’ T (4.8)

where wry, is the Larmor frequency, up is the Bohr magneton, B is the magnetic field
strength, t is time, and vis the velocity [9].

If an atom passes through the zero-field point, the adiabatic condition is violated,
and the spin state can flip, and be the atom will be lost from the trap. This is
pictured as a hole in the centre of the trap through which the atoms can escape.

There have been various attempts in the field of magnetic trapping to avoid
Majorana losses. Time-Orbiting-Potential (TOP) traps E] limit the exposure of
the atoms to the zero-point by rotating the magnetic field potential, thus moving
the zero-point spatially faster than the atoms themselves can move, so that the
spins do not have time to respond to the presence of the field. Another option is to
build a trap that has a non-zero magnetic field minimum, such as the Ioffe-Pritchard
trap [11]. In this case, bias fields are applied to a quadrupolar field to create another
trapping axis, but also raising the level of the potential minimum. A third option
is to use a laser as an optical plug [12], whereby the laser field creates a repulsive

potential around the zero-point in the centre of the trap, preventing the atoms from

accessing the Majorana transition region.
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In the case of velocity cancellation, Majorana transitions are assumed to be
negligible compared to the collisional losses mentioned previously. Since the trap
volume is much greater than the area in which Majorana flips could occur (in the
case of Cs, the radius over which the zero-field may be an issue is of the order
of 2 pym B]), the atoms are unlikely to often be found in the lossy region. The
energy separation between hyperfine states needs to be incredibly small for spin-flip
to occur. Brink and Sukumar |13, B] estimate that Majorana losses are near-
negligible for microtraps for alkali metal BECs, which are considerably colder than
the bromine atoms here, and are in much shallower traps. Hence, it will be valid to

ignore the loss rate from Majorana transitions.

4.4 Prospects

The final magnetic trap design ought to provide us with a region in which the
bromine atoms can be confined, assuming they are stopped below a certain velocity.
The trap depth will not be able to confine as many atoms as previously considered
in section However, from finite element analysis of the magnetic fields, we
ought to obtain a trapping depth of around 0.2 T, and trap a fraction of around
2.5x107% atoms per pulse, calculated from the Monte Carlo simulations. If this
does indeed provide us with the calculated density of 10° atoms cm ™3, then we may
well indeed be able to perform some collision experiments upon the sample with
another species. The main obstacles are the likely sources of loss, which will have
to be investigated experimentally. The critical advantage of this design of magnetic
trap is that, since dissociation occurs within the magnetic field itself, the atoms
do not have to be transferred from the point of velocity cancellation into an area
of confinement. This implies, that although we may face losses due to collisions
with the incoming gas pulse, there is the possibility of reloading the trap over many
gas pulses, thus steadily accumulating cold atom density. This would be a major

advantage in trying to overcome the effect of having a low number density of cold
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Figure 4.14: Short time delay decay curves for velocity cancellation under the con-
ditions used in the Durham experiment, calculated in Matlab using a Monte Carlo
technique ]

atoms formed in each gas pulse.

Our main objective initially, ought to be an analysis of what difference we would
expect to see between the cases with and without the magnetic fields. Clearly one
thing we can look for is signal at very long delay times; if the magnetic trap works
correctly, then the bromine atoms will not vacate the trapping region, but they
will disappear in the ‘magnot’ case. As mentioned in chapter B we don’t know
the absolute detection efficiency of the Br ions, so at very low signal levels, as are
expected for the longest delays, the difference in signal may not be obvious.

Alternatively, we can look at the relative differences in signal over the early part
of the decay curve for the two cases. It is fairly obvious from the simulations shown
in figure 14l that over the very shortest timespans, the decay curve is predicted
to be identical for magnets and magnots. This is driven by the ballistic expansion
of the fastest atoms, which will be barely perturbed by the magnetic fields. It is
only after around 50 us that any noticeable difference appears between the curves,
when the slowest atoms which are affected by the magnets are reflected back by the

field into the detection region. Clearly this implies that the ideal scenario would
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be a trap which was well matched in size to the probe volume, since there would
be minimal ‘loss’ from atoms which were in the trapping region, but spending very
little time in the ionisation volume. This may not be achieveable, given that the
ionisation is a REMPI process, therefore needing to be tightly focussed to achieve
the necessary ionisation intensity. However, matching of the dissociation laser focal
size to the trapping volume would be desirable, as it would be possible to stop at
all poiints in the trap, thus limiting density loss from the atomic cloud expanding

to fill the trap volume.
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Chapter 5

Magnetic trapping of bromine

atoms

As discussed in chapter @l bromine atoms are expected to be trapped in a magnetic
field as a result of the Zeeman shifting of their atomic energy levels. This chapter

will aim to demonstrate this experimentally.

5.1 Magnetic trap implementation

Performing the experiment in the perpendicular configuration proved that velocity
cancellation could be achieved with the apparatus at hand, since velocity cancella-
tion and velocity-mapping could be simultaneously realised. However, this meant
that the experiment was not conducive for magnetic trapping, as originally imagined.
The implementation of the magnetic holder, as described in section [L.2.1], prevented
access to one of the axes, blocking what was originally the molecular beam axis.
Hence the experiment had to be returned to its original configuration, as depicted
in figures [5.1] and

This alteration necessitates a change regarding the way the experiment is con-
ducted; the velocity cancellation cannot be experimentally analysed by velocity-

mapping. If the polarisation vector of the laser is pointed along the molecular beam
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Figure 5.2: A schematic of the experiment including the magnet holder plate. The
molecular beam is now co-linear with the detection apparatus, and is perpendicular
to the plane of the upper diagram. The top image shows a schematic of the ex-
perimental apparatus as a whole, and the lower diagram is a representation of the
modified ion optics, which would be pointed towards the reader in the upper image.
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Figure 5.3: Left: the standard velocity-map image. Right: the same image with the
half-wave plate installed, rotating the velocity distribution by ninety degrees.

axis, then the major recoil direction of fragments corresponding to the Br + Br*
channel will be directed along that axis, i.e. the molecular beam axis, z. Velocity-
mapping conditions will merely compress the velocity distribution into a blob. This
makes it much more challenging to determine the point of velocity cancellation, since
we cannot directly see the critical velocity, v,. To attempt to bypass this issue, a
half-wave plate was inserted into the beam path of the dissociation laser on a flip-
mount, as depicted in figure[5.2] with the ion detection axis parallel to the molecular
beam direction. This allowed the dissociation photon polarisation to be rotated by
ninety degrees to directly image the velocities of the inner ring, albeit without being
able to stop the atoms simultaneously (as recoil is perpendicular to the molecular
beam). The images in figure 5.3 show this. The left hand image is the standard
velocity-map image, and the inner ring edges can clearly be seen. However, in the
right-hand image, the central Newton Sphere has essentially been rotated by ninety
degrees, and appears as a complete circle. This alteration considerably simplifies the
determination of the point of velocity cancellation as we can now see the fragment
velocities directly.

