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Abstract

In this thesis | describe experimental work and present data on the guiding of
Rubidium atoms along free-space propagating light beams as well as within hollow
core glass fibres, namely photonic crystal fibres. | describe experiments, laser systems
and vacuum trap assemblies designed to facilitate this guiding.

These experiments are intended to aid progression within the field of cold
atom guidance wherein narrow diameter, long distance hollow-fibre guides are a
current goal. Realisation of these guides could lead to promising applications such as
atom interferometers and spatially accurate, multi-source, atom depositors.

Herein, guided fluxes are observed in free-space guiding experiments for
distances up to 50mm and up to 10GHz red-detuning from resonance. Additionally
hollow-core, Kagome structured, quasi- and true-photonic crystal fibres are
characterised. Finally a number of detailed fibre-guiding magneto-optic traps are
developed.

Both cold atomic-beams and cold atomic clouds are reliably positioned above
fibre entrance facets in conjunction with a guiding laser beam coupled into the fibre
core.

Issues regarding optical flux detection outwith fibre confinement appear to
have hindered observation of guided atoms. A far more sensitive detection system has
been developed for use in current, ongoing fibre-guide experiments.
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Chapter 1

Laser Cooling & Guiding of Rubidium Atoms

Introduction

At room temperature atoms are moving too fast to be studied. They move in
completely random directions at up to 1000m/s, hence they do not remain in view for
long enough. Crudely, we can think of the motion of a particle as a measure of its
temperature, as we slow it down, we cool it. However, when we cool atoms or
molecules in atmosphere, they first condense into liquid then freeze to a solid hence
making study more difficult. By cooling in a vacuum, particles find no nucleation sites

to condense around and so remain in a low density ensemble, ready for study.

However, atoms need to be cooled to within a few 10s of micro-Kelvin (uK)
before they become slow enough for study. Rubidium for example, requires cooling to

~100uK before slowing to ~17cms™. So how do we cool to this level?

In 1997 and again in 2001, the Nobel prize in Physics was awarded for work in
the field of atom cooling by light beams and subsequent realisation of a Bose-Einstein
Condensate' (BEC). For the latter, atoms were condensed into a BEC, wherein all
particles occupy the same supremely low, fundamental, energy level. This type of
experiment can yield good examples of the phenomena seen at these temperatures; two
super-cold clouds of Rubidium atoms have been seen to behave as coherent light does;

they were seen to interfere. This was one of the most revealing studies of matter ever.

Let us return to the question of Zow we cool atoms. In their 1997 work the
Nobel laureates demonstrate how streams of photons, in a laser beam can be directed
against the motion of an atom to slow it down. Given that photons can be thought of as
small packets of energy moving very rapidly, incident atoms will absorb their momenta
(if they are tuned in wavelength to the correct position relative to a resonance). After



scattering, the atom’s velocity against the flow of photons is reduced. Hence laser light
works to influence matter by imparting momenta and so providing a powerful method

of cooling atoms.

Once optically cooled atoms can be influenced by relatively weak laser fields
and so manipulated for accurate study. However, a significant and current task, is to
extract atoms from this cold reservoir and subsequently transport them without
allowing their temperature to rise beyond unmanageable levels. Thus atom extraction

and in particular, efficient atom guidance are the subjects of this thesis.

1.1  Brief history of Laser Cooling

Simply put, laser cooling is the process of removing kinetic energy from atoms
through use of optical fields. This energy can be reduced by the transfer of photon
momenta from incident laser beams. Atoms can be routinely cooled with light to
temperatures as low as ~100uK in basic atom traps. Further cooling mechanisms are
known to reach temperatures of the order of a few nano Kelvin, at which, quantum

degeneracy is observed.

Although the concept of a force from light, ‘light pressure’, was familiar by the
year 1900, its slowing ability was discounted until the invention of narrow linewidth
tunable lasers. In 1975 T. Hansch and A. Schawlow realised that such light sources
could exert a substantial force on atoms and potentially be used for cooling®. In 1978,
the use of lasers for atom trapping was proposed by Ashkin®. Important experimental
milestones were reported almost a decade later; the first stopping of a thermal beam® in
1982, the first 3-D cooling® in 1985 and the first ‘atom trapping’’ in 1986.

Nowadays the majority of research in the field of atom guidance involves
creation of BEC atom sources in order to have the coldest atom source for loading into
free-space optical guides. The key is to then successfully couple atoms from these free-
space beams into modes supported by one of a range of possible waveguide media. This
thesis has chosen hollow optical fibres as the waveguides of interest as they offer a
number of significant future applications for guided cold atoms, primarily through their

mechanical flexibility and the promise of extremely low loss optical throughput.



Setting the Scene

At present there are around 170 cold atom laboratories globally. Of these the
majority specialise in BEC generation and resonant effects within the cold cloud.
Approximately 20 are involved in the improvement of cold atom transport and only a
handful of these are believed to work with hollow-fibres; capillary or crystal structured.
To our knowledge there are 3 other research teams®®° using photonic crystal fibres
(PCF) as their optical-guiding medium and none of them, as yet, have detected atoms
emitted from the exit facet of a fibre. Wolfgang Ketterle’s research team appear to have
come closest by guiding BEC temperature atoms guided into a fibre and detecting 5%
of these returning back out the entrance facet after 30ms within the fibre core. In the
spirit of research | hope all these groups garner useful results for the atom-guiding
community. In the spirit of continued funding | hope St Andrews achieves the same,

and publishes soon.

Our work at St Andrews could feasibly provide a landmark result with the
realisation and refinement of an extremely efficient cold-atom “hosepipe” wherein
atoms could be transported along flexible paths with minimal loss in numbers and
negligible temperature increase. The key features, such as optimal laser tuning and
power, coupling method, pulsed or continuous-wave guiding, etc. could provide a
rough blue-print for similar systems guiding other atomic elements. Which in turn
could lead to such devices as multi-element atom depositors, capable of building
complex structures (on an atomic scale) layer by layer. Presently this remains a

motivational goal to aim for.

There are very few manufacturers of PCF. The majority specialise in solid core
designs for the telecoms industry. The available hollow-core (HC) PCF caters mainly
for high power beam transport, wherein non-linear effects in a gaseous core can be
investigated with less chance of fibre damage. There are few commercially available
HC PCFs and fewer still capable of supporting wavelengths necessary for alkalis-atom
guidance. At time of writing a metre of such fibre will cost ~£700. Thus we are very
fortunate to have Professor P. Russell’s research team at Bath university as our partners
in research. They agreed at the beginning of this research to provide us with suitably
structured PCF segments capable of supporting 780nm light (for guiding Rubidium
atoms), and thus significantly boosted our prospects. This collaboration continues today

with the ongoing atom guiding experiments outlined in chapter 8.
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1.1.1 Basic Mechanics of Laser Cooling

Optical slowing, or cooling is not enough to provide particles for study, they
must have a positional dependence so they can be trapped in one place. The idea for the
first magneto-optic trap™* (MOT), was conceived by J. Dalibard, who proposed the use
of circularly polarised light to slow atoms and the addition of a spherical quadrupole
magnetic field such that an atom moving away from an origin is Zeeman shifted into
resonance with a counter-propagating beam which pushes it back towards the origin.
Most of the early trapping was performed on Sodium (Na) because it has an almost
ideal level structure, with cooling transitions which could be driven by the more
efficient cw dye lasers of the time.

At St Andrews we cool and trap Rubidium vapour as it has resonances within
the output range of cheap commercially available near infra-red (NIR) diode lasers. The
ultimate goal of work reported herein is the efficient transport of atoms through hollow-
core photonic crystal fibres. On route to this goal, atom coupling from a MOT into a
free-space light beam is investigated. Three atomic sources of distinct velocity groups
are used as atomic sources, these are: thermal vapour, ‘low velocity intense sources’

and magneto-optic traps.

The incident photons from on-resonance laser beams transfer small packets of
momentum to oncoming atoms. These are absorbed counter to atomic motion, and thus
slow the atoms down. The momentum of a single photon is miniscule compared to that
of the massive atom, however a laser beam can provide vast numbers of photons. The
analogy of a free-wheeling cyclist being stopped by countless numbers of wind-blown
rain drops is appropriate. Thus resonant laser light depletes kinetic energy along the
axis of the laser beam. This is termed atom cooling. Strictly speaking this is not a
change in temperature, as the atom is not exchanging any thermal energy nor does it
reach thermal equilibrium with its surroundings despite maintaining a steady state.
However it is convenient to express the motion of an atomic ensemble with a well

defined average kinetic energy, Ej, in one dimension as a temperature, 7, where:

E, = %kBT 1.1



An atom absorbs an oncoming photon by virtue of its constituent electron
energy level transitions; provided the photon has a wavelength in resonance with an
atomic transition and the majority of atoms repeatedly de-excite to the same initial
level, cooling can be achieved. A transition within the tuning range of available lasers
and with a strong optical field interaction is chosen to simplify the experimental setup,
(the relative interaction strengths of the multiple transitions depend on the orientation
of their atomic dipole moment with respect to the polarisation of the input light). On

absorbing a photon and receiving a momentum kick of p = 7k where 7 = h/2m, the

wavevector k£ = 2n/4 and A is the wavelength of the photon, an electron within the atom
is raised to an excited level. Subsequent de-excitation occurs after a time z, the excited
state lifetime of the transition. For Rb®, used here, this is 7 = 26.63ns. De-excitation
emits a photon of similar energy. This emission would cancel the slowing effect if the
emitted photon were directed parallel to the input photon, however de-excitation
emission is isotropic therefore, time averaged absorption and re-emission pushes the
atom in the direction of the photon flux, against its original direction. This process is
cyclic and is the basis for atom cooling, whereby a photon is absorbed and

spontaneously emitted, it is depicted in Figure 1.1.

Figure 1.1 : The cyclic nature of photon absorption and re-emission acting to move the

atom in the direction of the photon. The atom undergoes an average velocity change of

hik/m per cycle.



Radiation Pressure Force

The cooling cycle gives rise to a damping force known as the “Radiation
Pressure” force. It is one of two forces induced by laser light passing through an atomic
vapour and is experienced only when incident laser light is close to resonance with a
strong optical transition within an atom. The second induced force is called the
“Dipole” force and is discussed in later sections. In his 1978 work, Ashkin

mathematically formulated the radiation pressure force induced on an atom as:

_Ap _ Nk

= 1.2
At Tl f

where 7 k is the aforementioned photon momentum directed along the propagation
direction of the light, t is the natural lifetime of the excited state, and f'is a

dimensionless intensity saturation parameter.

Doppler Cooling and Optical Molasses

In order to reduce the longitudinal velocity of the atoms from their initial
velocities of approximately 10°ms® to near zero, approximately 30,000 photon
collisions per atom are required. In one dimension it is easy to imagine an atom slowing
due to radiation pressure then accelerating beyond control in the opposite direction. A
laser tuned to a strong electronic transition can scatter ~10” photons per second, giving
rise to an acceleration of 10%g. However, in a rare case of nature aiding experimentation
a Doppler shift of atomic transition frequency works to tailor photon absorption
dependent on an atom’s velocity. This shift wp = -k - v, is induced by atomic velocity v
in either direction collinear to the incident laser; note a velocity parallel to incoming
laser light produces a negative Doppler shift, anti-parallel produces a positive shift. A
laser frequency below the atomic resonance (red detuned), will cause atoms to
preferentially absorb counter propagating photons. Thus, if an input beam is retro-
reflected back upon itself exposed atoms will receive a damping force from each of the
opposing cooling beams of F, and F. which sum to provide a total damping force of
F,, described below®:

hky So

F. =%
2 145, +[2(6F |, |)/ 7]

1.3




and the sum:

2
P K&y L

" y/(l+ Sy + (25/}/)2 )2

where s, = I/l;;, 0=m—waom 1S the laser frequency () detuning from atomic resonance
(watom), and I, = 7mhe/32° 7 s the saturation intensity™® beyond which atoms do not
increase their rate of interaction with the light field; this interaction limit arises due to
the lifetime of the excited state and the atomic cross-section for absorption. Benefits in
cooling efficiency are not seen beyond I,,,=1.6mW/cm’ for Rb®. In order to eliminate
consideration of stimulated emission events the cooling laser should have an intensity /
< Iy yis the characteristic spontaneous decay rate 1/7 of the excited atom (~37.5MHz
for Rb®). The damping coefficient 4, in equation 1.4 is linear in the limit of small
detunings (0 < ) and low intensities (I < lsy), outside of these limits there is a

saturation and subsequent decreasing of f.

Importantly, for 6< 0, F,,, acts against atomic velocity and so viscously damps
its motion, conversely for 6 > 0, it acts in the direction of atomic velocity thus
preventing cooling. Figure 1.2 helps explain this. Atoms travelling against one laser
beam will experience photons Doppler blue-shifted closer to resonance thus increasing
scatter and momentum transfer. Conversely atoms travelling away from a laser source
will experience photons Doppler red-shifted further from resonance, which scatter less
and thus impinge on atom velocity far less. Thus momenta transferred from oppositely
directed photons act against atomic motion in the axis of the laser light. The slowing is
proportional to atom velocity for small enough initial velocities giving rise to viscous
damping which in turn leads to the term “Optical Molasses”. This term is aptly
descriptive given the slow molasses syrup-like damped motion of atoms in a cooling
field.
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Figure 1.2 An illustration of the level of absorption (or scatter) of incoming light dependent
on its detuning from resonance. Provided input cooling light is detuned a small amount,
induced Doppler shifts allow tailored absorption of light dependent on atom velocity.
Optimum cooling of Rb® is achieved at & ~ y /2, where y =21x6.1MHz, the natural

linewidth of the cooling transition.

Intuitively the optical molasses effect would reduce atom temperature down to 7
= (), however this is not the case. Each absorption is followed by a spontaneous decay
which predominantly emits in a different direction to that of the input photon, therefore
a residual energy remains to heat atoms. This heating can ultimately be attributed to the
random direction of spontaneously emitted photons and the quantised nature of
momentum transfer between photons and atoms in the molasses field; each absorption-

emission combination changes atomic momentum by Ap = zk, and so, on average its

kinetic energy changes by a minimum of:

E =N/ =ho, 15

where E, and M are the recoil energy and atomic mass, respectively. Hence the average

energy gained in each absorption is 7w, =ho,+ho, Where ho, is the rest frame

transition energy (w, the atomic resonance). Similarly the average energy of each

emission is rw,, .. =ho, —he,, thus the average energy lost from the optical field over

emiss

each scattering is %(w,,, —,,,) = 2ha, . This occurs at a rate of twice the characteristic

abs

absorption and scattering rate j, where the doubling accounts for the presence of two

beams. Equation 1.7 defines the characteristic scattering rate (per atom per second):



_ SoY/2 1.6
s 1+, +[2(6 +w,)/7] '

where @p is the Doppler frequency shift as previously described. This lost energy
manifests as kinetic energy of the atom as it recoils from the scattering. Thus the time
averaged temperature of an atom after cooling is a minimum defined by the number of

recoils it performs. This steady state results in a kinetic energy of:
E, =(ny18)2s|/y +r/25)) 1.7

which can achieve a minimum at 2|§|/y =1, which in turn yields the aforementioned

ideal detuning for cooling light of &=-y»/2. Thus a minimum temperature
T, =hy/2k, is reached which is ~240uK for Rb®. This is termed the Doppler limit

whereby the process of cooling to this level is termed Doppler Cooling.

Hyperfine Re-Pumping

Atoms are more complex than the simple two level system depicted so far.
Extra energy levels revealed in a more detailed model illuminate a detrimental

mechanism for cooling efficiency.

An enhanced definition of the atomic energy levels allows us to describe the 2™
highlighted transition shown in Figure 1.3. This is an extra pumping applied to address
the problem of electrons falling out of the cooling cycle via decay to the lower
hyperfine ground level, 5S;,F = 2. This occurs when an electron illuminated by
cooling light, (tuned just below the F = 3—F’= 4 transition), is instead excited into the
F’= 3 level. From there it can decay into the F = 2 ground state where it is rendered

inaccessible to the cooling field and thus lost from the cooling process.

Approximately one de-excitation in every 1000 results in an atom dropping to
this state. This is significant enough to prevent coalescence of a cold cloud within a
functional atom trap. In order to prevent this, a second laser source, dubbed the
“hyperfine” or “re-pump” laser, is tuned to the 5S;,F = 2 — 5P3,F’= 3 transition (for

Rb®), thus elevating valence electrons back to an excited state from which they de-



excite back down to the ground level of the cooling transition. Hereafter | will refer to

the re-pump source as the “hyperfine” source.
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Figure 1.3 : The fine (LHS) and Hyperfine (RHS) structure of Rb® D2 lines. The values in

blue are in MHz. Transitions excited by the respective lasers are indicated in red.

Extension to 3D

Optical molasses theory was originally formulated for the 1D case but it
accounts for many of the features seen in 3D optical molasses, thus the 3D model is
taken as a direct extension. As described for optical molasses, arranging two counter-
propagating “atom slowing” beams allows removal of energy in one axis, thus atoms
caught in either beam will experience forces centred around v = 0. Arranging similar
beams on each axis allows atoms caught in the locus to experience a frictional force
component in all directions and thus cool in all axes. However, it is important to note
that this setup alone is not sufficient for optical trapping because the atoms are able to
escape the cooling locus with a drift velocity Vp. This velocity is dictated by the
aforementioned residual recoil momentum described by equation 1.9, at this speed an

atom can travel 1cm after approximately 10 photon interactions, taking ~30s to do so.

10
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where &=, [y is the ratio of the recoil frequency to the natural linewidth of the

transition. Such diffusion can be appreciated upon realising the lack of centralising
force; atoms caught in any one beam outwith the crossover region will only be slowed
in the axis pertinent to that beam. If they enter with velocity components transverse to
that beam they will only suffer reduction of velocities in the cooling beam axis and thus
exit the optical field with the same transverse velocity components. This happens

because there is no centralising force.

Nevertheless, in 3 dimensions nature is again kind to atom trappers, as it was
discovered that in practice temperatures of atomic ensembles dropped below the
Doppler limit; as much as ~10 times lower than the 240uK predicted*. This was
ultimately explained through a combination of three factors; light induced a.c.-Stark
shifting of the atomic energy levels, polarisation gradients in the optical field locus and
the probability of optical pumping between hyperfine structure levels. Through these
factors a mechanism operates which allows the Doppler cooling limit to be breached.
Techniques achieving temperatures below the Doppler limit are identified as Sub-
Doppler cooling methods. A description of sub-Doppler cooling is presented in the

following sections.

1.1.2 Sub-Doppler Cooling — Polarisation Gradient Cooling

Light Shifts and Optical Pumping

In the presence of a nearly resonant optical field atoms experience slight
changes in their energy levels. Termed light shifts, these changes are directly related to
the intensity of the incident light and result from analysis of the Hamiltonian operator
in the presence of off-diagonal elements of the Hamiltonian matrix, as described by
Metcalf®. The magnitude of these shifts, for magnetic ground states in a 1D

arrangement of two counter-propagating travelling waves of low intensity 7, is given

by:

11
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where C,, is the Cebsch-Gordan coefficient describing the coupling between the light

field and the atom*. The value of C,, depends on the magnetic quantum numbers and

on the polarisation of the light field. It includes the hyperfine multiplicity of the ground
state, thus the magnitude of the light shifts are different for different magnetic
sublevels. Essentially the shift results from the Stark effect of the electric field of the
applied light and so is called the a.c.-Stark shift. Figure 1.4 provides a simple depiction
of the energy shift dictated by optical field intensity. Dependence on field intensity
implies that a tailored intensity profile would cause shifting of the energy-levels
described by the spatial characteristics of the light.

Further spatial dependence is introduced by the polarisation relationship

contained within C,,. Transitions between fine structure J = 1/2— 3/2 have ground

substates, denoted by their magnetic quantum number M, = +% and M, = -%, where
this is the projection of their angular momentum along the field. The magnitude of light
shifts for each substate is defined by the incident polarisation. Specifically, the light
shift for M, = +¥: is three times larger in light of right-circular polarisation ("), than in

left-circular polarisation (o).

A —_—

——— fealals Excited state

Energy

fio

— PR Ground state

Figure 1.4 : The light shift for a two level atom. Red-detuned light (shown as vertical red
stripe) shifts the ground state down, and the excited state up, by the same amount. The
amount of shift is dependent on the intensity experienced. Thus the energy level bowing is
spatially dependent on the incident intensity profile. A Gaussian profile would create shifts

similar to those shown, (right).

12



Optical pumping into a given magnetic sublevel is caused by different averaged
selection rules which occur for each polarisation. That is, ¢ has an absorption
characteristic of AM = +1, and subsequent spontaneous emission of AM =41, 0, thus an
averaged selection rule of AM > 0 for each scattering event is generated for ¢*. This
drives the ground-state population into the A, = +% sublevel. Conversely, oppositely
polarised light o*, will drive the ground-state population into the M, = -% sublevel via
an average scattering event selection rule of AM < 0. Thus it can be arranged that atoms

are driven into magnetic ground substates with the greatest lightshifts.

Ultimately a combination of light shifts and circularly polarised light serves to
alter the ground state energy of already partially cooled atoms. This is particularly
pertinent in a molasses environment where atoms are slow enough to benefit from
inherent polarisation gradients which serve to perpetually alternate the drive towards

each ground magnetic substate.

Polarisation Gradients

Let us consider two linearly polarised beams of similar magnitude, which are
oppositely directed and linearly polarised orthogonal to each other (denoted; lin L lin).
Interference will cause a cycling of the combined polarisation such that over half a
wavelength the polarisation will change from linear vertical (say), to left circular (c’),
to linear horizontal, to right circular (c*) and back to linear vertical again. Thus, atoms
within will experience polarisation gradients, the rapidity of which singles out a subset
of atoms for pumping and subsequent displacement into one of the magnetic ground
states, M, = + %2 and M, = -Y2. This process is illustrated in Figure 1.5 where a cycling
polarisation and associated drive into each magnetic ground-state is shown. It can be
seen that for the above polarisation arrangement, and in general for any transition Jg to
Je = Jg +1, ground state atoms are predominantly driven into the state with the larger
light shift. Provided the detuning is red of resonance (o < 0), larger light shifts will

imply lower energies and thus cool the atoms by dissipating energy.

13
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Figure 1.5 : Atoms are preferentially pumped into the lower of two ground state sublevels
as they experience spatially varying polarisations in the interference of two counter-
propagating, oppositely polarised cooling beams. The driving polarisations are shown on
the lower graph. The ground state sublevels are shown on the upper graph, the relative

population of each sublevel is indicated by the size of atom depicted.

This cooling mechanism is effective over a limited range of atomic velocities.
Damping is maximum for atoms that undergo 1 optical pumping process over a
distance of 4/4 of the cooling light, or time-wise, when the time taken for an atom to
work its way from the bottom of a ‘valley’ to the top of an adjacent potential “hill’

matches the time to optically pump from one magnetic ground state to the other. In the

simple 1D molasses described above an optimal velocity of v, = ;/p/k is defined where

the pumping rate y, increases by a factor of 2 to account for the presence of two beams

thus y, = s,y°/46% . (refer to equation 1.7 for the case where 8>>1 there y equates to

7). The resultant damping force is given by:

F=AW/Az = AEk=—pfv, 1.10

where AW is the change in potential over distance Az, AE is the light shift and v. the
capture velocity. Assuming a detuning |§|>>yand CZ, =1 is chosen for the light shift
evaluation in equation 1.10 (as well as substituting s,/ for I ), then the damping rate
B/M =nk*5/2My = w,5/y. This illustrates a velocity dependent force of equivalent

magnitude to the Doppler cooling force described in equation 1.4, but with an influence

14



over a lesser velocity range y, /k. Comparison of the damping coefficient to the

maximum of Doppler cooling shows a factor of (2|5|/7) increase. Furthermore it can be

shown'’ that the momentum diffusion to the optical field is of the same order to that of

Doppler cooling, thus lower temperatures can be reached.

Mathematically the damping coefficient for polarisation gradient cooling in

Rb® can be written as:

2 Olr) 111
17 1+4(5/y)

p,=-
Which differs from equation 1.5 notably by its lack of intensity dependence, thus, in
contrast to Doppler cooling, the damping rate for polarisation gradient cooling is
constant for increasing input intensity. However this is counterbalanced by the now
intensity dependent velocity capture range, which is proportional to /7 and is ~10 to 100
times smaller than that of Doppler cooling. Polarisation gradient cooling therefore

comes into play when Doppler cooling begins to break down.

Sub-Doppler cooling was an unexpected experimental result reported and well
described by Phillips et al.. The temperature achieved by polarisation gradient cooling

can be expressed specifically for Rb® as:

Chy? 129 254 1

== - + - 1.12
20| 1,300 75 4(5/y) +1

ke, T

This sub-Doppler cooling is called “Sisyphus laser cooling” from the Greek
myth concerning Sisyphus, the former King who was condemned to push a heavy
weight up a never ending series of hills. The atoms lose energy by virtue of having to
climb perpetual potential hills. This continues until they can no longer surmount the
energy barrier, whereby they reach a steady state up to 10 times lower than the Doppler

limit (typical values for Rb®, 7p=143uK, Ty0r~100pK).
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Optical Cooling Limit

Ultimately all optical cooling methods discussed are limited to a minimal
temperature called the recoil-limit, T, given by:

k,T. = 1.13

where M is the mass of the atom. Similar to the Doppler-limit, the recoil-limit arises
due to the residual energy distributed between cooled atoms due to the quantised nature
of optical scattering. While the damping coefficient is independent of input intensity 7,
the heating rate due to this perpetually scattered residual energy does depend on /. The
minimum temperature obtainable thus depends on the ratio of viscous cooling to the

heating rate and is therefore proportional to laser intensity.

Polarisation Cooling with Circularly Polarised Input Light

Predominantly, the optical traps used herein employed circularly polarised
cooling beams, hence it may be helpful to discuss the mechanism through which
circularly polarised light achieves sub-Doppler cooling. Atoms are similarly driven into
separate magnetic substates according to the polarisation absorbed, however there are
differences in the method by which these substates are addressed and populated.
Returning to the previously discussed 1D situation, the magnitude of light shifts for
each ground magnetic substate was dependent on position within the cycling
polarisation. However two counter-propagating, orthogonal, circularly polarised beams
generate an optical electric field with constant magnitude and linear polarisation
throughout™. This means light shifts are spatially uniform and thus cause no energy
variations in the ground state levels thus eliminating any Sysiphus cooling.
Nevertheless access to a similar cooling mechanism is provided by the combined linear
polarisation which precesses at a rate of 2mn over one wavelength. This rotating
polarisation serves as the quantization axis for the optical electric field, so now the
orientation instead of positional alignment, of the atomic ground-states relative to the
quantization axis becomes the pertinent factor. In accordance, the simplest model must
therefore have J, = 1. Atoms have their ground state populations optically pumped to

available magnetic substates dependent on the local polarisation experienced.
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Additionally, atomic velocities within the light field allow non-adiabatic
dissipation of energy into the light field and define selection rules. That is, atoms at rest
experience a stationary polarisation direction and thus have their substate populations
driven to M, = 0 sublevel. Atoms with v > 0 experience a rotating polarisation and
undergo pumping in order to follow its orientation. Thus moving atoms attempt to
mimic the quantization direction and are driven into M, = +1 substates while doing so.
Hence the population of ground magnetic substates tends to lag behind the steady-state
distribution of stationary atoms pumped to match the local polarisation/quantisation
axis. Specifically, it has been shown?® that atoms travelling towards a beam of c*

polarisation are preferentially pumped into the substate of A/, = +1 and vice-versa.

Because of different Clebsch-Gordan coefficients, atoms in each substate scatter
light six times more efficiently from their preferred polarisation (ie. ¢ for M, = +1)
than from the orthogonal. Moreover, atoms remain in their sublevel following
absorption and spontaneous emission hence scattering more light and receiving a large
momentum transfer against their motion. Thus atomic motion is damped, to an extent
comparable to the lin L lin configuration, whereby similar temperatures are expected to
those of Sysiphus Cooling. Figure 1.6 and Figure 1.7 allow comparison of the force

rendered on an atom in both lin L lin and ¢* -o” situations repectively.
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Figure 1.6 : Calculated force on an atom vs. velocity in a 1D molasses where the input
polarisations are linear and orthogonal. 7z, and 7, denote the orthogonal linear polarisations.
Adapted from reference®.
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Figure 1.7 : A graph showing force on an atom vs. velocity in a 1D molasses where the
input polarisations are orthogonal circularly polarised. Plots are shown for magnetic fields
B=0 and B=0. For B=0 atoms are cooled to velocity v=w./k, where F=0. B=0 at quadrupole
centre. The role of magnetic cooling is introduced in 1.1.3. Figure reproduced from

reference®

In the circularly polarised case damping is achieved by virtue of the magnetic
substate population imbalance created by the time lag between the atomic orientation
and the precessing local polarisation (in the frame of motion of the atom). Comparing
this with Doppler cooling, the population imbalance serves to replace the Doppler shift
as the mechanism which allows differentiation between the atomic velocity sets and
which laser beam they scatter from.

1.1.3 Progressing from Atom Cooling to Atom Trapping

Returning to a 3D situation, three pairs of nearly-resonant counter-propagating,
o' o laser beams with an additional hyperfine beam, combine to produce a molasses
region. In our experiments this situation is obtained with three orthogonal retro-
reflected cooling beams and a hyperfine squeezed under a cooling beam optic, as
shown schematically in Figure 1.. Considering the crossover region of the cooling
beams, it can be deduced® that the flow of optical energy cannot be directed inwards at
all points on the surface of the trapping region, thus the damping force on the atom
similarly cannot be directed inwards at all points. Consequently, an entirely optical trap
cannot be stable for so long as the trapping force is proportional only to the light

intensity®. This is analogous to Earnshaw’s theorem for electrostatics, and hence is
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called the “optical Earnshaw theorem”. In actuality an all-optical trap is possible®

however a hybrid “Magneto-Optical Trap” (MOT) is more simple and practical.

The magnetic field of a MOT is introduced in order to impose positional
dependence upon molasses atoms. This is easily achieved by winding two circular coils
with approximately ~50-70 windings and ~2-3A drive current dependent on coil
separation. Provided they are driven in an anti-Helmholtz configuration (as shown in
Figure 1.) a magnetic quadrupole is created where a MOT region can exist at B = 0.
The linearly inhomogeneous field produces Zeeman splitting of the atomic energy

levels proportional to distance from B=0.

Cooling Beams

Anti-Helmholtz

/ Coils

Figure 1.8 : Schematic arrangement of a MOT. Six orthogonal, circularly polarised beams
create a 3D optical molasses. Magnetic coils in anti-Helmholtz configuration create
positional dependence. The hyperfine beam prevents atoms falling out of the two level

cooling cycle.

If counter-propagating cooling beams travelling within an inhomogeneous
magnetic field B, are frequency detuned by a small amount 6 from the zero-field atomic
resonance their proximity to resonance varies dependent on their position within the
magnetic field. This is due to the three Zeeman components generated in the presence
of the magnetic field, these are denoted: M, = +1, M, = -1 and M, = 0. Each level is a
Zeeman component of the excited-state of a cooling transition (for which J. = Jg+1),
and each is brought closer to resonance with a particular polarisation of light as they

undergo Zeeman splitting. As can be seen in the 1 dimensional representation in Figure
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1.9, an atom which moves from z = 0 has the frequency of each M,= + 1 state tuned
closer to resonance with a particular polarisation. Thus an atom scatters a specific light
polarisation more strongly as it moves further from MOT centre. At z<0, the atom
scatters mainly c* light because this light is closer to resonance with the M,=0—M,=1
transition. Similarly, at z>0 the atom scatters mainly o  light. Hence, correct
arrangement of ¢ and o~ renders a positional dependence centred on B = z = 0 by

encouraging scattering of counter-propagating photons.

Energy

» 7

Figure 1.9 : The Zeeman shift instigates a splitting of magnetic sublevels in a 1D MOT.
Incident cooling light detuned & beneath the B = 0 atomic resonance will be closer to
resonance with an atom’s magnetic sub-levels dependent on position around z=0. For an
atom positioned at z>0 its m =+1 level is raised and its m =-1level is lowered, (reversed for
z<0). Thus, polarisations ¢* and " directed in the +z and —z directions respectively will

provide positional trapping and compression of atoms within beam locus.

This viscous damping is similar to that of Doppler cooling but now the effect
operates on position via Zeeman splitting as well as velocity via Doppler shift. A
~10Gem™ field gradient is sufficient for trapping, though cold clouds have been
observed® with field gradients as low as 4Gecm™. The relative simplicity, robustness,
low-cost and considerable tolerance for beam misdirection, polarisation anisotropy and
intensity mismatch of such MOT’s have made them the backbone of atom cooling

research in the last decade.
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1.1.4 Beyond MOT Cooling

Other confinement mechanisms exist beyond those discussed so far, these can
be used on route to achieving the sought-after temperatures of Bose-Einstein

condensate?”# (BEC) temperatures.

In particular atoms can be trapped in shallow magnetic fields® through
interaction with intrinsic ground- or meta-stable magnetic dipole moments. Where an
inhomogeneous magnetic field B interacts with a magnetic moment g, to produce a

variation in an atoms potential energy, -u-B through a force F acting upon it;

F=WuB) 1.14

Further cooling to BEC temperatures can be achieved through techniques such
as evaporative cooling. These are not discussed here; for brevity only MOT cooling
mechanisms are included. However good reviews can be found in the publications of

Cornell & Wieman® and Adams & Riis®.

1.2  Guiding atoms

1.2.1 The Dipole Force

It is now necessary to expand our understanding of the forces experienced by an
atom in an optical field. There is an extra force®, over and above those associated with
radiation pressure cooling, which derives from the spatial gradient of light shifts
induced by the optical field. Known as the dipole force, it can be tailored to attract or
repel atoms from high intensity regions as the frequency of the light is tuned below or
above resonance respectively. The dipole force is commonly used for guiding and
manipulating atom flux, however since light shifts scale with intensity high spatial
gradients can be created which in turn imply strong potential barriers capable of
creating all-optical traps®. However atom traps based on the dipole force often require
efficient cooling mechanisms since their trap depths are ordinarily more shallow (due to
residual viscous elements discussed later) than those achievable through use of the
radiation pressure force. In this situation initial MOT cooling prior to trap loading is

often employed.
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Predominantly the dipole force is used to guide atoms whereby red and blue
detuned beams can be tailored to confine atomic paths and help convey them through
free space. It is important to stress that sufficient detuning from resonance removes any
longitudinal push, that is atoms mainly experience dipole force in the axis of rapidly
changing potential gradient, transverse to the beam direction. This is because the
radiation pressure scales as /& for large detunings whereas the dipole force scales as
1/0, as we shall see below (where dis the laser detuning from atomic resonance). Hence
atom flux in far-off resonance beams must have separate propulsion, e.g. a separate
near-resonance beam, gravity or unidirectional ballistic expansion within the guide,

another.

In contrast to the radiation pressure force, the dipole force occurs as a result of
absorption and subsequent stimulated emission, hence it is not limited to the same

maximum value of the radiation pressure force (F,,, = nky/2). It derives from a dipole

moment p induced in an atom when exposed to an intense optical field. If the strength

of the electric field is defined as E, then the dipole moment is given by:

p=ak 1.15

where « is the polarisability of the atom. For an atom in its groundstate, « has a
dispersive nature and is indicated by the blue line in Figure 1.10. Here the relationship
between absorption and polarisability is dictated mathematically by the Kramers-
Kronig relations*. Thus the dipole force given in equation 1.17 will be positive for

frequency detunings below resonance and negative above resonance®:

1

2¢ ¢

o

F,=——aVI 1.16

where | is the light intensity and &, is the permittivity of free space. Hence atoms can be
selectively attracted to or repelled from high intensity regions depending on whether

the light is detuned below or above atomic resonance respectively.
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Figure 1.10 : An atomic transition with a characteristic absorption profile as indicated by
the red line, will experience a polarisability (blue line) positive for detunings below
resonance, and negative for detunings above resonance, as defined by the Kramers-Kronig
realations. The change in sign of the polarisability causes the atom to be either repelled or

attracted to regions of light depending on the laser frequency.

Thus atoms can be described as experiencing potential wells, or potential walls,
dependent on which detuning they are exposed to. If the potential an atom experiences
is expressed as a plane surface, the atom itself can be thought of as a marble rolling on
this surface continually seeking the lowest potential. This useful and simple description
is illustrated in Figure 1.11 which shows the potential well of a red-detuned Gaussian
guide and Figure 1.12 which shows the potential barrier of a blue detuned guide (in this
case a Laguerre Guassian (/=1) beam). Both have beam waists of 100um and are
detuned -10GHz and +10GHz from resonance for the red- and blue-detuned guide

respectively.

Dipole Potential, (arb. units)

1000

Radial Distance (um)

Figure 1.11 : Calculation of the dipole potential of a —10GHz detuned (red-detuned)
Gaussian beam of 100um waist. Atoms are drawn into the high intensity region in the

centre of this beam, just as marbles would roll into the potential trough.
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Figure 1.12 : Calculation of the dipole potential of a +10GHz detuned (blue-detuned)
Laguerre-Gaussian beam of 100um waist and azimuthal index /=1. Marbles caught within
the potential walls would roll along the guide till the surrounding walls were small enough
to roll over. Similarly, atoms are pushed from the high intensity regions and can be

channelled between them.

Provided a single input beam has a detuning greater than both the transition
linewidth (6>>7), and the Rabi frequency (o0>>.2), an atom with arbitrary spin state
can be strongly affected. The force directing groundstate atoms towards a high intensity
region is*:

2
F _iv(Q(r)Z):_hLm 1.17
46 8 I,

IR

where the Rabi frequency, given by nQ = -, E, , defines the coupling between the atom

and the light field, of amplitude £y, and polarisation ¢ through the atomic dipole

moment ., = e<e|é-r|g>. The Rabi frequency can be written as Q = y./1/27,, where

Iss 1S the saturation intensity. Assuming the beam has a transverse Gaussian profile

varying with » described as,
1(r)=I,e"/ 1.18
the above force experienced in the transverse axis can be expressed as,

2
hlile‘r /o 1.19

F 2
46 Isat a)O

I
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A longitudinal force, arising from tight focusing, is more complicated and has a
greater dependence on the focusing method, however three dimensional trapping can be
achieved with this force alone. The seeming contradiction of the optical Earnshaw’s
theorem can be explained by the dependence on both the incident intensity and the
gradient thereof. Although greater forces can be achieved through the dipole force, the
trap depth remains shallow due to a viscous heating component. This is discussed

below in the context of its effect on dipole-potential guides.

1.2.2 Red Guide, Blue Guide and Scatter

Returning to a collimated guide removes any longitudinal component of the
dipole force but retains it’s transverse confinement properties dependent on its
transverse intensity profile. Thus provided atoms are less energetic than the potential
depth of the guide, they can be conveyed efficiently. However there are a few factors
which can impinge on this efficiency, such as the detuning and intensity of the guide

and the subsequent amount of induced scattering.

As previously mentioned, there is no longitudinal pushing force associated with
a dipole guide sufficiently detuned from resonance. Since the radiation pressure force

(due to scattering) scales with 1/|5|2 while the dipole force scales with a gentler 1/|s],

only a few GHz detuning is necessary to remove most longitudinal pushing force,
particularly in the less stringent collimated-guide configuration (c.f. far off resonance
dipole traps®'*). However an intensity increase is needed to compensate for the linear
drop off in confining force (as can be seen from equation 1.19). Such an intensity
increase could be continued without limit, up to the maximum source capability, if it
were not for an associated increase in scatter. Spontaneous scatter induces heating
within an atomic ensemble which can ultimately provide enough energy for an atom to
escape the potential wells. Assuming the detuning o is greater than a few linewidths,
equation 1.7 can be adjusted to provide the spontaneous scattering y from a single

beam:

sz

> 1.20

Vs =
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where the Rabi frequency £2 can be re-expressed to illuminate an intensity dependence,

as¥:

B 2,ufgl

Q% =
he,c

1.21

where ¢ the speed of light and ., the dipole moment described earlier. Thus the scatter
rate can be seen to be linearly dependent on intensity, hence implying a value whereby
scattering will exceed acceptable limits. Thus conveyance of atoms over arbitrary

distance is simultaneously limited by a 1/|s| dipole force dependence and a linear

spontaneous scattering dependence on intensity. A balance between dipole potential
and scatter rate must be struck to maximise flux volume and conveyance distance. In
this situation the initial loading temperature of the atoms will play the greatest role in
deciding the ultimate guidable distance; a lower launching temperature would relax the
dipole potential requirements for the guide thus permitting lower intensities and lower
scatter. In fact, lowering the initial ensemble temperature is believed to be the single

most effective method of increasing guide efficiency.

