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As a human being, one has been endowed
with just enough intelligence to be able to
see clearly enough how utterly inadequate
that intelligence is when confronted with

what exists.

Albert Einstein 1879-1955



Abstract

This thesis is concerned with both the experimental development of diode lasers
in the field of laser cooling and atom trapping and the use of light beams to guide

cold atoms.

The characteristics of a novel, commercially available diode laser with a circu-
lar output were investigated. Extended mode-hop free tuning was observed and
this, together with the spectrally narrowed linewidth, allowed Doppler-free spec-
troscopy to be taken of rubidium. This laser was included in atom trapping ex-
periments both directly and when placed in an extended-cavity geometry. Apart
from a simplification in the experimental setup, a degree of frequency stability
was observed in the output enabling atoms to be trapped over a number of min-
utes with the laser unlocked. For reproducibility in any cold atom experiment
a means of stabilizing a laser’s frequency to a reference is required. A number
of techniques for doing this have been investigated and compared. Further, the
characterisation of a recently available gallium nitride diode laser in an extended-

cavity geometry has been performed.

The second half of this thesis is concerned with experimental atom trapping and
optical guiding. A number of magneto-optical traps (MOTs) have been con-
structed and tested with one novel trap in particular, the mirror MOT, allowing
a cold atomic ensemble to be placed close to a mirrored surface while needing
only four trapping beams in comparison to the six normally required. The gen-
eration of a low-velocity intense source (LVIS) of atoms has been obtained by
one conventional and one novel method. Guiding a LVIS of cold atoms utilizing
the optical dipole force has been investigated while the first experimental guiding
of such an atomic beam with a blue-detuned Laguerre-Gaussian laser beam has

been performed.
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MOCVD
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Charged Coupled Device

Continuous Wave

Dichroic-Atomic Vapour Laser Lock

Distributed Bragg Reflector

Distributed Feedback

Extended-Cavity Diode Laser

Free Spectral Range

Full Width at Half Maximum

Gallium Nitride

Graded Refractive INdex ROD
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Infrared

Laguerre-Gaussian. A circularly symmetric laser mode that has
a helical phase structure and a phase singularity at its centre.
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Abbreviations
OSA
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PZT
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SiC

TEMgo
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Meaning

Optical Spectrum Analyser

Neodymium Yttrium Vanadate

Piezoelectric Transducer
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Silicon Carbide

Transverse electro-magnetic mode with no dark regions in both
the vertical and the horizontal planes. This is a diffraction lim-
ited transverse mode with a single intensity lobe.
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Chapter 1

Introduction

Laser cooling and atom trapping, since its birth in 1985, has had a consider-
able impact in atomic physics with important repercussions. Indeed, this was
acknowledged with the Nobel Prize for Physics in 1997 being awarded jointly
to William D. Phillips, Claude N. Cohen-Tannoudji and Steven Chu for their
endeavours in reaching the lowest temperatures of any physical system in a labo-
ratory. Crudely, the temperature of an object is determined by the kinetic energy
of the constituent particles of that object on a microscopic level. Reducing the ki-
netic energy reduces the temperature. What the Nobel Prize Laureates achieved
was to cool a dilute gas of alkali atoms from room temperature, where they are
moving with a speed of a few hundred metres per second (the speed of a fast jet
plane) , to a fraction of a degree above absolute zero, where they were moving
at a few centimetres per second (the speed of a mosquito). This was achieved
by selectively imparting momentum from photons to fast moving atoms, thereby
slowing them down. Not only were the atoms slowed but they were confined

spatially in a dense cloud.

So why was this considered important? First, experimentalists in atomic physics
up until then had been forced to use either thermal atomic beams or vapour
cells where atoms have high velocities. This allowed only short interaction times

limiting the resolution of the atomic states being measured. Second, a possibility
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of studying atom-atom interactions under such conditions, with many extraneous
factors being omitted, was envisaged. Third, and probably the most important,
was the quest for Bose-Einstein Condensation. This is a state predicted by Bose
and Einstein in 1924 in which particles with sufficiently low temperatures and high
densities have their de Broglie wavelengths overlapping. This state culminates in
the particles loosing their fermionic properties, preferring to exist as bosons. A
considerable amount of research had been conducted in attempting to realize BEC
without success and although laser cooling and atom trapping did not produce
BEC of its own accord, it was believed to be a significant step towards it. This
was indeed true and in 1995 BEC was experimentally observed using other cooling
methods to cool below the optical limit. The realization of both neutral atom
traps and BEC has led to new areas in physics being created to accommodate
new physical regimes. Cold atomic beams are now routinely available and the
manipulation of these beams has paved the way for atom-optics. In much the
same way that conventional optical elements reflect, split or combine light beams,
atom-optics reflect, split or combine atomic beams. The most important use of
these elements is in the fabrication of a compact atom interferometer and other

precise measuring devices.