A side-effect of bromine usage in the experiment was the increased strain upon
the turbopumps; corrosion can be a serious issue for the bearings of the pumps, and
can lead to catastrophic failure. Hence the decision was taken to switch the pump

on the source chamber to a diffusion pump (Edwards Diffstak 160/700). The effect
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Figure 5.4: The magnetic field lines in the experiment which will be followed by the
ions, causing the skew in the images ]

on the pressure in the main chamber was almost negligible; the running pressure

rose slightly to 3x10~7 mbar.

5.2 JIon detection

A significant difference between the detection of ions in the original experiment,
and detection from within the trap, is the presence of the magnetic field lines (see
figure £.4). Although the trapped atoms only experience a magnetic force based

upon the magnitude of the |B| field, the ions will experience the Lorentz Force:
F =¢/E+ v x B], (5.1)

where ¢ is the charge of the ion, E is the electric field, v is the ion velocity and B
is the magnetic field. This will perturb the velocities, and will appear as a skew in
the velocity-map image. This can be seen in figure 5.5 where the simulated skew
is that which would be expected for a magnetic field of 0.2 T, suggesting that the
magnetic field calculations as detailed in section .2.T] are indeed correct.

In this regime of magnetic skew, it is important to note that whilst the ions are
still being velocity-mapped, the extra force applied only to the ions means that we
cannot easily extract the underlying velocity distribution of the atoms. However,
the ring structure of the ion images is maintained, albeit in a distorted fashion.
This is important as it allows us to optimise the experimental parameters. The zero

velocity point remains in the centre of the image. By maintaining the symmetry
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Figure 5.5: The effect of the Lorentz force on the magnets upon the ion velocities.
Left: Experimental ion image. Right: simulated ion image using a magnetic field
of 0.2 T. The compression the top and bottom of the image are caused by ions
approaching too closely to the magnets.

of the skewed image by changing the wavelength of the laser with respect to the
incident fundamental beam, the image can be optimised. The particular model of
dye laser used in this experiment was not equipped with a temperature-controlled
cavity, and hence some manual maintenance of the wavelength was necessary as the

temperature of the lab rose.

5.2.1 Time-of-flight detection

The alteration of the experiment to accommodate the magnets meant that the molec-
ular beam axis became co-linear with the detection axis, preventing simultaneous
velocity-mapping and velocity cancellation. Since velocity-mapping became unus-
able, a new method of detection was required, based on time-of-flight analysis. A
bootstrap amplifier, constructed by the Electronics Workshop in the Department,
was attached to the phosphor screen of the MCP detector, from which the voltage
could be measured. This is proportional to the instantaneous ion current, integrated
over the whole ion image. This could be directly transmitted to an oscilloscope,
yielding a TOF trace.

In the TOF experimental configuration, a shallow voltage gradient can be applied
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between the repeller and magnet plates. This achieves the goal of temporal separa-
tion of the zero-velocity atoms from fast-moving atoms and the residual molecules
in the molecular beam, as opposed to the spatial separation seen in the velocity-
map method. Since there will be minimal acceleration provided to the ions, any
ions moving with a high v, will enter the region of greatest electric field gradient
(between the magnet plate and the extractor), and will therefore reach the detector
much more rapidly than those with near-zero v,. The voltage settings for the ion
optics are considerably different from the velocity-mapping case; the voltages are
2000, 1700 and 600 V for the repeller, magnet and extractor plates respectively.
These TOF traces are recorded on a PC, processed in real time by a Labview pro-
gram to perform the background subtraction. After accumulation, the background
subtracted signal can be integrated to give a zero-velocity signal level. The TOF
for the bromine atoms is around 9 ps under the current detection scheme, in which
the flight tube is 310 mm long.

A typical velocity separation trace can be seen in figure shown at a pump-
probe delay of 0 s. This shows the separation of the atoms which are accelerated
towards the detector (left hand peak) and those which undergo velocity cancellation
to some degree (right hand peak). Since there is little acceleration from the electric
field gradient in the magnetic region, the faster atoms will reach the detector prior
to the slow ones. The red line in figure shows the expected TOF distribution
from the velocity distribution created in the experiment. We can see that there
is a good deal of blurring between the two cases. The majority of this blurring
effect can be attributed to the limited speed at which the amplifier (built in the
PTCL Electronics Workshop) can read the ion-current signal which is transmitted
across the MCPs. Attempts to correct this whilst limiting the ‘ringing’ effect seen
(oscillations in the baseline after a large signal peak) could be further improved. It
is also likely that the different amplitudes of the forward and backward peaks is also

an experimental artifact, created by the amplifier.
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Figure 5.6: A typical TOF trace for dissociation at zero time delay, blue. The red
line gives an indication of the TOF distribution expected for the atoms if their flight
speed were equivalent to their lab-frame velocity at creation. The lack of resolution
is largely due to poor time resolution on the amplifier.

Isotopic separation

The isotopic distribution can be seen for appropriate experimental conditions in the
TOF spectra. Since the Br and 8!'Br will be present in almost equal numbers, then
their presence will broaden a given peak. Figure 5.7 shows a TOF trace taken for
a pump-probe delay of 3 us. We extract the arrival times by fitting each mass to a
Gaussian function. The first of the two peaks, that of ™Br, arrives at 9.19 us. Using
equation 2.23] we predict a TOF for 8 Br of 9.30 us. The centre of the Gaussian fit
is 9.29 s, so we can be sure that the splitting we see is entirely due to the difference
between the masses of the two isotopes.