This problematic scatter agrees with an intuitive perception of red detuned
guidance whereby atoms transported within regions of high intensity suffer heating.
Physically, this is induced by viscous forces which are inherent in red detuned guides.
This heating can be circumvented by use of blue detuned light and a slightly more
complex intensity profile. Consideration of equation 1.17 with identical parameters
save for a shift from negative to positive (blue) frequency detuning indicates a repulsive
force. This force has been put to use in the creation of numerous devices often referred
to as atom optics. Over and above dark-traps*®*"** which are blue-detuned hollow
equivalents of the tightly focused dipole-traps, atomic mirrors®*, lenses* and
gratings*“"* have been created. By using an intensity profile whereby a central dark
region is surrounded by blue detuned light, a guide can be created where atoms are
transported in the low intensity region by reflections from the surrounding light walls.
The removal of atoms from high intensity regions opens great possibilities for
extending the distance over which cold ensembles can be transported efficiently. A
dark hollow beam (DHB) guide offers confinement and a greatly reduced scatter rate
since a grazing incidence path will inflict a minimal time in higher intensity regions,

sufficient only to eject atoms back into the low field centre.
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1.2.3 Blue Detuned LG and Bessel beams

A method employed at St Andrews to create DHB guides is well described by J.
Arlt et al.® and is summarised here. Laguerre Gaussian (LG) modes provide annular-
shaped intensity profiles where the principle features are, core diameter, radial wall
thickness and potential barrier gradient. An LG mode is stable and propagates over
large distances and can be chosen to have the majority of its power in the principle
annulus. This latter characteristic elevates LG modes above another format called
Bessel Beams; also studied at St Andrews, (comparisons were made between
fundamental Bessel beams of varying size and LG of varying / index; not reported here,

see Dr Rhodes’ thesis®™).

Construction of a LG beam is a relatively simple process of aligning a Gaussian
TEMg, mode with an appropriate hologram on an etched glass slide or on a re-writable
spatial light modulator®*, both employed at St Andrews. These holograms are designed
to provide a phase anisotropy in the input Gaussian which results in a beam with helical
wavefronts continually spiralling azimuthally round the propagation axis. In the centre
of the mode (on axis) is a phase discontinuity which results in a zero field region in the

centre. The modes are labelled as LG;. The indices denote the azimuthal index I,

which tells the number of 2t phase cycles around the circumference of the mode, and
p+1 which tells the number of rings. The p index is of particular importance to DHB
guiding as it dictates the portion of light contained in the inner ring. Thus p=0 will yield
a more efficient guide since all available intensity exists in a single fundamental ring.
The effect of the azimuthal, /, index is to alter the separation, gradient, maxima and

divergence of the ring structure, Figure 1.13 illustrates these factors.
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Figure 1.13 : The variation of maximum guiding potential as a function of propagation
distance away from the focal region (z=0, at top of image). The ring size is fixed. The
graphs show the potential for LG orders a) /=1 and b) /=4. Note the increase in potential
barrier for the /=4 beam and also the larger cross-sectional ring diameter, a possible
advantage when capturing atoms. The p index here, is fixed at zero, (p+1 gives the number

of rings).

In Figure 1.13 the dipole potential profiles of /=1 and /=4 LG modes are shown,
they are arranged to have matching ring diameters. An increasing azimuthal index can
be seen to provide thinner ringed annuli with correspondingly higher potential maxima
and steeper barrier gradients. These are factors which improve atom flux guidance
efficiency. Notably, when guiding Neon atoms, an improvement of 8 times the flux was
recorded with an /=5 mode over an /=1 mode®’. The annular beams ring diameter can
also be seen to divergence more rapidly with higher / thus, the broader cross section of
high / beams may help funnel atoms into their profile, specifically atoms released from
a MOT, as discussed later. A high-order / mode with p=0 is believed to provide the
most efficient DHB guide.
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LG beams confine atoms within potential barriers deriving from atomic dipole
moments induced as described earlier. Their resultant dipole force is again defined by

equation 1.17, but the intensity profiles which define the shape of the potential barriers

are different. An LG}’, mode has an intensity profile:

A el CORE )

where the beam radius w(z), (not to be confused with frequency term w), is the radius at

which a normal Gaussian with a matching outer surface profile falls to 1/e of its on-axis

value. This is given at any position z from beam waist w, , as:

w(z)=w, /1+ [%J 1.23

P, in equation 1.22 is the power of the beam and L‘ﬁ is the generalised Laguerre

polynomial. This intensity profile is particularly important as it implies a rapid drop in
intensity, and hence dipole potential with propagation distance z from beam waist.
Hence the experienced dipole-potential is now a function of distance along the guide.
Thus a choice must be made to optimise detuning for a particular z position along the
guide length. Optimising (by way of changing intensity or detuning) for any z not at
beam waist may result in lower guide quality at the waist, where, for example, an
increased intensity may generate excess spontaneous emission. However varying the
detuning of a fixed intensity beam, in order to optimise dipole potential at a z#0
position will serve to spread the guide potential-peak out, making it plateau for a longer

distance.

Spontaneous Emission

The chief motivation for use of DHB guides is the reduction in spontaneous
emission rate relative to red-detuned guides. In Arlt’s paper the spontaneous emission
rate of cold atoms falling into a high-order (/>0) LG guide from a MOT is
approximated by:
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where v, , 744, wa and y, are, the average transverse velocity of the atomic sample, the
average penetration depth into the potential barrier from the centre of the dark hollow
region, the average width of the optical potential barrier, and the transition linewidth,
respectively. The research showed successive / modes with matched ring positions (c.f.
beam waists) coupled with an experimental value of v,=7cm/s (7=100uK), an rupq
calculated from energy conservation laws and a detuning of ¢=7.39GHz, provided a

spontaneous emission ,, which scaled with azimuthal index as shown in Figure 1.14,
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Figure 1.14 : Spontaneous emission rates, ysp, for Laguerre-Gaussian light beams of
different azimuthal indices / averaged over the propagation distance of 2zz. A beam power

P, =100mW and M = 85m,, where m, is the atomic mass unit. Reproduced from J. Arlt.

J. Arlt and K. Dholakia’s research team have provided a useful comparison
between the scattering rates of differing azimuthal index LG modes, in particular the
order of magnitude decrease between a fundamental LG mode and one of high
azimuthal index. The decrease in scattering rates can be attributed to atoms spending
less time in high intensity guide walls. They are repelled more sharply into the dark
centre by steeper gradient walls with increased dipole potential, factors inherent with
elevated / modes, thus scatter is further reduced from levels associated with red-detuned

guides. In the following paragraph, data regarding the LG,' mode are used to provide a

qualitative comparison of spontaneous emission rates of red and blue guides. This is a
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very rough comparison given the differing method of confinement and associated
variables (e.g. barrier width and gradient, ring separation, dipole potential, atom mean
free path before damping, detuning, etc.).

The /=4 mode marked on Figure 1.13, is estimated to confine atoms up to a
maximum transverse velocity of ~1.18ms™ (~58mK guide depth) while inducing a
scattering rate of ~1.2x10% per second (averaged over twice the Rayleigh range). If a

red-detuned, Gaussian guide of diameter matching the FWHM of the LG, hollow core

(~46um), was arranged with similar potential depth at opposite detuning (that is o=-
7.39GHz), it would be able to confine atoms of the same velocity with less power
(~20%). However atoms dropped directly from a MOT into this guide would suffer a
spontaneous scatter rate of ~3.7x10° per second, a clear 3 orders of magnitude increase.
In their work a blue-detuned guide can be seen to provide a reduction in scatter over
that of an approximately matching red-detuned Gaussian guide. Thus, in the low
temperature regime, where scattering is the chief inhibitor, blue detuned, high / index,

dark hollow beams may prove to be the best answer for long distance guiding.

1.2.4 Atom Extraction from a MOT

Having successfully cooled and trapped an atomic ensemble, it is often
necessary to extract atoms from the confining MOT potentials for use elsewhere. If a
dipole-force guide is simply overlapped across the trapping region, atoms will have to
surmount the surrounding potential barriers of the MOT before escaping. This would
reduce the efficiency of the guide as atoms would require a minimum energy to enter it.
Ultimately, where it is necessary to maintain cold temperatures, a method of lowering

or removing the MOT barriers is desirable.

Thermal atomic beams are well established in atomic physics®*, however here
we require transport of high density ensembles with low velocity in the guiding
direction, a low velocity distribution and in particular, low Kinetic energy transverse to
the guide. Such cold atomic beams are of importance in atom lithography and atom
interferometry. In particular atom interferometry®* is seen as a primary motivation for

research in this field.
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Cloud Release and Guide Coupling

Atoms can simply be released from a MOT region by removal of trapping
parameters (by cutting cooling beams or deactivating magnetic coils), indeed this
provides the slowest, most versatile atoms for experimenting on. However any
separation between MOT region and waiting optical potentials, spatially or temporally,
allows ballistic expansion of the cold cloud. Hence it is preferable to locate a guide
beam close to a MOT region and to exert a degree of control over the transverse and

longitudinal velocities of atoms escaping it.

Studies of atom-loading into a guide have indicated efficient coupling occurs
when cloud and guide are arranged to have comparable diameters®, hence a guide
perfectly overlaid on a MOT cloud (with matching diameters) at the moment it is
released (or very slightly before) will receive the greatest number of lowest temperature
atoms. However guide width is often dictated by available optics or by a necessity to

match the guide mode to that of a hollow-fibre core diameter.

It must be noted that the release of a cloud in this manner does not provide a
continuous source of cold atoms for channelling. For cases where a continual source of
atoms is required complete removal of MOT parameters is inappropriate, instead atoms
can be channelled through a defect in a MOT potential barrier. This is the subject of the

following section.

A Low Velocity Intense Source of Atoms

A number of experiments performed herein involved a low velocity intense
source of atoms (LVIS). This term is used to describe atoms emitted from a MOT via
an imbalance in the radiation pressure forces. This was an effective method of
extracting a continuous stream of atoms along a single arm of a standard six-beam
MOT arrangement. The imbalance can be created by aperturing one of the MOT beam
mirrors®, by directly shadowing a MOT beam or by replacing one of the MOT beams
with a hollow-beam mode (eg. Laguerre Gaussian). The latter two methods were
employed in St Andrews with preference given to the former. This involved inserting a
glass slide with a narrow diameter opaque spot into one of the cooling beams. The spot
shadow-masked the MOT beam and was typically around 900um in diameter (despite

attempts to reduce it). Thus molasses cooling was removed from the volume shadowed.
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In cases where the cloud size was comparable to, or smaller than, the dark spot, the
slide was positioned to overlap only a portion of the MOT with the shadow region. As
Figure 1.15 shows, atoms entering the MOT and encountering the shadow region were
able to flow out along the diffractively filling shadow. These atoms are referred to as
LVIS atoms.

F ‘ D S "~~~ Retro-Mirrors
MO_T LVIS Shadow
« | i
\‘ ‘
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MOT . Glass Slide
Beams Atomic Beam  op') WIS Spot

Figure 1.15 : Schematic depicting LVIS generation using an ink spot on a glass slide. The
slide can be translated to alter the LVIS intercept point on the MOT cloud. Not drawn to

scale.

Ordinarily in St Andrews, atoms in an LVIS remained illuminated by the
hyperfine re-pump beam and so were kept in the cooling cycle. Hence atoms falling
from the LVIS path were immediately exposed to the full cooling cycle and so recycled
back into the MOT. This recycling coupled with a relatively unhindered cooling
process continually replenished the MOT maintaining atom population sufficient for

continuous operation.

Since the drive to exit the MOT region comes from an imbalance in the
radiation pressure force, LVIS atom velocity is determined by the number of photons
scattered from the unbalanced portion running collinear to LVIS direction (defining it).
Typical LVIS velocities are ~14ms™ for the longitudinal component and a more MOT
related ~3cms™ transverse to the LVIS flux. Since a significant portion of the LVIS
path remains within the cooling beam locus, accurate balancing of transverse cooling
beams is necessary to prevent deflection of the LVIS flux while in transit. Furthermore,

atoms enter the LVIS shadow region at random positions within the ~1mm diameter
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MOT. Thus atoms receive accelerating scatter for differing amounts of time. This

implies a velocity spread in their longitudinal component, typically ~2.7ms™.

Diffractive filling of the LVIS shadow coupled with the atom’s fall under
gravity gave the LVIS beam a maximum length of ~1cm. This length could be extended
with a collinear overlapping guide beam, as is demonstrated in our work®, though care
should be taken to avoid exclusion of atoms from MOT centre when overlapping a

near-resonance red-detuned guide or a blue-detuned guide (see Appendix iV).

LVIS is very easy to implement, requiring no components installed within the
vacuum system. Atoms siphoned into a LVIS have transverse velocity components
small enough to allow subsequent optical manipulation. For these reasons the LVIS was
frequently employed in experiments at St Andrews. However, when achievable, a
dropped MOT cloud was the most desirable atom loading method; it yielded the coldest

atoms. Figure 1.16 illustrates an LVIS cloud generated at St Andrews.

Figure 1.16 : A video still-image of an LVIS cloud observed at St Andrews.

1.3  Hollow-Capillary Fibre Guiding of Atoms

The introduction of optical fibres in the following section leads us towards the
ultimate goal of the author’s experiments, that is to achieve cold atom channelling
through hollow-core optical fibres. The method by which the beam is confined is a key

parameter and is discussed in section 1.3.
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Flexibility is the prime advantage of fibre guides over free space beams,
potentially allowing them to guide atoms around bends in 3 dimensions. This flexibility
is limited by loss due to forces at these bends; atoms having a significant mass relative
to photons will suffer forces directed toward the fibre wall when any deviation from a
straight path is presented. Intuitively a stronger dipole potential will be needed to hold
atoms within the guiding beam. However flux loss is not entirely dependent on this

simple momentum argument (see Jhe).
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Figure 1.17 : An example of a hollow core capillary fibre, as used by Dall et al.

Hollow core fibres consist of a dielectric cylinder with a central missing core,
(see Figure 1.17). Light is guided in the waveguide providing a dipole force which is
used to confine atoms within the hollow core and keep them away from all internal
surfaces. Fibre guidance offers advantages over magnetic guidance as atoms can be
transmitted in any magnetic substates®. The guiding can be rapidly switched on or off
by changing the optical wavelength or laser power. The greatest advantage is that the
fibre forms a flexible vacuum chamber, independent of the surrounding atmosphere.
and can support an internal vacuum while passing through atmospheric pressure.
Disadvantages include possible heating induced by spontaneous emission in the light
field, difficulties in outgassing the fibre when pumping down to vacuum pressure, and
fabrication imperfections making it difficult to maintain uniformity in the guiding light
field. Nevertheless beneficial applications of fibre guidance include ensemble filtering
into ‘clean’ vacuums, intra-fibre atom spectroscopy, very accurate positioning® for
atom deposition®, atom transport in-air with flexible directionality and the possibility

of mode compression in narrow core fibres. In particular the last of these may prove to
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be advantageous for extended cold transport of coherent atoms. Conveyance of atoms
in a single atomic mode state is again crucial for all applications involving atom

interferometry. For these reasons fibre guidance of atoms is currently an exciting field.

As with free space guidance, the two approaches for fibre atom guiding are
based on red solid core guiding (proposed theoretically by OI' Shanii et al®®) and blue
detuned light pipe guiding (proposed theoretically by Savage er al.®*®®). This work
initiated fibre-atom research, however the more recent development of photonic crystal

fibres (PCF) offers physical solutions to many problems inherent to capillary guidance.

In the following sections capillary fibre guides are discussed along with their
relative merits. An introduction to PCF is then given in advance of research presented

in later chapters.

1.3.1 Capillary fibre

Capillary fibre typically takes the form of a basic glass (or silicate) annulus with
an inner diameter of ~10-50um forming the hollow core. The annulus is often
surrounded by a thick cladding layer of lower refractive index. Conventional optical
fibres confine light in a high index core, by total internal reflection (TIR) at the lower-
index cladding interface. With a hollow core fibre this is not possible and two separate
approaches are necessary for the red and blue optical fields. For the red beam the light
is confined by grazing incidence reflections inside the hollow core creating an optical
potential along the fibre axis in which atoms can be guided. For the blue detuned guide,
light is confined in an annular distribution in the cladding, using TIR at both the inner
air boundary and the outer cladding boundary. Evanescent leakage from the annulus
enters a short radial distance into the core. This evanescent mode tail shields passing

atoms from Van der Waals attraction and so provides the guiding mechanism.

These two methods of light guidance define red- and blue-detuned fibre atom-guiding
respectively, both simultaneously prevent energetic atoms from exiting the guide and
restrict loss of atoms to attractive Van der Waals forces. Van der Waals (VDW)
attraction acts radially from the fibre walls, over a very short range, scaling with the
inverse cube of distance from the wall. In the case of hollow fibres it acts within a few
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nanometers of the fibre surface to trap atoms on the walls, where they eventually

thermalize and later emit into the background vapour.

If VDW attraction and diffusive scattering of laser light from the fibre surfaces
can be overcome, the next step involves a narrowing of the fibre core diameter to
approach the size of de Broglie wavelengths of an atom ensemble. Atoms travelling
within this guide are coerced into modes hence their motion becomes quantised; a
significant step to coherent atom propagation. This is a significant future goal of cold

atom work and a motivating factor for this thesis.

Bending Capillary Fibre

In 1995 Renn er al. completed an experimental investigation on red detuned
capillary guidance of Rubidium atoms®. They detailed the effects of fibre curvature
and followed this in 1996°" with theoretical and experimental work describing pertinent
aspects of red detuned capillary fibre guiding. These papers were summarized in a
comprehensive review of the field published in 2002, in which Jhe® concluded that the
tightest bend around which atom guidance can be achieved is limited by the critical
radius of curvature of effective optical guidance not by a radius dictated by atomic
momentum properties. That is, as the bend radius decreases flux loss from optical mode
displacement overtakes loss from centrifugal spin-out. Therefore, provided that the
laser detuning and intensity generate sufficient dipole potential to saturate guided flux
over the entire fibre length, flux reduction will scale primarily with degradation of the

optical field (as opposed to any atom-dependent characteristic).

Optical Scatter

Scatter diminishes guide efficiency in two ways; back-scatter from the entry-
facet annulus can serve to obscure guiding potentials and it can induce atom-repulsive
modes. In particular blue detuned evanescent guiding is most susceptible to repulsive
grazing-incidence modes within the HC (generated at indiscriminate distances along the
fibre). Such modes can spontaneously heat the atoms and generate transverse momenta
large enough to overcome confining potentials. This problem is inherent to evanescent
guiding and imperfectly manufactured fibres. In the case of initial facet-scatter in
evanescent guides this problem can be circumvented by a secondary Gaussian courier

laser (as in Renn et al. 1996) or by novel coupling methods demonstrated by Ito et al.”
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where guide light was coupled by total internal reflection off a 45°-cut entrance facet,

the experimental setup for this is displayed in Figure 1.18.

In red detuned fibre guides a lesser form of the same problem exists whereby
the guiding efficiency of the grazing incidence mode can be diminished by weaker,
scatter-generated modes again spontaneously heating the atoms. These modes can be
prevented by reduction of the hollow-core diameter, however entry facet scatter can
only be removed by better matching of the supported mode.
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Figure 1.18 : Experimental setup showing 90° coupling geometry for an evanescent

capillary guide. Implemented by Ito. et al.%”

1.3.2 Van der Waals Interaction

The absence of Van der Waals attraction would make guiding atoms down a
hollow core fibre relatively easy; following coupling into the core, atoms would
migrate down the fibre and exit ready for capture in the next vacuum system. However,
given the sources of transverse momentum which atoms are susceptible to; collision
and radiation from neighbouring atoms, scattering from guide beams and their inherent
kinetic energy, it is inevitable that the majority of atoms will approach the fibre walls at
some time during transit. When this occurs they will encounter a Van der Waals
attraction pulling and trapping them onto the fibre wall. This force was expressed by
Chevrollier et al. in their 1992 paper™ as;

S (g—1j<g\d2\g> .
W Azg,\e+1) 8kyx® '
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where & is the dielectric constant of the fibre material, <g‘d 2‘g> is the matrix element

of the square of the dipole operator d, atomic distance from the fibre wall is denoted by
x and kg is Boltzmann’s constant. This force originates from an altering of the density
of modes within the electromagnetic field in close proximity to the fibre wall. This
results in a spatial variation in the Lamb shift and thus a force. It has been recognised™
that when the distance between the atomic dipole and the fibre wall is greater than the
wavelengths of the atomic transitions, the 7/ relationship in equation 1.25 above no
longer holds. Thus, following the radial exponential decrease of VDW attraction, no
significant force is experienced beyond a distance approximating the resonant
wavelength (several hundred nanometers), which allows evanescent leakage to surpass
VDW attraction. Of course, this implies more stringent requirements on the evanescent

field quality when fibre HCs approach single figure micrometer diameters.

Experimental work quantifying VDW forces™"” is fairly sparse. In Alain
Aspect’s research group in Paris, however, an evanescent wave mirror was used to
bounce cold atoms away from a surface™. This evanescent mirror allowed measurement
of the amount of force required to counteract VDW attraction. Further evanescent
guiding work in Renn’s aforementioned 1996 paper, demonstrated a threshold intensity
of 1,=10°W/m’ for a 1GHz detuned laser counteracting VDW force at a distance of

~1/4) from the wall of a 20pum diameter hollow core.

Atoms ejected from the guided flux path which are caught in VDW forces stick
to the inner fibre walls until they rethermalise and re-emitted. Their high kinetic energy

eventually allows them to work their way out of the fibre.

1.3.3 Red Detuned Capillary Guiding

Red detuned capillary guiding involves coupling a Gaussian beam into the fibre
core which excites Hermitian (HE) modes suitable for atom guidance. The coupling
angle and mode matching quality play a strong role in determining the quality of mode
generated within the fibre. Typically ~30-50% of the guide laser power is lost due to
mode mismatch, this scattering obstructs atom entry and diminishes effective guiding
length. This must be anticipated and compensated for prior to flux guidance

calculations. The scatter, can only be minimised by better mode matching.
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Atoms travelling in the fibre guide do so in a manner similar to /ight propagating
in a multimode fibre, that is, motion along the fibre axis is unconstrained whereas
grazing incidence modes provide a series of coherent reflections in the transverse axis
defined by the dipole-potential well generated. As expected, a stronger guide dipole

potential can confine greater transverse atomic momenta.

The primary drawback of red-detuned capillary guides, is a rapid attenuation of
the guide intensity in the core, particularly in narrow core fibres. The following
approximation describes this attenuation, it is a critical, and stifling, transmission

characteristic of hollow-core fibres:

N 2.44°

== 1.26

where the hollow-core radius is a, the guide wavelength is A, and /. is the length at

which guide light falls to 1/e of its input intensity.

Elaboration on this and a review of experimental work on red-detuned fibre
guides is discussed in chapter 3. Further experimental concerns regarding atom heating
during transit are also discussed in context there. Since evanescent fibre guiding was
not performed in St Andrews and in the interest of brevity, blue detuned capillary
guiding is not discussed here, however thorough descriptions can be found in the works

of 1to®-% and Muller & Cornell™.

However, scatter further along the fibre is less easy to minimise; imperfections
can siphon off annulus coupled light anywhere along the fibre length. Thus the best
method of reduction employs the hitherto negative attribute of fibre attenuation. The
severe attenuation of grazing incidence modes associated with narrow diameter HC’s
rapidly eliminates extraneous modes. Both modes induced via facet or imperfection
scatter can be strongly suppressed by the HC’s inherent attenuation rate.

Another difference between red and blue capillary guides is highlighted by
Muller & Cornell et al. They state that, with dipole potential optimised, guiding
efficiency is not actually a maximum when coupling efficiency is greatest. Instead

guiding is enhanced when the speckle pattern in the evanescent field is engineered to

40



minimise the number of “unprotected” regions on the annulus surface. That is, the
speckle pattern which occurs due to interference between multiple laser modes within
the annular core (AC) which sporadically stifles the evanescent field along the fibre
walls, should be minimised such that no gaps appear in the evanescent field. This

represents a fundamental impediment to blue-detuned fibre guides.

Coherent Guidance

The applicability of blue-detuned capillary guidance to coherent atom transport
comes from the practical possibility of very narrow diameter guide paths. The chief
impediment to red detuned coherent transport was field attenuation, blue detuned
guidance does not suffer from this problem. However the requisite narrowing of the HC
and the dependence on evanescent leakage for an atomic grazing incidence path brings
attractive VDW forces much closer to the atom flux. This risks a higher loss rate,
particularly in fibres with multiple modes in the annular core. Nevertheless, intuitively,
if a guide laser can be tuned far enough from resonance to reduce spontaneous
emission, if sufficient intensity can be coupled into a fibre annulus to maintain a high
level of evanescent repulsive dipole potential, and if speckle can be removed, then blue
detuned guidance will, in principle, be the most efficient form of capillary guidance.

However it must be stated that, to the authors knowledge, blue detuned capillary
guidance of atoms, has not yet been demonstrated within single-optical mode HC
fibres; despite the reductions in both speckle and requisite laser power, the narrow
annulus core, typically only a few guide wavelengths in diameter, inflicts optical mode
coupling difficulties and subsequent optical blockage of the flux path into the HC. That
is, light coupled from the front or rear of the fibre presents excessive scatter” or rapidly
converging annuli modes which seal within a few tens of microns’ 8, both of which

serve to obstruct atom entry to the HC.

Figure 1.19 shows the intensity profile of an LPy; mode on exit from a capillary
annulus capable of supporting only the lowest order mode; the mode on exit from the
fibre (important for establishing correct guide launch profile) can be seen to have
completely filled, by diffraction, within 100um’s from the fibre facet. Following the

recent work of M.Hautakorpi, et al.” future work in this field is likely to involve
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launching LP,,, modes of order m=0, where the mode output yields a hollow beam

more suitable for flux loading.

Figure 1.19 : The spatial profile of light output from a capillary fibre capable of supporting
only a single optical mode in its annular core. Data given at a) the fibre exit facet and b)
100um from the fibre facet. Fibre dimensions are 6um hollow-core diameter, 3um annular

thickness and 50mm length. Diagram reproduced from Dall et al.

1.3.4 A Hybrid Theory?

Narrow core flux conveyance has the potential to be useful for studies of cavity
quantum electro-dynamic effects in a cylindrical dielectric, eg. the gravitational cavity®
and the atomic quantum wire®, furthermore it could enhance spatial resolution of atom
manipulation for applications involving atom lithography®*®. However narrow hollow-
core fibre research discussed herein concerns coherent atom guidance, in particular

single mode de Broglie wave transport

A possibility for such coherent atom transfer involves the launch of a hybrid of
red and blue detuned guiding practices, that is, a blue-detuned dark hollow beam,
(DHB) is launched into the hollow-core of a capillary fibre. This raises questions
concerning which modes can be supported by grazing incidence reflections; can
capillary fibre support hollow-mode profiles such as high-order Laguerre Gaussian
beams? If so, it may be possible to focus suitably matched DHBs into a narrow core
where-in the atomic flux path is further confined to within the diameter of the newly
generated hollow mode. This would provide a narrower flux path than an evanescently
shielded HC alone and so would compress the phase space population, as well as
guiding atoms in a region further removed from the core walls. Of course, the primary
concerns are optical attenuation with length and grazing incidence mode support, these
will be significant if not prohibitive, nevertheless research furthering initial work by
Dall et al. may be justified.

42



1.4 Guiding in Photonic Crystal Fibres

The basic principles of periodic structures influencing electromagnetic radiation
stem from early work by Yeh er al.® in 1977 and by Zengerle® in 1987. However the
application of this to generate photonic band gap (PBG) structures was mostly
propelled in the late 80’s by Sajeev John of the University of Toronto, Canada, and Eli
Yablonovitch of Bellcore, US. Their work combined, describes the generation of PBGs
in multiple configurations, in 1, 2 and 3 dimensional structures, and with many possible

applications.

0
4 CLADDING

Figure 1.20 : An SEM micrograph of the end facet of a hollow core crystal fibre. On the
right a schematic of a crystal fibre showing its key layers. Figures reproduced from

Thorlabs (www.thorlabs.com) and Crystal Fibre (www.crystal-fibre.com) websites.

The use of this relatively new technology to confine light within fibres by
interference, instead of total internal reflection, was first proposed and developed by P.
Russell and co-workers at Bath University®®’. Structures on the scale of an optical
wavelength were realised by a stacking technique which produced silica fibres with a
periodic array of several hundred air holes all running the length of the fibre. These
fibres were the first to approach photonic band gap confinement of light, they had solid
cores and thus were not intended for atom conveyance, more for efficient transfer of
telecommunication signals. Nevertheless this work initiated research into hollow core
fibres and subsequently optical mode support within the hollow cores. The ultimate
goal of this thesis is to convey atoms within such modes inside the hollow cores of
these photonic crystal fibres (PCF). The following sections introduce photonic band
gap theory and discuss’ a few incarnations of photonic structures before finishing on

photonic band gap fibre; PCF.
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1.4.1 The Photonic Band Gap

The photonic band gap (PBG) can be described as a range of frequencies which
are forbidden from propagating through a material structure. Thus for materials
engineered with a PBG the frequencies encompassed will experience strong reflection
from the material surface and exponential decay within the material. PBGs are also
angle specific, thus in the 1D case, much like a Bragg reflector, complete blocking will
occur for a single-frequency wave over a finite angular spread and for a perfectly
collimated beam over a finite frequency bandwidth. Strictly speaking a complete PBG
is described as a stop-band which blocks propagation in all directions over a finite
bandwidth for all polarisation states, however here the term PBG is used to describe

any frequency blocking in any single arbitrary direction.

As with periodic electronic crystals (such as semiconductors) which exhibit an
electronic bandgap, periodic dielectric structures can exhibit a photonic bandgap. The
properties of this bandgap are dependent on the period (lattice constant in fibres), filling
factor and index contrast. The PBG arises due to the material periodicity which causes
destructive interference between waves travelling forwards and backwards in the
structure, (transverse to fibre axis in the case of PCF). The band gap width is
determined by the modulation depth of the refractive indices. In contrast to the weak
guiding seen in blue-detuned capillaries where refractive index varies by An~0.01
between core and outer annuli, PBG materials are often engineered to maintain a high
modulation depth (An=0.45), this creates a more pronounced PBG with a broader stop-
band.

Bloch Description

One of the best ways of describing PBGs and their composition is through the
Bloch theorem. This extends the previous description and comes from a principle
proposed by Achille Floguet in 1884 which describes modes travelling normal to a
periodic structure as a superposition of a set of plane waves whose wavevectors are

linked by momentum conservation by:

k,=ko+nK 1.27
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where k, is a wavevector of the nth wave, k, is an arbitrary initial wavevector, K is a
reciprocal lattice vector and the periodicity, or lattice constant A, is described as
A=27/ K/. This approach closely resembles Fourier synthesis of waveforms; any
wavevector can be represented by adding or subtracting an integer number of K

wavevectors. It was Bloch who later expanded this theorem to describe

multidimensional materials as part of his treatment of electrons in crystals.

B O EE P e B
intensity fringes (high frequency side of PBG) .
|

Figure 1.21 : A depiction of a horizontal periodic stack of slabs. The slabs have different
refractive indices and thus propagating waves within suffer an ‘arranging’ into phase with

one species of material. Diagram reproduced from P. St. Russel’s review publication.

Waves entering PBG material are only permitted to propagate if their
wavevectors can match an integral superposition of grating vectors. In fact, as depicted
in Figure 1.21, waves inside the periodic lattice will be arranged such that for
frequencies above the PBG they are in phase with the higher index regions and below
the PBG they are in phase with the lower index regions. This “arranging” can be
explained by the average refractive index experienced; waves with fringes in the higher
index region will have a shorter effective wavelength while waves in-sync with the
lower index regions will have a longer effective wavelength. Incident wavelengths
matching those of the band gap itself cannot be arranged in-phase or out-of-phase with
the periodic structure and so will be reflected as if the material were an ideal metal. For
comparison reflection from an air-glass interface provides 4% reflection, whereas

>99% can be achieved from a photonic bandgap structure.

1.4.2 Multi-Dimensional PBG

Waves incident at arbitrary angles must have wavevectors which can be

deconstructed to a superposition of the lattice vector. This returns us to the earlier
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description of the trade off between frequency and incident angle, clearly waves
passing parallel to the periodic interface will experience no index modulation and thus
no PBG, so there will be a range of angles, spread around normal incidence, over which

the PBG is experienced.
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Figure 1.22 : A plot of the k-vector against the frequency, as the k-vector approaches the
edge of being in or out of phase with single species in the material it leaps to propagating in
the opposite material; crossing the bandgap. Thus demonstrating an inability to propagate

within the bandgap region. Diagram reproduced from P. St. Russel.

This trade-off is well illustrated in Figure 1.22, where perfect reflection will occur on
the satisfaction of the Bragg condition mA.;=2Asin6, where m is the order of Bragg
condition, A,y is the mean wavelength within the grating and & is the angle of incidence.
As expected, the group velocity, v,=274/ck, tends to zero at the band gap edges®. This
is shown as the thick red vertical line which crosses the band gap through the Bragg

condition point.

It is quite apparent that the simplest PBG in 1D is a simple multilayer stack,
often referred to as a Bragg Reflector. Such films have been studied since the 19"
century. In order to control photons in three dimensions we can extend this principle to
two and then three dimensions. This involves structuring the periodicity in 2 or 3
dimensions and, to maximise the bandgap, increasing the modulation depth of the

refractive indices to increase the spread of solid angles and frequencies covered. A
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simplistic progression from 1 to 3 dimensions is shown in Figure 1.23. Provided the
modulation depth is deep enough travelling modes within a material can be suppressed
by stop-bands until all of k-space is empty — where k-space is used to describe the
spectrum of possible k-vectors (k=27/A.; =wavevector) which can exist in a material,
as demonstrated along the x-axis of Figure 1.22. As we show in section 1.4.3, it is
possible to demonstrate a full bandgap in a 2D structure where we make use of the
near-infinite length of the fibre. Achieving a PBG for optical frequencies requires very

small lattice spacing of the order of ~400nm for 1.5um light in GaAs.

periodic in periodic in periodic in
one direction two directions three directions

Figure 1.23 : Schematic depiction of the increasing periodicity of photonic crystals from 1
to 3 directions. The periodicity here is introduced through the material structure. However
an even more complex structure than the 3D example shown here is required for a fully

omni-directional photonic bandgap. Diagram reproduced from J.D. Joannopoulos®

1.4.3 Photonic Crystal Fibre

Research in recent years has focused on planar PBG waveguides®* for the
manipulation of telecommunications frequency light*>®*., Numerous applications are
being updated continually, predominantly microstructured optics devices®*'®, including
lasers®™?, splitters®™*, optical circuits® ' and ultrafast optical switches'®. Study of
the field of PBG devices and recent publications'®'* help the author re-discover a

feeling of childhood wonder.

For the purposes of this thesis we will limit our discussion to the application of
PBGs to photonic crystal fibres (PCF). In conventional optical fibre the core and
cladding layers are deposited to form one single rod which is then drawn to form the

fibre. Photonic crystal fibre however, is manufactured by stacking identical cylindrical

47



silica rods into a perform. This is heated to ~2000°C and drawn into fibres which
reduces the preform pattern to a micron scale. The air holes are not fully collapsed, thus
a series of periodic holes remain. These run the length of the fibres. In fact, in some
fibres the volume within the cladding is filled almost entirely with air rather than silica

to create a honeycomb like structure. Figure 1.24 below illustrates such designs.

Figure 1.24 : a) solid core PCF design with a pitch of less than 2um, b) hollow core PCF

design wherein a rod has been removed from the centre of the perform to produce the HC.

Solid*® or hollow core'® PCF can be manufactured, however those with hollow
cores are of particular interest here as they present an access route for guided atomic
flux. They can provide the necessary 2D band gap structure for supporting a high
intensity potential within their air core. In fact PBG material is predicted to support a
steeper transverse field gradient within the core® relative to potentials confined
through total internal reflection (TIR). The triangular lattice of PCF has a very high
symmetry which provides 2 dimensional reflectivity in the plane of the lattice (ie. in the
plane of the paper when looking at Figure 1.24b). By introducing a defect to the centre of
the fibre, either additional dielectric or air, a channel can be formed for optical
waveguiding. In the air-core fibre, this presents a possible atom guide channel without
the slab style substrate and without any out-of plane loss endemic to planar
waveguides. Predictably, manufacturing imperfections and coupling losses are still the
biggest source of scattering problems, these are an ever present thorn when coupling

through far field optics.

Most PCF guides aim to take advantage of their PBG nature to confine, or trap,
a guide beam within the core. Theoretically a fibre designed to have a stop-band

centred on a wavelength incident upon it’s hollow core will allow no power loss along
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its length. Of course the existence of higher order modes may serve to deteriorate this
claim. PCF has been developed with two separate guiding mechanisms labelled here as
“quasi-PBG” fibre (or index-guiding fibre), and “full-PBG” fibre (or PBG guiding
fibre). These both have periodic lattice structures but employ them to confine light in

different ways.

Quasi-PBG Fibre

Early crystal fibre work®®"*® produced solid core fibres with enhanced guiding
capabilities relative to standard TIR fibres. However it was soon realised that these
were not utilising proper PBG confinement of light, rather TIR permitted by an altering
of the average index seen by the propagating mode in the lattice structure. That is, the
air filled regions in the lattice structure surrounding the solid core were presenting an
effective index, ns less than the index of the core n. and the substantial index
difference An, between the two was sufficient enough to provide good core
confinement of light. The size of An was determined by the air-filling factor of the
lattice structure, or similarly, by the pitch of the air holes relative to the guided

wavelength. Figure 1.25 illustrates this well.
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Figure 1.25 : Here the effective cladding index, ne can be seen to drop significantly below
the core index for lattice spacings approaching wavelength sizes. The index experienced by

the fundamental and 2" order modes are also indicated, note the single mode cut-off point.

Figures shown are for the triangular lattice in the inset. Figure reproduced from J.Breong.
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In Phillip Russel’s 1997 paper the entire lattice structure of the reported PCF
was only 40um across and provided single mode operation over a broad spectrum;
337nm to 1550nm in a core of ~2.3um radius. Absolute power loss figures are not
supplied however an investigation was performed on the severe loss occurring when the
fibre was bent beyond a critical radius of curvature R.acA’/4°. Bending the fibre served
to compress the pitch spacing A, and thus the effective index seen by the propagating
mode. Beyond R. the guiding efficiency dropped radically, narrowing the single-mode
bandwidth and allowing prohibitive power loss. The wavelength at which power loss

occurred is shown as the “loss edge” in Figure 1.26.
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Figure 1.26 : Measured short-wavelength loss edge (for 3dB loss) versus bend radius for a
photonic crystal fibre with a single-turn bend, together with a fit to A=const./VR. Diagram

reproduced from P.St.Russell.

Photonic Crystal fibre

In PCF where a rod is omitted from the centre of the preform, (or several are
omitted), an air-core is formed. This is similar to the HC in capillary fibres however it
has a shape defined by the lattice structure; polygonal instead of circular. This air core
is often referred to as a defect state, as it is a break in the periodicity of the fibre lattice.
If this defect state supports modes with frequencies which fall within the stop bands of

the PBG, these modes will be strongly confined to the defect.
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The index contrast presented by the air-silica fibre is not strong enough to create
a photonic band gap for light propagating in the two-dimensional plane of the triangular
lattice (kyky,k,=0). However if we consider light propagating at an oblique angle of
incidence, in the z direction, k=0, then we observe that a complete PBG can indeed
open up. Plotting the dependence of the 2D band structure upon the k; vector in Figure
1.27, we see a band gap. This gap coincides with the air light line, indicating that the
field is mainly guided in the air. To centre the lower gap at 785nm, we require a lattice

constant of approximately 1pm.
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Figure 1.27 : This is the photonic band structure'® for an infinite 2D triangular lattice of
air holes in silica for wavevectors propagating with finite ks, k, and k,. Note the ratio
R/a=0.48, where R is the radius of the air holes and « is the lattice constant. Inset is the 2D
triangular lattice bandstructure for k,a=11, (ie. it is a sample along the vertical cyan line).

Solving for the waveguiding modes using a similar model has successfully matched theory

to experiment, takes into account the Density Of Photonic States 1!

Ordinarily the index, gk experienced by a mode propagating within the core, is

bounded by the core and cladding indices as,
n,=plk>n, 1.28
where each index is dictated by the material properties of the core and cladding.

However in a crystal fibre the same material is used throughout thus the core and
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cladding are thermally and mechanically matched, and 4n is not limited by material
incompatibilities. Light guidance can be demonstrated in solid or hollow core fibre’s
even when their air filling fractions and index contrast are both too small to observe
band gaps in the periodic plane, however increasing the air filling fraction of the lattice
structure significantly improves the likelihood of supporting PBGs at low values of gk
(low gk = increasing 6). In situations where the periodic structure satisfies equation
1.27, and especially when there is an air filled core to confirm the lack of TIR, guiding
ability can only be attributed to PBG effects. This type of guiding has also been termed
Bragg PBG guidance due to its similar dependence on the Bragg condition for

confinement of optical modes.