The characteristics of the lasers used in all cooling and trapping experiments have
stringent requirements placed upon them. As such, this thesis is in two distinct
halves. The first examines the characteristics required by these lasers and how
one might achieve this in the experimental laboratory with ease and minimal
expense. New and novel laser sources suitable for laser cooling are investigated
including a laser diode producing a circular output directly from the laser can
and the characterisation of a recently available gallium nitride diode laser that
emits near 400 nm. The second half examines laser cooling and atom trapping
as a basis from which the experimental generation and subsequent manipulation

of a cold atomic beam can be performed.
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1.1 Synopsis of Thesis

After this brief introductory chapter, Chapter 2 details the operating mechanisms
of a semiconductor diode laser. Importantly, the influence of feedback is addressed
and the manner in which selective feedback can be incorporated into a laser de-
sign is outlined. In laser cooling and atom trapping the laser frequency must be
stabilized precisely to a reference. A number of techniques of how this can be
done are detailed. Chapter 3 progresses by encompassing ideas and designs high-
lighted in Chapter 2 and bringing them experimentally to the laboratory. The
construction of an extended-cavity diode laser is detailed as well as a comparison
of three different frequency stabilization techniques employed during this research
project. Chapter 4 investigates the characteristics of a novel diode laser that has
had a small microlens attached close to its front facet. In addition to providing
a circular output directly from the diode laser can, it has been found to possess
improved characteristics suited for use in laser cooling. Chapter 5 is a charac-
terisation of a gallium nitride diode laser placed in an extended-cavity geometry.
The characteristics are related to the semiconductor structure peculiarities as

have been reported in recent literature.

Chapter 6 describes the historical background leading to the advent of laser cool-
ing and atom trapping. Theories of different cooling mechanisms are presented
which led to the formation of BEC. Neutral atom traps are described, most impor-
tantly the magneto-optical trap (MOT). Two methods of extracting cold atoms
directly from the centre of a MOT are outlined. The optical dipole force is in-
troduced as a means of creating an atom trap but is fundamental with regard
to the work presented in this thesis on the manipulation, notably guiding, of a
cold atomic beam using light beams. A review of atom guiding experiments is
presented in Chapter 7. The construction and operation characteristics of three
different MOTs are detailed in Chapter 8. Within this chapter, a MOT enabling
the placement of a cold cloud of atoms approximately 1 mm from a mirrored

surface is described. Chapter 9 details how a cold atomic beam may be gener-
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ated from the centre of a MOT experimentally. Further, preliminary experiments
on the guiding of this beam using the optical dipole force is presented in Chap-
ter 6. In particular, the first experimental guiding of a low-velocity intense source
of cold atoms using a blue-detuned, co-linear, Laguerre-Gaussian laser beam is

described.



Chapter 2

Diode Laser and Frequency
Locking Theory

2.1 Introduction

Semiconductor diode lasers have had one of the most profound impacts in modern
physics in recent decades. Their undisputed commercial success reflects this by
being the principle functional component in every compact disc player, CD-ROM
drive, laser pointer and laser printer. Many of the world’s long and medium
distance communication networks rely on pulses of light generated from semi-
conductor lasers reinforcing the need for these lasers to be manufactured in the

largest quantities.

These lasers operate by the recombination of holes and electrons as they travel
from one semiconductor material to another containing differing impurities (or
dopants). On recombination, a photon is emitted with a characteristic energy
determined by the structure of the energy bands for that particular material.
Typical wavelengths are in the red and infrared regions of the spectrum although
new-generation shorter wavelength diode lasers can access wavelengths in the

blue and violet. Output powers can vary from a few milliwatts for a single mode

wa
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laser to kilowatt laser bar arrays. Diode lasers have, to a great extent, replaced
titanium sapphire and dye lasers in atomic physics because of their low cost, ease
of use, simplicity and reliability. However, they are not immune from problems
and these need to be addressed before their full potential can be realized in atomic

physics.