The reason we only see the splitting occasionally is an effect of the isotopic
abundance; in the Gaussian fit in figure 5.7 the areas are calculated to be 0.895:1
in favour of the 3 Br. The overlap of the two signals in the TOF is such that, at
equal peak amplitude, they will coalesce into one broad peak, which will appear as
a flat-topped Gaussian. This is one possible explanation. The expected isotopic
ratio is 1:1, but it is not necessarily correct to presume that detection probability is

isotope independent, so there may be other subtle factors at work.
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Figure 5.7: A TOF trace, blue, taken at a delay of 3 us. In this particular example
the isotope splitting in the TOF can be seen, a fit has been made using a pair of
Gaussians.

5.3 Experimental results for Br atom trapping

The objective of these experiments is to determine whether bromine atoms are being
confined within the magnetic minimum of the trap. This is investigated by compar-
ing the decay curves with a magnetic field present, with the aluminium ‘magnot’
case, as described in section 1311

To perform the experiments, the apparatus was configured as shown in figure 5.2
The dissociation and probe lasers were aligned co-linearly through the centre of
the trap, determined by the position of the apertures of the doghouse irises (see
section [L3]). The focal positions were determined whilst the chamber was open;
the two spots were overlapped centrally by eye, as closely as possible. The ion
optics were then reinstalled, and the alignment through the irises could then be
improved. This was achieved by monitoring the laser beam intensity leaving the
chamber for each beam, and by how well the lasers overlapped at their respective
sources. As an additional check, the CCD camera could be positioned at an angle to

the entrance window, so as to safely observe and minimise the scattered light from
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Figure 5.8: TOF traces taken at short pump-probe delay times: 0, 0.5, 1, 2 and 5 us.
The raw signal is shown here, since the background signal is negligible compared to
the stopped signal. The zero-time signal has been scaled by 0.5 for comparison.

the iris. Finally, the signal was optimised on the velocity-map image itself.

The results appear in the form of figures [5.8] and In figure 5.8 we are
able to see that the peak at the shortest TOF does in fact correspond to the atoms
which are accelerated during the photodissociation process, since they vanish from
the TOF trace after 200 ns or so. From these images, we can see the same style of
exponential signal decay as seen in the velocity-map imaging experiments. Over the
course of the first few microseconds, the majority of the atoms have disappeared.
However, a few remain, and they can be seen at the TOF of the right hand peak.
For comparison, compare the shapes of the peaks with figure B0 This gives us
the best indication that our extraction plates are giving us the expected velocity
separation.

As we move to longer delay times (as in figure [0.9]), we see that the effect of the
background gas signal (centered on zero-velocity), becomes more significant relative

to the stopped-atom signal (see figure [[.12]). As the intensity of this gas signal does
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Figure 5.9: TOF traces taken at medium pump-probe delay times: 10, 20, 50, 75
and 100 ps. The top panel shows the background subtracted signal, and the lower
panel shows the raw data.
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not change with pump-probe delay, whereas the stopped signal drastically reduces,
the relative contributions change. As a result, we move to a background-subtraction
regime to see the stopped signal more readily. In addition, we see a component from
the molecular beam pulse, which decreases with respect to pump-probe delay. This
can be seen in the traces at a TOF of around 8.5-9 us.

At the very longest delay times at which we have managed to see stopped-atom
signal (shown in figure 510, it is impossible to discern the stopped-atom signal from
the background at all, and background subtraction is the only reliable method of
proving that there is some residual 2-colour signal. Whilst the raw data is not helpful
on its own, the background subtracted signal is quite clearly non-zero, and such a
signal can only be attributed to atoms created via velocity vector cancellation. This
near tenfold increase in the retention times of the bromine atoms when compared
to the previous results [2], prove that the magnets are having the desired effect.

In the long delay images, there is a relatively large signal peak at around 6.5 us,
which is reproducible with and without the molecular beam pulse being present.
As such, this is attributed to arising from the 2-colour dissociation of background

hydrocarbons.

Analysis

We are seeking to observe a very small signal on top of a relatively large background,
so simple background subtraction is unlikely to give a very satisfactory result; the
signal will likely be lost in the noise, as can be seen in figure [.10], lower panel. As
such, the best way to analyse the data now is to make a fit to the background data,
here calculated as two overlapping Gaussians. This background signal can then be
used to fit to the signal trace, with an extra Gaussian added in to represent the signal.
The resultant gives us a much more accurate estimate of the actual signal level than
trying to fit a Gaussian directly to the background subtracted signal, as seen in

figure B.IT} This data processing was performed in Matlab 3], converged using a



Magnetic trapping of bromine atoms

148

Signal

1ms
—2ms
——3ms

4 ms
—5ms

Signal

| TOF / ys

Figure 5.10: TOF traces taken at long pump-probe delay times: 1, 2, 3, 4 and 5 ms.
The top panel shows the background subtracted signal, and the lower panel shows

the raw data.
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Figure 5.11: An illustration of the fitting of the data, here taken at a delay of
1 ms. The background signal was simulated using two Gaussians, blue (top left),
and these Gaussians, plus another to represent stopped signal, red, were used to
simulate the dissociation-laser-on signal (top right). The lower graph show the
straight background subtracted signal, black, with the simulated Gaussian signal,
red, overlaid.

maximum liklihood technique M] to give the final fitting Gaussians. Confidence
intervals on the fit parameters were established using a bootstrap Monte Carlo
method |5]. Note, that this treatment was unnecessary for short delay time, and
was only performed for the longest (fqelay greater than 300 ps) delays.

It may, in future data analysis, be important to consider the nature of the ex-
periment; in performing REMPI, we sum over individual ion arrival peaks, and such

data counts are described by Poissonian statistics [6], i.e.
ILLC
PPoisson(C; ,u) - e_“g7 (52)

where g is the mean number of counts expected, ¢ is the number of counts, and

Ppoisson 18 the probability that a measurement will give ¢ counts. Notably, for the
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Poisson distribution, the sum of two distributions remains Poissonian (e.g. that
of background and signal simultaneously). Subtraction, however, does not yield
another Poissonian distribution, hence, we have fitted the background, and the
signal cases separately, but not the background minus signal. To fully get a handle
on the data, a truly Poissonian analysis ought to be considered. However, for the
time being, the standard fitting method is satisfactory.