In 1999 Phillip Russell’s research group observed a guided mode within the
HC™2, Of a triangular-lattice structured fibre shown in Figure 1.28, several rods had
been removed from the preform to create a HC in which several bands of near-zero
loss, HC transmission, across the visible spectrum and into the infrared occurred. Out
with these bands the transmission was stifled by large power loss, these regions were
attributed to PBG suppression. As expected, the chief source of power loss for guided
modes was the coupling loss. A supplemental loss came from fabrication anisotropies
typically incurring a variation in fibre parameters causing the PBG-supported
wavelength to vary along the fibre length.
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Figure 1.28 : Scanning electron micrograph of the 1999 PCF fibre from Phillip Russell’s
group. Outside diameter 105um (across the flat faces), a HC of 14.8um diameter, the

surrounding lattice had a pitch of 4.9um (centre to centre) and an air filling fraction of 39%
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The intensity profiles of supported fundamental modes are typically dependent
on the structure of the fibre lattice and the resulting core shape. In the broad HC of the
triangular lattice the phase is constant across the air core so a simple Gaussian-like
intensity profile is supported. In general the fundamental mode supported within PBG
fibres forms a Bessel beam with a circular profile at its centre, however the edges of the
mode will bend to mimic the surrounding structure. Figure 1.29, a) and b) illustrate the
degree of morphing and include a leaky 2" order mode which shows even more
morphing for comparison, these higher order modes clearly exist closer to PBG edges

as they are not perfectly contained within the core.

Figure 1.29 : a) Field distribution of the fundamental, air guided mode(left)and 2" order

mode (right). The 2" order mode has a 180° phase shift between the two maxima. Note in
the right hand side image, the zero intensity level is indicated by a medium grey colour
here. b) Measured mode-fields(contour lines) for selected wavelengths at the exit of a 50m
long HC PCF section, superimposed on the fibre structure. Diagrams reproduced from M.

Wegmuller and J.Broeng et al. .

The degree of localisation of a propagating mode within the HC is important for
nonlinear and, in particular, particle guiding applications. An important fibre parameter
in this respect is the effective area 4.5 of the guided mode’”. Unlike long-haul and
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high-capacity fibre links, particle transport benefits from a narrow effective. Hollow-
core PCFs predominantly have broader effective area’s than solid-core PCFs,
(~5.25um2 compared to 2.45um2 respectively, at A=1.3um), however both are an order
of magnitude smaller than those of conventional optical fibres, (50-100um?). In
conventional fibres this parameter is strongly dependent on the fibre core diameter and
is related to the mode field diameter by the expression 4,,=7@’ where 2w is the mode
field diameter. This still functions as a general rule of thumb for PCF however recent
studies™ have shown a departure from the relationship at longer wavelengths and

notably an independence on the number of rings of unit cells in the lattice structure.

The number of modes supported within HC PBG-guiding fibre is provided by,

_ 27NF (n2 2)1/2

v _ 1.29
2

0 na

this indicates the V-number, and so the number of modes which can propagate in a PCF
core N~V7/2, where n, is the silica index, n, is the effective index of the lattice
structure, A is the lattice pitch, and 7 is the air filling factor of the cladding structure.
Although the condition for single mode operation will not be defined specifically by
V<2.405 for PCF (it may be possible for shorter wavelengths to set up multimode
propagation), the VV<2.405 relation is still a useful rule of thumb as larger cores increase
the likelihood of multiple modes. The number of modes predicted for Russell’s fibre
(shown in Figure 1.28) was N=1.61, which suggests at least one transverse mode and

perhaps a second, dependent on the laser wavelength.

Algebraic descriptions of profiles supported within HC PCF are a composite of
Bessel and modified Bessel functions in the radial direction with a field dependence in
the azimuthal direction, ¢, described in terms of sinusoidal functions cos(mg¢) and
sin(mg), and propagation in the positive z direction described by a ¢ term, where 8
is the axial propagation term as before. A good vector analysis of modes within fibres
of low and high index cores is provided in a 2003 thesis by J.I. Kim'°. Expressions are
provided for longitudinal, axial and azimuthal, electric and magnetic components, these
are again, a composite of Bessel functions. The familiar solutions for the electric and
magnetic polarisations propagating along the fibre in the positive z direction within the

hollow core can be described as;
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r<r 1.30

c

E. =[AI, (k;)+ BK, (k;r)|cos(me + 4, )}
H_=|[cI, (k,r)+ DK, (kr)lsin(mg+4,)|"

where the amplitude coefficients A, B, C, and D are calculated at the boundary
conditions between the HC and lattice structure. 7,, and K,, are the modified Bessel

functions of the first and second kind respectively and the wavevector

ky = kg /‘nf —ﬂz‘ where #; is the index of the silica cladding material and the free-

space wavenumber ky=27/4. The azimuthal phase constant ¢, can be either 0 or 7/2 to
yield cos(ng) or sin(ng).

The use of proper PBG confinement will theoretically provide a near lossless
form of mode transport, with the proviso that fabrication inconsistencies in the fibre
parameters can be smoothed out. An extra benefit of coupling into a hollow core is the
removal of Fresnel reflections hence a reduction in coupling loss is made, since the
index discontinuity between core and outside environment is nearly negligible.
However the primary coupling loss mechanism of spatial mismatch between external
and guided mode still remain. Exciting a particular mode through the fibre facet is
challenging. The propagating modes in the fibre may be well designed, but scattering
at the interface can cause disruptive fields in the coupling region. One possible solution

is to couple power through the side of the fibre'*’.

Research groups around the world are continuing to address loss issues of PCF,
recent work by N.Venkataraman et al. reported HC PCF losses of only 13dB/km*™?,
though even this was surpassed by a record low loss of 1.2dB/km™ reported earlier this
year (2005) by the Bath university team. Although this is still greater than that of single
mode conventional fibre it is low enough to encourage work on all other pertinent
parameters; mode structures, chromatic dispersion, bend loss, fibre splicing, etc.
Furthermore, for research groups beginning fibre particle guidance work today the loss
is no longer excessively prohibitive for precision experiments, though the newly
identified loss mechanism of surface modes'® is of concern for those working in fibres

with fabrication inconsistencies.

55



Given the high degree of optical localisation within the core of a PBG guiding
fibre, the high power conveyance capability and the natural ability to suppress
unwanted wavelengths (falling outside the PBG), a hollow core PCF presents a
tantalising opportunity to guide particles with all the benefits associated with fibre light
guidance; through atmosphere, round corners (R>R.) and in narrow single optical
modes. However, to the authors knowledge, atom guidance in PBG fibres has not yet
been achieved. The ultimate goal of HC fibre guides is to provide a single fundamental
optical mode, tightly confined to the centre of the HC which gives no opportunity for
guided particles to spontaneously emit or break free and escape the guide. The low loss
nature should not permit significant intensity drop-off with propagation distance and in
particular the removal of the cubed core-radius dependence of the attenuation length
puts PCF in a far superior league to conventional capillary fibre. Ultimately these
factors lend themselves well to the target of atom transport in a single matter wave,
where only the fundamental de Broglie wave propagates. However, prolonged single
atomic mode transport will depend heavily on the preclusion of scatter within the HC,
hence surface modes and other extraneous optical energy must be entirely suppressed
for this to occur. Initial proof of concept experiments have been conducted in St
Andrews, with the intention of demonstrating narrow-core (~12um diameter) guidance

of cold atoms. The following chapters detail the steps taken to fulfil this goal.
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Chapter 2

Review of Published Red-Detuned Hollow-
Fibre Atom Guiding Experiments

Introduction

In this chapter published works will be discussed in order to set the scene of
hollow-fibre atom guiding research. Here we restrict ourselves to red-detuned optical
fibre-guiding experiments, hence this report is not comprehensive. Readers seeking
full reviews of atom-cooling or free-space atom guiding should see, the publications
of Adams' and Pritchard? for atom-cooling methods, Ketterle®, Kim* and Sengstocks,
for ultra-cold atom work, and Spreeuw®, Dholakia’ and Jhe for free-space guidance.
Broad based reviews on cold atom guidance, can be found in the works of Jhe®, Song’

and Hinds'°.

2.1  Optical Fibre Guides

There are currently three kinds of atom fibre-guides, these are; optical red-
detuned, optical blue-detuned and magnetic-field fibre-guides. A basic description of
optical red- and blue-detuned atom fibre-guides has been given briefly in chapter 1.
This chapter will enlarge on this by discussing experimental realisations in capillary
fibres and some associated theory of optical fibre modes. A brief introduction to

optical blue-detuned fibre guides will also be given for comparison.
To the authors knowledge no atom guidance has been performed in photonic

crystal fibre (PCF) to date. Hence discussions on supported optical modes are based

on capillary fibres; the majority of theory discussed is also fully applicable to PCF.
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A rudimentary schematic of red- and blue-detuned capillary guiding regimes is
shown in Figure 2.1. As a snapshot summary, red-detuned capillary guides have a
strong attenuation of guide intensity in narrow core fibres due to a reliance on grazing
incidence mode support. This requires a compensatory higher input guide power,
which conflicts with an atom-heating term, in turn acting to limit input intensity (and
so guiding distance) through increased scatter. This can only be reduced through
lower guide intensities or higher detunings (which reduce guide effectiveness).
Optical coupling into hollow cores suffers an inherent coupling loss which can also
generate disruptive scatter. However the intensity profile of light inside the hollow
core generally maintains a good spatial separation between the guided flux and fibre

walls.

Similarly, the pertinent features of blue-detuned guides are as follows; a
greatly reduced spontaneous emission heating effect and thus the capacity for longer

distance guiding, a non-trivial annulus coupling process which has prompted

11,12,13

numerous novel coupling techniques , and a loss of guided flux through laser

speckle in the guiding evanescent field. The last of these is perhaps the primary hurdle

. -.16,17,14
to be overcome; a few methods have been established to overcome it'®!"14,

Glass Fibre Hollow Core Glass Fibre Hollow Core

M M

Evanescent Wave

(a) (b)

Figure 2.1 : Illustration of the light fields in hollow-core capillary fibres, when guiding
(a) using red-detuned light and (b) blue-detuned light.

As an aside, guiding of micron sized particles (using a variant on optical

guiding forces described in Chapter 1) has been performed at Bath university'>. This
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is the closest approximation to my PCF research performed to date, however the
guiding of micron scale particles involves dissimilar physics and so is not considered

pertinent to our atom guiding discussion.

2.1.1 Red-Detuned Capillary Fibre Guiding

In his 2002 review'® Jhe provided an algebraic summary of red guiding within
a core whose width was much greater than the atomic de Broglie wavelength, ie.
ka>>1, where k=27/4 , and 2a is the hollow-core (HC) diameter. He states, in

cylindrical coordinates the lowest order EH;; mode is approximately given by,

1(p)=1,J5(2p) 2.1

where I, is the peak on-axis laser intensity, p is the radial distance from HC axis and

Jo 1s the fundamental Bessel function. Here y can be determined by,

Wo(a)K,(ya)+ xJ,(ya)K,(ya)=0 2.2

where J,, and K,, are the respective Bessel and modified Bessel functions of order m.
[ 1s the axial propagation wavevector (modified form of & to account for propagation
direction within the fibre, often expressed for fibre-supported modes as f=kncos0,
where modes propagate at an angle &to the fibre axis), y and yare generally complex

numbers related by,

ZZZkZ_ﬂZ
2:ﬁ2_n2k2

23

where 7 is the index of refraction of the glass. Applying ka>>1 to equation 2.2 we

can restate /(p), as,
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oy =2 L ) 2.4

2k [ —

Reinsertion into /(p)=1,J;(yp) provides both a mode diameter and an

attenuation length for the chosen wavelength. The mode diameter is the width at
which the guiding mode falls to //e of its on-axis value, and the attenuation length;
the distance where the guide falls to //e of its initial fibre-entry value, is characteristic
to the fibre and can be obtained from the imaginary part of S, explicitly given in the

ka>>1 limit by equation 2.5, where [Im(B)]" is the attenuation length, /..

A2 ont+1
()= (nj 2 2 1 =

First Demonstration of Red-Detuned capillary Atom Guiding

Following theoretical proposals set out by O’Shanii'” and Savage'® in 1993
and 1994, respectively, the first demonstration of red-detuned atom fibre-guiding was
reported by Renn et al.” (of JILA, Colorado). Figure 2.2 shows their experimental
arrangement. Two separate vacuum chambers were connected by a 6.2cm length of
40um hollow-core diameter capillary. The source cell contained Rubidium (Rb)
vapour at room temperature. An ionising hotwire and channeltron detector were used

for atom counting in the detection chamber.

Vapor cell with Rb atoms Detector chamber
i ) " ™)
Laser *a . *

-:I‘:nrRe) Channelon

o Y

Figure 2.2 : Schematic of the experimental arrangement for the first successful fibre

Hollow core fiber

guiding. A 3.1cm capillary fibre is mounted between two vacuum chambers. Red-detuned
guide light is launched into the core, this separates the propagating atoms from attractive

Van der Waals forces inside the fibre. Reproduced from Renn et al.!
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Simplifying equation 2.2 by substituting 2.4 in, and subsequently entering into
1.22 (in cylindrical coordinates), provides the following expression for the dipole

potential experienced by atoms within the EH;; mode,

2
U(p) :%Alr{u Afisz 2.6

where A is the detuning from atomic resonance including Doppler shift. Evaluating

this on-axis, U(0), will allow calculation of the maximum guidable transverse velocity
by the simple equation, v, =,/2U (0 }/ m . In Renn’s work a guide of 45 mW provided a

dipole potential of 71mK. Thus atoms up to 3.7ms’ transverse velocity were
capturable from the thermal background atom source. Integrating up to this velocity
over the Maxwell velocity distribution transverse to the fibre axis and over all

longitudinal velocities provides an expression for the expected flux output;

Foal | a2 2.7
2\ 27k,T

where the EH | mode diameter calculated earlier is used as the effective area 4;, T is

the temperature of the atoms and 7 is the atom density of the capture region. With a
room temperature density of 7,=10'° m™ a flux of 10°s” was the predicted fibre input
and an experimental output flux of 3x10%s™ after ~6.2cm of fibre was observed.
Hence ~3% flux transmission efficiency was demonstrated. (It is worth noting this
figure, as the fibre length, and guide beam parameters used for our guiding attempts at

St Andrews are similar).
Guide Detuning
Detunings over a few GHz demonstrate the & dependence predicted by

equation 1.19. With increasing intensity the signal increases and the position of

greatest flux moves to larger red detunings, this is shown in Figure 2.3.
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Figure 2.3 : Guided flux level from the 6.2cm, 40um diameter Renn fibre, versus guide
detuning at two intensities; 7,=3.6x10° W/ecm® (45mW input power) and 7,=1.3x10’
W/em? (16.3mW input power). A sharp turn-on of guiding is seen as the guide crosses
from blue (+ve) to red (-ve) detuning. The solid line is included to show the data trend.

Reproduced from Renn et al.”'

Fibre Curvature

The propagating mode in the hollow core was assumed to be spatially
symmetric for the straight fibre case. In a curved fibre, atom velocity generates a
centrifugal force around curves. This threatens to pull atoms from a guide and lose
them to attractive Van der Waals forces. The tightest bend manageable is dictated by
the centripetal force offered by the guide. This, in turn, is decided by the depth of
dipole potential such that the tightest bend is given by a radius of curvature:

R, = mrovzz/U(O) 2.8

where U(0) is the dipole potential experienced in the centre of the guide and 7, is the
guide mode-radius. Atoms with velocities faster than v, will be lost to the fibre walls
at bends of radii R<R,;,. Renn et al. observed a typical R,,;, value, for median v, of
18cm, and took further data characterising the dependence on input intensity for

various bend radii. These are depicted in Figure 2.4.

66



2.0

1.5

Atom Flux (10*s™)
>

——

0.0 1.0 20 3.0 4.0 5.0
Laser Intensity (10° W/cm?)

Figure 2.4 : Intensity dependence of the guided atom flux in the 40um diameter hollow
core. Multiple radii of curvature bends are indicated. The darker line for R=c is a
theoretical plot of the predicted flux, normalised to experimental parameters. This plot
came from an integration of the Maxwell velocity distribution up to the maximum
velocity confinable by the guide (on input), it assumes a detuning of -6GHz and that
atoms are optically pumped into the lowest ground-state hyperfine level. The lighter line
(for R=c0) is the same but with the assumption that at low intensity the atoms are
distributed equally among the ground-state levels. The remaining lines for R<oo are

included to highlight trends in the data. Reproduced from Renn et al.

It is concluded that as the fibre becomes more curved, particularly at bend
radii smaller than twice the attenuation length, (R=6cm), the guided intensity profile
becomes more asymmetric?’ and the intensity on the surface of the core walls
increases. At these tight radii the simple model above breaks down as higher than
expected losses are experienced. Thus optical guiding ability of the fibre is the
governing mechanism for efficient atom guidance around tight bends. That is, the
critical guiding radius is determined by optical properties rather than properties of the

guided atoms.
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Attenuation Length

The 1995 Renn et al. paper touches on the primary disadvantage of red-
detuned capillary fibre-guiding; fibre attenuation length. As depicted in equation 2.5
this scales with the square of the laser wavelength and inversely with the cube of the

core radius. This can be approximated by;

N
2

L, = [mpl' = 68" /2" —

2.9

where 7 is the refractive index of the fibre annulus, a is the radius of the fibre hollow-

core, and A is the guide light wavelength. This is often simplified to L y = 2.3(a’ / A7)

for quick comparisons. Explicitly, for the 40um hollow core this is /;,=3.1cm, (ya
from equation 2.5 was given as 2.405+0.0221i). The rapid intensity attenuation with
hollow core narrowing is compounded by an increase in coupling difficulty and initial
scatter, both resulting from the difficulty of far-field-optics mode matching.
Furthermore VDW forces impinge on guided flux more when fibre walls are close to
the flux path. However if these hurdles can be overcome a secondary benefit of
narrowing the core is an elimination of unwanted higher order modes; prolonged
scatter along the fibre length would be greatly reduced if the V-number of the fibre
fell below the single-mode threshold of V'~2.4

Thus, in summary of Renn’s 1995 paper, red detuned capillary guidance is
achievable over short distances with hollow cores broad compared to the guiding
wavelength. However the goal of coherent atom transfer, achievable through core

narrowing, is severely limited due to laser attenuation concerns.

2.1.2 Further Considerations for Red-Detuned Fibre Guides

The JILA team, (now including Drs. A.A. Zozulya and E.A. Donley), in their
second fibre guide paper’', in 1997 discuss, in greater depth, the flux dependence on
laser detuning, laser intensity and fibre curvature. In particular they detail the

evolution of atom-flux versus laser detuning with increasing intensity. At low
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intensities observations are similar to those in the previous paper, however at high
intensities (/=50MW/m?), radiation pressure scattering, or “viscous dipole force” is
seen to “burn a hole” in the flux-detuning curve. This is relevant to my work as it is
believed a similar result has been witnessed in free-space guiding experiments

(described in chapter 4).

Viscous Dipole Force Heating

A loss mechanism for an atomic flux within a red-detuned fibre guide (or any
optical guide where the atoms are high-field seeking), stems from a combination of
three factors; the use of dipole force, increased scatter from high intensities, and the
A.C. Stark effect. This loss mechanism produces a range of detunings and intensities

where guided flux rates are far less than optimum.

As described earlier, the dipole-potential of a guide scales inversely with its
detuning, whereas radiation-pressure scales with the inverse square of the detuning.
Also, the atomic scatter rate from a guide is linearly dependent on its intensity. Hence
spontaneous emission from radiation pressure is more likely to occur at lower

detunings and higher intensities.

In Figure 2.5a) the flux rate of atoms emitted from a red-detuned guide is
monitored over a range of detunings with four guide intensities. It is important to note
the fibre in this case was quite short; 3.1cm, which was half of the attenuation length
of the 40um diameter hollow-core fibre. Here the interplay between radiation pressure
force and dipole potential can be seen. The plot of a low intensity guiding regime seen
in Figure 2.5 a) demonstrates how a high radiation pressure kicks atoms through a
short fibre before they can be heated thus providing the rapid flux boost in the low
detuning (where scatter, or spontaneous emission, heating in longer fibres would be
expected to significantly reduce atom flux). As the flux kick slopes off after -1GHz
detuning, the dipole force is not sufficient (due to the low intensity) to cause a
resurgence of flux. However in the higher intensity regime, the drop off in radiation

pressure after -1GHz is eventually compensated for by the higher dipole-potential
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which acts to confine a greater number of atoms and push the flux up to a secondary

peak.
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Figure 2.5 : Atom flux guided through a 40pum diameter core capillary fibre vs. laser
detuning from resonance, at four laser intensities. The fibre lengths are 3.1cm and 6.2cm
for figures a) and b)-d) respectively. Data in figure a) were collected using the lower
power diode laser, whereas figures b)-d) use the Titanium Sapphire laser source. The dots
are experimental data, the line is intended highlight trends in the data. A rapid turn-on of
guided flux is seen immediately following detuning from resonance. In the higher

intensity regime this spike is followed by a dip in the curve and a subsequent higher flux

peak. Figure reproduced from Renn ef al.”

In summary, the initial levels of guided flux are dictated by the radiation
pressure pushing/heating of atoms and the length of the fibre. This dictates the time
over which atoms can be heated, (short fibres will have a high flux turn-on and long
fibres will have a reduced level of initial turn-on). Also, the flux at greater detunings
is dictated primarily by the dipole potential available; which in turn depends on
intensity and attenuation length. Thus, it could be said that, as the detuning increases
from resonance, the flux rates at near-zero detunings and those >20GHz (approx.) are

sufficiently well matched to theory.
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Dressed State Model

Only the crossover point between radiation pressure scattering and dipole
confinement remains to be explained. Specifically, why is there a lowering of flux and
not a peak in the detuning range -1GHz>8>-10GHz, where radiation-pressure could
still be accelerating atoms through the guide and the dipole potential should be

contributing more atom confinement.

Explanation of this requires understanding of the A.C.Stark effect and the
dressed-atom picture”?. The former is shown in Figure 2.6, it can easily be understood
as a dynamic bowing of an atoms energy levels when exposed to an optical intensity.
In the low intensity limit where the Rabi frequency (2 and the detuning ¢ can be said
to satisfy equation 2.10, atoms travelling in an optical guide spend the majority of

their time in their ground state.

0%r/6% <<1 2.10

Where definitions of 6and (2 can be found in section 1.2. From Figure 2.6 we can see
the A.C. Stark bowing of the ground state is towards a lower energy level. Hence an
atom will experience a pull into the high intensity region, if the atom is propagating
down the guide with any transverse velocity component it will oscillate about guide
centre and continually experience attractive forces returning it to beam centre. This is
the origin of the conservative dipole force (described in section 1.21). In the low
intensity limit (and with linewidth y<<§) the dipole force scales linearly with intensity

and inversely with detuning.
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Figure 2.6 : The A.C Stark effect displays a bowing of an 2 level atom’s energy levels
dependent on incident intensity /(p). In the low intensity limit an atom spends the

majority of its time in the ground state, | g> , and experiences a simple harmonic

restoring force towards p=0. Here m+d=wm,, where , corresponds to the laser frequency
and o, the transition frequency. Figure reproduced from Renn et al.”

This situation changes when switching to a high intensity optical field. In this
case increased radiation-pressure scattering encourages an atom to make the
previously unobtainable jump from ground to an excited state. It stays in this state for
a time 1,=2(my)" and continues any transverse motion. Figure 2.6 shows that, in the
excited state, the A.C. Stark bowing is in the positive energy direction; atoms are
repelled from guide centre. Thus atoms in this state are accelerated towards the low
intensity regions at the sides of the guide. This unwanted acceleration is worsened by
the fact that the scattering necessary for jumping up to an excited state is strongest in
the high intensity region at guide centre. Whereas the propensity for dropping back
down to ground-state is highest in the low intensity region. So an atom is excited to
the high energy portion of an energy level and de-excites down onto a similarly high
energy portion of the ground level (see Figure 2.7). Thus regardless of level, the atom
continually experiences a transverse acceleration back into the region which

encourages further energetic interaction with the surrounding light field. Figure 2.7
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helps show how ultimately this creates a cyclic repetition of excitation and de-

excitation which continually adds transverse momentum to the atom.

Hence spontaneously jumping up to one excited level, falling down to the
corresponding ground level, and jumping up to another excited state and on
continually, could rapidly give an atom sufficient transverse energy to escape the
guide potential. In fact, Renn et al" describe a worst case scenario where an atom
could gain an energy equal to twice the dipole-potential energy and escape the optical

field before even making a complete circuit of the two levels.

Hollow
core

Spontaneous
CIMIssion

Figure 2.7 : Dressed state picture of a two level atom interacting with a laser field
propagating within a hollow fibre core. Pairs of excited and ground state energy levels
are shown in matching colours to help identify the atoms path. Note, an excitation up in
energy is made on each thick dark downward arrow centred in the middle of the guide,
however transitions on the edge of the guide are de-excitations; down in energy.
Regardless of transition, an atom interacting in this way will experience an increase in
transverse momentum, reducing the likelihood of successful guiding. Diagram
reproduced from Renn e al.?*, (colour added to aid understanding).
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Of course further detuning reduces viscous-heating loss by reducing
spontaneous emission and simultaneously increasing the confining dipole potential.
Nevertheless in between the radiation-pressure dominant regime and conservative-
dipole regime, there is a loss of guided flux due to a viscous heating term. This
viscous heating has now been explained; it relies on a combination of the dipole
potential and on radiation pressure scattering (or spontaneous emission). In the
absence of the scattering an atom would behave as if in a perfect dipole potential
guide; simply oscillating back and forth within the bowl of its Stark-shifted ground
state as it propagated along the guide.

Guiding Distance

Importantly the JILA team define the currently accepted limiting factor on
red-detuned guiding distance; that being a combination of attenuation length and
scatter from the guide. This is of particular interest to our work at St. Andrews as it
highlights an inherent drawback of capillary fibre guides which PCF can theoretically
circumvent. That being the need to increase input guide intensity in a bid to
compensate for attenuation in the fibre core; length independence in PCF prevents
lower intensities occurring further down the fibre. Thus a lower input intensity will

reduce viscous dipole heating for atoms travelling in the PCF hollow core.

Atom Temperature, Guide Potential and Guide-Cloud Size Matching

An important advancement over early fibre guide experiments was the use of a
MOT to provide cold atoms for guiding. Significantly lower atom temperatures
(typically ~100uK) greatly enhanced guide beam efficiency. Capture of atoms from
MOT regions now involved far superior flux rates since cold atoms have transverse
velocities of a few cms™, not the ~10°ms™ of thermal atoms, (for comparison Renn’s
1995 paper used a guide capable of capturing atoms up to 3.7ms”' to sample atoms

from a thermal source).

Though not strictly fibre-guiding, the free-space capture of atoms from a MOT

into a guide beam will dictate how many atoms can be guided into a hollow fibre
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core. Thus a 2002 paper® by Wolschrijn ef al. is briefly mentioned here in order to
describe the effects of deepening the guide potential relative to atom temperature and
increasing the guide width relative to MOT cloud size. This summarises with an
informative graph showing the fraction of atoms guided from a cold cloud, which is

critical for subsequent fibre loading.
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Figure 2.8 : Multiple plots of constant guiding fraction, y, from a cold (molasses) source
of Rb*” atoms. The axes are ratios of, guide potential over cloud temperature (for x-axis)
and guide waist over cloud diameter (for y-axis). The thick curve shows the optimum

guide waist as a function of a ‘molasses-matched’ potential depth ‘U(;’”" in units of kT,

which is proportional to the available power and does not depend on the guide waist.
When the experimental parameters cloud radius, o, cloud temperature, 7' and guide
power, P are known, the optimal guide waist w can be read from this graph. The two
dark points represent experimental data recorded with P = 85mW and detuning,
0=12x10°> T’ (where ['=27x 6.1MHz, the natural linewidth of the D, line). Reproduced

from Wolschrijn ef al.

The guided fraction is described as being dictated by only two dimensionless
parameters: the relative size of the guide compared to the molasses size, w/o, (guide
waist, w, and cloud radius, ) and the depth of the guide potential compared to the

temperature of the cloud, Uy/kzT. Intuitively the guided fraction tends to zero when
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either the potential depth or the width of the guiding beam goes to zero. The fraction

increases equivalently when either |U,| or w increases.

However, it is acknowledged that the above captured-fraction discussion does
not account for guide beam focusing prior to fibre entry. A MOT cloud might not be
located at beam waist if subsequent fibre-mode matching stipulates a beam waist
located at fibre entrance. The numbers from Figure 2.8 would need to be scaled to

account for guide divergence to give an impression of actual coupled fraction.

2.1.3 Optical Fibre-Guides, Conclusion

Factors pertinent to red-detuned fibre guiding have been discussed through
review of selected published works. In summary, red-detuned fibre guides offer better
flux localisation relatively far from the fibre walls and so easily surpass the short
ranged Van der Waals attraction. However, grazing-incidence mode support within
the hollow-core induces rapid intensity attenuation, with a cubed dependence on
hollow-core radius. Furthermore, atom guidance within a high-intensity region causes

flux heating through spontaneous emission scattering and viscous dipole interactions.

For comparison, review of publications concerning blue-detuned

23.24.25.26.27.28 yields the following summary: Blue-detuned guides offer

guiding
improved spontaneous emission rates by merit of their guidance within a low-field
region. However they rely on an easily perturbed, and easily superseded, evanescent
field for confinement. Hence, speckle and scatter-induced grazing-incidence modes
are significant loss mechanisms in blue-detuned regimes. Multiple techniques exist to

remove speckle. The weak evanescent fields require high laser power input.

Lower temperature source atoms improve the efficiency of both red- and blue-
detuned potentials, however, associated lower longitudinal velocities increase
sensitivity to speckle in blue-detuned guides.

All fibre-guides suffer significant coupling-loss whether coupling into their

hollow-core or their annulus-surrounds.
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Fibre bending can be used as a velocity selective filter in both red and blue
regimes and optical mode displacement at bends only brings significant flux loss

beyond a critical bend radius.

Future work on red-detuned fibre-guides will lie with PCF. In which
spontaneous emission and viscous-dipole heating are significantly reduced thanks to
the removal of severe light-attenuation within the core. Perhaps also in grazing-
incidence launch of a dark hollow beam (DHB) into a hollow core for optical

narrowing of the guided flux path®.

2.2 Dark Hollow Beam Guidance in a Hollow Core

A recent publication by Wang et al. has illuminated a further configuration
which combines low-scatter, blue-detuned DHB guiding, with the low-loss nature of a
novel, capillary fibre which has a metallic coating on its inside core surface. The
paper presents this experimentally realised fibre and a theoretical analysis of the loss
mechanisms for MOT temperature atoms guided in a DHB supported as a true
propagating mode within the metallic /ollow-core. Succinct descriptions of the
propagating optical modes within a 30um hollow-core, the coupling loss, and the
transmission efficiency is also given. Figure 2.9 illustrates their proposed atom

loading and guiding technique, (reproduced from their publication).

Metallic Layer Cladding

Hollow X

(a) i

onpp Lens MOT :
Moving Molasses HWM

(b)

Figure 2.9 : (a) The structure of the hollow metallic waveguide (HMW) and (b) a
schematic of the proposed atomic loading and guiding arrangement. A 2w phase plate (27

PP) is used to generate the hollow beam from the circularly polarized input Gaussian.
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In the interests of brevity this work is not discussed further. Suffice to say the
coupling of a DHB into a hollow-core is an exciting prospect for atom guidance,
which raised the question of whether our PCF could support a DHB in its hollow core.
However it is expected that this regime will require significant development before it

1s realised.

2.3  Chapter Conclusion

It is hoped an understanding of some key papers in the field of hollow-fibre
atom guidance has been conveyed in this chapter. The merits of optical-fibre guides
over magnetic fibre-guides have been summarised, as have the motivations for
choosing red-detuned fibre-guides over blue-detuned equivalents. In particular the
diminished length dependence of transmitted intensity in PCF is to be capitalised on
for a more efficient red-detuned fibre-guide relative to capillary fibre. These works set
the scene for my research which will experimentally demonstrate the benefits of

optical atom guidance within PCF.
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Chapter 3

Laser Systems for Cooling, Guiding and

detection of Atoms.

I ntroduction

In this chapter a number of optical and mechanical systems will be described.
These are all essential for the guiding experiments reported herein and all relate to the
application of laser light into the trapping volume. In particular cooling and guiding
laser systems used throughout, their output characteristics, construction and the
precise frequency stabilisation techniques required for generation and manipulation of
aMOT will be discussed. Additional details are given on the shuttering of these laser

beams and their use as optical probes for atom flux detection.

Cold atom experiments performed herein required laser outputs on frequencies
matching the transitions of Rubidium (Rb), specifically isotopes Rb* and Rb®’. The
choice of isotope was dictated by laser wavelengths attainable from equipment at the
time. The relative abundances of these isotopes, as emitted by the atom-ovens
(described in chapter 4) was 72.15% : 27.85% in favour of Rb®, hence experimental
preference was given to Rb® especially since detection sensitivity was an issue. The
laser sources used can be broken into two categories; trapping and guiding. Both
groups required a degree of control over their lasing frequencies, however, while
guide beams needed a higher power output; typically employing a separate pump laser,
trapping lasers required significantly more frequency stabilisation equipment.

All free-space light beam guidance work reported here (and a portion of the

fibre guide work) was performed as a team effort between Dr. Daniel Rhodes and the
author.
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3.1 TrappinglLasers

A useful advantage of Rb is that its D2 lines lie at 780nm which is a
wavelength easily reached with inexpensive diode lasers. Furthermore these diode
lasers can be tuned by temperature or current control, thus making them ideal
candidates for electronic locking; selectively feeding back some of the laser power via
an extended cavity design reduces the linewidth of these diodes by approximately two
orders of magnitude to ~135kHz, which in turn, allows us to obtain a suitable
absorption spectrum for a feedback locking circuit. The absorption signal isused in a
feedback circuit to control the cavity length and the drive current, via a piezo-electric
transducer (PZT) and laser driver circuit, respectively. Thus stable locking to a
specific atomic transition is achievable, where the PZT is used to counteract relatively
low frequency, larger scale noise such as, some thermal drift, impacts on the optics
bench, etc., while the current lock manages higher frequency noise such as loud
voices and the higher resonances of impacts on the optics bench. A saturated
absorption scan over the spectrum of Rb is shown in Figure 3.1 along with the
associated energy transitions of Rb® and Rb®” in Figure 3.2a) and b) respectively.

“Rb F=3->F’

“Rb F=2>F

“Rb F=1>F
“Rb F=2>F'

Absorption

Frequency (Ghz)

Figure 3.1 : An absorption scan across the rubidium transitions. The two left hand side peaks

are the cooling transitions, the hyperfine transitions are on the right.

As described in chapter 1, formation of a MOT requires cooling and hyperfine
repump beams, the energy transitions for these are indicated in Figure 3.2a) and b) as
vertical red lines. The cooling laser was tuned and locked approximately 21" (where I”
is the natural line-width of the transition) below the frequency of the selected cooling
transition, this was to provide the small red-detuning needed for the Doppler cooling

process. For experiments involving Rb® the cooling transition was 5Sy,(F= 3)— 5Py
8l



(F’= 4), while the hyperfine laser was locked to the 551, (F= 2)— 5P3, (F'= 3)
transition. Experiments involving the Rb® isotope used the 5Sy, (F= 2)— 5Py, (F’=
3) trangition for the cooling laser and 5Sy; (F= 1)—5P3, (F’= 2) for the hyperfine. In
theory, because the hyperfine laser is only pumping atoms that have fallen out of the
cooling cycle (approximately only one in every thousand transitions), it does not need
to be as finely stabilised as the cooling laser, however, in practice there was a visible
difference in MOT brightness between well and badly positioned hyperfine lock

points.
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Figure 3.2a) : Energy level diagram of theRb D2 lines. The valuesin blue are all MHz.
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Figure 3.2b) : Energy level diagram of the Rb D2 lines. The valuesin blue are all MHz.
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L ocked at these wavelengths, the cooling and hyperfine beams are able to cool
Rb atoms. But what keeps them stabilised on these precise frequenciesin the presence
of lab vibrations? To answer this, the construction of the lasers must be discussed.
Three different arrangements of cooling beams were used aternately, these were 1) a
single extended cavity diode laser (ECDL), 2) a master-dlave diode chain, and 3) a
commercial TUI optics TA-100. The former two systems also catered for the
detection of atoms; light was siphoned from cooling beams to provide on-resonance
probe beams. However, numerous optics in the cooling beams such as, acousto-optic
modulators (AOMs), isolators, mirrors, lenses, etc. limited the power remaining for
effective cooling or detection. Thus the TUI cooling laser was introduced to
compensate for the limited power. Using the resultant higher power output of
500mW (max) not only provided broader cooling beams (increasing the number of
trappable atoms) but also freed up an entire ECDL solely for probing. It also provided
enough power for a dua pass AOM system which alowed an additional molasses
cycle in the MOT (described later in this chapter). The hyperfine beam came from a
single ECDL, and remained so throughout.

Mirror mount

m

Collimating |

Figure 3.3 : A schematic of the in-house built extended cavity mounting. The circularised
diode output is collimated then reflected off a blazed grating, the first diffracted order is fed
back into the diode. The cavity length can be manually adjusted via the mirror actuators, and
electronically controlled through the PZT sandwiched between the horizontal actuator (lower

control in the image) and mirror mount face.
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1) The Extended Cavity Diode Laser (ECDL)

This was the first arrangement used for generating cooling beams, it was built
in-house in the Littrow geometry’ using a diode laser mounted into a commercial
clear quadrant mirror mount (Newport, P100-AC) which aso holds a grating®. The
ECDL is shown schematically in Figure 3.3. One consideration when using diode
lasers is the dlliptical output, which could distort the shape of a trapped atom cloud.
Correction before trap entry could be done through use of anamorphic prisms, a pair
of cylindrical lenses or coupling through an optic fibre. However these complicate the
experimental setup and can result in severe power loss. Such extra corrective optics
were eliminated by use of Circulase diode lasers (Blue Sky Research), these were
Hitachi HL7851G diode lasers (maximum output power 50mW at 785nm) which have
had a small microlens placed a few um from the semiconductor output facet. This
releases a divergent, approximately circular beam (aspect ratio ~1:1.1). This is then
collimated in a commercial collimating tube. A diagram of the diode and microlens

array isshown in Figure 3.4.

Diode Laser Microlens

R=95% R~10% R~0.8%

4' |t30 um

3mm

Figure 3.4 : Diode laser and microlens array. The microlensis only 250um thick.

The collimating tube was placed in a custom built holder for attaching to the
mirror mount and a second custom machined (Optometrics, UK) holder for the
grating, (1200linesymm, blazed wavelength at 300nm), was positioned on the other
side of the mirror mount so the mirror adjust screws could act to control the cavity
alignment. The angle of the grating can be found from ;

ml=d(sind+sing) 3.1



where misthe diffracted order, 6 is the angle of incidence, 6’ isthe angle of reflection
and d is the line spacing of the grating. The grating (shown schematicaly in Figure
3.5) feeds back about 20% of the incident light into the diode cavity leaving ~30mwW
output power in the zeroth order beam which for trap entry. The laser should be
rotated in its mount so that the polarisation of the laser matches the grating orientation,
this optimisation is achieved by simply measuring the reflected beam power off the

grating.

1® Order

0" Order

Grating Normal

"

Blaze Angle

A Greting

Figure 3.5 : A blazed diffraction grating where disparity between incident-beam angle and
grating-normal produces preferential diffraction into a specific order for a characteristic
wavelength known as the blaze wavelength. The blaze wavelength diffracts the most amount
of light into this order and is selected away from the laser wavelength to ensure most incident
light is reflected into the zeroth order since only a small fraction is required for extended
cavity feedback.

Experimentally, the horizontal mirror actuator could be rotated one turn each
way while maintaining extended cavity operation, whereas the vertical actuator could
be rotated only half a turn each way before losing extended cavity condition. Thisis
an intuitive disparity given the slab like dimensions of the diode lasing medium and
the vertical alignment of the grating.

The entire assembly is mounted on a 90mm diameter, 40mm tall block of
aluminium via a peltier element, driven by a commercial TEC controller (Wavelength
Electronics, Inc.), to stabilise the temperature, (altogether shown in the photograph
Figure 3.6).
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Figure 3.6 : A photograph of an ECDL used as a mainstay for hyperfine and cooling beams
throughout experiments at St Andrews. For scale, the machined grating holder is 1” in
diameter.

The diodes are initialy cooled to ~14°C to pull the laser wavelength down to
approximately 780nm, the frequency can then be controlled by atering the external
cavity length; this can be done coarsely by rotating the horizontal adjustment screw of
the mirror mount while fine tuning is achieved by applying a voltage to a piezoelectric
transducer (PZT) placed beneath this screw, a continuous, mode-hop free tuning range
of ~5GHz is achieved using the PZT to scan the frequencies. A ssimple feedback
circuit controlling just the PZT voltage on its own can be used to lock the laser,
however, as mentioned earlier, extra stability can be found when additional control is
exerted over the diode drive current (this counters high frequency fluctuations). The

locking system is described later in this chapter.