In this chapter, a brief historical background of the development of semiconductor
diode lasers and their operating characteristics will be described. The effects and
benefits obtained from implementing optical feedback to improve lasing character-
istics, particularly with relevance to the area of spectroscopy and atom trapping,
will be shown. Furthermore, in the field of laser cooling and atom trapping, it is
a prerequisite that not only must the laser source be spectrally narrow but that
it must be tuneable and stabilized to a precisely determined value. Therefore the
methods and means of controlling the output frequency of these diodes and how

the laser may be locked to a particular frequency reference will be discussed.

2.1.1 Realization of the Laser

In 1916, Albert Einstein published a paper based on his own proof of Planck’s law
and, through his use of statistical mechanics, introduced the concept of stimulated
emission [1]'. Ladenburg was close to proving experimentally Einstein’s theory in
1933 through his work on negative dispersion in electrically excited gases [2] but it
was not until 1953 that Weber demonstrated stimulated emission on a microwave
transition [3]. Almost immediately a plethora of activity commenced in pursuit
of an optical analogue with Maiman triumphing in 1960 with an experimental
demonstration of a flash-lamp pumped ruby laser at 694 nm [4]. The first gas
discharge laser was realized soon afterwards by Javan et al. in 1961 by achieving

stimulated emission from a mixture of helium and neon [5].

LA translation of this paper into English can be found in “Sources of Quantum Mechanics”

by B. L. Van Der Waerden, North-Holland Publishing Company, Holland, pages 63-77.
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2.1.2 Realization of the Semiconductor Laser

The first indication that semiconductor materials could be used as a gain medium
for the generation of stimulated emission came from Wantanabe and Nishizawa
in 1957 [6] when they proposed that stimulated emission could result from the
recombination of electron-hole pairs at a p-n junction. Work commenced on
this appealing new idea which came to fruition when a semiconductor diode of
GaAs exhibited laser characteristics once cooled to 77 K with liquid nitrogen
and operated under pulsed conditions [7]. Two fundamental problems limited
these so called homojunction lasers. Firstly, the charge carriers could recombine
throughout the entire device. However, it was only very close to the p-n junction
that current densities were sufficient to support lasing. The excess recombination
led to heating of the semiconductor with the result that, without proper heat-
sinking, the device would experience permanent and catastrophic breakdown very
quickly. Secondly, a substantial fraction of the light generated in the active gain
region was diffracted into the highly absorbing p-type and n-type semiconductor
above and below the junction resulting in even more current being required to
achieve threshold. Both these factors limited early semiconductor lasers to pulsed

operation at cryogenic temperatures [7, 8].

To surmount the former of these problems and partially alleviate the latter, Kroe-
mer, in 1963, proposed the heterojunction [9]. It was not until 7 years later, due
to difficulties in material quality, that room temperature operation of a n-GaAs,
p-GaAs and a p-AlGaAs layered structure was demonstrated [10]. Further refine-
ment led to construction of the now common double heterojunction, an example
of which is shown in Figure 2.1, which resulted in the first CW, room tempera-
ture laser diode [11]. From the simple but inefficient homojunction requiring as
much as 5x10* A em™? to operate, progress had led to current densities of only
100 A em™2 being necessary to sustain lasing. The achievement of continuous las-
ing at room temperatures was the result of three main advantages of the double

heterostructure over other designs, namely:
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Figure 2.1: Schematic diagram of the double heterojunction in a GaAs-AlGaAs semiconductor

diode laser.

(i) The refractive index, 7, of Al,Ga;_,As was significantly less than that of
GaAs (n = 3.4 for v = 0.4 while n = 3.6 for z = 0). This produced a

natural gain-guided region for confinement of stimulated photons.

(ii) The bandgap energy of AlGaAs (1.3 eV - 2.2 eV) was significantly differ-
ent from GaAs (~1.3 eV) allowing confinement of the injected holes and
electrons in the active region. This increased carrier density gave a corre-
sponding increase in optical gain which enabled a lower current to achieve

laser threshold.

(iii) The different bandgap also gave a reduced absorption of light in the layers

surrounding the active region, improving performance.