But what is the background signal? Figure shows the different sources
from which the signal may come in the experiment. It shows the velocities along
the z-axis for the different sources, which should have a linear relationship to the
times-of-flight of the respective ions. The relative signal intensities are not to scale,
but have been rescaled to show the different components of the overall signal. The
simulated signal arising from the 2-colour dissociation is shown in blue on the lower
plot. In purple, the signal centered on zero-velocity from the background bromine
gas in the chamber is shown. It can be seen that this signal directly overlaps with
the stopped atom signal. However, since it is dependent on the background pressure
in the chamber, this will be near constant, meaning it can be easily background
subtracted. The signal from native Br in the molecular beam is shown in green, and
in orange is shown the signal arising from 1-colour dissociation and detection of Br
from Br, in the molecular beam. This will be spread over a large array of TOFs,
due to the high recoil velocity of the fragments.

We fit two Gaussians to model the background, at two different ion flight times,
hence, they are presumably due to bromine atoms, moving at two different veloci-
ties. One peak is directly overlapped with the trapped signal, which would indicate
bromine atoms centered on zero velocity. The logical source of these atoms would be
bromine atoms remaining from previous shots in the source chamber. These would
thermalise through collisions and lead to a distribution centered on zero velocity.
Alternatively, residual Br, in the chamber could be dissociated and ionised by the

probe, which would also produce a signal centered at zero lab-frame velocity. The
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Figure 5.12: Monte Carlo simulation of the various sources of signal, shown as would
be seen in a velocity-map, top, and their velocities along the z-axis, v,, bottom.
The black line in the lower plot may give some idea of the TOF signal that we
may see. The respective components that make up the black plot are: 1-colour
dissociation signal, orange; 2-colour dissociation, blue; background bromine, purple;
and molecular beam signal, green.
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second peak appears at a shorter TOF, and as a result, must necessarily come from
the molecular beam in some form. That could be either the very long tail of the
supersonic expansion, or some sort of effusive tail. The latter would appear to make
the most sense, given that the delay time here is 1 ms, which would seem to be far
too late for a truly supersonic beam to have arrived in the laser focus. The signal
itself, presumably appears as Br rather than the expected Br, as we are seeing one
colour dissociation of the effusive bromine molecules, using the probe laser.

If we indeed take the view that the background peak centered on zero velocity
is indeed a result of bromine remaining in the chamber, then we may be able to
make some sort of estimate about the density of bromine atoms in the trap. As
explained in section E.3.2] the density of background gas at the pressures used in

the experiment is around 10° — 10'° molecules cm—3.

If we make the assumption
that the gas we put into the source chamber, a mixture of argon and bromine,
makes up the background gas for the most part with the same component make-
up, then this gives us a background bromine density of 10® — 10° molecules cm 3.
Comparing the areas under the fitted Gaussians for the 1 ms case (the case pictured
in figure [(.17]), for instance, shows that the background signal is 7.99 times as large
as that for the stopped bromine case, giving us an estimate for the density of the

trapped signal as being of the order of 107 — 10% atoms cm™3.

This takes quite a
few liberties; the background gas in the chamber is not going to be purely a mix of
bromine and argon, as can be seen in figure (.10, and it may be the case that the
background signal seen is from Br, in the source chamber, which, at the Br atom
REMPI detection wavelength, will have a considerably smaller detection probability
than the fragment atoms. This would artificially inflate the apparent density of the
trapped signal by an unknown amount. Still, as a first approximation to the trapped

3 would appear to correlate well with

atom density, an upper limit of 10% atoms cm™
that previously shown in section B.3.3] even though this may appear higher than the

probable density, as estimated in section L2211
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Figure 5.13: A plot of the full decay curve for Br contained in a magnetic trap. It
is obvious from the graph that there is a very rapid initial decay, where the fastest
atoms fly out of the laser region. After around 100 us, the drop begins to level off,
and it is in this region that the trapping of the atoms becomes evident. The different
colours indicate that the points come from a different data set, collected at different
MCP voltages. The inset image shows the short-delay decay curve.

5.3.1 Decay profiles

The clear result of the change to the TOF technique is the ease with which we can
detect Br atoms at very long pump-probe delays. It is possible to see the signal for
delays of up to at least 5 ms when background subtracting the two traces, a fiftyfold
increase over the velocity-map imaging set up. When we plot out the integrated
signal over the time-of-flight, we see the full decay curve and get some idea of the
fraction of atoms that have been lost over the course of the experiment.

Figure shows the full decay curve. Each different colour in the diagram
represents a different data set, which have all been normalised to one another. The
ranegs of delay times measured for each curve overlap, and from these overlap re-

gions a relative signal level can be calculated, which is normalised to zero time. In
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order to fully see the signal at longer delay, the voltage applied to the MCPs had to
be raised (see section 2Z4.2)), hence the separation of the data sets. The data taken
for the longest delay times were taken at a higher gas pressure in the source chamber
— this measurement gives us some indication of the gas flow levels — in addition to
being at a higher MCP voltage, for increased detection efficiency. The gas pressure
had to be lowered to take the shorter delay data, since there was a very large signal
generated from 1-colour dissociation of the molecular beam pulse. The implication
of this may be that the first three data sets (blue, red and green) are not fully com-
parable with the long delay data (cyan), since the atoms will be experiencing many
fewer collisions with the carrier gas than the signals recorded at the longer delays.
However, since we know that over the early part of the decay curve, the overwhelm-
ing major component of signal decay is attributable to the ballistic expansion of the
high-speed fragments, then for the purposes of constructing a decay curve with a
meaningful y-axis scale (i.e. fraction of the zero time signal remaining), the curves
have all been combined. This therefore assumes that the collisional loss for the first
three data sets is negligible.

It can be seen that the majority of the loss of signal occurs over the first 100 us,
which can be attributed to the ballistic expansion of the type seen in section
The implication here is that if the ballistic expansion continued in a similar manner,
we would be pushed to the very limit of our detection capability by around 100 us.
This matches well with the previous results. After this point, there is a lesser rate
of decay, up until around 1 ms, and after 1 ms, the signal level stabilises somewhat,
and the gradient becomes almost horizontal. Under this scheme, we have managed
to detect zero velocity atoms out to 5 ms. Beyond 5 ms, the signal level begins to
become statistically insignificant when compared to the noise level in the experiment,
representing the limit of our detection efficiency currently.