To saturated , = b ¢
absorption < 3 ™
Beam Slave
splitter ECDL laser
master laser

Figure 3.7 : An injection locked diode laser. Isolators were employed to prevent any
interference from unwanted light reflected back into the master laser. The half-wave plate was
included to match the polarisation of two lasers, (similarly the dlave laser could be rotated in

its mount).
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2) TheMaster Slave ECDL Chain

The master-slave chain shown in Figure 3.7 was the second cooling beam
arrangement employed at St Andrews, it was introduced to facilitate an increase in
cooling beam power. The useful output from the single ECDL (described in the
previous section) was ~30mW, this was enough power to create a MOT but the
number of trapped atoms is proportional to the area of the beam (provided beam

intensity, 1> 1) so amethod of increasing the available power was sought.

Sanyo make a higher power diode capable of 75mW output at 780nm, (DL-
7140-201, which can also be bought circularised through Blue Sky Research). This
Sanyo diode is more powerful than the Hitachi model used previously but the spectral
quality is lower; it has a larger linewidth making it less practical for locking to the
atomic transitions. The solution of injection locking gives access to the positive
attributes of both diodes. The higher power Sanyo laser can be slaved to the output
from the Hitachi ECDL; seeding a free running (slave) laser with a few pW of light
from a second (master) laser will cause the slave laser to run on an identical mode to
the master. If the slave laser is running at a frequency close to the master laser the
presence of the injected beam reduces the threshold for cavity modes which match
those of the incoming master and thus results in preferential lasing of the slave laser
on the master’s wavelength. In this way a beam with the higher power of the Sanyo
diode and the spectral quality of the Hitachi can be sent to the trap. The seeding was
set up as shown in Figure 3.7 with a beam-splitting optical isolator used to separate

the input-master and output-slave beams.

3) The TUI Optics TA-100

Thefinal laser system used was a commercially available, TUI Optics TA-100,
which used a tapered amplifier to generate a maximum output of 500mW. The master
oscillator (MO) is an ECDL in Littrow geometry. The beam from the diode is
sampled through a <90% reflective mirror for the purpose of locking the laser. The
diode used in the extended cavity is not circularised, however, the optics around the
tapered amplifier include a cylindrical lens to beam-shape the beam upon exiting the

amplifier. Because the tapered amplifier is a gain medium it also generates amplified
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spontaneous emission (ASE) “wings” around the, now circularised output which

needs to be apertured external to the laser system. Figure 3.8 illustrates the TUI setup.

Optical Isolator

Beam
— ¢ &F ECDL

A2 [

Qutput
\-{ ﬂ\ . ﬂ <<

Optical Isolator

Figure 3.8 : A schematic of the TA-100 including isolators, Littrow geometry ECDL master
oscillator (MO), tapered amplifier and cylindrical lens. Output from the MO is collimated but
not circularised; lenses on the front and back facets of the tapered amplifier provide

collimation for the amplified beam and the cylindrical lens provides circularisation.

3.2 Frequency Stabilisation

Now the required laser outputs for generating a MOT have been identified, the
method of stabilising them for prolonged lab usage, (5 minutes at the very least), is
described. The lasers have to be locked to within a few hundred kHz of the trapping
frequencies (less than the natural linewidth of the atomic transition). They also have
to maintain narrow-linewidths, single-mode outputs and be tunable over the transition
spectrum. This is achieved through a negative feedback circuit which uses the
absorption profile of the chosen atomic transition to provide an electronic signal
which can be isolated in an in-house built “lock-box”. This box provides scaled
feedback signals for both the grating PZT and laser driver to ensure stable laser output
which dithers minutely around the lock frequency and has any drift from that
frequency compensated for.

A basic servo locking system is shown in Figure 3.9, it requires electronic
rendering of the signal (described in the next section) to which locking is desired and
areference signa with which to compare it. This comparison is used to create an error

signal which is then fed through scaling electronics which provide a negative
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feedback signal that is sent to the laser. The feedback is negative to cancel the effect
of any noise and return the laser to the reference level. The error signal is inversely
proportional to the gain of the feedback circuit, increasing the gain will pull the signal
closer to the reference level (the dc response) but this is at the expense of the
bandwidth of the system (increasing the “tightness” of the lock reduces the range of
frequencies which can be compensated). This leads to a trade off between the

transient response time and dc sensitivity of the servo locking system.

Reference
Signal

NoiseM
\—- +
: Gain and
Error Signal scaling

electronics

Laser >

A

Negative Feedback

Figure 3.9 : Block diagram of abasic servo locking loop for laser stabilisation.

Thereis arisk of incurring a time lag in these systems; if the feedback signal
sent to a corrective element (eg. PZT or laser driver) is a a frequency below the
resonance of that element then the correction will follow the phase of the feedback
signal and correct for the noise. If, however, the feedback frequency is above the
natural resonance of the corrective element then the correction is delayed by = radians
and the feedback becomes positive, acting as an amplifier to the noise and moving the
laser even further from lock point. Thus, a smple negative feedback circuit, with
constant gain across al frequencies, cannot correct for all frequencies of noise in a

system.

In order to extend the locking bandwidth whilst keeping some dc sensitivity a
dual-servo system was implemented. This removes problems associated with noise
occurring at frequencies near a corrective element’s natural resonance. As mentioned
earlier, the ECDLs were linked to two feedback controls, one for the PZT controlling
the grating position, and one for the diode current from the laser driver. The PZT was
used to correct for broadband deviations with a slow response time. High frequency
noise was corrected by modulation, at up to 100MHz (two orders of magnitude faster
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than the PZT), of the driver current. The cooling and the hyperfine lasers were

individually locked in thisway.

3.2.1 Doppler-Free Saturated Absorption

Now the method of obtaining an electronically rendered reference signal for
locking can be described. Thissignal for the dual-servo locking system was generated
through saturated absorption of a siphoned-off portion of a trapping laser passed
through a Rb cell. This technique provided a method of distinguishing the hyperfine
features of atomic transitions using a thermal cell of Rb. Ordinarily such features
would be washed out through Doppler broadening of the laser signal from the motion

of the atoms, however saturated absorption spectroscopy circumvents this symptom.

A single laser beam was split into two counter propagating beams of exactly
the same frequency and overlapped inside a vapour cell, as shown in Figure 3.10.
Only atoms with zero velocity along the directions of the beams will see identical
frequencies from both directions and be able to interact with both beams. Atoms
moving in a direction along the path of beams will observe opposite Doppler shiftsin

the two beams and will therefore only absorb light from one beam.

Py
m BEam
Laser |
P
Beam Rubidium Cell
Splitter

Figure 3.10 : Saturated absorption set up. Better overlap between pump and probe beams
within the Rb cell generates more definition for atomic hyperfine transitions seen by the

collecting photodiode detector.

One of the beams is made significantly more intense than the other and is thus
designated the ‘pump’ beam, (typically a Fresnel reflection from a thin film pellicule
provided sufficient power for the probe). The weaker, ‘probe’ beam is directed onto
the photo-detector with as much overlap with the pump as possible; this improves

visibility of the hyperfine transition. Due to Doppler shifting of the laser frequency,
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the pump beam will excite atoms which have either no velocity in the pump direction
or are moving in a direction which opposes the beam. The probe beam on the other
hand will excite atoms which have either no velocity in the probe direction or those
which are moving in a direction opposite to the probe beam, (same direction as the
pump beam). Atoms with velocities which permit interaction with both beams are
more likely to absorb from the more intense pump beam, these atoms are saturated by
the pump and these atoms in this state do not interact with the probe as it passes.
Therefore probe beam intensity transmitted to the photo-detector is greater at the
frequencies at which the pump beam has already excited atoms; the resultant jJumps
observed in the intensity profile correspond to atomic hyperfine transitions and thus
illuminate the hyperfine structure. A typical saturated absorption spectrum is shown in
Figure 3.11

r F=3->F'=4

Detuning

Red Blus
—

F=3-»F'=24 JA [ F=3-»F'=3,4

Cell Absorption (Arbitrary Units)

0.2 0.4 0.6 0.8 1
Frequency (Ghz)
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Figure 3.11 : Saturated absorption signal for the Rb® F=3—F’ transitions illuminating the
hyperfine transitions. Clearly the crossover transitions have the greatest definition. F°=2 is not
visible, however its crossover with F’=4 is, this indicates an expected position for F’=2 just to
the left of F’=3.

As well as the hyperfine spectra, larger dips are also observed, these
correspond to cross-over transitions which manifest when the trapping laser frequency
is exactly midway between two transitions. These are doubly transparent to the probe
beam due to the increased number of atoms interacting; from both velocity subgroups
(paralel and anti-parallel to the pump), and are therefore doubly distinct in the
detected profile.
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The photodiode detector collects the probe beam and thus receives a signal
modulated by the Rb hyperfine structure and associated crossover resonances. In
particular, the high definition of the crossover transitions makes them ideal for
locking purposes.

3.2.2 Currentand PZT Locking - ECDLs

The saturated absorption signa is fed into a locking circuit to stabilise the
laser. The actions of this circuit are described below, (Figure 3.12 aids in the
description).

Input from

Photediode
Tuned

Amplifier

Oseillator . and
Squarer

Current
Output

Dither

Modulation
Dither
= Monitor

PZLT
Output

Figure 3.12 : Simplified circuit diagram of the Dual current PZT locking electronics.
Inputs/outputs referred to in following text. Diagram reproduced from Dr G. Lancaster®.

The PZT is modulated by a triangular waveform which is scaled within the
locking circuit, this allows us to scan across the atomic transition of interest. A
sinusoidal dither is applied to the diode current (up to 100kHz) which ramps the
frequency of the laser across the peak of the hyperfine feature chosen for locking. The
saturated absorption signal from the photodiode is sent to an amplifier tuned to the
dither frequency and then to a phase sensitive detector. This generates a dispersive
signal which can be viewed on an oscilloscope. Integrating the dispersive signal over
a short time base results in a high frequency error signal which is sent to the “current
output”, integrating over a longer time base gives the dc error term which is sent to

the “PZT output”. This processing should provide stable laser locking to one of the
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atomic transitions for several hours. An example of the locking signal generated from
the cooling transition is given in Figure 3.13. The error, or locking, signal is sown in
red, it oscillates about a OV level. The gain of the amplifier is reduced until only one
crossover between the error and OV level exists in view, at this point the feedback
circuit is activated. A more thorough explanation of the locking electronics can be

found elsewhere®.

Detuning — Sat. Absn.

Red Blue

- Locking Signal

Lock Point

F=3—+F'=2,4—>

Figure 3.13 : Typica locking trace obtained from the dua PZT/current lock box. Possible
lock points are selected by the points where the dispersive (red) signal and OV ground line
(orange) cross. The associated saturated absorption signal (blue) is also shown.

This method is a peak-locking method, as such, it still requires application of the 27~
(~12MHz) frequency offset to the red side of the cooling transition to allow Doppler
cooling to function. This frequency shift can be achieved by passing the portion of
laser output sampled for the saturated absorption setup through an AOM. The AOM
was not placed directly in the cooling beam as this would have raised power and
gpatial-positioning issues when tuning the AOM. The AOM placement is shown in
Figure 3.14.

The AOMs used (Isle Optics, LM080 and Gooch and Housego plc., M080)
had an obligatory frequency shift of 80MHz with +23MHz tuning either side
controlled by a voltage input to the AOM driver. This means it was not possible to
lock the laser directly to the cooling transition and use the AOM to provide the

~12MHz frequency shift required. The cross-over resonances provided much more
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distinct signals and therefore provided more stable locking points. Thus it was

beneficial to lock to a crossover transition and tune the laser from thislock frequency

~ Locking
Electronics
' === Beam
Photodiode Splitte
Rubidium Cell Spliier
w— | sg— A periure
1" Order i
Beam ;:,-‘ .
Locking signa
<\ To Trap
Pellicule

Beam Splitter

Figure 3.14 : AOM placement in the saturated absorption beam siphoned from the trapping
laser. This alows the sat-abs setup (and hence the locking circuit) to ‘see’ a well defined

crossover transition while the laser outputs a not-so-well defined F=3 — F'=4 transition.

to the cooling frequency. This was performed by not actually tuning the laser but
fooling the saturated absorption setup into perceiving a lasing frequency X427 MHz
distant from the actual output, (X was a frequency chosen to shift the lock point an
AOM-manageabl e distance from the lasing frequency, X427/~ 80MHz #15MHz). Thus
the laser would continue to lase on resonance while the saturated absorption setup
would have the frequency-shifted AOM output to lock to. The D2 transitions used for
cooling Rb® are shown in Figure 3.2, from there it can be seen that the, well defined,
F'=(2,4) crossover transition is 92MHz from the cooling transition and so is within

range of our AOM’s.

Adjustment of the AOM control voltage for trap size optimisation was
achieved through a self-built electronic circuit. This circuit provided a calibrated read-
out of the frequency deviation from the base 80MHz shift, up to +25MHz, and passed
the appropriate voltage to the Isle Optics AOM drive unit. The circuit is shown in
Figure 3.15. The LCD display panel used was a Lascar DPM 700 meter, which
provided a read-out accurate to a tenth of a MHz. The potentiometer marked with a
red X was the control for atering the AOM shift. Adjusting the remaining two
variable resisters while monitoring the AOM signal output (against a reference un-
shifted saturated absorption signal) allowed accurate calibration of read-out frequency
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shift. Later re-calibration confirmed a good longevity of well-calibrated status, (al

components commercially available from RS).
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Figure 3.15 : Control and monitor circuit for AOM frequency shift of the cooling laser as part
of the saturated absorption locking system. The signal output to the LCD display panel meter
was scaled and calibrated to yield an accurate frequency read-out. 18V regulators require heat

sinks.

Thus, by locking the cooling laser to the 5S,,(F= 3) — 5P3,(F’= (2,4) line
with a ~80MHz +15MHz shift from the AOM we can obtain a laser output direct
from source with the -12MHz red-detuning necessary for trapping. The hyperfine
beam did require AOM manipulation of the saturated absorption signal, it was locked
to atransition which was distinct enough without resorting to crossover resonances.

3.23 Currentand PZT Locking— TUI Laser

With the arrival of the TA-100 laser, referred to ssimply as ‘the TUI’, cooling
beam locking was simplified by the removal of the AOM saturated-absorption system.
The TA-100 had a modular control box with its own, optional, locking system built
into the driver; this was a PID (proportional-integral-differential) stabilisation circuit
that was automatically fed back to the master laser’s PZT and current values, via the
scan control (SC110) and current control (DCC110) modules respectively. The
previous ECDL dual current/PZT lock was locked to a point where an integrated
signal crossed the O level, however the PID lock isfixed to adc value. This means the
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saturated absorption signal required careful isolation from other light sources to avoid
adc variation which would pull the signal away from the reference level and therefore
change the lock point, (an interference notch filter with transmission at 780nm was
used to cut out all other light sources from being detected on the photodiode).

The dc reference level was manually set to cross the saturated absorption
signal at the desired point on the trace. Over this point the scan range of the PZT is
reduced to zero and the PID regulator module is turned on. The regulator scans the
PZT over a set range and stabilises to the point at which the locking signal crosses the
reference level, if the reference level is not found the scan continues to a threshold
value and starts again. The PID parameters were set initially by zooming in the PZT
scan of the laser to the desired set point and turning the P, | and D valuesto zero. The
PID board is turned on and the Integrator contribution (1) is increased until some
feedback is observed in the output error signal (the laser can drift across the desired
atomic feature whilst increasing the | value as it is not properly stabilised yet it,
therefore it may be necessary to unlock it and reset the scan to centre on the reference
level again), the proportional (P) and differentia (D) levels are then increased until
feedback is also seen on the error signal. Once these levels are found the P, | and D
controls are turned down about one turn so the laser is less susceptible to jumping
across the scan to other points where the reference level crosses. It was found that the
factory settings in the PID control board were not adequate for locking to an atomic
transition; the scan range and scan limit values (controlled by potentiometers inside
the board) were set too high for the PID regulator to scan slow enough and over a
small enough range to catch the lock point hidden within a narrow hyperfine feature.
Simply adjusting the scan range and scan limit to their minimum values solved this

problem.

3.3 Titanium Sapphire Guide laser

The laser used as the guide beam source in all experiments, save the later far-
off resonance guiding, was a Spectra-Physics, Titanium-doped Sapphire (or Ti:Al,O3)
laser, (model “3900S”), referred to as the “Titanium Sapphire”. This was pumped by a
separate  Spectra-Physics, frequency-doubled, Neodimium Yttrium Vanadate
(Nd:YVOQOy) laser (model “Millenia Vs’). This was a commercial, pre-packaged,
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system, though it could not be treated as a ‘black-box’ since continually changing
experimental requirements stipulated repeated calibration and adjustment. The
Millennia laser provided 5W of 532nm light to optically pump the Titanium Sapphire
crystal resulting in a fina output of <1W with a tuning range of 650-1000nm
(dependent on the intra-cavity optics used), this offered the versatility to operate in
both red- and blue-detuned guiding regimes.

Pump
bl A/)“ Pump
Beam
@>532nm
Pump
Focus
e Pump
Birefringent
! Filter Flat
Laser y s
Output /Y o
. £ Mirror
Output @780nm
Coupler f" Ti:Sapphire B . Ll _
| | High
i [l I Reflector
Thin
Fold Temperature  Etgion
Pump Mirror Controlled
Beam @780nm Thick
Dump Etalon

Figure 3.16 : Cavity components of the Titanium Sapphire laser. A birefringent filter and
thick & thin etalons are used to reduce the number of lasing modes. An external refrigeration

system was used to pump cooled water around the Titanium Sapphire crystal.

The guide beam is not required to have as narrow a linewidth as the cooling
beams, this is because guiding is not dependent on resonance with any single
hyperfine transition, rather the overal atomic transition which has a linewidth of
6.1MHz. Furthermore the guide is only required to have approximately +0.5GHz
accuracy when detuning from resonance, (typical detuning was between 0 and 10GHz
from resonance). The cavity arrangement is shown in Figure 3.16, this is a modified

image from the operating manual*.

The number of lasing modes in the Titanium Sapphire crystal is reduced by
severa intra-cavity optics including a birefringent filter and two etalons. The first of
these, the birefringent filter (or, “bi-fi”), is a composite of three retardation plates
tilted to Brewsters angle. The dlight ellipticity given to linearly polarised light on a
single pass through these plates does not affect one specific frequency which will

remain unchanged and see negligible loss when oscillating in the cavity. The
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birefringent filter was the most coarse tuning element in the cavity with a bandwidth
of 100GHz (around +0.2nm at 780nm o/p). The thin-etalon filter provides further
mode reduction; it has a free spectral range (FSR) of 200GHz and reduces the laser
bandwidth to 15GHz. It can be tilted to tune across the entire 100GHz bandwidth of
the birefringent filter. Finally, the number of lasing cavity modes can be further
reduced by use of the thick etalon; this is a 5mm thick etalon filter mounted in a
temperature controlled socket. Controlling the temperature of the etalon (by way of
the heating element’s potentiometer), and hence its thickness, tunes across its
500MHz bandwidth with a FSR of 20GHz. A depiction of the lasing-mode selection
process is shown in Figure 3.17. Ultimately two laser modes 200MHz apart receive

sufficient gain to lase and are sent to the trap.
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Figure 3.17 : Fictional depiction of possible operating modes of each filter/etalon within the
T-Sapph module as dictated by the FSR and allowed modes of each. These are overlaid on a
series of oscillations (black spikes) representing laser-cavity supported modes within the Ti-
Sapph. optical path. The two operating modes receiving sufficient gain to lase (indicated by
yellow arrows) exist only in a region where the passhands/allowed-modes of the Birefringent
filter (green), thin etalon (blue) and thick etalon (red) overlap sufficiently well.

Frequency drift was a continual problem with the Titanium Sapphire laser,
even gentle drafts (from the ventilation system) were sufficient to cause thermal or
torsional shifts in the cavity alignment, thus causing a +1GHz tuning drift. These
drifts were usually only a few seconds in occurrence, but were sufficient to obstruct
experiments. A simple solution was found by suspending a thick curtain (laser-safety
room-partition curtain) around the laser casing, fixed so as to permit cooling but
eliminate flow across the laser and its pump.
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Experimental tuning characteristics of the birefringent filter and thick etalon
are illustrated in Figure 3.18a), b) and c). The output wavelength shift from these
filters was calibrated in three ways: 1. an optical spectrum analyser providing accurate
indication of mode movement, 2. analysis of laser output against a reference saturated

absorption trace and 3. awave-meter giving absolute wavelength readings.
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Figure 3.18 : a) With all other cavity elementsin place tuning of the birefringent filter occurs
in quantised steps as successive pairs of cavity modes dominate. The “Bi-Fi Position” axis
refers to the micrometer actuator reading which controlled bi-fi tilt control. b) Tuning ramp of
the thick etalon; temperature increasing as the potentiometer setting increases. The rapid drop
at the end of the ramp is the mode-hop back to starting wavelength which occurs as the edge
of the thick etalon bandwidth encroaches over the edge of another filters bandwidth. c) Using
the thick etalon to scan across the absorption lines of Rb (compare to Figure 3.1). The blue
numbers indicate heater potentiometer settings. Again the stepped nature of mode hopping is
illustrated as the etalon forces jumps to adjacent modes.

34 Nd:YVO, GuideLaser

For a brief period a 1064nm Neodymium doped Yttrium Orthvanadate
(Nd:YVQy) laser was used for far-off resonance guiding experiments. These are
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discussed in chapter 4. The laser source was a Spectra Physics model ZA 106C. It had
a high quality, near diffraction limited, beam profile with an m? value <1.1. However
this was an OEM model, and as such was supplied with no documentation. This laser
was loaned from another research group in St Andrews for the express purposes of
guiding at a large detuning. At 1064nm the effects of spontaneous emission events
can be ignored. It was not tuneable hence was treated as a black-box beam source
capable of outputting 9W of continuous, linearly polarised, 1064nm light. The laser
head was a totally sealed unit, so no information could be gleaned from interna

components.

This laser was rapidly used and returned to its owner, it provided a good
guality beam but the separation from Rb resonance and the short time window
available reduced the impetus for full characterisation of its output mode(s). It was

presumed to operate on a small number of longitudinal modes, (if not single mode).

3.5 Laser Shuttering

Most guiding experiments reported herein required precise timing of guide
entry to the MOT region. Poorly timed guide exposure, particularly when near

resonance could ruin results as effectively as poor alignment.

A series of mechanical shutters were used to block and release al relevant
beams for each experiment. These were placed at beam focii or close to beam source
to ensure a narrow cutting cross section; a broader beam would inflict alonger cutting
time, and thus an intensity gradient across the trap as the beams were cut. Typically
experimental procedure called for near-simultaneous trap-beam blocking and guide-
beam release to facilitate cloud drop into a waiting guide; in this situation accurate

timing was required to ensure guide exposure did not occur before cloud release.

The shutters used for all accurate work throughout were Newport, 846HP
shutters, the timing of which was computer controlled using LabVIEW software and a
National Instruments (NI) PCI-6602 data acquisition card with a CB68LP connector
block (which provided up to eight triggering output signals). These provided pulsesto
trigger shutters in the trapping and guiding beams and to trigger a digital oscilloscope

for data recording.
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The shutters opened and closed on the leading edges of positive and negative
pulses where the speed of closing and opening was dictated by the amplitude of an
applied voltage. Beam cutting times of ~1ms were achieved with a drive of +30V.
However the computer cards were unable to support such large voltages and
associated current drains. Hence 5V pulses from the computer were passed through
custom circuits, built by the author. These functioned as electronic “see-saws” where
relatively large voltages could be triggered and rapidly switched in polarity
repetitively. Though perhaps the term “see-saw” is misleading as this see-saw has a
middle, rest-state, position, a key feature of the circuit. Consecutive, open and close,
command pulses (on the two input lines) will cause the output to swing between full
positive and full negative voltage, (see the circuit shown in Figure 3.19). As a
necessary bonus, in the absence of command pulses, their will be no potentia applied
across the shutter, thus the shutter will remain in its latest state and can cool down. It
must be noted that the shutters were not designed to run continuously, at such high
voltages; where continuously can be defined as a prolonged repetition of pulses of
more than a few seconds each. In particular a continuous output of an open/close
command from the computer accidentally sent to a shutter, will result in physica
melt-down of the shutter internals in under 60 seconds, (this occurred on more than
one occasion). Experimenters must be particularly careful to avoid this situation as
there is no obvious warning until the acrid smell of burning electrical insulation is
detected.

+30V rail )J L\
42000 42002
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- o/pto ———
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—
(to open) (to close)
0V rail \w

Figure 3.19 : Circuit design for Newport shutter control. The see-saw circuit alows

transference of a £30V input to the shutter terminals following a timed 5V command pulse

from the computer.
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Calibration of shutter timing was performed by placing a photodiode behind
each shutter and comparing the received signal timing with that of the oscilloscope
trigger pulse (sent direct from computer to oscilloscope), this allowed compensation
for the phase lag of al cable and components between computer and shutter
(corrected by increasing/decreasing delay time on the LabVIEW program). A full
experimental sequence for the timing of the shutters where the cooling beams were
cut concurrently with the guide beam release is shown in Figure 3.20. After 5s the

guide was cut and the cooling beams were re-activated to alow the MOT to reform.

2 Sms delay

1 >
Caaling
o}
1 -
Guide ||
o
1 —
Trigger
(9]
1
Guide
1_
Cooling
fu]
1=0.5 1=5.0

Figure 3.20 : Timing sequence for simultaneous release of MOT atoms and introduction of
guide beam. The black lines are the 0.5s command pulses from the computer card to the guide
and cooling control circuits and oscilloscope. The red and blue lines are indicate guide and
cooling status : 1= beam present in MOT, 0=heam blocked. Note the necessary time delay
applied to the cooling beams, this exists to synchronise the guide and cooling shutters; it

compensates for the delay in the guide system.

3.6 Optical Atom Detection Systems

Perhaps the most important part of any experiment is proving that the desired
effect has indeed occurred. Here the methods used for optical detection of guided
atoms in al of my experiments are discussed. These are included in this chapter as

they are heavily dependent on the laser involved and in particular its stabilisation.

In the case of atom manipulation, a positive detection result involves detection
of a change in atomic flux in a specific location at a certain time. That is, a typica

guiding experiment will have an expected location where atom flux is expected to
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pass, and a certain time when a falling cloud (say) is expected to intersect a probe
beam. Thus, both accurate spatial location of a probe beam and a CRO capable of
high resolution over a broad temporal range was required. Fast photodiodes or photo-
multiplying tubes were also desirable for possible fluxes passing too rapidly to be
detected by recorded CCD video footage.

The majority of experiments at St Andrews employed a laser probing system
comprising of an in-house built ECDL (described earlier in this chapter) to resonantly
interact with the atoms. When locked to a suitable Rb transition, the intensity of the
output beam could be tailored to provide a probe operating in fluorescence (1>1«) or
absorption (I<ls;) capacity. Each provides a distinct way of collecting asignal from a

passing atomic flux. These are described in the following sections.

The signal collection method for the fluorescence and absorption probes
differed significantly. In a fluorescence probe system, the detectable signal lies at a
very low intensity level and increases with increasing atom flux. Fluorescence
photons scatter isotropically and are often swamped in a sea of background noise
from extraneous reflections and external light sources. Thus a very low-light-level
detector is required with a great deal of noise suppression. Conversely an absorption
probe system detects arelatively high intensity signal which decreases with increasing
atom flux. The higher signal level implies a more readily available detector and has
the added advantage of removing the majority of noise concerns.

3.6.1 Fluorescence Probe

A typical fluorescence probe beam was held at an intensity afew times I« (up
to amax of ~501¢) and had a flat, 5Smm x 1mm, light sheet profile (see Figure 3.21).
It was composed of ~85% cooling light tuned to the 5Syx(F= 3)— 5P3, (F’= 4)
transition and ~15% hyperfine light tuned to the 5S,,, (F= 2)— 5P, (F’= 3) transition.
A small portion of hyperfine light was sampled directly from the MOT hyperfine
beam, while the cooling component was sampled from the MOT cooling source by a
70/30 beam splitter (70% continued to trap) and then passed through two AOMS, to
achieve strong atomic resonance. Two AOMs were necessary due to the 12MHz
offset of the cooling beam and the 80OMHz baseline shift of the AOMs. The cooling
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and hyperfine components were combined in a polarising beam splitter (PBS) cube
and ultimately yielded ~1.5mW of probe light.

Guide
beam

Cooling

Probe beam

Figure 3.21 : Fluorescence probe setup for Gaussian guidance of a dropped cloud, (Guide

shown in Blue here for contrast only; not to be confused with blue-detuning).

The probe beam could be directed to enter (via a flip mirror mount) along
either of two perpendicular paths, both shown in Figure 3.22. Both on the horizonta
plane, one ran normal to the large viewport windows entering just underneath the
MOT beam opto-mechanics and the other ran through the small veiwports at 90° to
the first. The latter was used when probing short distances beneath MOT centre (up to
2.5cm below) which were inaccessible in the other axis due to the MOT optics
mounts. The probes could not be used simultaneously since atoms would be heated

and disrupted by the first probe encountered.

When collecting fluorescence the probe beam was retro-reflected through a
guarter wave plate (QWP) (replacing photo-detectors shown in Figure 3.22) to
prevent a large radiation pressure imbalance kicking atoms from the probe beam.
However a dight intensity imbalance remained due to the number of components in
the probe path; effects of this are discussed in chapter 8.

The low-light-level detector used for fluorescence collection was an

Hamamatsu, H7710-03 photomultiplier tube (PMT). This was mounted off-axis on a
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MOT beams————

Figure 3.22 : A photograph of the Drum trap with cooling MOT beams and both probe paths
indicated. The Drum trap has been stripped of al components in order to simplify the image.
The distance a probe beam could reach from the MOT was limited by the size of the viewport
accessed, and the awkward placement of external optics (not shown). The photodiode used for
absorption probe measurements is shown in wire-frame at the end of the absorption probe
beam, this was replaced with a retroreflector and QWP when using this axis for fluorescence
probe measurements.

skew angle from the probe (as shown in Figure 3.21). The probe region, where atoms
were expected to fall into the probe, was imaged through an f=75mm (f=38.1mm in
the case of the fibre-guiding trap) lens positioned as close as possible (~100mm
distant) and focused just prior to the PMT such that the signal light filled the entire
detection surface (to improve detector efficiency). The PMT, its mount and collecting
lens are shown in Figure 3.23. External lab light and, in particular, stray guide-light
reflections inside the vacuum system forced numerous measures to prevent swamping
of the expected low intensity signal. A <1Imm (adjustable) aperture was positioned
at the focus to block unwanted light from inside the UHV system caught in the PMT’s
field of view. Extraneous lab light was suppressed by wrapping the optical path to the
PMT with a tailored section of opague laser-safety curtain and by mounting an
interference notch filter (with 75% transmission at 780nm) immediately in front of the
PMT sensor surface. Guide light reflected from the trap walls was at ~same
wavelength as the probe-scatter and of far greater intensity, thus it was especially
difficult to filter without suppressing the desired signal. Hence a chopper was
installed in the probe beam and a phase sensitive detection system used to further
suppress noise from the guide. The output signal was finally displayed and recorded
on adigital oscilloscope (Tektronix, TDS 360) with hard-copy output ability.
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Figure 3.23 : A photograph showing the detection system for fluorescence probes used for the
majority of dropped-MOT and fibre-guiding experiments performed herein. From left to
right ; the PMT, an interference filter (passing a narrow notch around 780nm), a shadowing
tube and an f=38.1mm collecting lens. All these components and the fluorescence path were
light-shielded when taking data.

3.6.2 Absorption Probes

The absorption detection system employed a custom built photodiode to
monitor a beam of similar proportions to the fluorescence probe; 1mm x 5mm. The
probe intensity was reduced (through an ND wheel) to ~1/2 I« and directed under the
MOT through the smaller viewport windows (see Figure 3.22). The retro-reflector
was replaced with a photodiode. Since this system collected arelatively high intensity
level many noise concerns were removed; no collection optics were necessary since
the probe was sufficiently collimated to propagate ~0.5m from trap centre to the
photodiode. Thus opague shielding around the probe beam path was the only
significant noise suppressor since all other light sources did not propagate aong the

narrow path to the photodiode.

Unlike the fluorescence probe, the absorption probe diminishes in strength as
atoms pass through it, thus the chief concern was to obtain optimum contrast between
atoms and no-atoms signal levels. Optimisation required substantial patience as
multiple tweaks to its intensity must be implemented over numerous cloud drops
while also maintaining a dense MOT cloud and good guide-MOT-probe aignment,
which is difficult to judge until the probe has good contrast; a cyclic path to achieve

good signal strength and good contrast.
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In order to align the absorption probe (when launched through the smaller
viewports) it was tilted up to hit the MOT cloud and frequency locked on resonance
such that atoms in the cloud would cast a shadow on a piece of card positioned just
above the photodiode. Once the ‘shadowing’ was confirmed the beam would be
pivoted back down onto the horizontal plane up to 5cm beneath the cloud. The
photodiode and final probe-launch mirror were vertically translated in-sync so as to
maintain horizontality. Occasionally this alignment was purposefully broken so as to
prevent vertically skew reflections interacting with atoms before they fal into the
main probe beam; in these cases the shift from horizontal was no more than +2°, and
the distance of MOT to beam (at point of closet approach) was used as the defining
probe height.

3.6.3 CCD Detection

A simplistic detection method was used in early experiments on the 10-way
trap whereby video streams from the MOT-observing cameras (Pulnix NIR PE2015)
were collected and separated into single digital stills images (at 25fps). The video
stream was initialy recorded on S-VHS magnetic-tape cassettes and converted to
digital stills on a Studio DC10+ computer capture card. Subsequent analysis was
performed by National Instruments Vision Builder software. This processis simplistic,
with only basic imaging optics (described above) required to image MOT
fluorescence onto the CCD chip. The only significant complexity came from the need
to synchronise camera output with experiment initiation and with the first recorded
frame of the cassette recorder. With the intention of arranging the first output frame to
coincide with guide input, a re-sync command was sent to the cameras at the same
time as a command was sent to the guide shutter to cause it to open. This primer
signal had the undesirable effect of causing aloss of sync between the cameraand S
VHS recorder, thus losing an indeterminate number of precious frames (each 40ms
apart) during an effect which lasted <100ms. However, a simple solution was
presented by pre-initiating the recorders and cameras whereby the re-sync command
was issued sufficiently in advance to have the recorder ‘catch up’ with the CCD frame
rate. During the separation of the video stream into its constituent 25fps images,
knowledge of the time window alowed accurate matching of captured images to

known experiment timings.
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3.7

Conclusion

The laser systems used for all atom guiding experiments in St Andrews have

been described. Their construction, frequency stabilisation, tuning, and applicability

towards guiding and probing have been discussed. The following table summarises

the activities performed by the author with the equipment detailed in this chapter.

Equipment

Activity

Extended Cavity
Diode
Laser, (ECDL)

Atom cooling, hyperfine re-pumping, seeding (a slave laser)
and fluorescence/absorption probing. These have been built
from scraich many times, stabilised on a narrow-linewidth
output and rendered frequency tuneable. Cavity tweaking and
re-stabilising continued on a daily basis to compensate for
thermal variation and gradual laser deterioration.

Titanium Sapphire
L aser

Atom guidance in a Gaussian beam profile and generation of
alternate spatial-profiles (eg. Bessal, Laguerre-Gaussian). This
laser was re-aligned with its “Millenia” pump source, arranged
to 780.24nm and calibrated to tune smoothly over a 12GHz
range. Continual monitoring and correction of mode-jumping
was necessary. Realignment, re-calibration and coolant
maintenance, were regular duties.

Neodymium doped
Yttrium
Orthvanadate
Laser, (Nd:VOy)

Far-off resonance atom guiding in high-quality Gaussian beam
profiles. No frequency tuning nor maintenance were required
in the short time this was available. Beam profiling and
frequency characterisation performed daily.

Electronic Control
Circuits

Design, assembly and maintenance of circuits performed.
These were necessary for AOM frequency-shift control,
Newport-shutter control and speaker-shutter control.

Results of guiding experiments reported in the following chapters will refer to

the laser systems detailed herein. Each vacuum trap will have further details regarding

the arrangement of these lasers discussed in context with each experiment.
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Chapter 4

Realisation of Magneto-Optic Traps for Atom
Guiding

Introduction

In this chapter a description of the construction and maintenance of atom traps
for use in free-space and fibre guiding experiments is given. This is intended as an
introduction to vacuum traps, additional information specific to each batch of

experiments is included in later chapters (in context with the experiments).

A diverse range of vacuum systems have been built in St Andrews for the
purpose of guiding atoms along optical potentials. Each successive trap was designed
to address specific problems of its predecessor, most often this was an issue of optical
access, or facilitating greater guiding distance or offering physical mounts for internal
components. Traps built for hollow-fibre guiding differed greatly from those built for
free-space guiding, namely in size and component density within their vacuum. The
larger-volume free-space traps used the same vacuum pumps and ultra-high vacuum
(UHV) connections, but did not require internal optics mounting and thus were a great
deal simpler to construct.

Throughout this thesis the term free-space guiding is in reference to atom
guiding in light beams which propagate without external influence, similarly the term
fibre-guiding pertains to atom guiding where the optical potential is maintained by an
hollow optical fibre. All traps built throughout the course of this Ph.D. were designed

and constructed by the author.
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4.1  Atom Traps for Free-Space Guiding

Throughout this Ph.D. three UHV traps were built for free-space guiding
experiments. Chronologically the first was the Glass trap which came pre-built
following work by Dr. Gavin Lancaster (the authors predecessor). The second and
third traps, called the 10-Way and the Drum Trap, were built by the author. They all
supported magneto-optic trap (MOT) clouds of Rubidium (Rb) atoms at ~100uK.

In general the laser and vacuum systems of each trap were separated between
two adjacent tables. The delicate frequency stabilisation of the MOT lasers dictated an
air cushioned, floating table to remove the majority of disruptive vibrations. Whereas
the sheer weight of the vacuum system dictated a solid table mount, forcing it to
suffer any building or lab vibrations. Daily drift of the floating table was compensated

each morning by realigning MOT beams through apertures arranged on the trap table.

Before describing the particulars of each trap, it is necessary to detail the
fundamentals of a vacuum system. To prevent repetition these will be given here and

referred to in subsequent experiment-specific chapters.

4.1.1 Fundamental Trap Requirements

The superstructure of every Ultra High Vacuum (UHV) trap built by the
author at St Andrews was an amalgam of stainless steel struts and crosspieces, each
with knife-edge flanges which pressed into annealed copper gaskets when bolted to
adjoining flanges. These parts are commercially available from Caburn, Kurt Lesker
and Vacuum Products. Annealing of the gaskets helped reduce torsional stress across
viewport flanges and provided good metal to metal vacuum seal between each flange
piece. The design of each trap required accommodation of certain fundamental

requirements of atom trap vacuum systems. These are:

1. maintenance of UHV pressure,

2. an internal source of atoms,

3. provision of optical access for observation and MOT laser entry, and,
4. anti-Helmholtz magnetic coils positioned to allow optical access.
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1. Maintenance of UHV pressure

Many things contribute to the maintenance of UHV pressure, tight bolting of
each flange to prevent leaks and continuous vacuum pump operation are the most
prominent. Our low pressure was maintained by a 40ls™ Varian, “Valcon Plus 40
Triode” ion pump, this gave a pressure of ~10"°mbar which was chosen to minimise
the number of collisions with background thermal vapour; trapping can be performed
at higher pressures (up to ~10"mbar) however the increased number of collisions
significantly reduces trap lifetime. A turbo pump (Varian, Turbo-Dry 70) was used, in
initial pump-down, to rapidly bring the whole system down to ~10°mbar whereupon
the ion pump could be activated. The two pumps operate at significantly different
pressures and thus achieve pumping in dissimilar ways; where the turbo pump is a
turbo backed diaphragm pump which physically draws particles out, the ion pump
relies on a natural diffusion of particles into its internals wherein ionisation and
subsequent attraction to a charged surface removes them from the vacuum system. It
is important to realise this pumps dependence on diffusion; there is no ‘suction’ of
particles. The turbo pump was attached via a “T’ piece with a built-in isolation valve,
this allowed the pump to be cut-off from the system and so provided a simple, if crude,
form of leak testing; an audible pitch change of the pump’s turbine highlighted any
pressure difference when isolating/including the pump. Furthermore, the turbo pump
connections provided a needle-valve for a more gentle, re-pressurising when returning

to atmospheric pressure.

Cleanliness while assembling the trap was essential; a single greasy fingerprint
inside the system could greatly increase pump-down times, or worse, coat nearby

optics in an optically-disruptive film during evacuation.

Another important aspect of UHV maintenance was the bake-out procedure.
This caused surface oxidation, water vapour and many other contaminants to outgas
from the internal surfaces of the vacuum components (including the ion-pump
diffusion surface). In doing so it facilitated evacuation down to trapping-feasible
pressures of 107-10°mbar. Insufficient bake-out risked leaving a near-perpetual

contamination source within the vacuum system. Baking-out involved connecting the

112



newly built vacuum system to the turbo pump and pumping it down while heating the
whole system, ion pump included, to ~150°C, for 2-3 days. It was found that slight
preferential heating of key windows was advantageous for preventing oxide
condensation within. This occurred once on a fibre-trap window and proved severely

detrimental to any optical throughput.