The thickness of the active layer in a typical double heterostructure laser ranged
from 0.1 to 0.3um. Advances in material growth techniques in the 1980s allowed
the active layer thickness to be reduced to dimensions of 5 to 10 nm. In doing
so, the energy levels exhibit quantum behaviour and the structure is referred to
as a quantum-well. A number of such thin layers stacked above one another is
named a multi-quantum-well (MQW). The quantisation of energy levels implies
light is emitted over a narrower range of energies resulting in higher gain for lower
threshold currents. Threshold currents as low as 0.5 mA ¢cm~? have been achieved

in quantum-well lasers [12].
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In 1996, Nakamura and colleagues reported room temperature operation of an
indium gallium nitride (InGaN)-based MQW diode laser providing the shortest
wavelength emission from a semiconductor laser at 417 nm at that time [13].
Further research yielded CW operation at room temperature and commercialisa-
tion of this diode [14]. Further details of this particular diode laser are given in

Chapter 5.

2.2 Semiconductor Diode Laser Characteristics

The fundamental physics of semiconductors and diode lasers have been presented
elsewhere [12, 15, 16, 17, 18, 19] and need not be reproduced here. However, it
is pertinent to draw on several of the relevant features of diode lasers and these

are summarised in this section.

A typical construction of a diode laser was shown in Figure 2.1. Laser light was
generated by passing a current, the injection current, vertically through the gain
region where electrons and holes recombined to produce photons. The emitted
wavelength was determined by the bandgap energy of the particular semiconduc-
tor material and was broadband, typically Av = 20 — 50 MHz, relative to atomic
transitions, which are a few MHz. The active region was typically 0.1xm to 0.3um
thick, ~ 4pum wide with lengths ranging from 100pm to 1000pm. Transverse con-
finement of the laser mode can be achieved by two separate methods. The first
method is known as indez-guiding whereby growing lower refractive index mate-
rial either side of the gain region, as well as above and below it, the light can be
contained and guided along a narrow channel. The second, alternative method,
known as gain-guiding, restricts the dimensions of the metal contact supplying
the injection current to a thin stripe, thereby creating a narrow gain region in
the active layer. The majority of atomic physics performed using diode lasers
in the near infrared has been based on index-guided AlGaAs lasers. The output
power of a typical semiconductor diode laser as a function of the injection current

is shown in Figure 2.2. The abrupt onset of lasing can be seen at the threshold
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Figure 2.2: Output power versus injection current for a typical AlGaAs laser. The sudden

change in slope when the threshold current is reached marks the onset of laser action.

2.2.1 Spatial Characteristics

Due to the output beam of the laser being emitted from a small rectangular aper-
ture with dimensions of the same order as the wavelength of the light, diffraction
occurs and the beam subsequently has a large divergence. A typical output beam
has a divergence angle, full width at half maximum (FWHM), of 30° in the di-
rection perpendicular to the junction, €,, and 10° in the parallel direction, 6,
as shown in Figure 2.3. The beam is then usually collimated, typically using a
small f number lens to give an elliptical profile. If a circular profile is required,
as is necessary in atom trapping experiments, then subsequent beam shaping by

anamorphic prisms, cylindrical lenses or fibre coupling is needed.

The non-symmetric beam profile is one of all diode lasers’ shortcomings when
incorporated into atom trapping experiments. However, this limitation was ad-
dressed directly during this research and resolved without the need for extraneous

beam shaping optics. Chapter 4 details the solutions implemented.
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Figure 2.3: The elliptical beam profile of a laser diode is a result of emission from the

rectangular gain region having dimensions of the same order as the emitted wavelength.

2.2.2 Linewidth Characteristics

The gain bandwidth of a diode laser will typically range over 20 nm although
this reduces to approximately 5 nm in MQW lasers. A diode laser’s mirrors,
in most instances, are formed by simply cleaving the semiconductor wafer along
the crystal axis perpendicular to the optical axis. This creates parallel reflecting
surfaces which form the resonating cavity. Allowed longitudinal modes are defined
by the free spectral range (FSR) of the cavity with the laser outputting one or
more such modes. At low powers, just above threshold, it is common for the laser
to run multi-mode but as competition effects mount with increasing current,
one or two modes dominate. Diode lasers can be forced to run single mode by
implementing one of a number of methods. Grooved or cleaved coupled cavities,
distributed feedback (DFB) or distributed Bragg reflectors (DBR) achieve single

mode operation although all of these methods result in reduced tuning ranges.