What do these data tell us? In section 2.7], it was predicted that the frac-

tion of atoms with kinetic energy less than the trap potential was 2.5x107%. The
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decay curve here appears to bottom out somewhere between 1x107¢ and 5x1077,
when compared to the signal at zero time. This is less than an order of magnitude
difference, so it would seem that the simulated decay curve is quite reasonable.

It is important to consider what factors may have an effect on the fraction of
atoms remaining. Although the simulated and experimental fractions match well, we
would still do well to consider all possible sources of loss in the trap. For one thing,
the simulated fraction was established purely from a kinetic energy standpoint.
Although the dissociation laser is tightly focussed, it does have an estimated radius
of around 200 pum, and the focal region extends along the length of the trap on
its own axis, x. This means that the atoms formed at the edge of the laser focus
could be created at a location with a potential energy of 20% of the value of the trap
depth. These atoms will have a much lower critical velocity for trapping, that is, the
velocity below which permament trapping would occur, in the absence of any loss
processes. Along the x-axis, the atoms could be formed with almost any potential
energy, up to the trap depth. As a result the absolute number of atoms seen will
not be equivalent to the number calculated from simulations. The critical velocity
with respect to the potential energy at formation is shown in figure [5.141

Something worth noting at this stage is that the trapped atom velocity distri-
bution is wholly controlled by the potential. We may attribute a ‘temperature’ to
the sample, based on the depth of the trap, but the velocity distribution is not
Boltzmann-like, and the temperature has no meaning from a traditional thermal
perspective, other than as a reference for the so-called critical velocity of the trap.
In addition to the effect of the magnetic potential at formation, the lower than ex-
pected baseline could also be attributed to the many avenues of trap loss. These
have been discussed in section 3.2} collisions with the molecular beam; collisions
with the background gas; and Majorana losses. Such factors are likely to be lowering
the detection probability at delay times greater than 1 ms.

A final possibility is that whilst we are creating these near zero-velocity atoms
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Figure 5.14: A plot of the potential energy along the y-axis, blue, and the associated
critical velocity, green. The highest velocity acceptance of the trap corresponds with
the trap minimum in the centre.

which will be trapped by the magnetic field, we are not necessarily detecting them
with the same efficiency as at zero time. The probe laser only interrogates a small
volume of the trap, and it is plausible that as the cloud of atoms diffuses out to fill
the trap, the overall density of cold atoms decreases, leading to a reduced detec-
tion probability in the ionisation volume. Some atoms may be trapped in orbiting

trajectories that never pass through the ionisation region.

‘Magnots’

To be sure that we indeed have succeeded in trapping atoms, the same experiment
was carried out with the ‘magnots’ as described in section 3.1} the aluminium
blocks of identical volume to the magnets. This requires a dismantling of the ex-
periment, so utmost care needs to be taken to try and avoid perturbing any of the
optics or the irises attached to the magnet extractor plate. Successful change-over

would require no realignment of the lasers, thus ensuring an identical focal overlap
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Figure 5.15: Comparison of the decay curves recorded for a confining magnetic field
(blue) and the magnetic field free case (red). The curves have been self-normalised
to their respective zero-delay signal levels. The coloured dashed lines are guides for
the eye at long delay time for their respective cases.

for direct comparison of the two cases.

The comparison between the decay curves for the magnets and magnots can be
seen in figure 5. I15E the insertion of the magnetic field has had a profound effect upon
the decay of signal with respect to time. There is significant enhancement of the
signal with the magnetic field present compared to the field-free case. In the figure,
there is noticeable deviation between the two curves after around 50 ps, similar
to that predicted in section .4l More critically, the difference is not only in the
relative fraction remaining at a given delay time for each case, but also in the slopes
of the decay curves at long delay. As seen in figure [5.13] the gradient of the decay
curve at long delay is close to horizontal, suggesting that any signal that remains is
due to spatially confined bromine atoms. For the ‘magnot’ case, the rate of signal
loss beyond around 200 us is constant, and appears steeper than the gradient in
the magnetic case. This clearly shows that the zero-velocity atoms created in the

magnetic-field-free case are not restricted (other than possibly physical restriction by
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Figure 5.16: Graphs of the magnet versus the ‘magnot’ decay, plotted on a double
log scale. The self-normalised curves are shown in the left hand plot, whereas the
right hand plot at long delay has been normalised at a delay of 10 us. This eliminates
much of the offset between the curves.

the magnots, which would ought to be identical to the magnet case), and dissipate
out of the ionisation volume.

There is something of a disparity between the two decay curves, in that at
very short delays, the decay curves do not match one another as would be expected.
Although both curves are self-normalised — that is normalised to their own respective
zero delay signals — there is a considerable difference between the decays in the
first few microseconds. This is best illustrated with the use of a double log plot
(figure B.16]). The figure illustrates that if we were to normalise the respective decay
curves to one another, for instance at 10 us, then much of the difference between
the two curves vanishes, and it is only at the very longest delays, i.e. greater than
1 ms, that any difference can be seen. This begs the question of whether there is
some slight difference in the laser overlaps, however minute, in the two cases, as
differences in the early decay curve will be due to the fastest atoms vacating the
probe laser volume.

A side effect of plotting the data on double logarithmic axes is that the various
phases of the loss from the trap volume are much more visible. It can be seen for the
left hand plot in figure 5.0, that there is a plateau in the decay curve somewhere

between 1 and 10 ps. It is unclear what exactly is causing the plateau; it appears
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Figure 5.17: Plot of the renormalised decay curve for the ‘magnot’ case from 10 us
upwards. The gradients of the decay at long delay are unchanged from the previous
graph, but the early part of the decay curves match much more closely.

in both curves, but is more pronounced in the magnet case. This can be seen
most clearly in the inset to figure It could well be an experimental artifact.
Nevertheless, the overall shape of the logarithmic decays is expected; at early delay
times, there is little discrepancy, whereas at longer delays, the magnetic trap retains
bromine atom signal much more significantly.