After 2-3 days at ~150°C the temperature was lowered to ~70°C, at this stage
the ion-pump was turned on and the turbo pump was deactivated. Bake-out continued
in this condition for a further day before the trap temperature was slowly lowered to

room temperature.

2. An internal source of atoms

The atom sources used throughout all experiments at St Andrews were getter
ovens from SAES Getters, UK. These were small ~2cm long metal reservoirs
containing several milligrams of Rubidium (Rb) which cracked open along an etched
line when heated with sufficient electrical current, (3.5A-7A). Initial opening currents
were several amps in excess of typical running currents since the first cracking and
burn-off of contaminants required greater temperatures for short bursts, (limited by
the in-flux tolerance of the ion pump). It was important when running at ~9A
(necessary for first opening) to quickly decrease the current when Rb is finally
emitted; a few minutes at this current is sufficient to boil off the majority of Rb
content. When cooled, the ampule re-seals sufficiently to trap the Rb once more. This
seal is also what protects the Rb during the bake-out. Figure 4.1 shows the Rb oven

design.

Following any continued use of the ovens, cutting their drive current produced
a near immediate reduction in trap vapour pressure, however residual Rb which had
emitted and adsorbed directly onto the trap surfaces was slower to evaporate back into
the trap volume. In fact it should be noted that more Rb is removed from the trapping
volume by the walls than the ion pump. Nevertheless, evaporation from the walls is
generally low enough to avoid disturbing experiments and is not thought to have

hindered optical detection.
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? i Y a :
Cross-section

Figure 4.1 : The Rubidium ovens used for all atom experiments performed
herein. These were screwed to Kapton cabling which ran inside the vacuum
system towards an electrical feedthrough flange where the cabling was screwed
to electrode contacts for external power input. Note the wire seal which

thermally expanded to facilitate ‘cracking’ of the ampule and release of the Rb.

3. Provision of optical access for observation
and MOT laser entry

In all free-space guiding traps (bar the Glass trap), the MOT and guiding
regions were located within a single steel vacuum piece with viewport flanges bolted
around this piece. Optical access was gained through these viewports but was
hindered by essential mechanical mounts for optics and magnetic coils. Access was
required for 6 crossed cooling beams, a single hyperfine, a guide and one or 2 probe
beams. Occasionally the hyperfine beam did not enter as a single beam, it was split to
enter with each cooling arm, however the optics required for this combination (beam
splitters in particular) increased the level of interference within the cooling arms,
(despite polarisation manipulation and anti-reflection coatings). Thus the hyperfine
was more-often chosen to enter in a single diffuse beam (~1.5cm diameter at MOT
location). This was of greater importance in the fibre-guide traps where hyperfine
light was arranged to avoid contact with the fibre in order to prevent unwanted

resonant modes within the fibre core.
On top of laser access a few direct lines-of-sight with no reflection-glare

(which quickly saturates CCD’s and obscures MOT clouds) were required for optical

monitoring via 2 or 3 CCD cameras. These clear lines of sight, were often blocked by
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surrounding opto-mechanics. Figure 4.2 illustrates the typical level of congestion
surrounding atom traps; the obscured trap location is highlighted by the crossing of 2
red trap beams, the observing CCD camera is highlighted with a blue surround.

Figure 4.2 : A demonstration of the congestion surrounding a typical trap. Here
the mounts necessary for guide entry, coil support and MOT beam entry obscure
the trap location. The locus of two, highlighted cooling beams helps distinguish
MOT location. The observing CCD camera is highlighted with a blue surround.

4. Anti-Helmholtz magnetic coils positioned to allow optical access

The position of the 2 symmetric magnetic coils was dictated primarily by a
need to satisfy the anti-Helmholtz condition, this meant a location outside the trap had
to be found where the coils could be positioned such that their separation was roughly
equal to their diameter. Thus trap setup often dictated where the coils could
realistically be positioned without obscuring laser entry or observation paths. Often
the coils were simple bundles of wire, wound around the nearest section of trap.
However larger traps dictated a greater removal from MOT centre and so a greater
field strength was required. These coils had separate (often bulky) mounts to facilitate

accurate positioning. Some coil mount designs are shown in Figure 4.3.
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Figure 4.3: Various traps with magnetic coils indicated. From left to right these

are a prototype Glass trap, the 10 way trap and the Drum trap. These show

different coil mounts and sizes. SHIM coils are also shown (described below).

The anti-Helmholtz condition stipulates oppositely directed current flow in the
two symmetric coils, this generates a field zero at the centre point (MOT location).
The field gradient between the coils is the important feature for atom trapping; a
linear gradient from a minimum of ~6G/cm up to 15G/cm is adequate for trapping,
with a target optimum at ~10G/cm. This was typically generated with between 50 to
80 windings (dependent on coil radius and wire thickness) with each coil driven by
~2.5A current.

A typical coil installation began with the determination of an ideal mount
position which would avoid optical intrusion, this in turn, specifies coil diameter (2R)
and total separation (d). These were then used to calculate the approximate magnetic
field gradient (in G/cm) between the two coils, per winding, per Amp of current. This
was derived from the expression for magnetic field, B,, of a single coil at a distance Z:

Ho 2R’

B, =47Z'(ZZ+T)3/2

4.1

where g, is the magnetic permeability, | is the drive current and Z is the distance
along the axis perpendicular to the plane of the coil passing through its centre. The
corresponding approximation for the field gradient between the coils can be expressed

as:
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where the factor of 100 converts the units to Gauss per cm (cf. m) and the ratio d/R

approximates to 2 for satisfaction of the Helmholtz-condition.

In addition to the essential MOT coils, two smaller *SHIM” coils were often
installed to provide three dimensional control of MOT position. They were centred on
orthogonal MOT axes perpendicular to that passing through both MOT coils. They
were useful when careful manoeuvring of the atom cloud into a fixed guide beam path,
or over a narrow fibre entrance, was required. These adjustment coils did not require
as much current or as many windings as the MOT coils; typically ~1A and ~30

windings. A SHIM coil mounted around a trap structure can be seen in Figure 4.3.

4.2 Realising a Magneto-Optic Trap for fibre-

Guiding Experiments

In this section significant differences between free-space and fibre-guide ultra
high vacuum (UHV) systems will be discussed. Pertinent design and construction
features, along with important procedures for inserting and using a fibre in an ultra

high vacuum environment will be described.

Three trap designs were implemented in fibre guiding experiments, these were
labelled the “pyramid trap” the “QWP trap” and the “cross trap”. They were required
to incorporate all the features of free-space guiding traps while housing numerous
additional components necessary for supporting a MOT cloud above a hollow-core
fibre. Importantly, these traps have to be more compact due to the need for optical
fibre coupling into apertures of ~10um diameter. Experiments performed on each are
described separately in chapter 7. Coupling optics were typically no more than 38mm
from MOT centre.
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The extra number of components included inside a small fibre-guide trap
volume inherently block one cooling arm. This means a mirror and quarter-wave plate
(QWP) have to be included within the vacuum system to re-create that cooling beam
around the fibre entrance. We chose glass cube structures fitted on the top and bottom
of a steel UHV flange system as the generic fibre-guiding trap basis. This presented
an exposed target for all beams and allowed the fibre to hang vertically into the lower
glass cube for the probing region. The presence of a metal-glass interface doubly
emphasised trap sensitivity to stress forces when bolting the trap together and when

heating for bake-out.

4.2.1 Differences Between Free-Space and Fibre-Guiding

Traps

The characteristics which make fibre-guiding traps distinct from free-space

traps are;

1. The inclusion of a fibre; with associated mounts, heat shields and clearance
for optical access at both ends of the fibre.

2. The inclusion of a MOT mirror and quarter wave-plate inside the UHV
system.

3. Approximate vacuum isolation between MOT and detection chambers

These are elaborated below.

1. The inclusion of a fibre; with associated mounts, heat shields and

clearance for optical access at both ends of the fibre.

The majority of fibre trap design constrictions derive from a necessity for
optical access. Both entrance and exit fibre facets must be correctly positioned for
exposure to input guide light and for output monitoring, respectively. As will be
detailed in chapter 7, the guide beam in our experiments is launched from an f =
38.1mm lens and had to have a direct collinear path to the fibre hollow core. The
volume in the MOT chamber also had to have sufficient exposure to all cooling beams

(hence the long ~35mm separation between fibre facet and trap cube roof). The exit
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facet required similar exposure, though with a reduced surrounding volume. This
volume needed only to allow a probe beam to pass under the fibre. A long working
distance (LWD) microscope objective lens, focused on the fibre exit, provided

confirmation of guide coupling into the fibre core.

Fibre and optics mounts inside each trap were designed & manufactured in-
house. They were cut from 0.5mm thick steel sheeting and bolted to an internal flange
surface. These served dual purposes; vertical fibre suspension at correct height and
rigid support of the internal MOT mirror. These had an adverse effect of conducting

heat from the nearby Rubidium oven to the mirror/QWP and fibre.

Radiative heating of fibre and optics was reduced through inclusion of heat
shields. In early traps a thin sheet of polished steel was the sole heat shield, later
designs sported the same shield plus a Berillium sheet which blocked line of site to
every area of the fibre, the mirror and the QWP, vyet still left a large area for Rb
vapour to disperse into the trapping volume.

To hold the fibre in position something was required to grip it while not
crushing it. The first 2 traps employed a magnetic clamp; a small magnetic bar,
similar to that found on a fridge-magnet was built onto the mount structure and
combined with a 15mmx5mm iron plate. The plate had a narrow groove etched
vertically (along the 5mm axis) which encouraged fibres to settle therein, sandwiched
between the plate and the magnetic bar. The associated magnetic field was deemed to
have no significant effect on either fibre-guided atoms transiting nearby or the MOT

above.

However manipulation of the metal-plate fibre-grip was awkward and often
led to non-vertical fibre positioning. Its magnetic nature subjected the fibre to a slight
crushing force. This was not quantified, however attention was drawn when the 1°
incarnation of the QWP trap was deconstructed to reveal a fibre stuck to the magnet;
it is believed heat conductance through the mount induced melting of the fibre
cladding during trap operation. Subsequent transmission checks indicated the fibre
inner structure was unaffected by this heating, however fear of distorting the

supported optical mode prompted creation of a more gentle mount.

119



This lead to the mount structure employed in the latter QWP trap and Cross
trap. Here the fibre is held by a relatively weak, strained steel foil strip, tack welded to
one side of the mount only. The strip was 15mmx3mm, its elasticity allowed
sufficient fibre grip and its reduced width aided fibre adjustment. Heat transfer was
unavoidable with metal mounts, but this design did not crush the fibre to the same

extent, thus reduced fears of mode distortion.

Neither fibre-grip method permitted multi-fibre mounting. The groove width
in the steel plate and the curvature of the strained foil prohibited grip of extra fibres.
Re-shaping of the grips was forsaken in favour of quick trap assembly. Fortunately a

dust-blocked fibre was never encountered throughout fibre-guiding experiments.

2. The inclusion of a MOT mirror and quarter wave-plate inside the UHV

system.

A significant divergence from free-space trap design is made with the
inclusion of a MOT mirror within the vacuum chamber. As will be described in
chapter 7, the internal mirror was never a standard mirror, its design and construction
underwent many revisions. It had to be mounted internally as the input cooling light
could not pass the fibre mount and flange assembly to reach an external retro-
reflecting mirror. This imposed a loss of beam steerage, however it brought the locus

of all essential cooling beams into one compact volume above the fibre facet.

A half-wave rotation of input cooling beam polarisation is also required. Thus
a quarter-wave plate was fitted between the MOT region and mirror. This brought the
mirror and QWP into problematic close proximity with the atom oven; heat transfer to,
and subsequent expansion of, the QWP is blamed for a shortening of trap lifetime.
Cloud lifetime was limited to <3 minutes prior to QWP warp deteriorating cooling
ability. This was a strong motivator for the inclusion of radiative-heat shields,
however these could not prevent conductive heating through the flange and mount
surfaces; ultimately limiting trap lifetime to <10mins before a ~5 minute cool down

period was needed.
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The fibre protruded through a 1mm diameter aperture in the mirror/QWP
ensemble. Such apertures, and in fact, all mirror cutting and drilling was performed by
Mr. Fritz Akerboom. Metallic coating of mirror/fQWP surfaces was performed by the
author using an Edwards 306, electron beam evaporator, provided courtesy of
Professor T. Krauss. 200nm of Gold deposited on top of 20nm of Nickel. Provided
reflectivities not below 85% for any mirror created, (Nickel was necessary for Gold
adhesion to glass). Deposition of Silver for higher reflectivity was not permitted due

to its prolific contamination of all metal sources within the evaporator.

3. Approximate vacuum isolation between MOT and detection chambers

The volumes surrounding each end of the fibre were used for fibre loading and
flux detection. The detection volume required suppression of any unguided atom flux
in order to reduce background fluorescence noise levels. Hence, either two separate
vacuum systems (each with associated pumps) were required, or, as herein, the fibre
could be passed through multiple narrow apertures; through flanges and thick mirrors
in order to reduce unguided atom diffusion. The length of these narrow passages
provided sizable surface areas for atoms to adsorb onto and eliminated any direct line
of sight path. In this way background levels in the detection chamber were held a few
orders of magnitude below those of the loading chamber, (calculated by fluorescence

of passing probe beams)

Better isolation was always desirable for “cleaner” detection signals. This
could be obtained through greater separation of the two chambers, however separation
is limited by the choice of fibre length, in turn dictated by the level of optical
guidance exhibited by the fibre. Traps utilising quasi-PBG fibre require loading and
detection chambers in close proximity because of the rapid depletion of light intensity
within the fibre, (recall Equation 1.38). The advent of PBG fibres diminished this
length dependence however the series of fibre-trap systems described herein began
with non-PBG fibre. Hence traps were constructed around short fibre lengths; ranging
from 15cm down to 6.6cm chronologically. These short lengths still permitted
competition with published work since their cores were narrow enough to
demonstrate superior transmission properties relative to capillary fibres. Equation

1.38 denotes a cubed dependence on core diameter for transmitted intensity in a
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capillary fibre, PBG fibre is not bound by this constriction thus selection of narrow
core PBG fibre was encouraged and limited only by the minimum laser spot size

achievable for guide coupling into the core

Additionally, the fibre exit volume was often designed to accommodate a 2™
MOT region beneath the fibre in order to provide an auxiliary detection method.

Thus the optical access for atom cooling, probing and monitoring ultimately
dictated the volume left available for an Rb oven, fibre mount, mirror, QWP,
electrical feed-through cables and the fibre.

4.2.2 Superstructure Assembly

One custom and two standard steel flanges were purchased from Vacuum
Generators and used as the superstructure for all fibre-traps herein. The design for
each flange can be seen in Figure 4.4. Relevant features of the custom flange are, 1.
the side ports for vacuum and electrical feedthrough, 2. the volume within the central
cavity, which dictated the number of components mountable, and 3. the flat external

surfaces necessary for successful vacuum seal between glass cubes and flanges.

An exploded schematic of the QWP trap is shown in Figure 4.4. As well as the
components shown, an atom oven, two heat shields, cable connectors and fixing bolts
were also squeezed in while leaving an unhindered path for the fibre. This tight
packing brought the electrically conducting Rb oven worryingly close to adjacent
metal mounts; insulation was prohibited in the vacuum environment for fears of
excessive out-gassing (except for the Kapston cabling which was supplied with a
vacuum compatible insulative coating). The custom and middle flanges had narrow
central apertures of 5mm and 3mm respectively. The pathway between MOT and
detection volumes was effectively capped by a mirror, with a narrower 1mm aperture,

attached to the underside of the lowest flange.
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Figure 4.4 : Exploded schematic of the QWP trap. This shows the general shape
of all main mirror mounts used in all fibre traps; everything fitted onto the
mount had to be narrow enough to fit through the aperture in the upper flange.
all fibre-guiding traps reported herein were formed by these three flanges. Note
the narrow apertures in the lower two to limit diffusion. All were switched to
hardened steel after the Pyramid trap. Figure courtesy of Dr. D. Gherardie.

Glass Cubes

Optical quality glass cubes were purchased from Helma Optics, these housed
the MOT and detection chambers. Their walls were a uniform 4mm thick and each
was cut to height from factory dimensions of 40mmx40mmx70mm o/d. They were
bonded to the flanges using Epotek H77 vacuum compatible 2 part epoxy (available

from Promatech).

All glass cubes mounted on fibre traps had a “one use” nature due to de-
warping of the metal flanges on return to atmospheric pressure, (despite use of
hardened steel flanges). Destructive disassembly stipulated thorough grinding and
cleaning of flange surfaces to present a smooth surface for the next cube.
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4.3  Fibresinan Atom Trap

This section describes all aspects pertinent to inclusion of a hollow fibre in an
ultra high vacuum system in St Andrews. Assembly procedures, the problematic

insertion process and later optics issues are discussed.
4.3.1 Assembly

Similar to free space traps, all internal components had to be thoroughly
degreased prior to chamber evacuation. Prolonged bake-out periods and fogging of
key access areas were fears exacerbated by the obligatory cube fracturing should a
return to atmospheric pressure be needed. Solvent cleaning of all internal surfaces
required full attention particularly in tapped bore holes or on the fibre itself. In the 2"
incarnation of the QWP trap described later in this chapter, ineffective cleaning and
insufficient out-diffusion during bake-out, was blamed for obscuring an important

observation surface.

Fibre segments were selected by merit of their hollow core diameter and
transmission efficiency at 780.2nm. A narrow core was desirable to illustrate PBG
fibre superiority over capillary equivalent, conversely a core broad enough to
encompass the incident guide beam was required for efficient coupling and atom
loading. A selection of fibres were provided by co-workers at Bath University®, as
knowledge of the desired fibre characteristics and manufacturing ability improved, the
suitability of each successive fibre improved. The exact specifications for each fibre

used are tabulated in chapter 6.

Prior to mounting in a trap, each fibre was cleaned of all grease and cut to the
desired length. The presence of fibre cladding was found to be acceptable within a
vacuum; fears of excess out-gassing were allayed after trap evacuation. Fibre cleaving
was performed using a Fujikara CT-07 fibre cleaver; regardless of diameter settings

PBG fibre required repeated scoring from the cleaver’s knife-edge.

! Dr. F. Benabid, Professor J. Knight, Professor P.Russel, Optoelectronics Group, Bath University, UK.
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Core Blockage and Fibre Insertion

Core blockage was a primary concern during trap assembly. Blockage was
most likely to occur during initial insertion into trap superstructure; the fibre/mirror
mount, its associated mechanics and in particular, the flange walls, provided
numerous surfaces along which the fibre could scrape, possibly collecting
contaminants as it did so. Fibre insertion was a two person task requiring much
dexterity. Both people were required to monitor fibre position in separate axes while
simultaneously repositioning additional components. Despite thorough cleaning,
exposure to laboratory environment implied a possible accumulation of dust within
the trap. The order of construction for constituent trap components imposed a time
delay between fibre mounting and final trap sealing, a period in which rogue dust
particles could block the fibre; particularly during the 150°C epoxy curing process.
Ultimately, confirmation of core clarity could only be attained after trap assembly and

gvacuation.

4.3.2 In Operation

In practice hollow-core fibres were found to be almost completely passive
objects within the UHV system. They contributed no noticeable outgassing and their
cladding withstood high-temperature bake-outs. A definite warping was seen when
high intensity (~300MWm) guide light was poorly coupled into the crystal-structure,
however this warping was completely elastic. Similarly, elastic warping was also
noticed during oven heating. This was a more prominent problem as it incurred
continual re-alignment of the input guide beam. It was surmountable through pre-
heating of the ovens prior to fibre alignment, or short oven-operation for single-shot

experiments.

Guide and Cooling Launch Optics

The primary concern for fibre performance during experiments was the guide
coupling. This required particular attention in all traps in which vertical cooling
beams propagated ~collinear to the fibre, (those which suffered LVIS outflux from
MOT centre). Here both the guide beam and vertical cooling light was launched from

the same optics. An example of this is shown schematically in Figure 4.5.
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Intuitively, there are more factors restricting the effectiveness of a guide beam
in a fibre-guide trap than there are in a free-space trap. Notably, the necessity of
locating guide focus at fibre entrance rather than MOT centre, the dependence on
guide/fibre collinearity and the overall transmission efficiency of the fibre. These
issues impose a high dependence on accurate guide launch, particularly when
attempting to guide LVIS atoms. Collinearity is desirable in order to encourage LVIS
atoms to couple more efficiently into the hollow core. Furthermore, collinearity is also

important between the flux and the guide beam.

. Polarising
Guide Beam Beam Splitter
Compensatory / Sl
f=38.1mm lens
QWP
MOT Beams

£=38.1mm
lens

Mirror

Apertured,
silvered,
QWP

MOT chamber

Figure 4.5 : A schematic of beams and required optics for trap and guide laser
entry to the QWP trap. Note, the half-wave plates required for efficient
transmission/reflection in the polarising beam splitter (PBS) cube have not been
shown; (one is placed in the topmost trapping beam and one in the guide, before
each enters the PBS). This resulted in an elliptically polarised guide, the effects

of which have not been fully characterised. Figure courtesy of Dr. D. Gherardie.

Guide light coupling was achieved through use of a HeNe laser retro-coupled

into the fibre through the exit facet. The resultant fibre output was used to perfect the
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position of the guide optics to ensure it’s collinearity with the fibre. Guide light
emitted from the fibre was then collected and collimated by the LWD objective.
Beneath the LWD microscope a glass slide deflected ~6% of the fibre output to a
CCD camera and allowed the remaining light to pass to a Melles-Griot power meter.

Combined, these facilitated final tweaking of the guide coupling optics.

It was imperative, while aligning a vertical cooling beam with the fibre that
optics shared with the guide were not disturbed. This was strictly enforced so as to
maintain optimum fibre coupling. Hence the guide-launch f=38.1mm lens and PBS
cube (shown in Figure 4.5) remained stationary while the ‘compensator’ f=38.1mm
lens and the further-removed cooling-beam mirrors, were adjusted to maximise MOT-

light output from the fibre hollow-core.

4.4  Conclusion

In this chapter the design and construction of various UHV chambers have
been discussed. These were designed to facilitate atom-guidance in free-space

propagating optical-potentials and hollow-fibre propagating potentials.

The following list summarises activities performed by the author which have

been discussed in this chapter.

10-Port Trap This was built and subsequently maintained while performing
experiments on 1. Gaussian, far-off resonance enhancement
of LVIS-atoms in the transient and steady state cases, ...
2. Collinear Laguerre-Gaussian (LG) guiding of LVIS atoms,
3. Oblique LG guiding of LVIS atoms, 4. Pierced oblique LG
guiding of LVIS atoms.

Drum Trap - 2 builds This trap was built, used, deconstructed, re-built and is still in
use today. It hosted the majority of free-space guiding
experiments. These included, 1. near-resonance red-detuned

Gaussian guiding of dropped MOT clouds, 2. investigation of
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Mirror Deposition

Pyramid Trap

QWP Trap - 2 builds

Cross Trap

a second molasses cycle, 3. guiding efficiency comparison of
high-order Bessel and LG beams

Performed in a metal-deposition evaporator for mirrors used
within fibre-guiding traps; specifically, all reflective surfaces
used within the Pyramid trap, and both builds of the QWP
trap.

This trap was designed, built and subsequently maintained
while attempts were made to guide thermal vapour atoms and
later ‘2D slowed” atoms into and through a 15cm length of

quasi-photonic crystal fibre.

This trap was designed, built, deconstructed, re-designed, re-
built, and subsequently maintained while attempts were made
to guide atoms from a LVIS into and through a 15cm, (and
later 6.6cm) length of true photonic crystal fibre. Additional
work was done on the dropping of the LVIS emitting MOT
into the guide and fibre.

This trap was designed, built and subsequently maintained to
facilitate guidance of a ‘clean” MOT (without LVIS outflux)
into a 6.7cm length of true photonic crystal fibre. Much work
was done on many custom components fitted inside (see
figure 8.13).

The descriptions in this chapter provide an insight into the fundamental

requirements of an ultra-high vacuum atom-trap, and the required additions for

inclusion of a hollow-core fibre. Further refinements to these traps are given in

context, within descriptions of the respective experiments, these are given in chapter 5

for red-detuned free-space guiding experiments and chapter 7 for all fibre-guiding

experiments.
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Chapter 5

Free-Space Red-Detuned Atom Guiding
Experiments

Introduction

In preparation for fibre-guiding experiments our ability to guide atoms in free-
space light beams was investigated. These experiments were, for the most part, split
equally between Dr. Daniel Rhodes and myself. Where Dr. Rhodes favoured blue-
detuned dark hollow beam guiding, I favoured red-detuned Gaussian guiding as this
was more appropriate to upcoming hollow fibre guide experiments. Only work
pertinent to future fibre-guide experiments will be described here. A full description
of our free-space guiding experiments can be found in Dr Rhodes thesis'. The main
focus of my research did not lie in free-space guiding at all, it was in hollow fibre
guiding. All free-space experiments reported herein were necessary steps towards
guiding atoms in hollow-core fibres. Importantly the extra work performed on free-
space guiding gave a better understanding of atom guiding in general prior to work

detailed in chapter 7.

In this chapter I will discuss guiding of atoms in red-detuned laser light.

Experiments were performed in three vacuum traps, two of which are discussed here
and the third is included in Appendix 1. The design features of these traps along with

experimental procedures and the data captured are presented herein.
Laser light with a Gaussian intensity profile was used to guide the atoms at

near resonance and far-off resonance detunings. Initially thermal vapour was used as a

source of Rubidium atoms however a desire for more controllable atoms motivated a
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switch to a low velocity intense source (LVIS) and ultimately to a cold MOT-cloud.
Atom reaction to guide detuning, power and intensity profile is included in the
following sections as is the response to guide introduction in the transient” and steady

state regimes.

5.1 Collinear Far-Off Resonance Gaussian Guiding
in the 10-Port Trap

In this experiment an atom flux path was extended through use of a collinear
far-off resonance guide beam. A Gaussian profiled guide was chosen due to
simultaneous research being carried out into optical fibre coupling (discussed in
chapter 7). This indicated Gaussian profiles had the best throughput efficiency and
provided the least amount of scatter from the fibre entrance facet thanks to their lack

of surrounding rings.

A far-off resonance detuning was chosen to allow guiding to occur with a
negligible radiation pressure influence. Hence the 1064nm Neodymium Yttrium
Vanadate (Nd:YVOQ,) laser described in chapter 2 was used as the beam source. At
this wavelength the guide is sufficiently distant from Rb* resonance that atom heating
and any longitudinal acceleration from radiation pressure can essentially be

discounted.

The 10-Port trap was used for these experiments. This was designed with no
internal obstructions and with optically flat glass in its viewports. Hence a clear
guiding path could be presented to the atoms and they could be viewed with no

distortion from the trap windows.

This set of experiments differed from other recent Gaussian guiding
work?*>*® because we did not use a molasses cooled cloud for the primary atom
source. A transient effect which had previously been noted by Houde et al. was
investigated. In their work the transient effect was described as a ‘momentum kick

due to the energy variation’ but was not investigated in any depth.
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In the following sections pertinent aspects of collinear guiding of LVIS atoms
are described. Flux enhancements in both the steady state and transient regime are
investigated. An improvement over regular LVIS flux level is seen in both regimes;
more so in the transient case. This was important for the potential benefit of improved

transfer efficiency into atom beam splitters; key components of future atom optics.

5.1.1 Particulars of the 10-Port trap

The 10-Port trap was in operation for ~10 months of the author’s PhD.

Described in chapter 4.1, with the following specifications:

The main trapping volume was contained within a single, steel, 10-way cross
piece, purchased from Vacuum Generators. Eight of the steel arms leading from this
piece were on a single plane and consisted of 2 sets of 4 arms. One set terminated in
the regular 70mm & flanges for bolting to viewports or the ultra-high vacuum (UHV)
superstructure. The other set terminated in 35mm & flanges with small optical-quality
viewports for cloud monitoring and fluorescence imaging/probing on 2 NIR CCD
cameras. (This was an immediate improvement over the rippled surfaces of the
forerunning “glass-trap”). The 10-port piece can be seen in isolation in Figure 5.1a),
and while trapping in Figure 5.1b). The surrounding, UHV pipes and cross pieces
facilitated turbo and ion pump connections, Rb-oven electrical feedthrough and

cooling beam entry.

An extended guiding/probing volume was supported in an additional UHV
viewing cube bolted to the 10-Port piece on the opposite side to the rest of the UHV
system. This was a basic cube with five 70mm & viewports bolted to each available
flange, it provided laser throughput and possible cloud observation at 115mm from
MOT centre, via a 26mm & hole drilled through an intermediary flange connecting it
to the 10-Port piece. This cube can be seen on the right hand side of the 10-port piece
in Figure 5.1b) (beneath the red highlight).
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Figure 5.1 : a) the 10-Port piece on its own with only viewports and
magnetic coils attached. b) the 10-Port trap fully installed with the paths of
the cooling beams overlaid in red. The extended-viewing cube can just be

seen to the right of the 10-Port piece.

The magnetic quadrupole field was generated by two coils with 70 windings
of 0.6mm & wire wound directly onto two of the opposing, larger diameter, arms on
the 10-Port piece (shown in Figure 5.1a above). These were typically run on currents
of ~1.4A, sufficient for the target ~10G/cm field gradient between the coils. Currents
down to 1A could produce a small cold cloud, however, such clouds were not dense

enough to be of use in guiding experiments. Supplemental shim coils of ~23 wraps
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each were wound around the upper-vertical and horizontal-orthogonal (to MOT coils)
arms of the 10-Port piece. These were driven at ~0.5A to provide direct tweaking of

the cloud position along the vertical and horizontal axes.

The same lasers employed on the glass trap (see Appendix 1) were used for the
10-Port trap. These are described in chapter 3. The master-slave combination of an
extended cavity diode laser (ECDL) and Circulase diode provided a total of 70mW of
cooling beam light, (these are described in chapter 3). The cooling beams were
expanded to ~1.5cm & before entering the trap. A single ECDL produced 20mW of
hyperfine light which was allowed to gently diverge across the trap centre in one
direction. Multiple propagation directions were tried for hyperfine entry with no
noticeable difference in MOT quality, though it was recognised that guiding outwith
the MOT region would require continued hyperfine presence to ensure all atoms were
kept in the F=3 ground state and thus in continuous interaction with the cooling light.
Similarly, hyperfine light in the probe region maximised detectable fluorescence,

however the risk of increasing spontaneous emission heating also persisted.

5.1.2 LVIS Generation

Thermal vapour guiding as not attempted as our guide was not deemed
powerful enough to influence such energetic atoms. Thus the trap volume was

evacuated to 10"'" mbar and a MOT cloud became the atom source for experiments.

Atoms were extracted from this cloud through use of an intensity imbalance in
one MOT beam axis’, this was introduced by placing a glass slide with an opaque
spot in the retro-reflected cooling beam. This allowed atoms to sluice out from MOT
centre within the shadow region of the retro-reflected arm. An example of resulting
LVIS outflux can be seen in Figure 5.2. On route to the MOT, the shadow from the
opaque spot underwent slight diffractive filling, hence a ~Imm spot generated a
~800um diameter LVIS flux. Care was taken to ensure spot sizes did not envelope the
entire MOT volume. When the MOT diameter was smaller than achievable spot sizes

the slide was positioned such that the LVIS shadow overlapped only a small portion
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of the cloud, thus ensuring sufficient balanced MOT volume to replenish LVIS
outflux. Typical atom flux rates in the LVIS beam were ~10°™. The incoming guide
beam was arranged collinear to the LVIS plume. The optics arrangement is illustrated

in Figure 5.3.

Lo

LVIS # Atom cloud

Figure 5.2: A captured CCD still showing the length of LVIS generated. The
atom outflux of this one was calculated to be 107s™. Field of view through the
10-Port trap’s ~5cm long, narrow diameter arms. The red and blue circles
indicate the end of the access arm and the opening of the opposite arm,
respectively. The LVIS flux can be seen extending almost out of view. To
distinguish atom fluorescence an observation angle must be chosen such that no

bright areas are seen behind the cloud.

A second, competing method of LVIS production involved replacing one of
the retro-reflected MOT arms with an LG beam. This was attempted for a short time
on the 10-Port trap, however, difficulties arose with available MOT beam power
following passage through the LG generating hologram; the LG output existed in the
first diffracted order, which only held ~35% of the input Gaussian power. Thus
sufficient power to match the intensity of the counter propagating MOT arm was
difficult to maintain without diminishing the other MOT beams and so reducing
trapping volume. Furthermore, a LG profile focused to provide a narrow LVIS
diameter provided a narrow overall MOT beam and so reduced the number of atoms
drawn into the MOT from this axis. This method of LVIS generation was abandoned
shortly after a few experiments showed a lesser LVIS quality than the glass-slide
method.
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Figure 5.3: Optical arrangement for collinear experiments in the 10-Port trap.
The lasers were mounted on a floating optics table, supported on Newport
pneumatic float legs, to minimise disruption of the frequency locking systems.
The trap table was mounted on solid fixed height legs. P B/S and B/S are
polarising and 50/50 beam splitting cubes, respectively. Schematic courtesy of

Daniel Rhodes.

5.1.3 Atom Detection

Atom fluorescence was imaged onto two near infra-red (NIR) CCD cameras,
observing through the narrow diameter trap arms at 90° to each other. Inch diameter,
f=38.1mm lenses, positioned as close as possible to the viewports, collected and
focused the fluorescence onto the CCD chips. Images were captured with a ~10mm
field of view clearance around MOT centre, as is shown in Figure 5.2. Focusing was

achieved by mounting the cameras on single-axis translating stages.

Care was taken to prevent contrast-reducing reflections or glare entering the
camera’s line of sight directly behind the atoms. Although this could, for the most part,

be removed later when stills of the background light were subtracted from the data
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images, it was feared excess light would saturate the CCD pixels and possibly

diminish the perceived flux path.

The 25 frames per second (fps) video streams captured from the CCDs were
stored digitally and separated into single images (separated by 40ms) by computer.

The luminance of these images was then measured for cloud/effect analysis.

51.4 Guiding Procedure

The wavelength separation of the 780nm cooling light and 1064nm guide light
allowed use of a dichroic mirror to couple the guide into the trap collinear to a
horizontal MOT beam. The horizontal cooling beam defined the LVIS flux direction,
hence launching the guide through the same mirror allowed collinearity between

guide and LVIS.

The 10W cw Nd:YVOys laser yielded up to 9W of usable 1064nm guide light
in a TEMg, mode profile, such high powers were required to maintain dipole potential
so far-detuned from resonance. No attempt was made to tune the guide frequency.
Beam waists of 100pum to 500pm were used, but the majority of data was taken at the

larger end of this range to ensure better overlap with, and so beter coupling from, the

LVIS.

At maximum power of 9W, the guide beam could generate a dipole potential
of only 13uK at its 500um beam waist. This meant the guide was only capable of
confining transverse velocities up to 6¢cm/s, well below typical LVIS velocities (of
~30cm/s). Thus, only atoms with small transverse velocity components could be
strongly guided, however, unguided atoms would tend to re-cycle back into the MOT
region due to the surrounding MOT beams and thus, atoms lost from LVIS would

eventually re-cool sufficiently for guiding.

Atoms leaving MOT centre in the ~800um diameter LVIS plume were

constantly exposed to cooling beams in both transverse axes. This meant that while
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the atoms were subjected to a high intensity (~9W) beam which could potentially
cause heating, this was minimised by cooling from the transverse beams. Thus there
was little or no heating and no extra fluorescence from spontaneous emission of the
guided atoms in this experiment. Importantly this implied that all detected atomic
florescence originated from excitations stimulated by the trapping light alone. It is
acknowledged that the AC stark shift would warp the atomic energy levels in the
guide path, however, this was estimated to be of the order of only 1%. This negligible
level, combined with the single source of atom fluorescence, implied atomic flux
density could be assumed to be approximately proportional to the atomic fluorescence

detected.

5.1.5 Guiding Results

Two CCD cameras were used to capture a video stream of the evolution of
LVIS during guide exposure. Decomposition of this video stream revealed a small
improvement of 8% in the steady state fluorescence level along LVIS length (errors
were minimal due to analysis of multiple runs, <1%). This result however was
overshadowed by the novel transient response observed immediately following guide
entry. In the transient regime a surge in atomic fluorescence of up to 35% over that of
regular LVIS fluorescence was seen ~160ms after guide introduction. Various guide
powers were used, but a minimum threshold of 7W was necessary to observe transient
effects, below this only the <10% steady state increase was visible. This threshold is
due to the thermal energy of the LVIS flux, whereby the dipole potential influence of
a guide under 7W is too weak to effect the energetic atoms. Figure 5.4 shows the
fluorescence enhancement observed in both the steady state and transient regimes. It
is this surge that constitutes Houde’s “momentum kick” and derives from the non-
adiabatic potential variation experienced when the guide is introduced; our “non-

adiabatic kick”.
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Figure 5.4 : Comparison of LVIS profiles a) without and b), ¢) with a collinear 9W, 1064nm,
TEM, guide present. In the upper (false colour) images the LVIS profile is shown with a
dotted line drawn at Smm from MOT center. The lower graphs show intensity plots of the
LVIS fluorescence (atom flux) measured along this dotted line. Figures b) and c) show the
LVIS response to the guide 160ms (transient), and 1s (steady state), after guide incidence,
respectively. The pale spot seen in the extremities of the LVIS flux is caused by contaminants
in the lens system of the camera; its origin proved elusive until after experiments were

completed.

Following each surge, a characteristic exponential decay down to steady state
fluorescence was seen. Analysis of the recorded images for 9W and 7W guides
provided the data shown in Figure 5.5. These had best-fits (with only one free
parameter), which revealed a characteristic decay time of 0.45s. This surge decay time
forwards use of a beam chopping system to realize a pulsed atom transfer scheme.
Provided sufficient MOT refill rates can be maintained, such an arrangement could be
used to improve transfer of atoms to a spatially separated conservative trap (magnetic
trap). Trap build-up times at St Andrews were in excess of 5s, however this could be
made comparable to the decay time by increasing the current through the atom ovens,

so increasing vapor pressure within the trap.
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Figure 5.5 : Increase in atom fluorescence over regular LVIS level for collinear
7W and 9W 1064nm, TEM,, guide beams. These data are averages of several
runs, the solid lines are exponential best-fits which yield a characteristic decay
time of 0.45s for a return to ~10% steady state flux rate. The peak fluorescence

shown here is less than that shown in Figure 5.4 due to the averaging process.

In summary a steady state flux increase of 8% was observed in an LVIS flux
when a 9W, 1064nm Gaussian guide was introduced. This increase was due to a slight
increase in transverse confinement. Importantly, a transient 25% increase in guided
flux was seen ~160ms after the guide was introduced. This decayed exponentially
back to the steady state after a characteristic decay time of ~0.45s. This non-adiabatic
‘momentum kick’ which is expected to play a central role in far-off resonance guiding

and in developing atom beam splitters.

It was noted that the transient surge in atoms may prove useful if fibre-guide

experiments require a method of increasing the guided flux via a ‘pulsed’ operation.

5.1.6 Concluding Comments on the 10-Port Trap

A major drawback of this design was the restricted field of view permitted by
the narrow diameter arms of the 10-Port piece; atoms could only be probed up to
~10mm from MOT centre. Nevertheless this drawback was not prohibitively

detrimental for the 10-Port trap and many experiments were performed in this. These
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included; collinear LG enhancement of a LVIS flux, an investigation of oblique LG
guidance® from a LVIS and the transient response of cold atoms to a far off resonance

guide beam.

The inability to guide atoms far enough prevented clear observation/probing in
the attached viewing cube. Thus it was decided the efficiency of the guide beam
should be improved. It was switched back to the near-resonance Titanium Sapphire
source to obtain a stronger dipole potential. Furthermore guide effectiveness would be
improved by ensuring the next trap incarnation supported dropping of a cold cloud. In
this way lower temperature atoms can be presented to the guide hence increasing its

efficiency.

A larger central volume in which both guiding and probing could be
performed with uninterrupted probe access over the entire flux flight path was also
called for. This would allow more accurate laser probing in place of video capture and
would remove the need to have an extra UHV chamber bolted onto the side of the

trapping volume.

The recurring observation/access limitations forced a drive towards a UHV
structure where observation issues were eliminated and where sufficient future-
proofing for expansive experiments were catered for. These goals motivated the
design of the Drum trap. Experiments performed therein are described in the

following section.