Because of the high index of refraction of the semiconductor (typically n ~ 3.5),
the reflectivity at the cleaved interfaces is of the order of 30%. This low reflec-
tivity (relatively speaking with respect to other laser cavities) in addition to very

short cavity lengths leads to large laser mode linewidths defined by the modi-
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fied Schawlow-Townes formula [16, 20, 21]. Linewidths of common commercially
available diode lasers vary from 10 to 500 MHz, values somewhat larger than
those defined by Schawlow and Townes but that are accounted for by fluctu-
ations in charge carriers and temperature [22]. This linewidth is too large for
probing atomic transitions whose linewidths are typically of the order of a few
MHz. This is yet another weakness of the diode laser that must be addressed
before use in atomic physics although selective optical feedback can ensure single
longitudinal mode operation and narrow linewidths, as shall be discussed later in

this chapter.

2.2.3 Tuning Characteristics

A diode laser’s wavelength is primarily determined by the bandgap energy of the
semiconductor material, with smaller changes occurring as a result of the diode’s
temperature [23, 24, 25] and current density [26, 27]. The bandgap energy is
defined by the composition and structure of the device and, unfortunately, is
outwith the control of the experimentalist in the laboratory. Commercial lasers
show discontinuous tuning over typically 20 nm but if the laser is to be operated
at or near room temperature, it is important to make a judicious choice of diode

in the first instance.

Temperature Tuning

Tuning of the laser frequency is possible because both the optical path length and
the wavelength dependence of the gain curve vary with temperature. Unluckily
these dependencies are quite different. This results in a “staircase-like” tuning
curve, as shown in Figure 2.4, where the slope of each step is the tuning of one
mode and the jumps are caused by the hopping of one longitudinal mode to
another. In this way it is possible to use the temperature dependency to observe

atomic transitions and as a means of wavelength stabilization. However, the
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Figure 2.4: A typical wavelength versus temperature graph of a diode laser. The short
continuous segments show the tuning of a single longitudinal mode due to the changing optical
path length. The breaks occur when the peak of the gain bandwidth shifts too far and the laser

jumps to another mode.

large spectral jumps are the main disadvantage to using diode lasers in atomic
physics although there are methods to overcome this problem. A commercial
laser quoted for operation at room temperature can lase typically £30 K about
this temperature. Problems exist when operating the laser at either ends of
this temperature range. At high temperatures there is degradation in the laser’s
lifetime and at low temperatures care needs to be taken to ensure condensing
water vapour does not come into contact with the semiconductor material causing

the laser to cease operation.

Current Tuning

In addition to temperature tuning, the laser wavelength is also dependent on the
injection current. In this case, the variation in current affects both the diode

temperature and the carrier density. The temperature change is identical to that
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described in the previous section while the change in carrier density results in a
change of refractive index which in turn varies the wavelength. For time scales
longer than ~1 s the change in current can be thought of as a quick method of
changing the temperature of the diode since the index of refraction contribution
is relatively small. The heating of the junction occurs through Joule heating and
as a result the tuning curve shows the same characteristics as shown in Figure 2.4.
Only on time scales shorter than 1 us is the temperature rise small enough so that
the change in refractive index has a noticeable effect. One of the great strengths
of diode lasers over many of their contemporaries is their ability to tune rapidly

in both amplitude and frequency by variation of the injection current.

2.3 Diode Lasers with Optical Feedback

It has been alluded to previously in this chapter that optical feedback affects the
output from a diode laser. Feedback is achieved by creating a cavity external to
the diode’s own front and back facet by using an extraneous optical element to
return a fraction of the output light back to the diode. The laser characteristics
then take on those defined by the extended-cavity while the diode provides op-
tical gain. Feedback has been reported using mirrors [28], GRINRODs [29, 30],
etalons [31, 32] although the most dominant cavity design for diode lasers has been
the Littman-Metcalf geometry [33, 34] and the Littrow geometry [22, 35, 36, 37).
Optical feedback can have both a detrimental and beneficial effect on a diode
laser’s characteristics. In most cases, unwanted reflections returning to the laser
cavity can be eliminated successfully by the use of an optical isolator. Diode
lasers are sensitive to optical feedback due to a combination of three main fac-

tors [38, 39, 40, 41, 42].

(i) The gain curve of the semiconductor is flat as a function of wavelength.
(ii) The cavity Q-factor is low.