Figure 517 shows the renormalised decay curve for the ‘magnot’ case with the
standard z-axis. It is clear from this that the separation of the two cases from
one another in the decay curves may not manifest until we reach the very longest
delay times: 1 ms and upwards. There is clearly a difference between the two cases;
we cease to be able to detect signal from the ‘magnot’ case at all, beyond around
2 ms, whereas we only really reach the detection limit for the magnet case past
5 ms. There is no data past 7.5 ms since the random background noise becomes
comparable to the signal peak itself, and to average this out, then the experiment

would need to be run for longer than it takes the probe laser to drift off resonance.
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5.3.2 Molecular beam collisions

An important measurement required to determine the effect of the collisions of the
carrier gas in the molecular beam upon the trapped sample, is to take a series of de-
layed signal measurements photodissociating at various points through the molecular
beam pulse width. This can be achieved by changing the triggering time between
the firing of the dissociation laser and the molecular beam pulse. Since the inten-
sity of the molecular beam pulse is different at each timing, a normalisation scan is
taken at zero pump-probe delay to gauge the signal level from that molecular beam
density. Figure shows the change of the zero-velocity signal at 1 ms as a func-
tion of the gas pulse—photdissociation laser delay; i.e. the delay between sending the
voltage pulse to trigger the General Valve, and the firing of the dissociation laser.
The upper plot shows, in blue, the intensities of the signal, as calculated by the
fitting the background and signal as in the previous section, with the Gaussians fits
shown in red in the lower plot. Overlain on the lower plot is the molecular beam
intensity distribution (black squares with blue spline fit).

We can see that, as we dissociate later in the molecular beam pulse, that the
signal created with zero velocity increases, when normalised to the molecular beam
intensity from which it was formed. This suggests that collisions between the trapped
atoms and the molecular beam carrier gas are indeed having a significant effect
upon the longevity of the trapped sample. This in turn suggests that the temporal
duration of the molecular beam pulse is far from optimal. Under such circumstances,
it would appear that timing the photodissociation to be later in the molecular beam
pulse (in the previous experiments, the gas-laser delay time was 1100 us, near the
peak of the beam intensity) would be preferable.

The collisional removal of trapped density can be quantified, albeit only roughly,

given the limited information we possess on the densities involved. If we assume
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Figure 5.18: Top: a plot of the Gaussian fits to signal taken at 1 ms at different gas-
laser delays, red. The overlain curve is the shape of the molecular beam pulse, used
for normalisation of the Gaussians. The grey shaded area represents the time bases
used in the integral calculation of equation B0l Bottom: the integrated Gaussian
areas from the top plot are plotted in terms of predicted bromine density, blue. The
fit to the signal decay due to collisions with the molecular beam is shown as a black
dotted line.
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pseudo-first-order kinetics, then:
— —— =k [Br], (5.3)

where [Br] is the bromine atom concentration, and k', the pseudo first order effective
rate constant given by,

kK = k[Ar], (5.4)

where [Ar] is the concentration of the argon gas, and k is the bimolecular rate
constant. It is expected that k" will have a magnitude comparable with the gas
kinetic collision frequency for the density H] To account for the molecular beam
pulse shape, equation can be rewritten as:

d[Br]
dt

— KAr]()[Br], (5.5)
which can be integrated to give:

[Br|(t) = exp (/too k [Ar](t) dt) [Br](t = o0). (5.6)

To calculate the rate, we numerically integrate the argon intensity from the molecu-
lar beam pulse shape, and assume that the peak intensity is that previously assumed
in chapter Blof 10" atoms m~3 for argon. The rate of trap loss from molecular beam
collisions is then best fit to the experimental data, as shown by the black dotted
curve in the upper plot of figure B.I8 We use our best previous estimate for the
trapped bromine atom density of 10® cm™ to obtain the expected densities at each
point through the molecular beam.

The dotted black curve calculated for the collisional loss in figure B.I8 gives
k to be around 5x107'¢ s7! (atoms m~3)"', and therefore a k" rate constant of
around 5000 s~!. Calculations using the differential cross-section of the bromine-

argon potential surface E, ], give a rate constant of the same order of magnitude,
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when using the same gas density. This good agreement is very satisfactory, given
that the experiment is not designed to measure rate constants.

Assuming the bromine atom density of 10® cm™2, and taking the trap volume
to be of the order of 10 mm?, this implies that we have approximately 10° bromine
atoms in the trap. The suggested volume is a reasonable approximation to the actual
trapping volume. The volume between the magnets is 16 mm?, but only about half
of this is contained within the 0.2 T magnetic field isosurface. The measurements
imply that over the course of the molecular beam pulse, the trapped density drops
by about a half; this implies a density of 5 x 107 em3. This suggests that 5 x 10°
atoms per pulse are being knocked out purely by molecular beam collisions. Future
experiments may wish to flesh out these findings, by taking extensive decay curves
at multiple points throughout the molecular beam pulse. It therefore follows that
the remainder of the loss is due to collisions with the background gas, or Majorana

transitions.

5.4 'Trapping prospects

What can we conclude from the experiments involving the magnetic trap? Clearly,
the introduction of the magnetic field has had a significant effect upon the length
of time for which we can detect atomic fragments, indicating that we can indeed
confine bromine atoms spatially, and each bromine atom has a kinetic energy less
than the trap depth, 3.7x1072% J. This corresponds to a maximum velocity in the
trap of 7.5 ms™!, which, using the previous definition for temperature (%mv2 < kgT),
gives us a maximum temperature of 270 mK. Since we are not operating under the
velocity-mapping conditions in this experimental set-up, we do not have a visual way
of measuring the temperature of the sample. The signal peak in the TOF spectrum
has necessarily been spread out to try and separate the signal from the background
as much as possible, thus making the width of the Gaussian fitted peak not the best

gauge of temperature.
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The main issue it would appear that we have is the collisional removal of bromine
atoms from the trapping volume, and thus cannot detect any signal with any con-
sistency beyond 7.5 ms. Further experimental incarnations will have to circumvent
this defect, and more precise calculations of the bromine-argon interaction may need

to be considered to fully explore the likely trap dynamics.
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Chapter 6

Conclusions

This thesis has demonstrated the applicability of the Photostop technique to an
atomic system of chemical interest, Br atoms. This has been performed consistently
and repeatedly to prove that the method is better suited to use in the atomic case,
via dissociation from a diatomic species, than in the molecular fragment case. It has
proven that the experiment is capable of creating an atomic sample which could be
utilised in chemical reaction studies, should the bromine be spatially confined. In the
light of the results of the experiments with the magnets inserted into the apparatus,
it would appear that trapping has been a qualified success, and that it should indeed
be possible to trap, and accumulate bromine atoms. The main stumbling block to
progress appears to be the loss of atoms in the trapping volume over the course of the
experiment, indicating that collisions are a significant problem in the experiment as
it stands, either with the background gas, or more likely, collisions with the incoming
molecular beam pulse. The fitting of the experimental data to determine the loss

rate appears to match up with previously calculated values.
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6.1 Further work