5.2 Dropped Cloud Near-Resonance Guiding in the

Drum Trap

The Drum trap provided unprecedented optical access for both CCD
observation and laser probing. The number and size of connected viewports offered
an ideal geometry for dropped-MOT experiments where released atoms could be
accelerated towards a waiting probe beam under the influence of gravity alone. The
Drum trap has remained in service for longer than any other trap; it is still used for

free-space guiding experiments in St Andrews today.
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The increased visibility of the atom cloud in the Drum trap presented a useful
opportunity to characterise the cloud more fully than in previous experiments. Thus
early experiments involved analysis of; the trap filling time, the cloud’s response to
magnetic field variance and the attempted addition of a molasses cycle to the cooling
process. Later experiments used dropped MOT clouds with laser probes up to Scm
from MOT centre to investigate a range of optical guiding potentials. These included,
hollow LG and Bessel beam guiding, dynamically reconfigurable guide profiles and
red-detuned Gaussian guiding. The Gaussian guides were of particular interest to me
as this ground work would provide an understanding of what was to be the primary
method of coupling atoms from a MOT into the narrow aperture of hollow fibres

(discussed in chapter 7).

This final section on red-detuned guiding will discuss design features of the
Drum trap, briefly re-cap atom probing methods then describe a series of near-
resonance Gaussian guiding experiment. Here the roles of guide detuning and guide
power are investigated in order to optimise guided flux volumes for later fibre

coupling experiments.

5.2.1 The Drum Trap Particulars

Figure 5.6a) and b) are pictures of the Drum trap vacuum assembly. They
show the broad, drum-like tube that was the main trapping volume; this had two
150mm diameter viewports mounted on either end and a further 8 flanges around its
circumference. Six of these were fitted with 35mm & viewports, one with a ‘t’ piece
for optical throughput and oven connection, and the remaining one connected to the

rest of the UHV system and ion pump.

Despite its sheer weight, the Drum trap was perhaps the easiest of traps to
assemble; the large flat components were easier to clean and provided fewer tight
spaces to fit bolts into. Fear of breaking the large windows enforced slow bolt-

tightening up to vacuum seal level.
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Figure 5.6a) & b) : Photographs of the Drum trap before all MOT optics were
mounted around it. In a) the paths of the 6 cooling arms shown, the topmost
viewport is thus left clear for guide entry. Similarly a viewport on the underside
of the connecting 6-way piece allows the vertical guide to exit with a minimum
of glare and reflection. Image b) shows the location of the MOT coils and their

water-cooled mounts. The coils were typically run at ~15A each.

The use of LVIS atoms in previous experiments was helpful for coupling into
guides propagating largely collinear to the LVIS path, however, this inherently
involves kinetic energies greater than those of MOT atoms. Dropping the cloud into a
waiting guide yields atoms with smaller velocity components, and so better guiding
efficiencies (see chapter 3.6 for MOT release method). To facilitate a guide beam
propagating collinear to falling atoms the vertical axis had to remain clear of MOT

optics. Thus cooling beams were arranged on 45° diagonals in the vertical plane with
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a vertical guide arranged between them. Figure 5.6a) and Figure 5.7 illustrate the
optical setup used here. The lower 6-way piece connecting the drum to the UHV
system had a viewport on the underside, thus guides could enter vertically and exit

with a minimum of scatter and reflectance.

The magnetic quadrupole field for this large trap was of great concern when
considering coil winding. A large field was required to produce the 10G/cm gradient
across the 160mm drum length. This was hampered by the need for large diameter
coils so as not to diminish optical access. This field would require ~1000 wraps at 1A,
which was not practical. It was decided the drive current (cf. number of wraps) should
be increased to achieve the desired field strength, this stipulated broader wire
diameter to reduce resistive heating. Aluminium coil mounts, surface-machined to
have heat-sink style grooves, were built to hold coil diameters of 135mm (shown in
Figure 5.6b). An indent for good thermal contact with a copper water pipe was also
machined in. These features helped with heat dissipation from the 83 wraps of 1.5mm
diameter Kapston cable tightly wound onto them. Both coils were typically driven at
~15A from two Kingshill Electronics 20A supply boxes. The water cooling from a
high pressure (120psi) cold water system, allowed regular running temperatures of
~35°C. They were positioned against the side of the drum just within the radius of the

flange bolts (to reduce MOT-coil separation).

The familiar NIR CCD cameras were used for cloud observation. In particular
these were used to arrange guide alignment and confirm MOT quality before each
experiment. The single-lens 2f systems used to focus light onto the CCDs in previous
experiments were replaced with commercial zoom lenses. These provided greater

control over the focal distance, depth of field, size and contrast of the captured images.

5.2.2 Atom Detection

The numerous viewports on the Drum trap allowed both fluorescence and
absorption probes (described in chapter 2) positioned up to S0mm below MOT centre.
These provided more sensitive detection relative to CCD recording. The on-resonance
probe light was sampled from a separate locked ECDL passed through a beam splitter

to supply fluorescence and absorption probe beams alternately.
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Figure 5.7 : Optical setup for cooling, hyperfine and guide light entry to the
Drum trap. Probe beam axes are indicated in blue. The trap was mounted on a
separate table from the laser sources as it required a hard-mounted table due to
its weight. The laser sources however required a table with vibration damping
legs (Newport, Nitrogen filled, floating legs were used). Schematic courtesy of
Dr Dhodes.

A probe beam entering through the main window was arranged to skim
cooling-beam optic mounts in the horizontal axis and have 5S0mm vertical translation
from MOT centre (shown in blue in Figure 5.7). A second orthogonal major probing
axis was arranged to pass through the middle 35mm diameter horizontal viewports,
however this could only permit probe translation up to 10mm beneath MOT centre
due to the viewport’s diameter. In general, the beam directed through the larger
viewports operated as a fluorescence probe, and had an associated higher intensity
level I>lga. This passed through the trap and was retro-reflected through a quarter
wave plate (to prevent interference effects). Any fluorescence produced by passing
atoms was then imaged onto an off-axis photo-multiplier tube (PMT, Hamamatsu,
H7710-03). The probe launch mirror and PMT were carefully positioned and mounted

on xyz-translation stages to allow matching vertical translation when altering the
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probing height. The other probe was setup in an absorption mode with I<lg. It was
passed through the trap and directed onto the surface of a sensitive, fast photodiode
which detected the drop in light level associated with absorption imaging. Both probe
systems had significant levels of optical shielding, namely interference filters and
plenty of opaque card fitted to block any extraneous lab light. Further information on

fluorescence capture technique, and its application in characterising atom cloud filling

time and magnetic field dependence is given in Appendices 11 and 1ii.

5.2.3 Guiding Procedure

Near-resonance red-detuned guiding was performed, to investigate the
dependence on power and detuning of Gaussian profile guide beams. This intensity
profile was chosen as it would match that used when coupling into a hollow-core fibre

(see chapter 7). Optimisation of such a guide was a goal of this thesis.

The Titanium Sapphire (Ti:Saph) laser was chosen as the guide beam source
due to its frequency proximity to Rb* resonance, and its simple tuning abilities. The
near resonance output would ensure a strong dipole potential for guiding and a few
GHz detuning would allow removal of the majority of stimulated emission heating.
The Titanium Sapphire beam was passed through a telescope system of an f=300mm
lens and an f=100mm lens to produce a beam waist of 125um. This was not the most
ideal beam size for coupling from a 1 - 1.5mm diameter MOT. However, the available
power from the Titanium Sapphire source was limited to 430mW, hence a narrower
beam waist was desirable for increasing dipole potential of the guide. In particular this
was important when the effects of radiation pressure were to be removed by detuning
further from resonance. For comparison, a 400mW, 10GHz, 0.25mm diameter guide
can yield a dipole potential equivalent to 1.4mK, whereas a MOT-matched beam of
1.5mm diameter will generate only 0.41mK. Guides of these powers are capable of

confining transverse velocities of 63cms™ and 35cms™, respectively.
Dropped MOT profiles were captured with and without the guide present so as
to calculate the flux enhancement over that of a free-falling cloud. The guide was

detuned 2GHz, 6GHz, 10GHz and 200GHz from resonance, and was yielded from
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430mW down to ~25mW at each detuning. The large jump to 200GHz was achieved
by allowing the laser a single mode-hop across its thin etalon mode structure; the free
spectral range (FSR) of the thin etalon was 200GHz. Smaller detunings were achieved
by varying the temperature of the thick etalon (as detailed in chapter 3). At a probe
height of 3.5cm extra detunings of 12Ghz, 14Ghz, and 18GHz were used to

investigate any reduction in radiation pressure.

Absorption

Probe \

Fluorescence

Figure 5.8 : A more detailed schematic of the optics arrangement used for
Gaussian guiding in the Drum trap. Note the inclusion of Hyperfine beam in the
guide path, the flip mount used to switch between probe beams and the

cylindrical lenses used to provide a ~flat probe ‘light sheet’.

A more detailed schematic of the beam arrangement is shown in Figure 5.8.
Here f=25mm and f=50mm cylindrical lenses are shown in the probe beam, these
were used to create a SmmxImm probe ‘light-sheet’. The broad probe profile was
used primarily to ensure good guide—probe overlap; after ~5cm travel it was
surprisingly easy for the guide beam to miss the probe region. It was also hoped a
broad probe would better capture the faint signal of an unguided (free-falling) cloud
and thus allow comparison, at all probe heights, between guided and free-falling flux
levels. The narrow vertical profile also increased the spatial measurement resolution

as the flux fell through it.

A small portion (~2mW) of hyperfine light was combined with the guide in

order to keep guided atoms in the cooling cycle and so increase their interaction with
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the probe beam. In hindsight this may not have been as advantageous as first thought
since only ~1 atom in every 1000 oscillations will de-excite to the hyperfine level, so
over the longest guiding distance used this amounts to ~50 atoms de-exciting.
Conversely the hyperfine light may increase spontaneous emission and so reduce the
guided flux. However, later calculations indicated such a small light level was

unlikely to effect the flux at all.

The TUI Optics, T-100 tapered amplifier laser (TUI) replaced the ECDL-
Circulase master-slave setup previously used for the trapping beams. It was locked
directly onto the 5S;,F=3—5P;,F'=4 transition of Rb®*® via its own internal locking
circuit. Each cooling arm entered the trap with 12mW of power in a circularly

polarised, ~1.5cm diameter beam. The hyperfine beam was generated from the regular

ECDL and locked to the 5S;/, (F= 2)— 5P3, (F’= 3) transition. The two probe beams

were provided by a single ECDL (previously used for the trapping beam).

The addition of computer controlled shutters (described in chapter 3.5) to both
cooling and trapping laser systems, allowed accurate dropping of the MOT cloud.
Newport 846HP shutters provided a beam cutting time of ~Ilms. A LabVIEW
controlled National Instruments (NI) PCI-6602 timing/data-acquisition card (with a
CB68LP connector block) generated accurate timing signals enabling synchronisation

of guide entry with MOT drop.

The MOT was established with ovens running at ~4A and the coils running on
~15A each, this provided a cloud of ~107 atoms. The Gaussian guide was carefully
aligned vertically through MOT centre; this required monitoring of the CCD images
while the guide was on-resonance so as to spot the correct amount of cloud disruption
(from guide-induced spontaneous emission heating). Correct alignment could be
judged roughly from the angle of the shadow swept out by the guide. Subsequent trial
MOT drops, using the closer-proximity absorption probe for detection, allowed

optimisation of this alignment.

Absorption and fluorescence probes were selected by use of a flip mount

(shown in Figure 5.8). Note that it was not possible to run both absorption and
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fluorescence probes simultaneously since one would disrupt the atom flight path prior
to contact with the other. Fluorescence probing was used as the main data collection

method, (the absorption probe was used primarily for alignment and setup purposes).

5.2.4 Guiding Results

Fluorescence profiles were taken at distances of 1, 2.3, 3.5 and 5cm beneath
MOT centre. These profiles were entered into a Mathematica program which served
to isolate the cloud fluorescence and perform a 10,000 step, iterative best-fit operation
to fit a Gaussian profile to the signal. The Gaussian shape was deemed the best match
for a falling cloud, ballistically expanding in the vertical axis while accelerating under
gravity towards the probe. The ‘best fit’ curves were accurate matches to the guided
signal, as such, they are shown in this chapter in place of raw data streams to allow

combination of multiple signals on one graph.

Figure 5.9 is a plot of the fluorescence signal resulting from a 430mW, guide
detuned 6Ghz from resonance. It is shown here to demonstrate the nature in which
data are collected. On its own this tells us when the centre of the cloud passed the
probe beam (signal peak at 0.0152s), the number of atoms conveyed in the guide (area
under curved section) and an indication of the strength of radiation pressure between
guide detunings (position of peak relative to free-fall signal peak). The accuracy to
which the solid angle of fluorescence captured towards the detector is known dictates
the error level in these atom-number measurements. Here a 14% error level is

assumed on all flux calculations.

Combining multiple traces into one graph provides a better comparison of
guided flux volumes, radiation pressure push and flux enhancement over that of a free
falling cloud. Figure 5.10 shows the fluorescence profiles resulting from a series of
guided fluxes detected 1cm beneath MOT centre. These atoms were subjected to the
250pum diameter guide, detuned 2Ghz from resonance, over a range of beam powers
from 25mW up to 430mW. Of particular interest is the low free-fall cloud signal. This
gives contrast to the surrounding guided flux levels and indicates a substantial flux

improvement can be gained even with guide beams of modest power.
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Figure 5.9 : A fluorescence trace capturing passage of atoms within a 430mW,
6GHz detuned, 250pum diameter Gaussian guide. 1000 data points are collected
in every trace. The red line is a Gaussian best-fit curve, specifically fitted to the
flux fluorescence. There is slight disparity between the tail end of the flux
fluorescence and the fitted curve. This is caused by atoms lagging behind the
guided flux. They are believed to fall into 2 groups; atoms originally counter-
propagating against the guide within the MOT volume before release, and atoms

which have escaped the guide and entered an oblique route towards the probe.
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Figure 5.10 : Fluorescence traces produced by atomic clouds falling 1cm into
the probe beam. A 2GHz guide is applied at numerous powers as indicated. Note
the low area under the free-fall trace (relative to the guided traces) and the
decreasing radiation pressure with decreasing guide power. The roll-off at

higher power is also seen as spontaneous emission heating increases with power.
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Investigating Radiation Pressure Pushing

It was hoped the majority of radiation pressure could be circumvented with
~10GHz detuning of the Titanium Sapphire source. If so, the efficiency of the
Gaussian guide could be evaluated solely on the merit of its transverse confinement as
denoted by its dipole potential. However, the detuning required for radiation-pressure
free guiding was not practical with the Titanium Sapphire laser (due to a need to

maintain calibration). The following section discusses this.

The peak of a free-fall fluorescence trace gives the time taken for the cloud to
fall into the probe beam under the influence of gravity alone. Thus, it gives an
example of a flux completely free of radiation pressure pushing. Weak, or far detuned
guide beams impose less radiation pressure and so have fall times approaching the
free-fall case. The height/position of each probe under the MOT dictated a
characteristic free-fall time. These times are shown in Figure 5.11 next to values
predicted for probes at the stated height. The discrepancy between experimental and
predicted values comes primarily from inaccurate probe-MOT separation and, for the
larger separations, from the low, noisy signal levels presented to the computer for
Gaussian fitting. The average disparity is ~16% this implies an error between ~0.3mm
and ~8mm in the distance the atoms have travelled. The disparity at 3.5 and 5cm is
believed to be more from the fitting of low signal levels. At these distances the
unguided signal is difficult to distinguish from background noise. Nevertheless it must
be stated, the absolute time of flight is not the significant feature here. The difference
between this and the time of a guided flux is the important element for indicating

levels of radiation pressure.

The laser sources were mounted on nitrogen-floated optical tables, these inflict
a daily drift on laser positions as the table resettles in the changing lab temperature.
Efforts were made to minimise this, however it is believed a small amount of drift is

also responsible for a small portion of the predicted and detected free-fall times.
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Probe Height Free-Fall Time Predicted

(cm) (s) Fall-Time (s)
1 0.052 0.045
2.3 0.074 0.068
3.5 0.121 0.084
5 0.126 0.101

Figure 5.11 : Experimental and predicted times of flight for free-falling MOT
clouds. These are the times taken to travel from MOT centre to probe beam
centre. The disparity between predicted and experimental figures is a result of

inaccurate probe beam placement

Figure 5.12 and Figure 5.13 show fluorescence profiles taken at 1cm and Scm
beneath the cloud. Here the guide is held at constant power (430mW) while the
detuning is switched between 2GHz, 6GHz, 10GHz and 200GHz.
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Figure 5.12 : Fluorescence profiles captured at 1cm beneath MOT centre, with a
constant power guide of 430mW and increasing detunings. Note the 200GHz
trace indicates a flight time longer than that of the free-falling case, this is due to

inaccurate fitting of the low signal level.
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Figure 5.13 : Fluorescence detected at Scm probe height, with guides of constant
430mW power and increasing detunings. The flight times are all slightly
stretched due to the longer flight, however the 2GHz guide inflicts sufficient
radiation pressure pushing to force the cloud into the probe at a ~similar time to

that of the 1cm case.

The time of cloud passage, given for each probe height, highlights the
influence of substantial radiation pressure at 2GHz detuning, however, this is
significantly lower at the mid detunings of 6 and 10GHz. A clear reduction in atomic
flux is also seen. This indicates a lessening of transverse atom confinement which is
explained by the reduction in dipole potential associated with detuning from

resonance.

Increased guide detuning, applied at the same power level, brought the time
for MOT passage closer still to that of the free-falling cloud. These guides of 12, 14,
16, and 18GHz were applied when the probe was positioned 3.5cm beneath the cloud.
They are summarised in Figure 5.14, where the flux flight time is plotted against
guide detuning. Achieving these detunings required adjustment of the Titanium
Sapphire’s thin etalon; the thick etalon mode-hops to positive detunings (blue-
detuning) if pushed beyond 10GHz. Hence, the thin etalon was adjusted to shift the
gain bandwidth slightly, allowing the thick etalon to tune over its normal bandwidth
but centred on a different frequency (see Figure 3.17 for an illustration of the FSR

lasing modes of the Titanium Sapphire etalons).
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Figure 5.14 : The time of flight for guided dropped clouds increases towards that
of a free falling cloud, as the radiation pressure component is removed from the
guide beam. A detuning of ~50Ghz can be seen to provide a near ‘pushless’
guide. The inset graph shows the deteriorating flux enhancement (for the same
guide beams) as the detuning increases; a small flux enhancement is still visible
for a detuning of ~50GHz. These data were taken at maximum power of 430mW
with a probe positioned 3.5cm beneath MOT centre. The fitted blue curves are a

simple exponential with 2 free parameters.

Despite hopes of bypassing the majority of radiation pressure force within the
regular tuning range of the Titanium Sapphire’s etalons, Figure 5.14 indicates that a
minimum detuning of ~50Ghz is necessary for this. Such radiation pressure turn-off
threshold compares well with the figure published by D. Muller’ where a blue-
detuned guiding regime is seen to have a pressure threshold of 40GHz; the
discrepancy being attributable to the levels of dipole force available in blue and red

detuned guides.

Beyond ~80GHz, the flux, in the inset of Figure 5.14, is seen to diminish
below unguided levels. This creates a detuning window between 50Ghz and 80GHz
which could be important for future guiding experiments, particularly in red-detuned
hollow-core fibre guides where atoms are held in the light for distances greater than

those here.
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Radiation pressure will scale linearly with beam intensity, however, it is
predicted to vary with an inverse square dependence on detuning (for small detunings
0<y, see equation 1.4). Further detuning with increased intensity should provide a
suitable guide with little radiation pressure. Nevertheless, difficulties in reaching the
detunings shown in Figure 5.14 (particularly in holding them while maintaining
frequency calibration) halted investigations into the elimination of radiation pressure.
A study of threshold detunings over multiple power levels, to minimise radiation
pressure, was marked as a worthwhile set of experiments for future work; fibre related

experiments forced time constraints on Gaussian guiding work.

Investigating Flux Enhancement

The remainder of the red-detuned guiding experiments examined the flux
enhancement over 2, 10 and 200GHz detuning. The furthest detuning practical for
noticeably enhanced guiding; 10GHz, was selected for inspection of flux

enhancement over a range of beam powers.

The increase in detected flux over that of an unguided falling cloud was
calculated from the integral of Gaussian curves fitted to the fluorescence-probe signal
(as before). Since the plots are records of the amount of light collected into the PMT,
the area underneath them, (scaled to account for PMT gain), provides the number of
photons collected from the fluorescence. As discussed in Appendix 11, this number is
only a small fraction of the light emitted isotropically. Thus, calculation of the solid
angle allows an estimation of the total number of photons emitted while in the probe
beam. The speed with which the atoms fall through the probe is then estimated (using
the time of flight indicated in the traces). This in turn, gives the time spent in the
probe. The characteristic scatter rate for the probe intensity is then used to give a
figure for the number of photons emitted per second per atom while in the probe.
Ultimately this emission rate is combined with the number of photons emitted
isotropically to give an absolute indication of the number of atoms conveyed in the

guide.
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The number of atoms guided to the probe is expressed here as a multiplication
factor over the number detected in a free-falling cloud (in the same probe). In this way
guiding efficiency can be better displayed. Figure 5.15 shows this flux improvement

in guides detuned 2, 10 and 200GHz from resonance.
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Figure 5.15 : Flux enhancement of a dropped cloud displayed as an
improvement factor over the unguided, free-falling case. Atoms were guided
Icm into the probe beam. The 200GHz guided atoms only fractionally surpass
the free-fall figures. Gaussian profiles with 3 free parameters were fitted to the

data.

The pushing radiation pressure of the 2Ghz guide vaults its guiding efficiency
above other detunings. Whereas the 200GHz guide only peaks above the zero line at
powers above 300mW; its dipole potential is too weak below this. The fall-off after
the peak is due to increasing spontaneous-emission atom loss as the guide power

Increases.

Similar graphs, showing the flux enhancement with 10GHz guides at 2.3cm
and 3.5 cm probe heights, are shown in Figure 5.19. Collating these into one graph

was not productive as the traces were confusing when placed on the same scale. More
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importantly ‘flux enhancement factor’ is not a good way to compare guides probed at
different heights since the detected flux for the free-falling cloud decreases as the
probes get further from MOT centre. A better comparison can be gained from analysis
of Figure 5.18. Here the absolute atom numbers collected from the probe beams at each
height are shown. Typical flux levels of ~10% of the MOT volume, that is ~10°

atoms, were conveyed in the Gaussian guides.
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Figure 5.16: Flux enhancement with 10GHz guide beams. From left to right,
probe heights are 2.3cm and 3.5cm. Gaussian fitting for these curves did not
work well. This was because of a recurring dip seen on the left hand side of all

flux enhancement traces. Here the dips were severe enough to prevent fitting.

From Figure 5.16, enhanced guiding can clearly be seen in 10GHz guides up
to ~20 times that of a free falling cloud. It must be noted, direct comparison of the
flux enhancement between lcm, 2.3cm and 3.5cm probe heights is misleading.
However, a few important points are shown, and repeated in each profile. These are; a
limiting guide power of 350mW — 400mW (1= 7.13MW/m? — 8.15MW/m?) which
serves to cap guiding efficiency, and a dip in the enhancement profile at ~250mW —
300mW (1=5.1MW/m? — 6.1IMW/m?). The efficiency cap is explained by the predicted
increase in spontaneous emission associated with increasing beam power (as noted for
Figure 5.15). This again is a useful limit to remember for future guiding experiments;
the dipole potential of a 10GHz guide conveying Rb* atoms is inefficient when its
intensity breaches I=7.1MW — 8. 1MW. For reference, this intensity and detuning
yields a dipole potential depth equivalent to 1.3mK — 1.4mK and a scattering rate of
1.4x10%" — 1.5x10%™. This should be able to confine atoms with transverse

velocities up to 62cms” — 64cms™. Such large transverse capture velocities imply the
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majority of atom loss is attributable to guide-cloud diameter mismatch.
Approximately 10° scattering events occur during the time of flight (over 3.5cm),

which is expected to have a minimal contribution to the atom loss.

The dip in the enhancement profile works to bolster the validity of our
experiments as it reinforces results obtained by Renn et al. at JILA'’, in their 1996
paper'' detailing the heating of atoms in a red detuned guide. In their work, atoms are
coupled into a red-detuned guide for passage through a hollow core fibre, and they
report “a viscous component of the dipole force” which “heats the atoms, and causes
an exponential attenuation of atom flux with distance”. Figure 5.17a) to d) show the
flux dependence on guide detuning and intensity observed at JILA. These graphs
display (more eloquently) the hole-burning effect also experienced here in St

Andrews.
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Figure 5.17 : Atom counts observed by Renn et al. working at JILA and the University of
Boulder, Colorado. These are displayed as functions of the guide detuning (c.f power) and were
detected on exit from hollow capillary fibres of 3.2cm and 6.1cm, for a) and b)-d) respectively.
The “viscous heating term” reduces guiding efficiency for a range of detunings immediately

following the initial radiation pressure surge. Figure reproduced from Renn et al.
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Where Renn et al. observed a rapid decrease in guiding ability for a 7MW/m®
guide detuned to ~2Ghz red (a negative detuning in Figure 5.17 means red-detuning),
we observe this decrease between 5.1 and 6.IMW/m’ at a detuning of 10Ghz red.
This is in reasonable agreement with their results, where the small disparity comes
from the temperature difference of source atoms in each experiment. Renn et al. used
thermal vapour atoms, therefore making their atoms less susceptible to guide
conditions. Our atoms retain much of their cold properties (~100uK temperature,
accelerating in only one axis), thus feel the effects of the guide sooner; at lower

detunings and intensities.

The ‘viscous heating’ term is understood by means of the dressed-atom picture,
briefly discussed in chapter 1.3.4. Here, the intensity of the guide causes spatial
warping of the energy levels of atoms travelling in the guide path. This warping stems
from the AC.Stark effect and results in a progressive heating of the atom dependent
on the number of spontaneous emission events it undergoes. This number is increased
by the presence of the intense guide. Thus, a cycle of heating is initiated which serves

to spontaneously excite atoms out of the guide.

A 10GHz beam provides a weaker transverse confinement than a matching
2GHz beam, however, its reduced radiation pressure component (relative to the 2GHz
guide), implies atoms successfully coupled into it should remain so for a longer
distance. Atoms coupled into the 2Ghz guide will suffer a greater likelihood of
spontaneous emission heating and so be ejected sooner. Thus, a simple argument for

more efficient guiding would be to increase the detuning to a point between the drop-
off of spontaneous emission (oc 1/ |5|2 ) and the drop-off of dipole force (oc1/5). This

is in fact an ideal way to guide an atomic flux, however, the high radiation-pressure

regime should not be disregarded so easily.

For short travel times a significantly higher flux rate can be achieved in the
detuning range immediately following guide turn on. This is explained by the fact that
despite a high probability of atom heating, the atoms are pushed so quickly they have
a reduced time in which to be excited from the guide. Thus high volumes of atoms can

be rapidly transferred despite an impending heating effect.
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There is no happy medium between these two regimes. Either large volumes
of atoms (with a broad range of energies) can be guided over short distances in the
high radiation-pressure and high dipole-force regime, or lower temperature atoms can
be guided longer distances in the detuning window in-between radiation pressure
turn-off and dipole potential turn-off. Guide parameters between, or outwith these

operating windows, offer little opportunity for flux conveyance.

1.2x1077
E10Ghz

7]
1x10 @2Ghz
8x10°

6x10° ;

4x10° |

2x10°
0 4
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1 2.3 3.5 5
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Figure 5.18 : Comparison of absolute atom numbers detected over all probe heights at 2 and
10Ghz red detuning. Data for the 2Ghz guide at 3.5cm was not collected; this probe height, a
glaring omission here, was an additional level whose role was not clear at the time of data

capture.

A test of this hypothesis would be to measure the rate of decrease of atom flux
between the 2.3, 3.5 and Scm probe heights in the 2 and 10Ghz guided flux signals
shown in Figure 5.18. Comparison of the gradients between the 2.3 and S5cm flux
levels indicates this theory is correct; the 10Ghz guide flux has decreased 5 times
quicker than the 2Ghz guide. However, this data is suspect without the intermediate
3.5¢cm, 2Ghz measurement; the 10GHz measurement shows a rise in flux which
would need to be overshadowed by the 2Ghz guide for the theory to remain sound.

This will perhaps be completed in subsequent Guassian guiding experiments.
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5.3 Conclusion

Atom traps have been constructed, laser systems built, and electronic control
circuits built in order to manipulate cooled Rb atoms in red-detuned optical potentials.

These experiments are summarised below:

In the 10-Port trap:
- Gaussian far-off resonance enhancement of LVIS, in the steady state and

transient regimes.

In the Drum trap:
- Gaussian guiding of dropped MOT clouds.

- MOT characterisation (Appendices 11 and 1ii).

- Investigation of a second molasses cycle (Dr. Rhode’s thesis).

These experiments represent sequential steps towards a better understanding
of red-detuned atom guiding. Two methods of coupling atoms from a MOT into a
guide have been practiced; LVIS overlap and MOT free-fall. By merit of its cooler
atoms, the latter has been established as the preferred technique for higher output
coupling and for more efficient distance guiding. Importantly, Gaussian guides for
atom guiding have been investigated in both far-off and near-resonance detunings.
Atom flux response in the steady-state and transient regime has been reported. The
possibility of using a Gaussian guide in a pulsed mode to enhance guided atom flux

levels has been suggested.

Experiments in the Drum trap have provided an effective demonstration of
red-detuned guiding. The effects of guide detuning and power on guided flux levels
are now well understood. Specific characteristics of red-detuned guide beams such as
an initial radiation pressure surge following guide turn-on and the subsequent viscous

heating are also well understood.

Baseline figures have been determined for the ideal intensity and detuning of a
red detuned Gaussian guide operating in the high radiation-pressure regime; ~7-
8MW/m’. Similarly figures have been noted for the region of increased spontaneous

heating (to be avoided); ~5-5MW/m” at 10Ghz (and progressively higher detunings as

160



the intensity increases). Finally, a detuning of ~50GHz is indicated as the threshold
for elimination of radiation-pressure effects in a guide beam of 8.8MW/m? intensity
(430mW in the 0.25mm diameter beam). This is expected to scale with the root of the

intensity.

A study of threshold detunings at which radiation pressure diminishes below
levels suitable for guiding has been suggested as a worthwhile future experiment,
along with experiments to confirm the fall-off rate of radiation pressure at fixed guide

intensity over low detunings.
The factors affecting scattering rate and dipole potential are now better

understood. Thus the red-detuned-guide experiments have provided important

preparatory foundations for atom to fibre coupling experiments.
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Chapter 6

Experimental Fibre Characterisation

Introduction

The ultimate goal of this thesis was to successfully couple atoms into and
through, a hollow core photonic crystal fibre in a red-detuned guiding regime. This
meant a hollow core (HC) fibre with high optical transmission through its core had to
be found. To the author’s knowledge no atom guiding experiments have yet been
performed in photonic crystal fibre (PCF), however a few have been successfully
carried out in capillary fibres®?*%°° These all used relatively large hollow-core
diameters on the order of a few tens of micrometers, and guided over lengths ranging
from ~2cm to 23cm (with the majority closer to 3cm). Thus the HC diameter of a
competitive PCF should be narrow enough to demonstrate superior optical
transmission (sufficient to support atomic guidance) while remaining broad enough to
allow laser coupling with far-field optics. Similarly this transmission should be
maintained over a length comparable, if not greater than, that demonstrated by
capillary fibres. This chapter discusses the work performed in search of a suitable
fibre.

A multitude of hollow-core fibres from Bath University, UK were analysed.
These were often revealed to be capillary and not PCFs. My intention was to find PCF
providing the lowest attenuation of 780nm laser light within its HC. True photonic
bandgap properties were searched for in order to circumvent the extremely high

attenuation of narrow core capillary fibres.

Within the first 3 years of my PhD an ideal fibre was unavailable. However a
quasi-PCF was found which offered the possibility of atom guiding, thus a fibre trap
vacuum system was built and guiding attempts were made. Fibre analysis continued
in parallel with free-space and fibre-guide experiments. Ultimately, a suitable PCF
was identified and entered into a new fibre trap. The results of all guiding experiments

are discussed in chapter 7. A lack of data raised questions regarding the resolution of
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our optical detection methods and prompted a continued search for more efficient
fibres.

In this chapter relevant fibre parameters will be described along with a brief
description of the procedure for analysing fibres received from Bath University.
Transmission efficiency of fibres will be compared while various parameters are
altered, namely length, structure and input numerical aperture (NA).

6.1 Important Fibre Parameters

The ideal situation for a fibre guide is 100% throughput of any light coupled
into its core. In regular high-index-core fibre light is naturally maintained in the core
encouraging high throughput efficiencies approaching ~96% transmission over 1km.
However, hollow-core fibre suffers extraordinary loss of light from the core out
through its walls. This worsens as the core narrows, thus, maintaining high intensities

within a hollow core requires specific tailoring of the surrounding structure.

For reference, the conventional method of particle guidance within a capillary
hollow core involves evanescent leakage of blue-detuned light inwards to deflect
atoms from the fibre walls (described in chapter 1). This type of guiding was not
attempted here since light frequencies supported within the hollow core would, by
nature of the PCF, be rapidly expelled from the surrounding crystalline structure.
Thus any blue-detuned evanescent field would be rapidly suppressed and propagating

atoms would be exposed to Van der Waals forces.

Fibres analysed herein can be classed as either, quasi-photonic crystal fibres
(Q-PCF) or proper photonic crystal fibres (PCF). The key feature of all of these is an
ability to reduce the prohibitive optical attenuation of narrow core fibres. They do this
through use of a crystalline structure of silica and air surrounding their hollow-core.
They attempt to maintain high intensities in their core in one of two ways; for Q-PCF
the crystal structure in the core-surrounding layer brings a reduction in refractive
index which provides relatively weak optical confinement based upon regular index

guiding. In PCF a full 2D photonic bandgap acts to trap light transversely, confining it
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with a near 100% efficiency, eliminating all loss mechanisms except those associated
with initial coupling into the fibre.

Optical Transmission

A benefit of the crystalline structure of both Q-PCF and PCF is the increase in
optical throughput relative to hollow capillary fibre. Even the weakly confining Q-
PCF offers an order of magnitude more throughput than that of capillary fibre
especially in narrow cores. This can be evidenced in a simplified form of equation 2.9
where the attenuation length of capillary fibre is seen to be dependent on core

diameter 2a, and wavelength 4;

6.1

where |y is the propagation length at which light in the hollow core of a capillary
fibre falls to 1/e of its input value. Thus a 12.5um diameter capillary would inflict a
1/e drop in guiding potential in under 0.5mm propagation (at 780nm light), which
translates as under 0.25% transmission after 2.4cm fibre length. Conversely a 2.4cm
segment of Q-PCF at St Andrews, entitled “POS-6", had a more narrow 11um core
diameter which provided ~50% transmission. Furthermore, a 12.5um core diameter
PCF entitled “BG19-800” was observed to transmit 70% irrespective of length;
coupling loss was the only source of attenuation. These figures show that PCF has the
potential to perform well as an atom guide purely through vastly improved optical
throughput.

A key area of research in fibre fabrication is the specific design necessary for
efficient confinement, however in this research | was limited to the fibre structures
provided by Bath. Though this was in fact a large number of different structures, only
the latest fibre, “PG19-800 offered full bandgap operation at 780nm. The majority of
fibres analysed demonstrated a Kagome lattice structure’. This is a mechanically

strong triangular lattice which forms from the drawing of close packed capillaries in
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the pre-form. The photonic crystal fibres demonstrated the most ordered Kagome
form, whereas the Q-PCF segments all demonstrated slightly skew, distorted versions.

It is not clear whether better ordering or changes in air-filling factor (ratio of
air to silica in the crystal structure) were responsible for the improved transmission of
photonic bandgap (PBG) fibres. The air filling factor is key for quasi-PCF guiding,
however creation of a PBG is dependent on a multitude of parameters: lattice spacing,
number of unit cells between core and surrounds, air-filling, structure design, defect

state diameter, to name only a few.

Core power transmission was the most important parameter when judging a
fibre’s eligibility for trap entry. Thus guide light was launched into the core of each
fibre structure and the power output recorded. This was measured against two factors;
the fibre length and the NA of the input light. The former was important only for
fibres not exhibiting full bandgap properties (since a functional bandgap implied a
negligible power loss over practical laboratory measurable distances). The latter,
dictated the diameter of the TEM,, beam input to the fibre-coupling lens, (discussed
in section 6.2).

Core mode-matching while testing fibres was hindered by the need to mimic
the trap environment; a glass partition and numerous optics lay between the guide
launch lens and fibre facet when the full vacuum trap was built. Thus ~38mm was
stipulated as the minimum lens-apex to fibre-facet separation to ensure practical,
usable, fibre analysis results. This prevented use of microscope objectives for simple

fibre coupling, instead far-field anti-reflection convex lenses were used.

In total 36 different fibres were tested, of these 10 were revealed to be basic
capillary fibres, 32 were Q-PCF and 4 were PCF. All were tested a minimum of 3
times each (up to 25 times for promising fibres). When long reels of fibre were
received tests were performed on segments from multiple positions along its length so
as to ensure localised manufacturing defects did not give false transmission figures.

Two fibres demonstrated acceptable support of 780nm light.
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Transmission measurements were intended to be taken over similar fibre
lengths for all fibres. However as upcoming vacuum trap designs changed, fibres were
cut to match requirements of these traps. An initial design predicted experiments
involving 2.4cm fibre segments, this trap did not come to fruition. Later traps set a
15cm fibre length standard, which was finally shortened to 6.7cm for the latest fibre-
trap incarnation. This was not ideal for later fibre comparison, nevertheless a good

impression of transmission was gleaned for each.

Summary

Red-detuned guiding was selected due to expected difficulties in coupling
blue-detuned light through the crystal structure, and importantly, to take advantage of
PCF’s main benefit; its low loss. PCF guidance could eliminate the severe attenuation
drawback of previous red-detuned capillary guides. The important parameters under
experimental control were the fibre’s length, the guide light input NA and the spot
size of the input beam. Transmission figures were captured for varying fibre

structures, varying input NA and in some cases varying fibre length.

6.2 Transmission Measurement

This section details the optical arrangement and results of transmission tests of
selected hollow core fibres at 780nm wavelengths.

In order to mimic later in-trap conditions fibres were mounted on a fixed
platform while a launch lens (typ. f=35mm) and microscope objective (x50 long
working distance (LWD) objective) were positioned at either end on Newport XYZ
translation stages. A rudimentary beam splitter was used to split the output
transmitted light and allow simultaneous viewing and power measurement, on a

Pulnix PE2015 CCD camera and Newport 840c power meter, respectively.
The spacing between the fibre end facet and launching optics was also

matched to that necessary within the trap (for all trap components to fit between). In

this way problems associated with guide laser coupling and output analysis could be
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identified before isolation within a vacuum system. Figure 6.1 schematically

illustrates the optics arrangement for fibre transmission experiments.

Beam
telescoper

XYZ translator

Figure 6.1 : Stripped down schematic of the optics and fibre mount used for coupling
guide light into the fibre. The yellow optics are, from left to right, 2 collimating convex
lenses (varied throughout to provide a typically ~3.5mm diameter guide beam), the
f=38.1mm launch lens mounted on an XYZ translator, and a glass slide used to sample
~6% of the fibre output. The microscope objective was typically x50 strength. (Note, an
extra fibre support-aperture is not shown here, this was used to minimise fibre vibration
and reduce extraneous light hitting the detector).

Laser light was provided by the Titanium Sapphire guide beam tuned ~2GHz
from Rb® resonance. This was expanded to 1mm diameter for input to a fibre launch
lens.

Many fibres arrived in our laboratory with no identifying labels or literature,
thus for ease of identification at the time, a few fibres were labelled using arbitrary
symbols, (eg. A, C, P, % ). On arrival fibres were cleaved to provide a clean facet for

input/output coupling. An image of one of these is shown in Figure 6.2.
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Figure 6.2 : A scanning electron microscope (SEM) image of an end facet of a Q-PCF
entitled “Blue4”. The hollow core is 28um in diameter. The structure is based on a
Kagome pattern. The surface can be seen to fragment on the upper right hand side, this is
attributed to stress fractures occurring while bending to cleave the fibre. The broad
cladding can be identified by the saturated white, out-of-focus border; it is further

receded from view due to it being stripped back ~1cm from the end of the fibre.

Guide-Beam and Fibre-Core Modes

Mode mismatch between guide and core-supported modes was capable of
severely reducing coupling efficiency. This could easily override other loss
mechanisms such as improper NA or non-collinearity of guide and fibre if unnoticed.
To prevent this, guide waists presented to the fibre core were arranged to be 92% that
of the core diameter. This was the typical width of the fundamental mode supported
within the core; a figure provided by Bath university which proved accurate in
experiments. Too large an input spot led to light impacting on the surface of the fibre
and being lost to the silica, too small a mode often implied an excessive input NA and

hence loss of light through the silica again (despite successfully entering the core).
Fibre Numerical Aperture
It was important to identify the characteristic input numerical aperture (NA) of

a fibre for two reasons, firstly to establish efficient optical coupling and secondly to

help predict the output path of atomic flux. This was achieved by launching a Helium
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Neon (HeNe) laser into the fibre exit facet (retro-launching). Its visible 633nm
wavelength allowed its path to be traced and thus its rate of expansion to be measured
on exit from the fibre. Despite the disparity between HeNe and guide light
wavelengths, an approximate input NA for the guide light could be calculated, and
thus, a desirable input beam diameter to the launch lens set accordingly. During atom
guiding experiments the NA would give an indication of guide dipole potential
persisting between fibre and probe region. This would have a confining effect on flux

divergence, albeit a rapidly diminishing one.