(iii) The cavity is very short.
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Because of the high gain, low Q cavity, there are only a small number of photons
in the cavity at any one time. The lasing wavelength can therefore be perturbed
easily by an external influence leading to a weak dependence of laser gain on
wavelength. In addition, the laser acts as a photodiode when light is returned to
the cavity. This affects the carrier densities in the active region thereby altering
the net laser gain. The insensitivity of the laser gain to any preferred lasing
wavelength can be used as an advantage in improving the laser’s characteristics.
Short laser cavities are more susceptible to optical feedback since the frequency

shift is given by,

—a, (2.1)

where /¢ is the cavity length and ' is the combined phase shift from both output
facet and the source of the feedback. Therefore for a given phase shift, the
frequency shift is greater for shorter cavity lengths. The benefits one may achieve
from employing selective optical feedback are, in general, fourfold. These are

listed below with theoretical details being found in literature [28, 43].

(i) Single Mode Operation
Single mode operation from a diode laser may be brought about by imple-
menting DFB, DBRs or coupled cavities. Unfortunately, associated with
this improvement in longitudinal mode structure is a reduction in tuning of

the laser wavelength.

(ii) Increased Tunability
By altering the extended-cavity length, the laser wavelength can be tuned
mode-hop free, in some cases, across the entire gain bandwidth (~20 nm).
However, this enhanced tunability requires careful alignment of optics and

positioning of the optical feedback element.

(iii) Linewidth Narrowing

Since an oscillating mode’s linewidth is inversely proportional to both the
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cavity round-trip time and the cavity Q-factor, the mode oscillating within

the extended-cavity experiences a spectral narrowing from these factors.

(iv) Improved Frequency Stability
Fluctuations in wavelength arise from the change in the refractive index-
length product of the cavity. It can be shown mathematically that the

variation in this product can be reduced by introducing optical feedback.

It is because of these characteristics that diode lasers placed in an extended-cavity
geometry are now used extensively throughout the industrial and academic atomic
physics community for detailed atomic and molecular spectroscopy. Two of the
most popular geometries are known as the Littman-Metcalf geometry and the
Littrow geometry. Both of these configurations rely on a diffraction grating as

the means of providing selective optical feedback.

2.3.1 Diffraction Grating Theory

A diffraction grating is an optical element that spatially separates incident poly-
chromatic light into its constituent wavelengths. It consists of a series of equally
spaced parallel grooves etched onto the surface of a reflective substrate. The
spacing between the grooves and the angle the grooves form with respect to the
substrate influence the dispersion and efficiency of the grating. The spacing be-
tween grooves must be of the order of the wavelength of the incident light for
diffraction to occur. Spacings too small or too large will not yield diffraction.
There exist currently two types of diffraction gratings. One is known as a ruled
grating where the grooves are physically cut into the substrate producing a saw-
tooth like profile. The other is called a holographic or interference grating. These
are produced by using a photolithographic technique where an interference pat-
tern is shone onto a light sensitive photoresist. After processing, the grating
profile is sinusoidal in nature. The gratings used throughout this research were

ruled gratings.
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The general grating equation is:

nA = d(sinf £ sind") (2.

| S]
o
—

where n is the diffracted order, A is the wavelength of light, d is the grating con-
stant (the distance between successive grooves), € is the angle of incidence of the
light normal to the grating and 6’ is the angle of diffraction measured normal to
the grating, see Figure 2.5. A number of diffracted orders can be seen, as is shown
mathematically by n in Equation 2.2. The number of orders is limited by the
groove spacing and the angle of incidence (which cannot exceed 90°) with higher
orders having reduced efficiency but increased angular dispersion. A diagram
of several diffracted orders generated from a grating are shown schematically in

Figure 2.6.
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Figure 2.5: Diagram showing the grating angles and terms used in describing the physical

properties of ruled diffraction gratings.

The angle ¢ defined by the longer side of the groove and the plane of the grating
is the blaze angle. Changing the blaze angle diffracts preferentially more light into

one specified order thereby increasing the efficiency in that order. The wavelength
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at which maximum efficiency occurs is termed the blaze wavelength.
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Figure 2.6: Schematic diagram indicating the diffracted orders seen when an incident beam

diffracts from a ruled grating.

The experimental gratings used for the purposes of optical feedback throughout
this work were ruled gratings with a grating constant of 8.3x10~" m (1200 lines mm™1)
and a blaze wavelength of 300 nm into the first order. This blaze was chosen such
that approximately 25-30% of incident light at 780 nm was diffracted into the
first order thereby leaving the majority of the power in the zeroth order, and the

output of the extended-cavity laser.