6.1.1 The extension of the Photostop method

In the introduction to this thesis, it was stated that one of the goals of the project
was to try to extend the range of atoms and molecules available to the chemist
probing the coldest species, hence the need for novel techniques for the generation
of cold species. One of the great attractions of velocity cancellation is that it is
a relatively simple process, requiring only two lasers to operate. The simplicity of
the ion optics also opens up the possibility for adaptation, as in the installation of
the magnetic trap. One could also conceive the possibility of trying this technique
on a wide variety of precursors, now that it has proven to be a viable method
for generating cold atoms. As has been previously mentioned, the technique has
been demonstrated for producing cold NO (and also O) from NO, ], and has
been proposed for SO, E] and NO [3] as precursors. Cold chlorine atoms could be
generated in a similar manner to bromine, using BrCl [4] or Cl, as a precursor [3],
since both have highly anisotropic dissociation mechanisms. The approximate beam
speed of Cl, seeded in Ar would be 560 ms™! requiring a dissociation wavelength of

around 460 nm, well within the absorption band of the Cl, molecule [6]. Fluorine

could only be produced from CIF, since F, does not absorb in the correct Wavelenﬁh

I

region for viable velocity cancellation. Dy for CIF however is only 21110 cm ™!

and near-threshold dissociation has been previously observed [§].

6.1.2 Mechanical chopper

As we saw in chapter [, a major limitation of the experiment is the decrease of the
signal over time due to collisions with the molecular beam. This places severe limits
on the density of bromine atoms that can be trapped; the trap density will quickly
reach a steady state where as many atoms are knocked out of the trap as are loaded

in one pulse. It is plausible that with the likely molecular beam densities in the
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experiment, that this may even be approached after just one pulse (see section [£.3.2]).
The clearest solution would be only to allow a very small percentage of the molecular
beam to pass into the magnet region. The simplest way in which this could be
implemented would be to utilise some sort of mechanical chopper |9, [10], a high
speed rotor with a small aperture in it, only allowing bromine molecules with a very
specific velocity through, as well as producing a much shorter gas pulse. This would
not only reduce collisions with the carrier gas, but also reduce the background
pressure in the main chamber. In one swoop, the problem of collisions with the
molecular beam as a source of loss for the trap could be removed. A side effect of
this ought to be that the clarity of the velocity-map images at long delay times will
increase, since there will be fewer background molecules in the main chamber to
interfere.

In the time taken to construct a chopper of this sort, it would be of great benefit
to upgrade to a UHV system with a base pressure of the order of 107!Y mbar. This
would almost certainly be a major improvement, greatly enhancing the prospects of

observing trapped atoms for long durations.

6.1.3 New trap design

Another possible alteration to the experiment may be that the trap could be ex-
changed for a new design. As mentioned in chapter @l other designs of trap, such
as a ring based trap, as implemented by Ye and co-workers |11], could be used to
increase the trap depth perpendicular to the molecular beam axis, and more easily
accumulate bromine atom density. The downfall of a deeper trap would be that
the overall ensemble temperature would be greater than that in a shallower trap.
However, it may be that the overall density may be greatly increased (higher en-
ergy atoms are retained in higher numbers), which may well be preferable for cold

reactions.
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6.1.4 Prealignment of the molecules

It may be possible to increase the number of fragments that are able to be stopped by
prealigning the parent molecules, making them more susceptible to on-axis dissoci-
ation B, ]. The alignment could be achieved by using the the fundamental beam
of one of the Nd:YAG lasers (1064 nm) already in use in the experiment. Such pre-
alignment would increase the fraction available to be trapped for the bromine case,
and has been experimentally observed [14]. However, the real benefit of prealign-
ment may lie in being able to stop species with unfavourable § parameters, and thus
to extend the number of species available to us experimentally. Since the alignment

is dependent upon the polarisability of the precursor molecule, this would clearly

work best with highly polarisable molecules.

6.1.5 Magnetic guide

It is plausible that a magnetic guide could be constructed to allow stopped bromine
atoms to be transferred from the laser region into a trap, or to collide with another
species for reaction, thus eliminating the necessity for very short molecular beam
pulses. One could use a guide constructed of permanent magnets either with a bend
in it or angled so that the bromine atoms are guided the molecular beam axis. Such
guides as envisioned by Halbach ] have long been used in particle accelerators, but
the principles have also been applied to the guiding of metastable neon atoms ]
Another option may be to use electromagnets which can be switched on and off,
which have already been applied to the field of ultracold chemistry, having been
used to extract the output of a MOT [17]. However the fields are weaker than those
attainable using permanent magnets, unless superconducting coils are used.

Such a guide would be a step towards turning Photostop into a technique for
creating a tuneable velocity source of atoms. Whilst the velocity cancellation as
currently demonstrated would be directly applicable for use as a target in a cold

collision experiment, the prospect of guiding the atoms means that we could alter the
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Figure 6.1: Newton diagram showing a possible velocity cancellation to provide a
directional velocity boost to the departing fragments.

dissociation wavelength to change the mean velocity of the atom cloud. In addition,
one could envisage an experiment whereby the molecular precursor was dissociated
either just in front of, or just inside, the guide, and the momentum along the guiding
axis would carry the fragments in that direction, with lateral confinement provided
by the guide. The momentum kick could be achieved by rotating the polarisation of
the dissociation laser by a certain angle so as to give a kick to the fragments along
that axis, after which they could be guided away. This is illustrated in figure
If the electric vector positioned at some angle, 6, to the molecular beam axis, a
parallel dissociation would fragment primarily along an axis rotated 6 degrees to
the molecular beam axis. As in figure [6.I] most of the forward velocity would be
cancelled out, but the atoms would gain some transverse momentum, and overall,
the mean velocity would be small, and directed along vg,, as shown. A guide could
be placed along this axis, in order to move the atoms towards another cold species
for study.