The retro-fired HeNe laser proved to be the superior method for guide
alignment; two apertures positioned sufficiently far upstream (in the guide beam path)

permitted accurate matching of input guide to output HeNe.

After many fibres had been tested it was found that most NA and spot size
requirements could be met with a standard AR coated, convex, f=38.1mm launch lens
with a few standby lenses for the beam telescope, (rare exceptions benefited from a
longer f=50.2mm or f=62.9mm launch lens). The launch lens was mounted on a
Newport XYZ translation stage to aid coupling adjustment. Typically, beams input to
this were collimated at ~3.5mm diameter, with a £1mm variation for better mode

matching.

6.3  Fibre Transmission Results

6.3.1 Transmission Efficiency

The purpose of all fibre analysis reported herein was to identify fibres suitable
for atom guiding experiments. Capillaries, when identified, were dropped in favour of
structured fibres hence they are not included here. Many fibres with poor transmission
efficiencies were also dropped after their optimum throughput was attained, these too,
are not included here. An arbitrary naming regime was applied to many of the fibres

received; this was forced by a lack of data available on each. The table below contains
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information on the best-transmitting fibres analysed throughout this thesis, all figures

are quoted at optimum coupling condition specific to each fibre;

Core
Fibre ID Diameter Length (cm) Best Transmission
(um)
BG19-800 12pm 15cm 66.9% /-1.7dB
(PCF)
“ ” 9.2um (short
Blaze 8007 | i), 9.5um 15¢m 39% / -4dB
(PCF) (long axis)
SMF28-FC-5 15um 6cm 21%
(Q-PCF)
A 9um 2.4cm, 4cm, 15cm 59.8%, 30.1%, 8.7%
(Q-PCF)
Blue 4 28um 4.8cm — 15cm 34% - 4.8%
(Q-PCF)
“Pos6” i o Q0
(Q-PCF) 11pm 2.4cm - 15cm 54% - 8%
“8um” 0
(Q-PCF) 8um 15cm 5.6%
“22um* 22um 15¢m 5.2%
(Q-PCF)
w 11pm 2.3cm —14.5cm 65.5% -3.6%
(Q-PCF)
X 10um 3.9cm 46.6%
(Q-PCF)
( 10um 4.2cm 32.9%
(Q-PCF)
PosS 12um 2.3cm 46.9%
(Q-PCF)

Figure 6.3 : Transmission figures, coupling optics and fibre statistics for fibres deemed
most suitable for guiding atoms within. Ranked from top to bottom, best to worst.
Transmission percentages are given under optimum coupling conditions. Note,
throughput is also given in dB for the length independent PCF. Insufficient data was
captured with the Q-PCF to allow separation of coupling loss from other length
dependant mechanisms, hence there are no figures in dBm.
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NA and Core Diameter Relationship

In general a counter intuitive relationship between NA and core diameter
existed, that is, as the core expanded, a greater dependence on input light collinearity
was observed. A slightly oblique launch angle or large solid-angle (of input light to
the core), reduced transmission through broad cores more so than in narrower cores.
However the less stringent NA requirements of narrow core fibre was easily
overridden by moderate mode mismatch between the achievable input beam waist and
the supported core mode. An input spot with £3um mismatch between it and the core-
mode diameter resulted in a ~30% transmission drop, dropping exponentially after the
+3um mark. For input spots smaller than the core-mode this loss came from an NA
restriction, for spots larger than the core mode the loss was due to sharp break-up of

the input wave-front between the core and crystalline structure.

PCF Loss Mechanism

As expected the primary source of optical loss in fibres demonstrating a PBG
was the coupling process. It is believed the imposition of a minimum 38mm
separation between fibre entrance facet and launch lens prevented near 100%
transmission through the “BG19-800” and “Blaze-800" fibres. Successive shortening
of these fibres showed ~constant transmission efficiencies, thus indicating photonic
bandgap properties. Figure 6.4 illustrates transmission efficiency through various
lengths of BG19-800 PCF.

Q-PCF also confirmed its predicted decrease in throughput with increasing
length; this is shown, in the table-summary above, through comparison between the
~2.4cm, ~4cm and 15cm fibre lengths, (cut at these lengths for expected upcoming
trap dimensions). A graph of this data is not included due to the sporadic fibre
lengths used; as upcoming traps were designed newly arrived fibres were tested with
lengths dictated by these designs and thus little consistency existed between
successive fibre tests. This is regrettable, nevertheless the fibres of choice, the PCF,

were fully tested.
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Figure 6.4 : Transmission efficiency plotted against fibre length for PCF entitled “BG19-
800”. Note the near constant transmission irrespective of fibre length. The dip in the
centre is attributed to varying coupling quality, (ie. launch collinearity and cleave

quality) ; it is not believed to be due to any PBG effects.

Polarisation Maintenance

A fibre’s ability to maintain a linear polarisation state was measured. A
linearly polarised laser source was coupled into the hollow core. A Polaroid, linear
polariser sheet, was inserted between the microscope and power meter in the detection
arrangement shown in Figure 6.1 (polariser not shown). This was rotated while the

power output from the fibre core (only) was measured.

It was found that a linearly polarised Gaussian coupled into a PCF segment
was partially rotated such that, after 15cm transit, 6% +2% was retarded 90° into the
orthogonal axis, producing a slightly elliptical beam. However a 15cm Q-PCF
segment maintained polarisation state to a lesser degree; 26% +2% retarded into the

orthogonal axis producing quite an elliptical polarisation.

Mode Profiles

As a possible alternative to Gaussian guiding, a Laguerre Gaussian (LG) beam
was launched into the hollow cores of the “BG19-800” and “Blaze-800” fibres in the
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hope that the LG intensity profile would be maintained during transit. If so, it would
offer the possibility of even tighter atom confinement in a blue-detuned light-pipe,
itself confined by the allowable modal area of the hollow-core. This mode
compression could help bring fibre atom transport a step closer to single-atomic-mode
operation®®. In this state the atom flux path is compressed such that adjacent cold
atoms are held closer to each other, thus it is easier for their de Broglie wavelengths to

overlap and so begin coherent interaction.

However, the LG mode was not supported within their cores. A large drop in
optical transmission was seen and the input LG profile was converted into a messy
approximation of a Gaussian profile. As discussed in chapter 1, input profiles are
transported in LP fibre modes and generally reform into Gaussians on exit; it is
believed LG modes do not convert well into LP modes and LG profiles are not natural

progressions on output.

6.4  Fibres Selected for Atom Guiding

Fibres “Blue 4”, “Blaze 800” and “BG19-800” were chosen for trap use. They
were used in this order in successive fibre traps; the “Pyramid trap”, the “QWP trap”
and the “Cross trap”, respectively. In terms of transmission and fibre core diameter
(initially chosen broad to increase atom flux capture), each fibre was the best
available at time of use; the PCF fibres were not available till the last year of my

tenure.
6.5 Conclusion

A simple system for simultaneously monitoring the spatial output profile and
the power output from the hollow-core of crystal fibres has been constructed and used
to record data from 36 different fibres. Over 200 separate segments of fibre have been

cleaved, mounted and measured.

A series of quasi-photonic and photonic crystal fibres have been compared for
their ability to transmit 780nm light in a trap environment, where they are held at least
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38mm from the coupling lens. Ideal parameters for a Gaussian beam incident on a
38.1mm lens have been established for the efficient coupling into the hollow cores of

these fibres.

The most suitable fibre for atom guiding experiments is labelled “BG19-800”.
Consistent transmission efficiencies up to 66.9% through its 12um diameter hollow
core have been recorded for all lengths measured (up to 15cm). Greater throughput,
up to ~75%, has been observed when coupling with a super-long working distance
microscope objective, however the 30mm working distance and broad barrel of this
lens make it impractical for fibre-guide trap environments. At time of publishing

BG19-800 remains the best candidate for guiding experiments.
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Chapter 7

Experimental Fibre Guiding of Atoms

Introduction

The aim of this chapter is to detail the experiments performed to observe atom
guiding in “holey” photonic crystal fibre (PCF). This air-core photonic band gap fibre
makes feasible for the first time practical and enhanced atom guiding using red
detuned light over long distances (potentially metres) within flexible light pipes.
Atom guiding has already been discussed in chapter 2 and the experiments performed
in the red detuned regime shown in chapter 5. In published work researchers have
predominantly worked in the blue detuned regime due to atoms propagating in low
light regions but primarily due to the fact that red detuned guide light decays away
rapidly (see equation 2.9) within hollow core fibres.

The use of holey PCF fibre permits atom guiding in the red detuned regime,
far-off resonance over very long lengths without the attenuation associated with
standard glass capillaries. These techniques are of considerable interest, in a world-
wide context, for atom lithography and atom-optics component development: atom

guiding in fibres offers an important route for building atom interferometers.

This chapter details the first steps towards hollow core red-detuned guidance
and explains all the experimental steps with the aim of guiding cold atom ensembles,
cold atomic beams and standard atomic vapour. At the outset we state that the
attempts to guide have to date been unsuccessful but this is attributed to the detection
scheme we have employed. Details will be given of a new hot wire detection scheme
that analogously with previous studies of atom guiding will permit us very low atomic
number detection. We have already developed this system and trials are currently

ongoing.
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In essence we deal with the development of three sources of atoms positioned
above a holey fibre: a MOT, an LVIS beam and atomic vapour and discuss
experiments on each in turn and the effectiveness of the guide. In particular we

concentrate on the optical detection scheme and considerations for its deployment.

7.1 Guide Details

We use a Ti-Sapphire laser at 780nm with a linewidth of 500MHz which
could be tuned 0-200Ghz but not fully continuously over this range as discussed in
chapter 3. Smooth tuning over a 12GHz band was easily achievable. For the majority
of guiding attempts this band was chosen to start on-resonance. Occasionally this was
shifted to tune from 10GHz to 22GHz and further, from 20GHz to 32GHz, red of
resonance. However guide calibration was difficult to maintain at such detunings, so
the bulk of work was performed over a regular 1 to 12GHz detuning. Tuning jumps of
200GHz were achieved with an intra-cavity birefringent filter and were occasionally

applied to remove atom heating in transit.

Guide powers and detunings were chosen to sufficiently confine transverse
momentum and reduce spontaneous emission of propagating atoms. As a general
starting point an intensity of 54.57MW/m? propagating in the a 6.6cm long hollow-
core, with a 6GHz red-detuning, was estimated as the threshold where confining
dipole potential overcame heating from spontaneous emission. This level was

generally achieved with around 10mW beam input to the coupling lens.

Figure 7.1 illustrates a simplified experimental setup for a fibre-trap. The
vacuum system and input beams are shown (the hyperfine beam would be split to
enter with the cooling beams, or would enter in a slightly diverging beam in on any
one of the arms. The guide beam was telescoped and coupled into the fibre from an
f=38.1mm lens mounted external to the vacuum system (on a Newport XYZ
translator), this is not shown in Figure 7.1 as its mount would completely obscure the
MOT chamber.
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Figure 7.1 : The 2" QWP trap with cooling beams superimposed. The MOT magnetic

coils are shown wrapped around the MOT chamber. Note, a key omission here is the
guide coupling lens, this would be positioned between the MOT chamber and the upper

QWP mount, it was removed for this picture.

Throughout all fibre-guiding experiments guide light coupling into the fibre’s
hollow-core was paramount, so guide-beam waist was located at fibre entrance, and
any MOT beams and magnetic fields were arranged around this to ensure the atomic
source was located in the guide path. Efficient coupling into 12um-28um diameter
hollow cores with minimal power loss from scatter and coupling was difficult to
arrange. It was extremely sensitive to fibre collinearity and numerical aperture
matching. Even weak thermal lensing of optical components was sufficient to

completely inhibit coupling.

Individual atom guiding attempts were performed in one of three ways, 1. with
a continuous guide of fixed power and detuning, (incrementally increased for
successive attempts), 2. with a ‘flashed’ guide of fixed power and detuning, 3. with a
continuous fixed-power and slowly increasing detuning (typically from 1GHz to
12GHz red). Each power and detuning setting was applied ~15 times in order to

average-out background noise.
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Dipole Potential Along the Flux Path

Unlike free-space guide beams, the intensity, and hence dipole potential, of
fibre-guide light, does not vary smoothly along the entire atom flux path. In a fibre
guide an atom will experience a dipole-potential, with a steep gradient on approach to
the fibre, a discontinuous drop (~30-50%) upon fibre coupling, and power attenuation
within the fibre (see figure Figure 7.2). Such variation of confining potential forces
consideration of which stage to optimise for efficient atom throughput. Experiments
herein employed multiple guide intensities in attempts to optimise each stage,
ultimately intensities capable of exceeding the required potential depth at all stages

simultaneously were applied.
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Figure 7.2 : Schematics depicting a capillary fibre (or Q-PCF) and a PCF. Beneath each
an approximate depiction of the dipole-potential experienced at the coupling, core-
propagating and emission stages. The curves here are not calculated nor experimental,
they are intended to give a relative understanding of the power-loss profiles of each of
the 3 separate regions worthy consideration when selecting input guide power, (However

the coupling loss values are experimental values). Image courtesy of Dr.D. Rhodes.
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It was expected a ~3mm diameter guide of 20mW power, 6GHz red-detuning
would yield a potential depth of 0.127mK at a position 6mm above beam waist/fibre
entrance. This would be able to capture atoms released from a MOT cloud with
transverse velocities up to 19.3cms™ (average atom velocity in a ~100uK MOT is
~13cms™). On entry to a 12um fibre hollow core, the guide suffers coupling loss
(50%) but is now tightly focused, so its potential depth improves to 175mK in a beam
of ~10.8um full width (this is the mode diameter supported in a 12um hollow-core).
Once within the fibre, the guide was expected to be able to confine atoms with

transverse velocities up to 7ms™.

The earliest fibre guiding trap built in St Andrews used a quasi-PCF segment
and hence suffered ~70% guide attenuation over its length. However later builds
incorporated photonic crystal fibres in which minimal power loss occurred along their

length, hence guiding potential remained approximately constant.

7.2 Atom Flux Detection System

This section will discuss aspects pertinent to the fluorescence detection system
used in the fibre traps. Points raised here are in addition to those previously
considered in chapter 3 and 4. Further description of each specific probe arrangement

is included in the later, trap specific sections.

A fluorescence-probe detection system was used in all fibre-guiding
experiments. Fluorescence detection was used instead of absorption probing to ensure
the highest detection sensitivity; a photomultiplier tube (PMT) and phase sensitive

detector (PSD) were combined to provide as much sensitivity as possible.
Fluorescence-Probe Beam Arrangement

An extended cavity diode laser (ECDL), described in chapter 3, provided a
probe beam of intensity I~5lg (Isa=1.6mW/cm?). This was tuned to the
5S1,F=3—5P3,F’=4 cooling transition of Rb® for use in the majority of fibre-

guiding experiments. It was collimated, directed under the fibre (through the flux
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path) and retro-reflected through a quarter-wave plate (QWP). Care was taken to keep
the probe normal to the surfaces of the detection cube so as to prevent stray

reflections interacting with falling atoms before the main probe beam.

Probe centre was positioned 2.2mm beneath the fibre exit aperture. This
allowed it to fit under the fibre without clipping the fibre end; probe light striking the
fibre may enter and drive atoms into the fibre walls prior to fibre exit. Following a
lack of data the probe was raised closer to the fibre in attempts to improve atom

interception.

The spatial profile of the probe beam was varied between experiments. The
desire to bring the centre of the beam closer to the fibre exit-aperture motivated an
elliptical probe ‘sheet’ profile, oriented flat on the horizontal plane with dimensions
4mmx1mm. Fears of unbalanced angular momentum components between the input
and retro-reflected arms of this probe returned the probe to a circular collimated
Gaussian profile of ~4.3mm diameter.

Photomultiplier Tube Arrangement

The same detection system as described in chapter 3.6.1 (and shown in figure
3.21) was used for fluorescence detection in the fibre-guiding experiments. In brief,
fluorescence was detected through use of a, Hamamatsu, H7710-03, Photomultiplier
tube (PMT) and phase sensitive detector (PSD). As shown in figure 3.21, an iris and
2f optic system provided a 1:1 imaging ratio of the probe region onto the PMT. The
optics system consisted of a cage plate assembly with an f=38.1mm lens mounted at
one end, 2f away from the atom flux. An iris was mounted on the other side of the
lens and positioned 2f from it. The PMT was mounted just far enough from the iris to
allow signal light to efficiently fill the PMT’s sensor surface. Thus the iris diameter
defined the volume of probe region visible in the PMT’s field of view (FoV) (shown
in Figure 7.3). The PMT and its optics assembly were shrouded in an opaque cover
and mounted on a Newport XYZ micro-translator. Probe laser light was tuned to the

5S1,F=3—5P3,F’=4 cooling transition of Rb®°.
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The detector position was fine tuned through use of a CCD camera
temporarily mounted in place of the PMT on its optics assembly. When the CCD chip
was positioned exactly where the PMT’s sensor would sit, we were able to see what
the PMT ‘sees’ beneath the fibre. Once aligned perfectly with the fibre it was lowered
vertically to view the centre of the probe beam immediately below the fibre. The
aperture in the 2f system was essential for removing a large amount of background
noise light. Figure 7.3 a), b) and c) give an impression of the amount of light that
required filtering out. In particular guide-light leaked from the fibre walls and

scattered from the end facet causing spurious noise.

Figure 7.3 : a) The view available to the PMT with the noise-reducing aperture closed to its

smallest diameter of 1mm, b) with the aperture opened to ~1.5mm. The PMT is lowered to
remove the fibre from view before experiments commence. ¢) a photograph taken through an
IR viewer, showing detection-chamber glass cube with a fibre hanging within, (this was an
early trap design; later traps had supports to prevent the fibre swaying). The fibre is glowing
as there is guide light coupled into it. The analysing microscope objective can be seen beneath

the glass cube.

An aperture, and thus FoV, of Imm diameter (minimum aperture diameter)
was used throughout the majority of detection attempts. This was increased only in
later experiments within the Cross Trap where an increase in noise was tolerated in
order to increase the visible probe region area; a maximum of 3mm diameter was

reached before complete saturation of detection equipment occurred.

An extra f=38.1mm curved mirror was installed coaxially with the collecting
lens on the opposite side of the detection cube. It faced towards the PMT and was
precisely 2f away from the probe region. Hence it functioned as a signal capture lens,
doubling the detected signal level by refocusing its collected fluorescence back
through the detection cube, beneath the fibre and into the PMT optics stack.
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Noise

The primary noise source in the detection chamber was scattered guide light.
All other light could be suppressed by shielding the trap, by tuning the PSD system or
by tweaking the probe alignment. Despite the chopped probe, the detected signal
increased to saturation when the guide was incident on the fibre. This was attributed
to, 1. the large amplitude of the guide light and 2. vibration of the suspended fibre
end. The guide amplitude forced adjustment of both PMT and PSD gain settings away
from those appropriate to fluorescing atoms in a probe field, thus perceived
background noise level was increased. Despite mounting the entire trap on Sorbithane
pads, the hanging fibre suffered pendulum like oscillations induced by vibrations
transmitted through the superstructure of the UHV system. The oscillations were
weakly damped by the fibre’s tensility and, in later trap designs, by surrounding
surfaces. They caused guide-scatter to fluctuate at matching frequencies and created
signal amplitudes up to 10 times the regular signal level. Figure 7.4 demonstrates

typical noise levels seen in raw captured signals.
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Figure 7.4 : Two sets of raw fluorescence-probe data captured using a 10mW guide beam
detuned 10GHz red from resonance. Oscillations building in magnitude from left to right
are seen in both, these are fairly calm examples indicating no serious vibrations at this
time (readings obscured by vibration were typically not recorded). The large spike just
after the origin, marks the appearance of guide light. Note how flat the signal is prior to
guide appearance. The spike saturated the PSD in arbitrary polarity. However setting a
fast time constant on the PSD (10us) allowed rapid suppression of the initial noise spike.
Noise from fibre vibration was in addition to this.
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The narrow, convoluted path between MOT chamber and detection chamber is
expected to have prevented almost all Rb diffusion into the detection chamber. Hence
noise fluorescence from background Rb vapour was mostly discounted in the
detection cube. Furthermore, the narrow-linewidth of the extended cavity diode laser
used for the probe, implied a significant fluorescence contrast between thermal vapour
and guided cold atoms (due to the order of magnitude greater Doppler broadening of

vapour atoms).

Flux Divergence

It is acknowledged that an atom flux will diverge on exit from a fibre,
intuitively the divergence rate will increase with narrowing core diameter. The guide
beam will also diverge on exit, following the fibre’s characteristic NA. Similarly, it
was feared that slight intensity disparity between the input and retro-reflected probe
beams (due to Fresnel reflections and mirror inefficiency) may push falling atoms out
of the PMT field of view thus reducing available fluorescence.

Throughout the course of experiments, probe positions beneath the fibre were
positioned progressively closer until their was no possibility of atom divergence
outwith the probe region, similarly the PMT field of view was widened sufficiently to
encompass all possible flux paths.

Estimates of flux divergence based on transverse velocities of atoms on the
limit of guidance, and estimates of the atom push from probe disparity were made.
However these were both deemed to contribute very little to our experimental work,

and so will not be discussed here.

7.3  Atom Fibre-Guiding Experiments

In the following sections multiple trap designs are discussed for their ability to
support an atomic source in close proximity to a hollow-fibre. Techniques used to
develop cold atomic sources and position them in close proximity to the fibre are

outlined. The methods used in attempts to optically guide atoms into and through the
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fibres are made. These methods build on those previously used to guide in free-space
beams, differences arising from the need to focus into the fibre core are illuminated.

Fibre guidance was attempted with Rb atoms of 3 different velocity groups,
these were; room temperature vapour, LVIS atoms and dropped-MOT atoms. Hence
guide beams were required with sufficient dipole potential to confine transverse atom

velocities of ~300ms™, ~2ms™ and ~17cms™, respectively.

Each fibre-guiding trap was designed and assembled by the author and was
labelled by its main mirror design; 1. the Pyramid trap, 2. the mirrored, apertured,
quarter-wave plate (QWP) trap and 3. the Cross trap, (see Figure 7.5) All additional
electronics required for control of acousto-optic modulators and rapid shutter
switching were also designed and built by the author, (with the help and advice of
Mark Ross, and Jim Park of St Andrews Physics Dept.).

J. |

a) b) c)

Figure 7.5 : The fundamental differences between each fibre-guiding trap lay in the main
MOT mirror sections at the heart of each. a) the pyramid trap, b) the QWP trap and c) the

Cross trap. Figure courtesy of Dr.D.Gherardie.
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7.3.1 Thermal-Vapour Guiding

Vapour guiding required a lower number of beams input to the vacuum
chamber (no cooling or re-pump) and so was simpler to realise. Similar to early
experiments by Renn et al.! the guide beam was the only optical input required in the
atom-loading chamber. The atoms in vapour-guiding experiments had higher
velocities relative to cold-atoms and so had a greater chance of escaping an optical
potential. However, the simplicity of construction encouraged performance of this
experiment as part of the build-up towards cold-atom guidance experiments. The lack
of magnetic coils and cooling/hyperfine optics freed up space around the trap,
affording more flexibility for positioning of analysis cameras and probe optics.

An intermediary step between vapour guiding and cold-atom guiding was
attempted in some circumstances where formation of a cold cloud was prohibited by
trap physicalities. In this situation, coils and horizontal beams were aligned and tuned
to provide an “atom slower” region where it was hoped atoms would cool in two
dimensions leaving residual velocity components only in the guide axis. It was hoped
this would increase the likelihood of successful guidance relative to the more
energetic vapour guiding.

The Pyramid Trap

As the first fibre-guiding trap built, the Pyramid trap served as an elimination

process for the more simplistic guiding and detection methods.

The intended MOT region of this trap can be thought of as a cube from which
a pyramid shaped volume has been excavated, (see Figure 7.6). The inner facing
surfaces were silvered to provide mirrors at 45° to the horizontal. A 1mm wide square
aperture passed through the centre of the cube from the apex to its underside. The
aperture served to allow fibre entry but created a shadow in the retro-reflected cooling
beam which completely enveloped the MOT region. Thus no cold cloud was visible,
however it was hoped the atoms were slowed in the horizontal axes and so rendered

more easily guidable.
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Figure 7.6 : A schematic of the intended trapping volume of the ‘Pyramid’ trap, shown
side on. Thermal vapour, with a possible x-y axis cooling, was presented to the fibre. The
guide beam was focused into the fibre collinear with the cooling beam. MOT cloud
formation was also attempted by directing input cooling light at an oblique angle to the
fibre axis; however the LVIS shadow was too broad to permit any MOT formation.

Figure courtesy of Dr. D.Rhodes.

The selected fibre was 15cm long and labelled “Blue4”. It had a hollow-core
of 28um diameter and did not employ proper PBG interference. It was a quasi-
photonic crystal fibre (Q-PCF) with typical transmission efficiencies of <10% at

15cm. This was the best transmission available at the time.

Equipment available at the time dictated use of Rb® isotope. Trap geometry
forced the guide beam to pass through a QWP prior to the coupling lens. The
transmission efficiency of the fibre was independent of polarization, however atom
guiding efficiency may have been reduced due to use of a circularly polarised guide.

This represented an unknown variable which may have contributed to the lack of data.

In a first wave of experiments, guiding was attempted with Rb® thermal-
vapour using guide intensities of 162MW/m? and 487MW/m?, input to the 28um
diameter hollow core (100mW and 300mW respectively). The guide was detuned
4GHz below the 5S;,F=2—5P3,F’=3 cooling transition. It was first applied in
‘flashes’ of a few seconds duration while the probe region was observed, then at a

constant intensity of 162MW/m? while the detuning was ramped from resonance to
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~10GHz red. Prolonged higher intensity runs were not performed for fear of
damaging the fibre.

Simple CCD observation was used as the detection method for these tentative,
guiding attempts; a Pulnix, PE2015 NIR camera and commercial zoom lens provided
a focused view of the fibre and fluorescence-probe region below. To eliminate the
possibility of atoms being driven into the hollow-core walls by scattered on-resonance
light leaking into the fibre, the probe beam was directed to completely avoid the fibre.
It was centred 2mm beneath the exit facet and was shaped into a 4mmx1mm light

‘sheet’ by two cylindrical lenses of f=160mm and f=60mm focal lengths.

In a second wave of experiments, a phase sensitive detector (PSD) was used in
conjunction with both fluorescence and absorption probing systems. Trapping fields
were introduced and tuned to the 5S1,,F=3—>5P3,F’=4 cooling transition of the Rb®
isotope in the hope of slowing atoms and improving guided flux. The greater

abundance of this isotope was also expected to increase flux volumes.

Pyramid Trap Summary

Guiding was attempted with thermal vapour and a possibly ‘transversely
slowed’ source of atoms. Figure 7.7 lists the guide parameters attempted along with

the corresponding fibre-guide transmission efficiencies.

It is acknowledged that CCD detection of fluorescing atoms was optimistic at
best. Principle design flaws deemed to have been negative influences on atom
guidance when using this trap were, its inability to support a cold cloud and poor
transmission efficiency of the fibre. The following QWP trap was built with a better
fibre to improve the transmission and a more simple internal MOT-mirror to facilitate
MOT formation.
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Guide Power Detuning Transmission
5mW (8.1MW/m?) 4GHz 8.5%
10mW (16.2MW/m?) 4GHz 6.5%
50mW (81MW/m?) 4GHz 6%
100mW(162MW/m?) | 0-10GHz (ramp) 6.1%
100mW (162MW/m°) | 4,6,8,10, 12GHz 6.1%
200mW (324.7MW/m°) 4GHz 6.4%

Figure 7.7 : Guide powers and detunings coupled into the “Blue 4” fibre within the
pyramid trap. Transmission efficiency of light coupled into the 28um diameter core is
also shown. There is no figure for the 300mW transmission measurements as the fibre

could only withstand brief flashes at this power before warping out of alignment.

7.3.2 Guiding From a LVIS

Creating a LVIS of atoms required a full atom-cooling opto-mechanical
arrangement; 6-way cooling beams, hyperfine re-pump beam, guide and probe beams
plus magnetic coils surrounded the trap. Theoretically a full MOT arrangement would
produce a cold cloud which could be positioned above the fibre ready for guidance
into the hollow core. However, the aperture in the cooling beam mirror, necessary for
fibre protrusion, prevented formation of a perfect cold cloud; LVIS streams were
formed instead. Resultant higher atom velocities raised many questions regarding the
efficiency of atom coupling into both the guide beam and the fibre, particularly when

perfect collinearity between guide and LVIS was not achieved.

Drawbacks included a general depletion of cloud volume due to continual
LVIS outflux and importantly, a guide potential at MOT location less than at fibre
entrance. The MOT region was forced millimetres away from the fibre in order to
prevent it being engulfed in the LVIS shadow. Because the guide was tightly focused
into the fibre core this distance held the MOT in a much lower dipole potential than at
fibre entrance. At a typical distance of 6mm from the fibre facet the MOT would
experience a dipole potential only 0.038% of that experienced at guide waist. Cloud
heights closer to the fibre facet, where guide potential was greater, were desirable for
fibre coupling efficiency. However, MOT proximity to the fibre facet was limited by
the diameter of the LVIS shadow in the retro-reflected vertical cooling beam. With a
LVIS aperture present, the cloud could not approach the fibre facet closer than 3mm
without being engulfed within the LVIS shadow. Two techniques were applied to

reduce the fibre-cloud separation (Figure 7.8).
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Figure 7.8 : Schematic images of cooling light (red) incident on an apertured mirror with
a fibre protruding through it. In a) regular collimated cooling light is seen naturally
diffractively filling the LVIS shadow. The diffraction rate dictates how close the MOT
can be to the fibre. This image is not to scale, typically the 1mm diameter MOT in this
configuration had a ~0.8mm LVIS-hole through its centre. In b) angled cooling light is
used to lower MOT height by deflecting the LVIS shadow (angles shown here are greatly
exaggerated). In c) input cooling light is focused such that the LVIS shadow fills much
sooner, again lowering the MOT height (angles are greatly exaggerated). Figures b) and
c) are ideal cases, in practice the LVIS shadow never cleared the MOT region before
cooling beam alterations distorted the cloud beyond use. Thus a ‘clean” MOT was not
achievable with near-vertical cooling light and the MOT height had a closest approach of
3mm to the fibre facet.

The above schemes were limited in effectiveness by 1. degradation of MOT
quality and 2. tilting of the LVIS flux away from fibre collinearity. The latter
ultimately dictated trap re-design without a LVIS flux. Filling the LVIS shadow
region with cooling light retro-launched up through the fibre, was precluded by fears

of excess spontaneous emission of atoms while in fibre transit.

An important drawback of LVIS-emitting MOT regions is the increased
velocities involved. Atoms are emitted with approximately Vigngit = 14ms™ and Virans
=~1.97ms™ it was feared any disparity between LVIS path, fibre axis and guide beam
axis would result in a loss of flux. Hence cooling beams were arranged collinear to the
fibre; to align the LVIS path with the fibre (and so, the guide)

A good size match between guide diameter and MOT cloud was also
desirable? for efficient atom capture into the guide. At 6mm from waist, the guide was
typically ~550um in diameter; thus covering a significant portion of the ~800um

diameter LVIS volume.
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The QWP Trap

The quarter-wave plate (QWP) trap received its name from a modified QWP
mounted as the MOT mirror within the MOT-chamber glass cube. A 1mm diameter
aperture (in the centre) and a reflecting metallic coating (on one side) were affected
in-house. The phase retarding upper face was exposed to the incident vertical cooling
beam. Thus providing an 85% reflective mirror which returned a 90° phase shifted
beam containing a shadow region ~1.3mm in diameter; an increased width due to tiny
fractures surrounding the 1mm bore. The aperture was intended to facilitate fibre
protrusion and generate a LVIS of atoms directed towards the fibre entrance. When
illuminated with collimated light the shadow diffractively filled after a few

centimetres.

The QWP trap had 2 incarnations prior to succession, both employing the
same mirrored, apertured QWP, but with differences in fibre length and associated
mount mechanics. The first build supported a 15cm segment of PCF entitled
“Blaze800” fibre. This had a 9.2-9.5um diameter hollow-core, and demonstrated
~40% transmission of input guide light. The second build supported a 6.7cm segment
of the same “Blaze800” fibre. The move to a shorter fibre (and trap) length was

intended to boost guided flux levels so as to yield a detectable level.

The general design can be seen in Figure 7.9 (showing the 1% QWP trap build)
and Figure 7.10. It reused the home-made fibre/mirror mount from the Pyramid trap
to hold the QWP. The cooling, hyperfine and guide laser sources remained
unchanged, as did the choice of target Rb® isotope. The same magnetic field gradient
of ~12Gem™ was maintained (for both QWP traps).

Both trap builds were mounted on sorbithane sheets at all load bearing points

to minimize fibre vibration (for cleaner probe signals). However complete removal of

fibre vibration was not achieved.
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Figure 7.9 : A photograph of the 1% QWP trap. Later versions of this trap were identical
save for shorter glass cube and fibre mount heights. The QWP itself is seen side on as a
thin line in this picture. The tip of the fibre is seen protruding from the centre of the

QWP, it is glowing in a deliberately misaligned hyperfine re-pump beam.

Figure 7.10 : Colour enhanced image looking down on the apertured QWP of the “QWP
trap”. The near-tauroidal MOT region (white) can be seen above the protruding fibre
(red) and the aperture. Feint LVIS emission can be seen directed towards the fibre. No
guide was present for this image. The dark triangle encroaching on the top of the image is
the mount for the coupling f=38.1mm lens. The dark diagonal bar obscuring the lower

third of the image is the opaque corner of the glass cube.
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QWP Trap — 1* Build, Procedures

In the first incarnation of the QWP trap the lower trap cube suffered a build-up
of grease on its inner surface during bake-out. It is believed this was a result of poor
cleaning of a threaded bolt hole inside the vacuum system. The grease formed a fine
layer of globules on the lower, inner glass-cube surface directly beneath the fibre. It
obscured observation of the fibre and importantly, disrupted, visual confirmation of
guide-fibre coupling. This may have played a significant role in preventing efficient
guide coupling, since a large transmission difference exists between approximately

similar looking output profiles.

Experiments in the first build were truncated due to the grease build-up.
However guiding attempts were made in a similar fashion to those of the Pyramid
trap. Care was taken to align the LVIS flux with the fibre and the guide beam. Powers
up to 50mW were incident on the f=38.1mm fibre launch lens. This power was the
approximate maximum before fibre warping was observed. Multiple ‘flashed’ and
‘continuous’ guide exposures were performed, at fixed and ramped detunings (O-
10GHz red).

QWP Trap - 2" Build, Procedures

In the second QWP trap, guiding was attempted over the same range of guide-
beam parameters as in the 1 QWP trap. Additionally detunings of 200Ghz were
applied at powers of 0.1mW-50mW.

An unwanted curve was pressed into the fibre by a ~1mm resettling of the
QWP during the bake-out process. This curve occurred in the top few millimetres of
fibre length and is estimated to have angled the entrance aperture by ~3° from its
original axis (accurate measurement hampered by lack of access). Despite having no
discernable effect on optical transmission levels it may have displaced the
fundamental mode within its core closer towards the fibre walls. Higher velocity

LVIS atoms may have been lost to the fibre walls here.
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LVIS flux collinear to the fibre was still sought, so cooling beams were tilted
to match the fibre tip. Similarly the guide launch lens was pivoted slightly to match
the coupling angle. With these slight alterations, the MOT region was not noticeably
diminished, however it is conceded that the MOT may have suffered a reduction in

atom density.

Given the LVIS nature of the QWP-trap a perfect MOT-drop was impossible;
dropped atoms would, at best, be detected in addition to the higher velocity atoms
arriving at the probe a few tens of ms earlier. Nevertheless, in addition to guide
‘flashing’ and detuning-‘ramping’, (over 0.1mW-100mW, and 1GHz-10GHz red-
detuning), ‘Cloud dropping’ was also attempted with remnants of the LVIS MOT.
Doubts existed regarding the population remaining for MOT-dropping, however the
aforementioned bend in the fibre raised concerns regarding loss of LVIS atoms in
transit. Dropped cloud remnants provided colder atoms hence they were dropped in an
identical manner to that of the free-space guiding experiments (see chapter 5), with

the added condition of ensuring cloud-fibre-guide collinearity prior to each drop.

Design Limitations of the QWP Traps

Multiple scattered diffractions were seen from micro fractures surrounding the
QWP aperture. These may have disrupted atom flux en route to the fibre core by
generating obstructive modes around/within the fibre entrance. These were minimised
by reducing the input cooling beam intensity from a peak of 45.8mWcm™ per input
beam, to just above I intensity of 1.6mWcm™. MOT structure appeared unaffected,
but its fluorescence, monitored through CCD cameras indicated an optimum cooling
intensity of 16mWcm™ (where it was set). Measurements were not performed to
quantify cloud density

Hyperfine re-pump light was removed from the vertical cooling beam, to
prevent it coupling into the fibre core. In the core it would increase the spontaneous
emission rate (along with the cooling light propagating in the core; inherent in LVIS
geometries). The hyperfine light was redirected to enter the trap in one arm only, its
1mW of hyperfine light was incident on the QWP MOT region redirected to enter
solely through the horizontal arm. Furthermore, care was taken to prevent any cooling

or hyperfine light in the horizontal plane interacting with the fibre.
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The tall metal mount had no heat shield to block heat from the Rb oven.
Proximity of the oven to the support (<1cm) and to the fibre (~1.5cm) allowed
radiative heating to warp the main mount causing slight displacement and tilt of the
QWP mounted above. This completely uncoupled the ~9um diameter guide beam
from the 9.2-9.5um diameter core of the “Blaze 800" fibre. This warping was
exacerbated by fibre heating from the input guide following warp-induced

decoupling.

In the 2" QWP trap the mount was shortened and the whole MOT-chamber
was more congested, this incurred the worst warping (of mount and fibre) despite an
interceding double layer heat shield. On top of this warping, thermal expansion of the
QWP limited MOT lifetime for each trapping/guiding session to ~5 minutes. This
heating is attributed to a combination of radiative and conductive heating from the Rb

oven.

QWP Trap Summary

Guiding was attempted with LVIS atoms and, in part, with cold MOT atoms
falling from the remnants of an LVIS MOT. Figure 7.11 lists the guide parameters
applied. Fibre transmission remained constant throughout experiments thanks to the
PBG nature of the “Blaze 800 fibre. However no atom flux was detected from the
fibre.

Principle factors deemed to have been negative influences on optical guidance
in the QWP trap were, an inability to support a ‘clean” MOT, a long ~6mm+3mm
MOT-to-fibre separation implying a weak guide at MOT centre, an accidental fibre
bend, perpetual fibre warping (from guide and oven heating), warping of the main
mount and thermal expansion of the QWP limiting trap lifetime.

The fluorescence probe system used here was the best available with

equipment present at the time. A discussion on the most likely reason for a lack of
detected atom flux is given in section 7.4
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Guide Power Guide Intensity Detuning | Transmission
=) .
0.1mW-50mW 132.5W/cm 2—66.3kW/cm 8GHz 39%
8.5mwW 11.3kW/cm™ 0-8GHz 39%
5-85mwW 6.63kw/cm 8GHz 39%
85MW 11.3kW/em™ 0-8GHz 39%
8.5mW 11.3kW/cm™ 8-10GHz 39%
3.7mW, 3.8mW,
6mw,10mw,
12mW, 15mW, | 4.9kWicm? — 66.3KW/cm™2 228%*;; 38%
20mw, 30mw,
37mW, 50mwW

Figure 7.11 : Guide powers and detunings coupled into the “Blaze 800 fibre within the
QWP trap. All powers are measured just before fibre entry prior to the 60% coupling-
loss. All detunings are red of resonance, (negative).Transmission efficiency through the

9.2-9.5um diameter core is also shown, this remained constant due to its PBG nature.

7.3.3 Guiding froma MOT

A trap without an aperture in its cooling beams, would have no LVIS outflow
and consequently suffer none of the related difficulties. Cloud proximity could be
lowered almost arbitrarily close to the fibre entrance. Dropped MOT guiding could be
used; this would make use of the coldest temperatures available and so maximise

guide efficiency.