2.3.2 Littman-Metcalf Geometry

In the late 1970s Shoshan and co-workers [33] reported a nitrogen-laser-pumped
dye laser that was tuneable with a spectrally narrow linewidth. A diffractive
grating and a mirror gave a means of providing feedback. A diffraction grating was
used because of its wavelength selective dispersion. Figure 2.7 shows a schematic

diagram of the setup. Soon afterwards, Littman and Metcalf [34] published a
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similar paper which rewarded them with the geometry being named after them?.
As a direct result, several lasers emerged based on this geometry including pulsed

dye lasers [44, 45, 46], pulsed CO, lasers [47] and diode lasers [48].

Collimating
Lens Diffraction
Diode Grating
Laser
Laser
J Output
Tuning ‘)

Mirror

Figure 2.7: Schematic diagram of the Littman-Metcalf geometry when applied for use with

diode lasers.

The output from the laser is collimated and directed towards the grating at graz-
ing incidence. The zeroth order reflection becomes the output of the extended-
cavity with the first order incident on a 100% reflection mirror. This is reflected
back on itself before being diffracted once more at the grating and the first order
being returned to the laser. The zeroth order at this point is lost from the cavity.
The mirror angle acts as the tuning mechanism. When the cavity is tuned, the
comb of extended-cavity modes shifts proportionally to the cavity length. The
dispersion bandwidth also shifts but is proportional to the angle of the mirror.
To achieve single mode tuning without mode-hops, the extended-cavity modes
and the dispersion bandwidth must move in unison such that the same mode is
preserved over the entire tuning range. In this way, the entire bandwidth gain of a
diode laser can be accessed by a single, tuneable cavity mode. It should be noted
however that high quality anti-reflection (AR) coatings (reflectivities lower than
10~ and approaching 10~*) are required for this type of performance while only
limited tuning is observed when uncoated diodes are used. Coating performance

is therefore crucial to the tunability of the laser.

2A excellent example that not only is life not fair in love and war, but in science also!
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2.3.3 Littrow Geometry

In 1972, Hansch reported the construction of a tuneable, pulsed dye laser using a
grating mounted in, what has become to be known as, the Littrow geometry [35].
The design was incorporated into single-frequency, tuneable diode lasers in 1981
by Fleming and co-workers [20]. Figure 2.8 shows a schematic of the Littrow

geometry when applied to a diode laser.

Collimating
Lens
. Diffraction
Diode Grating
Laser
)
Laser
Output

Figure 2.8: Schematic diagram of the Littrow geometry when applied for use with diode

lasers.

Initially the output of the diode laser is collimated. It is then incident on a
diﬂ'réction grating mounted at the Littrow angle. This is the angle at which
the first diffracted order is returned to the diode to provide feedback whilst the
zeroth order reflected beam becomes the output. The angle and distance of the
grating relative to the diode determines the tuning. It is sometimes necessary
to include an etalon within the cavity to obtain single-mode oscillation as it
is often the case that the FWHM frequency bandwidth of the grating is larger
than the diode laser’s FSR. To obtain large, continuous tunability it is vital that
the cavity length and gain dispersion should move synchronously, supporting the
same mode at all wavelengths. The means by which a single, spectrally narrowed
longitudinal mode is selected in the Littrow geometry is shown in Figure 2.9. The
spectral gain profile of the semiconductor material extends over approximately

20 nm, as shown in Figure 2.9(a). The diffraction grating is spectrally selective
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in nature and feeds back light only over a range of wavelengths. Longitudinal
laser modes supported by both the diode laser cavity and the extended-cavity are
shown in Figure 2.9(b). Single mode oscillation is obtained by having only one
extended-cavity mode coinciding with one of the diode laser transmission peaks.
Although in the figure there exists a number of modes that fulfill this requirement,
indicated by vy, v5 and v, only one will oscillate because only one lies within
the grating selectivity bandwidth and at the highest point in the spectral gain

profile, indicated by v, in the figure.