Alternatively, the polarisation could be kept constant, with the guide positioned

at a very acute angle to the molecular beam axis, and the dissociation wavelength
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Figure 6.2: Simulation of the output of a magnetic guide positioned at 10° to the
molecular beam axis, for dissociation at various photolysis wavelengths, with the
electric vector polarised parallel to the molecular beam axis.

could be altered to achieve the same end, giving the fragment atoms impulses of
different magnitudes along the guiding axis, leading to an atomic cloud with a
tunable velocity. Some short simulations are shown in figure [6.2] where the guide
has been positioned at 10° to the molecular beam axis, and the velocity distributions
are measured at the exit of the guide, having allowed the atoms to travel through
the magnetic region.
Another alternative may be to use some sort of magnetic mirror, possibly made
of current carrying wires ljﬂ, to reflect the zero-velocity atoms towards the incoming
gas pulse which will collide with them. This would be a divergent process, in that
once reflected, there would be no more spatial confinement. As a result, such a

mirror may only be useful in more analysis of the velocities and densities of the

cooled atomic cloud, or pushing the cold atoms into another sample for reaction.
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6.1.6 Collision theory

Clearly, since the main sources of loss in the experiment appear to be collisional, it
stands to reason that we ought to consider the likely potential energy surfaces for
collision to understand how energy transfer is occurring. Since it appears to be the
greatest avenue of loss, a theoretical treatment of the collisions of the molecular beam
upon the trapped sample would appear necessary. The collisional cross-sections for

E], and could be used to investigate the possibility of kinetic

Ar-Br are known |19,

energy transfer causing trap losses.

6.2 Outlook

As was described in chapter [II the area of cold and ultracold chemistry has the
possibility to be of great use in a great number of scientific areas. To control chem-
ical reactions with absolute precision would be of fantastic use to a great many
disciplines, and the ultracold community has made great strides towards achieving
that end. Hopefully, the work in this thesis will make a contribution to the grand
scheme. The widening of the scope of atomic species that can be used in cold chem-
ical reactions is the only way in which chemically interesting reactions are going to
be studied at low temperatures and controlled accurately. It has been exciting to
have been working in an area of science that could develop in a great many direc-
tions, and not to know where exactly the field may veer next. In many ways, the
most engaging part has been not ever really knowing whether or not any of these
experiments were really possible until the data proved otherwise. The fundamental
forces of nature are highly mysterious, and hopefully they will forever continue to

be explored.
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Appendix A

Matlab code for Photostop

simulations

function loadPhotostoppedAtoms(n,runmax,vmiss)

% loads a sample of pre-made photostopped atoms for decay cur
simulation

if nargin == 0;
n = 2e6;
runmax = 1;
vmiss = 0;
elseif nargin == 1,
runmax = 1;
vmiss = 0;
elseif nargin == 2;
vmiss = 0;% mismatch in beam and recoil velocities
end

% mol beam velocity
vO = 550; % ms-1
% recoil velocity

amu = 1.66053886e-27;
mBr = 80. *ramu,;

DO = 15890;

EBrstar = 3685.24;
Jtocm = 1.9864e-23;

lam = 462e-9;

%lam = 10°7./(DO + EBrstar + (mBr. *amu. * v0.”2)./Jtocm);
vRecoil = sqgrt(((0.01./lam) - DO0) * Jtocm/mBr);

vR = sqrt(((0.01./lam) - DO - EBrstar) * Jtocm/mBr);
%vVvRecoil = vO - vmiss; % ms-1

% standard deviations of laser volume
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sdevx 2 x1e-3/2.35; % m
sdevz 0.2 *1e-3/2.35; % m
posn = (randn(n,3)); % m

% randomised position in laser focus

posn(;,1) = posn(;,1). * sdevx;
posn(;,2) = posn(;,2). * sdevz;
posn(:,3) = posn(:,3). * sdevz;

% see program sample_recoil_velocities
[VRecoil] = sample_recoil_velocities(vRecoil,n,vR,0.2 ); % m
% ie sigmaz = 17.86 = FWHM/2.35

% sigx = 34
% from MB pulse

dvr = 3.4;

dvz = 18;

%dvr = 10;

%dvz = 15;

dv = [dvr dvr dvz];

dv = repmat(dv,max(n),1); % ms-1

% randomised inital velocities

vSamp = dv. *randn(n,3); % ms-1
vSamp(:,3) = vSamp(:,3) + vO; % ms-1

% post dissociation velocity
vel = vSamp + vRecoil; % ms-1

if runmax == 1,
fOutv = sprintf(’binaryVel.dat’);
binv = fopen(fOutv,'w");
fwrite(binv,vel, float32’);
fclose(binv);

fOutp = sprintf(’binaryPos.dat’);
binp = fopen(fOutp,'w’);
fwrite(binp,posn,’float32’);
fclose(binp);

else
fOutv = sprintf(’binaryVel.dat’);
binv = fopen(fOutv,’a’);
fwrite(binv,vel, float32’);
fclose(binv);

fOutp = sprintf(’binaryPos.dat’);
binp = fopen(fOutp,’a’);
fwrite(binp,posn,’float32’);
fclose(binp);
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end

%

function v = samp_recoil_velocities(vRecoil,beta,n)
% Get recoil vectors
%v = vRecoil. *(2 *rand(n,3)-1);

if nargin ==
beta = 2;
vRecoil = 380;
n =1000;

end

% q = branching ratio

q=1
beta2 = -1;

% cpdf - cumulative prob distn,
% for calculating accurate theta distn in 3d

z = 2xrand(q *n,1) - 1,

zz = -1:.01:1;

cpdf = (1-beta/2). *77 + beta/2 *zz."3;
zSamp = interpl(cpdf,zz,z);

phi = 2 *pi *xrand(q =*n,1);
r = sqrt(l - zSamp.”2);

X = r. xcos(phi);

y = r. =sin(phi);

v = VRecoil =*[x y zSamp];

z = 2*xrand((1-q) =*n,1) - 1;

zz = -1..01:1;

cpdf = (1-beta2/2). *7z + beta2/2 xzz.3;
zSamp = interpl(cpdf,zz,z);

phi = 2 *pi *rrand((1-q) *n,l);
r = sgrt(l - zSamp.”2);

X = r. =cos(phi);

y = r. =sin(phi);

v2 = 800 *[x y zSamp];

v = [v;v2];
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