The Cross Trap

The cross trap benefited from the experience gained from all previous trap
designs. The primary design goals were to provide a ‘clean” MOT region with no
LVIS outflow draining the MOT, easily arranged collinearity between cloud, guide
and fibre, and the ability to bring the MOT region within 1mm of the fibre aperture.
This was achieved with the mirror and QWP assembly shown schematically in Figure

7.12. A magnetic field gradient of ~12Gem™ was set, similar to previous traps.
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The Cross trap, was the latest trap to have hosted fibre-guiding experiments at
St Andrews (pending the upcoming “‘Hotwire’ trap). It did not suffer from obligatory
LVIS outflux and so cold clouds of Rb® atoms could be repeatedly dropped into
guide beams for channelling into waiting hollow core fibres. Diagonal cooling beams
allowed a MOT-fibre closest approach of 0.5mm which allowed a dipole potential of
~5.3% of that at fibre entrance, though still small, this is 2 orders of magnitude greater
than that 6mm from the fibre (as in QWP trap).

Aperture

. Aperture
Glass for Guide for Fibre

Housing

QWP

Mirror

Main
Mount

Rb Oven

Fibre UHYV Flange

Figure 7.12 : A schematic of the Cross Trap. Missing from the image is the electrical
wiring for the Rb oven, the 2 heat shields sandwiched between the oven and main mount
and the 2 copper fibre-grips screwed to the brass bar (shown in yellow). The brass bar
held the mirror and QWP segments, this had a 1mm hole drilled diagonally through it to
accommodate the fibre. It also had 2 tapped holes for attaching the fibre-grips. The
mirrors and QWPs were mounted at 90° to each other. The MOT chamber looks

spacious here, this was not the case. Image courtesy of Dr. D.Gherardie.

The advantages of near-fibre launching are deemed of greater importance than
cloud-guide size ratio, hence attempts to re-locate the MOT into a broader guide

(further from fibre entrance) were not made.

A Beryllium alloy heat shield protected the fibre and mirror assembly from

radiative heating from the Rb oven, which was in close proximity (~5mm from the
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central mount, ~1cm from the mirror assembly). The central mount supported the
mirror assembly and a 6.6cm length of Blaze-Photonics “FB_BG19 800nm”. This
fibre had a hollow core diameter of 12um and a 780nm transmission efficiency
routinely passing 60%; the best achieved in this thesis (with the stipulated f=38.1mm
coupling lens). The 30% core diameter increase relative to the previous “Blaze 800"

fibre was expected to improve the likelihood of atom guiding.

This trap configuration had further positive aspects; no fibre bend, no fogging
of the lower trap cube, no trapping beams directly incident on the fibre, thus no
resonant light within the fibre to heat or push atoms from the guide. The guide and
cooling beams no longer shared launch optics so arranging efficient coupling and

good MOT quality was a relatively trivial process.

Some negative aspects were unavoidable with the current equipment, these
included, a lack of solid brace for the 1cm of fibre protruding into the lower trap cube,
conductive heating of the QWPs (which suffered thermal expansion after only ~4
minutes of oven operation), and the resolution limit of the now customary optical

detection system.

Nevertheless all negative aspects were not preclusive of possible guided flux
detection; the QWPs allowed 3 or 4 data runs before thermal expansion depleted the
MOT, the fibre vibration was minimised by using a short fibre, sorbithane padding
and by working when less people were present in the building. The detection
resolution (at the time) was still deemed sufficient for flux detection, and was

improved further by tweaks described below.

The collimated 4.3mm diameter probe beam set at 10xls and tuned to the
5S1,F = 3 — bBP3pF’= 4, cooling transition, had, for the first time, a further
5.3mWem™ of hyperfine (5S1,F = 2 — 5P3,F” = 3) light included; this was expected
to provide a fractional increase in detectable flux as it recycled atoms which had

fallen out of the cooling cycle back into resonance with the fluorescence probe.

A lack of data encouraged a progressive dilation of the PMT aperture, thus the

PMT field of view expanded from 1mm to 3mm. However, the benefit of increased
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probe coverage was mostly counteracted by the necessary PMT gain reduction
following increased noise bleed through the aperture. The PSD time constant, zpsq, and
associated chopper frequency, fcnop Were augmented to increase temporal resolution of
the probe system; settling on 10us and 200Hz, respectively. A wider bandwidth was
covered and the duration of each noise spike was noticeably shorter than in previous
experiments, but it is debatable as to whether amplitude resolution was improved or

not.

Procedure

Dropped MOT guiding was performed exclusively on this trap. Drop heights
from 4mm down to 0.5mm above the fibre entrance were tried. The guide was
incident 20us prior to cooling-beam cut. Fluorescence was recorded over a 200ms
time window, starting 20ms prior to cloud drop and extending 180ms after. Atoms
stationary prior to cloud drop were expected to travel from MOT to probe region in
~120ms.

Guide Power Guide Intensity Detuning Transmission
1.2mW, 5mwW 9.5MWm™, 50MWm™ 0-8GHz 57%
MW 53MWm™ 0-8GHz 57%
> 3,4,5.5,6, 10, .
10mwW 80MWm 12 200GHz 57%
B 4, 10, 40, .
25mwW 200MWm 200GHz 57%

Figure 7.13 : The parameters for dropped-MOT guiding performed in the Cross trap.
Each condition was repeated ~10-20 times to obtain a clear average. Additional control
runs (with all other noise sources present but guaranteed no-atoms) were performed every

4 runs.

Occasional fluorescence recordings extended the data window up to 450ms to
allay fears of delayed atom passage. Dropped-cloud data runs were repeated on
average ~17 times for each guide frequency and intensity level. Additional control
runs using a vacant MOT region were performed approximately every 4 runs to

provide a contrasting negative result and aid with noise subtraction when processing.

Dropped-MOT fluorescence was recorded for the guide beam parameters

shown in Figure 7.13. These intensity figures are loosely consistent with those applied
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by Renn et al. in their 40um diameter fibre. The fibre length is also similar. However,

the detection system is grossly dissimilar.

Cross Trap Summary

In terms of mechanical design and feature positioning the Cross trap was
almost an ideal trap; optical access was optimal, the MOT-fibre separation was very
small and the fibre-probe separation was similarly short. Nevertheless an atom flux

from the fibre was not detected.

If the same configuration were to be maintained, better insulation between the
Rb oven and trap flanges would be recommended. A damped brace for the fibre end

and, of course, superior fibre transmission would be beneficial.

The only improvement to the optical probe system which the author can
suggest, is to use an elliptical probe beam aligned with its major axis on the vertical
plane. A ~6mm tall, 2mm wide beam, positioned directly under the exit facet (and
retro-reflected), could be collected by a cylindrical lens (~38mm focal length in one
axis only). Imaging a cylindrical fluorescence profile onto the PMT would allow more
efficient filling of the rectangular PMT sensor, and more importantly, the increase in
probe region would keep a greater number of atoms fluorescing simultaneously. Thus

providing more fluorescence for detection at the loss of temporal resolution.

7.4  Fluorescence Probe Detection Efficiency

Each vacuum trap designed throughout atom guidance research at St Andrews
has so far been prompted by a mechanical impediment discovered while
experimenting. However the Cross trap revealed no obvious problems; all major
impediments had been successively designed-out. Nevertheless there were no atoms
detected. Hence our attention turned to the probing system and in particular the
minimum fluorescence level it could detect. We began to doubt the sensitivity and
noise suppression capabilities of an optical detection system. This prompted
investigation into the minimal detectable flux rate of our probe and the flux we could

optimistically expect through the fibre.
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It is acknowledged that loss mechanisms such as spontaneous emission
heating, viscous heating and collisions with background vapour will all serve to
reduce guided flux numbers, but these have not been included in calculations here as
their contribution cannot be properly calculated without first achieving a detectable

flux.

Minimum Detectable Flux Level

In order to ascertain a minimum detectable flux level for the fluorescence
probe and PMT, data from earlier red-detuned Gaussian guiding experiments in the
Drum trap were used (experiments reported in chapter 5). Dropped cloud profiles
captured at the furthest distance from the MOT (5cm) with no guide beam present, are
taken as approximations to the lowest detectable flux level as these signals were
barely discernable from the minimal noise levels present at the time. An ideal
situation is assumed for these calculations; that is, all atoms exiting the fibre are
caught within the PMT field of view and travel through it approximately vertically.

Figure 7.14 shows an average of the profiles used. Here the signal amplitude
can be seen to be almost swamped within the background noise. Given the lack of
guide beam and the signal averaging used, this noise level can be defined as the
lowest possible level achievable in our trapping systems. The noise level in any trap
was seen to increase by an order of magnitude when a guide was introduced. A fibre-
guiding trap will have more noise in general due to the closer proximity of all
surfaces, however calculations are made here for an ideal situation where the majority

of noise is suppressed.
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Figure 7.14 : Raw fluorescence data illuminating a dropped cloud incident on a probe
beam 5cm distant. The cloud passes through the probe at t=0.126s. A Gaussian best fit is
shown in red, this is almost engulfed in the background noise. Lower amplitude signals
failed interpretation in our best-fit programs. The lack of guide beam implies this noise
level represents the best achievable with a fluorescence probe arrangement in our UHV
system. It was therefore deemed appropriate to use this averaged data to find a value for

the lowest detectable flux level in the fluorescence detection system.
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Figure 7.15 : A comparison between fluorescence signals captured 5cm beneath the
cloud. The black “free-fall” line shown is the same dropped cloud data seen in Figure
7.14. Profiles are also shown for clouds exposed to 2, 6 and 10GHz red-detuned guide
beams. These are best-fit profiles and have had their ground levels normalised to lie on
the x-axis hence a depiction of the noise level cannot be gained; these are shown here

only to convey the relative size of guided and free-falling signals.
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Figure 7.15 demonstrates the relative amplitudes of detected signals in the red-
detuned Gaussian guiding experiments. The “free-fall” signal shown is the same best-
fit profile shown in Figure 7.14. This is shown to emphasize the near-undetectable
level of the “free-fall” data used for the minimum detectable signal approximation.
Signals beneath this average level were not recognisable in our Gaussian fitting

software.

In the above dropped-cloud data, a short time increment (0.01s) at peak flux is
taken as the time over which to average the collected fluorescence. Knowing the peak
recorded number-of-photons collected by the PMT at this point, and the characteristic
scatter rate in the known probe intensity, and finally the scaling factors to account for
visible solid-angle and PMT gain, yields a near-direct calculation of 3.8x10°s™ for the

minimal detected flux rate in the Drum trap probe system.

However the probe systems in the fibre-guiding traps are based on an
f=38.1mm collection lens in a 2f system, (c.f. an f=75mm lens). Also, the Drum trap
fluorescence-capture lens was positioned 100mm from the probe region, (not the
standard 2f arrangement). This implies a reduction of the minimum detectable level
by a factor of 17.2. Further still, the curved mirror positioned on the opposite side of
the fibre-trap detection cube served to double the amount of fluorescence collected in
the fibre-guide detection system (assuming perfect efficiency). Thus an approximate
minimum detectable flux rate on the order of 10" atom/sec is established for the
fibre-guide fluorescence probe system. This assumes vertical atom motion through an
intensity balanced retro-reflected probe beam, and holds only for dropped-MOT

velocities (LVIS atoms will fluoresce a factor of 13 times less in a similar probe) .

This figure does not give a favourable outlook for our detection system when
compared to that of Renn et al.® (who recorded a peak flux rate of ~3250 atoms/sec in
their red-detuned fibre-guide experiment with a guide of 50MW/m? intensity and a
6.2cm long fibre with a 40um diameter hollow-core). This flux level implies
successful detection in an optical system is unlikely. However, it is also likely a
significant error margin exists in this minimum-flux figure, possibly a few orders of

magnitude. Nevertheless it is conceded that successful optical detection is unlikely,
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and more time should have been spent on this. The ongoing fibre-trap work, using a
hotwire and channeltron detector, promises to eliminate this oversight.

Expected Flux Level

Given the similar intensities of optical and magnetic fields employed in both
free-space-guiding and fibre-guiding traps, experimental values of MOT-volumes
observed in the Drum trap will be used to provide a rough “ball-park” figure for
expected atom density in the MOT-cloud of the fibre-guiding trap.

Thus assuming ~2x10" atoms in the MOT cloud and an optimistic transfer of
~10% of the MOT volume into the incident guide, we can expect a maximum flux
level of ~2x10° atoms per cloud-drop coupled into the guide beam, (in the interest
of finding a best-case number we will ignore LVIS sourced atoms). Approximating
optical coupling loss into the fibre core, we shall assume a 50% loss of flux on fibre
entrance. Finally if we assume 50% transmission loss along the fibre to account for
spontaneous emission heating and any extraneous optical modes from fibre
anisotropies or very-slightly skew coupling, output flux total would be in the range

of ~5x10° atoms from a dropped MOT.

Now to equate this output flux number to a detectable flux rate, we can look
again at data collected in the free-space Gaussian guiding experiments (similar to
those in Figure 7.15) and make another assumption. A dropped cloud, having already
fallen through 5cm of a 2GHz detuned free-space guide beam, is seen to have a
Gaussian velocity distribution with a FWHM width of ~10ms. This is the result of
acceleration from both gravity and radiation pressure. If we are staying with the best
case situation where we are most likely to detect a guided flux we will also set our
guide to a detuning of 2GHz. Our fibre guided cloud will travel 70.5mm from MOT
to probe region (through the 6.6cm fibre). If we assume the acceleration will be
approximately similar to that in the free-space regime then we can expect a figure of
~500ms™, and a velocity distribution resulting in the entire cloud passing the 1cm
diameter probe region within ~10ms. However any given velocity set within the

distribution will only spend ~1.2ms in the probe region (due to acceleration from
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guide and gravity). Thus the peak flux rate measured by the PMT within the 1.2ms of
probe exposure is an evaluation of the peak of the ~10ms Gaussian velocity
distribution (given the known total number of atoms). Ultimately this yields a fibre-
output flux rate of ~9x10°s™. Unfortunately, even with all the best-case assumptions,
this is an order of magnitude less than that detectable by our optical probe

system.

It is acknowledged this is a very coarse series of approximations and errors are
likely to vary the above flux rate by an order of magnitude; theoretically bringing the
flux rate to within detectable range. Nevertheless the lack of data, combined with the
disparity between minimum-detectable and expected flux rates prompted our move to
an ion detection system, which is described in chapter 8.

7.5 Conclusion

Magneto-optic traps for the purpose of guiding atoms through hollow-
fibres have been designed and constructed. Experimental design has been refined
sufficiently to allow cold atom sources to be brought within 0.5mm of the entrance
aperture of fibres protruding into the trapping volume. Attempts have been made to
guide atoms into the narrow hollow-cores of these fibres, (9.3um, 12um and 28um
diameter each). Thus far no positive data has been taken. However, this is primarily
attributed to a lack of sensitivity in the detection system. It is the authors opinion that

atom fibre-guiding has been performed, but not observed.

To summarise, activities performed and reported in this chapter include:

- Design and construction of three fibre traps (plus one re-design/build).
- Manifest of cold atom sources in close proximity to fibre apertures.

- Progressive refinement of a fluorescence probe system.

- Identification and suppression of numerous mechanical hindrances to

atom trapping and optical guidance within each trap.

It is acknowledged that many flux-loss mechanisms have not been accounted
for in calculations reported herein. In fact it is possible the spontaneous emission

heating from our guide may even have been the largest source of atom heating.
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However complete characterisation of fibre-guide loss mechanisms cannot be
achieved until the first basic flux rate has been observed. This is expected to occur in

the latest fibre trap currently in use St Andrews (described in Chapter 9).

The optical detection system used throughout this thesis is attributed as the
primary reason why positive data has not been recorded. Thus, the best
recommendation for the fibre-guide system described above would be one which is
already being implemented in St Andrews; an ionising hotwire and channeltron

detector combination. This is briefly outlined in chapter 8.
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Chapter 8

Thesis Conclusion

8.1 Summary of Activities

In the course of this thesis | have designed and built three free-space and three
fibre-guiding atom traps from scratch. 1 have built and maintained laser sources for
cooling and guiding of Rubidium atoms, and have developed electronic circuits for

computer control of trap beam entry.

I have performed atom guiding experiments using free-space propagating
beams in both red- and blue-detuned regimes. These are detailed in the following list;

0 Near-resonance red-detuned Gaussian guiding of dropped-MOT clouds
(see chapter 5)

0 Far-off resonance Gaussian guiding of LVIS atoms in transient and steady
state regimes (see chapter 5).

0 Collinear and oblique guiding of LVIS atoms in high-order Bessel and
Laguerre-Gaussian beams (see appendices I and 1V).

0 Oblique guiding of LVIS atoms in a punctured Laguerre-Gaussian guide
(see appendix IV).

o Comparison of high-order Bessel and Laguerre-Gaussian beams for
dropped-MOT atom-guiding efficiency (see Dr Rhodes’ thesis —
available through St Andrews Physics dept. Optical Manipulation web
site).

0 Comparison of different azimuthal index of spatial light modulator
generated Laguerre-Gaussian beams for dropped-MOT guiding
efficiency, (see Dr. Rhodes’ thesis).

o Initial investigation of a second molasses cycle on a MOT cooling cycle,
(see Dr Rhodes’ thesis).
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In Gaussian free-space guiding experiments, typical guided ensembles of ~10°
atoms (~10% of total MOT volume) were recorded for guided dropped-MOTSs. This
number reduced to ~10° atoms for detunings greater than -2GHz, and for distances

greater than 23mm.

I have characterised a series of hollow-core fibres for their transmission of
780nm guide light while under fibre-guide trap conditions. Cold atomic-beams and
cold-atom clouds have been successfully positioned above the entrance apertures of
hollow crystal fibres. LVIS generating apertures drilled in MOT mirrors have been
established as detrimental influences on the quality of MOT clouds in close approach

to fibre facets.

I have performed atom guiding experiments over one quasi-photonic crystal
fibre and two photonic crystal fibres. The sensitivity of our optically based flux

detection system has been identified as a strong candidate for the lack of data.

Fibre-guide traps have been progressively refined such that the most beneficial
advancement would be an upgrade of the flux detection system. To this end a new
fibre trap has been designed and constructed, this is described in section 8.3.

8.2  Critique

The following is a list of procedures and physical changes which the author
thinks may be of use in future atom guiding experiments or was not wholly satisfied

with after conclusion of previous experiments.

Procedural :

- A greater detuning range could be used in dropped MOT guide work to
investigate the ~50GHz predicted turn-off point of radiation pressure forces
discussed in section 5.2.4.

- Improvement in the effectiveness of every guide applied could be achieved if
further work could be done on the addition of a second molasses cycle. This

210



work, (not reported herein) was truncated due to time limitations. Better
characterisation of both, computer pulse timings and spatial beam shifts from the

accousto-optic modulator may help identify the source of signal anisotropy.

- For atom guiding in general, a far-off resonance guide beam of superior power to
that reported in chapter 4, would offer the possibility of guiding with significant
suppression of spontaneous emission heating. This would allow better

characterisation of the transient effects reported in section 5.1.5

Design :

- If in-house drilling techniques permit, smooth edged mirror apertures down to a
few hundred um diameter would allow formation of a very narrow LVIS flux
and possibly sustenance of a more complete MOT cloud while positioned above
a fibre. This may help guided atoms overcome any disruptive scattering on route
to the fibre entrance and help them pass through weak, parasitic, high-order

modes within the hollow core.

- If our optical detection system is to be re-used for any further flux
measurements, an improvement to the minimum detectable level could be
gained by using an elliptically shaped probe region, vertically aligned to have
atomic flux drop through its major axis. This would ensure a higher number of
atoms were fluorescing at any one time, and they would do so for a time longer
than that of a narrow probe. Furthermore the elliptical shape would better fill the

PMT sensor surface; further improving fluorescence probe efficiency.

8.3  Hotwire Fibre-Guiding Trap

The most practical change recommended for our fibre-guide traps is an
upgrade to a superior flux detection system. Features which should be retained
include, the support of a ‘clean MOT’ (no LVIS outflux), a lack of cooling and
hyperfine light in contact with the fibre, a clear path between guide launch-lens and
fibre entrance (no cooling optics in between) and sufficiently fine control of MOT
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location to enable fibre-MOT separations down to ~0.5mm. Features which should be
suppressed, if possible, would be fibre vibration and both conductive and radiative
heat transfer from the Rubidium oven.

Hence the latest fibre-guiding trap incarnation, dubbed the “Hotwire trap”, has
retained the Cross trap’s exterior glass housing and mirror/QWP assembly and has a
few important additions to address the concerns above. A schematic of it is shown in
Figure 8.1.

Rb Oven electrical

/ /\ feedthrough arm

Cross Trap
internals

Fibre Support
(hardmounted)

Hotwire translation
& electrical
feedthrough arm

Channeltron Detector

Hotwire (ioniser)
Particle Diffusion Route

Figure 8.1 : A schematic of the latest fibre trap constructed at St Andrews designed by
David Gherardie. Notably the detection system is now changed to a hotwire and
channeltron detector. There is also a 4mm diameter pipe (not shown) running from the
MOT chamber down through the flanges into the diffusion-output arm; this serves to aid
evacuation of the MOT chamber, and ensures the diffusing particles do not drift towards
the hotwire detection area.

A commercial 6-port UHV connection cube serves as the main detection
chamber and connection hub for UHV components, this is shown better in Figure 8.2.
Notably a 1cm length of ~75um diameter Rhenium wire is exposed beneath the fibre
to ionise any emitted flux. The wire is electrically heated to ~2000°C, at which

temperature incident atoms will be ionised and subsequently re-emitted in an
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approximate hemispherical pattern (centred on a path normal to the wire surface). A
channel electron multiplier (CEM) detector is positioned in a slightly elevated
position relative to the hotwire (as high as the UHV pipe would allow) and faces
down towards it. In this configuration the ~4mm wide detection aperture of the CEM
sits within the natural emission region of the ionised atoms. On top of this, the ion
flux collected into the CEM is significantly increased by an applied potential of
~1000V. Hence it will collect a considerable percentage of wire emitted ions. In fact
we predict a detection efficiency of ~35% of all atoms discharged from the fibre. This

will make even small flux rates easily detectable.

Figure 8.2 : Side view of the hotwire trap model. Shown here without glass housing
around the mirror and QWP assembly. Fibre length is 6.9cm. Image courtesy of
Dr.D.Gherardie.

Furthermore the hotwire (and hence detection point) can be translated in one
axis across the output flux path (see dark grey arm running in the left UHV pipe in
Figure 8.1). In this way a profile of the atom output NA can be obtained thus
providing important information on the loss rate due to viscous/spontaneous heating
and attenuation of the dipole-potential along the fibre. Positive results from this trap
will provide figures for flux dependence on guide power and guide detuning, and of

course on the fibre’s atom transmission efficiency.
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In terms of fibre access, a near identical system to that of the cross trap exists.
That is, input guide coupling will be performed by the same 38.1mm lens, and output
mode analysis will be performed by a new super-long working distance (S-LWD) x20
microscope objective. Alternatively, dependent on viewport condition after bake-out,
a S-LWD x10 objective may be used for fibre analysis and the new x20 may be used
for fibre input coupling; its working distance of 30.1mm has been accounted for in the
design of the MOT-chamber housing, hence optical coupling efficiencies through the
“BG19_800” fibre are expected to approach ~75% irrespective of fibre length (this is
the figure achieved when not constrained to use the 38.1mm coupling lens). The fibre

length currently mounted within the trap is 69mm.

The above reasons, combined with previous experience of fibre-guiding traps,
encourages sincere confidence in the guiding, and importantly, detecting ability of
this trap. We remain cautious yet very optimistic that this trap will satisfy the original

goal of this thesis by successfully observing a guided atom flux.

8.4 Relevance and Outlook

Overall, it is believed this research has contributed to the furtherance of the
field of optical atom guiding. Within the remit of free-space guiding both optical
potentials and transient effects of guide beams have yielded novel results. More
importantly multiple possible routes to a successful result in fibre guidance have been
eliminated in sequence and the next step identified and created (hotwire detection).

It is believed this is an important field to work in since positive results are
expected to produce such devices as atom interferometers, atomic gyroscopes, and 3D
atom lithographers. The author believes these will have sizeable positive effects in

multiple demographics.

As stated, the furtherance of this research depends on a successful fibre
guiding result. If this is not forthcoming, thorough analysis of the optical mode
structure within hollow-core photonic bandgap (PBG) fibre will likely be the next

research topic. However, if/when hollow-core PCF guided atoms are detected (in our
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team, or any of the three known competing teams*?3

), optimisation of all the guiding
factors discussed herein will be the first goal, likely followed by extension of the
guide path. Bose Einstein Condensates will most probably be the desired atom source
and long distance guiding in novel PBG fibre structures*®®"® will be a major

research topic (e.g. in-fibre flux manipulation and/or filtering).

Work is currently ongoing in St Andrews to detect fibre-guided atom flux.
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Appendix |

Bessel Beam Guiding in the Glass Trap

Bessel beams are known for their narrow central features and extended
‘diffractionless’ propagation. Early work at St Andrews involved use of the lowest
order, Jo, Bessel function to provide a beam with a central maximum for guiding
atoms. This was chosen in particular for its ability to achieve particularly narrow

central features suitable perhaps for coupling atoms into narrow core hollow fibres.

A J, Bessel beam was initially passed through thermal Rubidium (Rb) vapour
and aligned to pass through an aperture in a plate dividing the trapping volume. This
provided 2 distinct trapping volumes; one populated by Rb vapour and the other a
‘clean’ vacuum in which to detect guided atoms. A second batch of experiments
repeated this procedure with the addition of a cold atom MOT in place of the thermal

vapour. Guiding was not achieved in any detectable manner due to trap design.

These experiments were performed in a vacuum trap labelled the *Glass’ trap.
A description of this trap and of Bessel beam generation is given below. This is
followed by procedural details of the Bessel guiding experiment and the intended

experimental direction indicated by the Bessel guiding result.

Particulars of the Glass Trap

The first trap used in the course of this PhD, the Glass trap, differed greatly
from other free-space traps as it’s main chamber for atom manipulation was located in
a custom blown-glass section. This piece, shown in Figure 1, was manufactured by
our resident glass blower, Fritz Akerboom, (a skilled craftsman responsible for all our

blown-glass and precise fibre mount structures).

The partition was made of 1mm thick glass and had a 1.5mm & aperture at it’s
centre. It effectively divided the vacuum chambers as atom vapour had a negligible
diffusion rate through the aperture. Thus only guided atoms could feasibly enter the

detection chamber. An extra outflux tube blown into the wall of the detection chamber



provided a pump-out path for atoms in this chamber (the tube was deemed narrow &

contorted enough to prevent atom influx).

Trappmg Ce Glass Paffition

Figure 1 : The Glass trap, shown without trapping and SHIM coils. The glass
partition served to isolate the Rb vapour in the volume of the trapping cell. This

ensured lower noise levels in the detection cell.

Laser light entered through optical-quality glass windows bonded to the blown
structure. A sixth MOT arm entered vertically through the adjoining steel vacuum
system on the underside of the trapping volume. Typical MOT clouds of ~10” atoms

were generated in ~1mmJ clouds.

LVIS Generation

LVIS generation in the glass was made problematic by the aperture in the
glass partition. The necessity of aligning the cloud with the aperture forced the LVIS-
generating beam shadow to be similarly aligned through the 1.5mm aperture. This
caused the diffractively filling LVIS shadow to mix with a high level of distortion
from the edges of the glass aperture. This resulted in a highly distorted LVIS plume
which was wispy and insubstantial at best. Nevertheless typical LVIS atom flux rates
of ~10%™ were achieved; guiding was attempted with these LVIS remnants.



Bessel Guiding Procedure

It was hoped atoms would be optically guided from the Rb populated chamber
through the aperture into the detection chamber where a waiting probe beam would
confirm their passage. Thus the guiding ability of the guide beam could be confirmed

and its efficiency investigated.

Thermal Rb atoms were found to have too high a transverse kinetic energy,
hence a MOT with a LVIS tail directed towards the aperture was created to provide
atoms already moving in the desired guide direction and with lower transverse

momentum. A CCD still of trapped atoms in the glass trap is shown in Figure 2.

Trapped Atoms

Figure 2 : Atoms trapped in the Glass trap. The cloud is seen before the
magnetic coils were used to translate the cloud into alignment with the aperture
and before the LVIS inducing shadow was introduced. The surrounding glass
structure looks very distorted due to the shape of the glass wall through which
the camera is looking; this was a drawback of the glass trap.

The J, Bessel function projected into the trap along the main axis through the
partition aperture. The central feature of the projected Bessel profile had a diameter of
~200um. It propagated at this diameter with a Rayleigh range of ~28cm, which was
centred on the MOT. Its red detuning was varied from 0 to 10GHz from resonance
and its power was varied from 100mW to 500mW. The narrow central feature of the

Bessel was thought ideal for passing through the 1.5mm diameter aperture, however it



was approximately a tenth of the MOT cloud diameter, this miss match raised fears of
low coupling efficiency from LVIS into the guide.

Bessel Guiding Results

The aperture separating the two chambers was the downfall of this design as it
was found to disrupt the passing cooling beam. Micro-fractures surrounding the
drilled hole caused phase and amplitude distortions in the passing beam such that a
large interference effect skewed the atom cloud and generated a greatly distorted
LVIS when aligned with the aperture. Attempts to shadow the aperture with a black-
spot mask in the incident cooling beam proved fruitless as the 1.5mm was greater
than the width of the cloud, thus no stable MOT could then be supported. The guide
passing the MOT then the aperture, collinear to the cooling beam, was not effected by
the aperture until entering it. Thus the quality of the guide within the aperture (and
immediately after it) may not have been optimum for guiding atoms through.

Regardless, the lack of stable atom cloud to guide from, forced experiments to stop.

There were also important concerns regarding the amount of power available
to the central guiding feature in the Bessel bea; the interference pattern spread a
significant portion of its intensity throughout the surrounding rings. This may have

contributed to the lack of thermal atom guiding.

Hence, it was decided another trap design offering clear optical access should
be considered. In this trap a more simple guide with an easily defined power
distribution should be used. The 10-way trap was built immediately after and

experiments on red-detuned Gaussian guiding were continued on this.



Appendix ii

Method of MOT Characterisation

It was often necessary to have figures for, the number of atoms in the MOT
cloud and the cloud dependence on magnetic coil current. Knowing the cloud volume
early in the atom-oven’s lifespan allowed later comparison when oven output was

thought to be waning. Here we briefly discuss the method used to obtain this figure.

A small portion of the fluorescence emitted from atoms in the cooling cycle
was captured and scaled to give an approximate number of atoms. This was achieved
by positioning a 2”, f=90mm lens as close as possible to trap center (~180mm) against
one of the small viewports (see Figure 1). A photodiode was then placed at a distance
where the captured fluorescence would fill the photodiode surface. A tapered opaque

tube shielded the space between the lens and photodiode to reduce noise.

Voltage levels were recorded with and without a cloud present to allow
background signal removal; with no cloud present the cooling beams still stimulate
emission from the background vapor pressure. The fluorescence with all beams on
and the magnetic coils deactivated was subtracted from the cloud-present level. It is
conceded that the magnetic field will alter the background fluorescence level because
of the Zeeman effect, however the total change is negligible compared to the

fluorescence of the cloud.

Next a calibrating, weak laser beam was sent to the photodiode and set to
generate the same voltage level as produced by the cloud. This provided a power level
equivalent to the light captured from the atoms, however this is only a small fraction
of the total light emitted isotropically. The solid angle subtended between the MOT
and the lens was found by measuring the diameter of the lens accessible to the passing
fluorescence. The solid angle was used to scale up the power received to a total level
corresponding to the entire cloud fluorescence and so the number of photons emitted
per second was obtained. Finally this power was divided by the scatter rate (number

of photons emitted per second) of single atoms, given in equation 1.7, where the



incident intensity was taken as a the sum of the trapping light hitting the cloud. The
resultant figure is an approximation of the total number of atoms held in the MOT
cloud. Numbers for this trap were typically around 2x10” atoms in a 1.5mm diameter

cloud.

: Black Cardboard Tube

/ Photodiode

90mm Lens

Figure 3 : A schematic showing the arrangement for collecting fluorescence from the
MOT cloud. The lens was positioned ~180mm from MOT center. This allowed an

approximate calculation for the number of atoms in the cloud.

With this process as a blue-print, the contribution of some of the major MOT
components could be investigated. That is, the effect of oven current on trap filling

time and the magnetic coil current on the number of atoms.
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Appendix iii
Measurement of Trap Filling Time

Trap filling time was of importance when attempting to minimize the time
between successive cloud drops; particularly when a time limit was set by unwanted
thermal expansion surrounding optics. The cloud size was monitored over time while
the Rb ovens were held at constant drive. A digital Tektronix TDS360, oscilloscope
recorded the fluorescence signal over tens of seconds. As expected, quickening of trap
filling time was seen with increasing background vapor pressure. Atom build up
followed an exponential form similar to that of a capacitor charging, described by;

N(t)=Ny{L—e ") a)

where 7 is the time constant for the trap filling time (also the average time an atom
will remain trapped). Figure 1 shows the number of atoms and the filling times of the
trap. Trap volumes were varied between those shown below, with occasional spikes
up to ~3.5x10" to aid detection of long-distance cloud drops.

Number of Atoms (x10°)

time(s)

Figure 4 : Cloud filling as a function of time at 3 different oven currents
(indicated). The smooth curves are best-fit lines from equation a). The trap
filling time, t, decreases with increasing vapor pressure (increasing oven
current).

In a similar manner, cloud size was monitored as the coil currents were varied,
increasing coil current provided tighter confinement due to greater positional
dependence associated with steeper field gradients. However this prevented the cloud
expanding continuously and created an upper limit for the cloud size.
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Appendix iv
Oblique LG Guidance from a LVIS

Following successful collinear LVIS extension experiments, (see Dr. Rhodes
thesis), we investigated guidance of LVIS atoms at an oblique to the LVIS flux. This
was an important step towards an atomic beam splitter. LG profiles were used as
guiding potentials due to their low intensity centre; offering low spontaneous

emission atom transit.

Red-detuned guide' and Raman pulses” have been used to split atomic
ensembles. Our experiment proved significant as the results contrasted significantly
with those of Yan et al. who performed a similar experiment” where LVIS atoms
were directed vertically with gravity and were intersected by a counter-propagating,
8° oblique hollow light guide. They report a splitting of ~50% of atoms from LVIS
into the hollow guide. However we believe they may have mistaken atoms deflected

from the outside of guide for atoms guided within.

Procedure

An LG I=3 guide beam was directed on the horizontal plane, ~8°
oblique to the LVIS. This setup was as close as possible to that of Yan et al.
The experimental geometry is shown in Figure 1 with the angles exaggerated

to better illustrate the arrangement (and effect on the atoms).

An LVIS of <900mm diameter was created and a guide beam diameter of
~600um was chosen for optimal atom capture. A maximum power of 180mW in an
LG I=3 profile was used. Two CCD cameras were positioned orthogonally to each
other and used for beam alignment and data capture.
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Figure 5 : Experimental geometry for LG guide entry oblique to LVIS flux. The
angle separation between guide and LVIS has been exaggerated from its
experimental 8°. Note atom build-up on either side of the guide beam and the

small number of atoms present within the hollow guide.

Results

Two dark lines, corresponding to the walls of the guide parallel to the CCD
viewing axis, were expected to appear across the LVIS flux. These were visible due to
atom heating from the guide. A build up of atoms on either side of the guide and a
little in the hollow region was seen, however no flux was observed propagating along

the guide centre. Captured CCD results are shown in Figure 2.

Figure 6 : CCD images of, a) a LVIS with a 600um diameter oblique guide

incident and b) the same LVIS with no guide beam. In ai) a closer inspection of
a) highlights the guide path in red. Two dark lines reveal the guide walls and a
build up of atoms on either side of the guide. A narrow trail of atoms can also be
seen in the guide centre, however this trail does not extend beyond the LVIS

shadow region, nor is it a substantial number of atoms.



It was necessary to ensure the guide was on the same plane as the MOT beam
so that the 8° was the only angular displacement from the LVIS flux. Obliquity in
multiple axes could result in a false negative result which would look similar to that
above. However many, purposefully misaligned, beams were viewed from multiple
angles to confirm correct alignment (final arrangement viewed in 2 axes to confirm).
Much work was done to confirm the lack of atoms within the guide beyond regular

LVIS length and to determine the source of the atom build up around the guide.

Consideration of Results

The LG I=3 guide, at an angle of 8°, can confine atoms with a maximum
transverse velocity of 1.3m/s. Thus it should be able to capture a sizable number of
relatively slow moving LVIS atoms. The lack of guiding can be explained by the fact
that the guide resembles a closed pipe. Atoms flowing along LVIS will first encounter
a potential-wall, if they have sufficient longitudinal velocity to carry on through this
wall they will experience an identical wall a few hundred microns later. These atoms
have already shown they have sufficient energy to traverse one wall thus the second
identical wall will similarly fail to capture them. Thus atoms which pass through one
side of the “pipe’ will pass the guide completely and will likely be recycled back
towards the MOT cloud by the surrounding cooling beams.

This explains the build up of atoms on the underside of the guide beam; these
atoms are recycling back towards MOT centre and being interrupted by the guide
beam during their cooling process. Thus the guide will only disrupt the atoms path;
either they will ricochet off the guide into the cooling beams or will build up against
the side of the guide. Even a guide passing through MOT centre will have very few
atoms entering the guide core as these would be unable to cool and fall into into
MOT/guide centre. In retrospect these are fairly intuitive results and are indicated in
Figure 1

These theories were confirmed by translating a TEM,, beam of matching size
and detuning to that of the LG guide through the MOT and LVIS; the same pattern of
LVIS and MOT distortion was seen including the deflected atom build-up on the

guide walls. The effects of guide detuning and position were also investigated. They



were found to confirm the above results and demonstrated the expected turn-off of

guide influence with greater detuning from atomic resonance.

Comparison with Published Work

In comparison, the LVIS splitting reported by Yan et al. presented no
difficulties with coupling into a closed light-pipe, and notably no effect on LVIS itself.
An image from their results is shown in Figure 3, here the plume emitted from the
LVIS is said to be a flux guided within the dark hollow beam. The author believes this

is actually a deflected atom flow mistaken for a guided atomic flux.
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Figure 7 : Results of LVIS splitting published by Yan et al. in their 2000 paper®.
Note, the lack of LVIS perturbation from the guide beam, and a ~50% flux
coupling into the guided atomic beam. The upper images a) and b) are CCD
stills with and without the hollow guide and the lower graphs c) and d) are

intensity profiles taken along a line at the marked position.

Pierced-Pipe Oblique LG Guidance

In St Andrews we implemented a solution whereby a gap in the dark hollow
beam (or ‘light-pipe’) was introduced in the region where atoms were due to impact.
That is, an opaque obstruction was carefully translated such that it pierced the circular

profile of the LG beam at its waist. The pierced profile was imaged into the trap and

Xi



the obstruction rotated azimuthally around the beam till the imaged aperture faced the
oncoming LVIS atoms. A schematic of this setup is shown in Figure 4.

Obstruction

Gap imaged in
/ trap and aligned §
Imaging lens towards LVIS | K&

Focusing lens

Figure 8 : Schematic showing the arrangement of focusing f=500mm, and
imaging f=300mm, lenses used to image the pierced LG profile into the LVIS

flux path.

An advantage of the pierced-LG technique is the beam’s ability to
diffractively repair itself after the obstruction. Theoretically the LG could provide a
beam of uniform, symmetric, intensity around its profile before, and a short distance
after, the obstruction. Thus the atoms would experience more efficient capture and

prolonged confinement.

Pierced Pipe Oblique LG Guidance, Results

Analysis along the Rayleigh range of the pierced guide showed the aperture
persisted for a distance greater than 20cm; far beyond the range of guiding, and

beyond that measurable on our optical table.

Thus the LVIS atoms in our experiment never truly experienced full 2D
confinement, however the far side of the LG profile provided a barrier sufficient to
deflect them in the guide direction while inside the semi-closed ‘light pipe’. Figure 5

and Figure 6 illustrate the resultant flux enhancement.
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Figure 9 : CCD images of the LVIS atoms with and without incident guide
beams. At top, an unperturbed LVIS flux. Middle, the same LVIS with a
conventional 180mW LG I=3 guide beam incident at 8° to flux direction.
Bottom, the same LVIS with a ‘pierced’ 180mW LG I=3 incident at 8° obliquity.
Note the increase in fluorescence in the centre of the 600um wide guide profile.
The yellow indicators mark the length profiled in Figure 6. (The vertical
striations are an unavoidable interference pattern generated in the camera lens

optics).
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Figure 10 : Intensity profiles taken along the flux shown in Figure 5, sampled
between the yellow markers. The pierced guide is shown to have a ~50%

increase in flux along its length.
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The insertion of the obstruction into the guide clearly provided an increase in
atom coupling into the centre of the LG profile. The atomic flux in the centre is ~50%
higher than that of the standard LG (measured at a point 2mm from MOT centre). It is
believed this measurement would be higher if the aperture closed sooner; some atoms
are expected to have ejected back through the open aperture following collision and

repulsion from the internal guide wall.

Computer simulations indicated alternate beam profiles which would serve as
better guides. However these were not investigated further. This work is presented
here in order to highlight possible inaccuracies in published work and to give an

account of the authors research.
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