- 20nm g

Spectral Gain
Profile
Grating
Selectivity

(a)

<— Diode Laser Cavity FSR~100GHz—»

Transmission

Extended-Cavity FSR~10GHz Vs

(b)

Frequency

Figure 2.9: A representation of competing processes present during optical feedback from
a wavelength selective element, such as a diffraction grating. The spectral gain profile of the
diode laser (dark line) and the grating selectivity (light line) are shown in (a) whilst the modes
that can be sustained in the diode laser (dark line) and extended-cavity (light line) are shown
in (b). Although vy, vs and vs all lie within the transmission peaks of the laser diode cavity,
only v, lies within the grating selectivity and at the highest point in the spectral gain profile

and therefore this is the only mode that will oscillate.
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2.3.4 Comparison between Littman-Metcalf

and Littrow Geometries

There are two main advantages of the Littman-Metcalf configuration over the
Littrow geometry. Firstly, single-mode operation is usual due to the large wave-
length dispersion obtained from the double pass diffraction. This generates a
frequency bandwidth less than the FSR of the extended-cavity, forcing only one
cavity mode to oscillate. However, single-mode operation can be achieved in
the Littrow configuration by a number of additional methods. An intra-cavity
etalon may be used that has high finesse and a FSR greater than the FWHM
of the Littrow frequency bandwidth. This increases the complexity of the sys-
tem as accurate tuning of this additional element at the same time as rotating
the grating is necessary for mode-hop free tuning. Another solution is to use a
single-mode commercial diode laser. Secondly, the output beam is not altered
spatially by tuning which is the case with the Littrow geometry. However, the
Littman-Metcalf geometry places stringent requirements on the quality of the
grating because of the double pass diffraction scheme. Strong feedback is needed
for wide tuning over the diode’s entire gain bandwidth. A further disadvantage
of the Littman-Metcalf geometry is the slight increase in complexity in alignment
of the setup. Two optical elements need be positioned accurately in contrast to

only one in the Littrow geometry.

If only a few GHz mode-hop free tuning is required at a specified wavelength then
the Littrow geometry becomes attractive because of its simplicity and robustness.
The Littman-Metcalf geometry is preferred if wide tunability is an important

issue.
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2.4 Frequency Locking Techniques

Not only must a laser output be single mode, tuneable and have narrow linewidth
characteristics but in many instances the frequency must also be stabilized to a
precisely determined value. Alternatively, a constant frequency difference be-
tween two lasers may be required to be maintained [49, 50, 51]. In general, this is
accomplished by locking the laser frequency to a well known atomic or molecular
transition frequency [52] or a mechanically stabilized, high finesse etalon [53, 54]

by way of negative feedback.

2.4.1 Servo Locking Systems

A servo locking system, in this instance, describes a system which provides a
means of negative feedback and stabilization of a laser to a particular frequency.
A basic servo loop is shown in Figure 2.10. Some noise is present in the laser
which causes its frequency to vary with time. The laser output is compared with
a reference which, as mentioned, could take the form of an atomic transition or
stable optical cavity. From this comparison an error signal is obtained which
indicates how far the laser’s frequency is from the reference frequency. This error
signal is fed into compensation electronics to provide a negative feedback signal
which is returned to the laser. The feedback is negative so as to cancel the effect
of the noise and bring the laser’s frequency back towards the reference. The error
signal is inversely proportional to the gain of the electronics so in order to push
the laser frequency as close to the reference frequency as possible it is necessary
to have a gain as large as possible. In this manner, the laser’s frequency is locked

to the reference frequency.

An important point to consider when understanding servo locking is that there is
always some form of time delay or lag in the system. A common method of feed-
back used in stabilizing an optical cavity is the use of a piezoelectric transducer

(PZT) attached to one of the cavity mirrors. Since very small mechanical shifts
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Figure 2.10: Schematic diagram of a basic servo loop for stabilization of a laser.

can lead to significant frequency deviations, on this scale, a PZT disc behaves like
a classical spring. Since the mirror has a mass, the mirror/PZT ensemble acts
like a harmonic oscillator. For low frequencies, below the ensembles’ resonant
frequency, the mirror will follow the error signal in phase and correct for the de-
viations in laser frequency. However, if corrections above the resonant frequency
are rectified then there is a 180° phase lag between the mirror and the error signal
and the feedback becomes positive. This highlights the primary problem when
implementing negative feedback in these types of systems, namely that if the
same gain in the compensating electronics is employed across all frequencies then
the system adjusts correctly for errors below the resonant frequency but becomes

an oscillator for frequencies above this value.

One can increase the electronic gain at lower frequencies to improve d.c. response
to the detriment of the bandwidth of the system and, vice versa, the bandwidth
can be increased with a loss of gain at lower frequencies. Hence, a trade-off always

exists between the bandwidth (fast transient response) and the d.c. gain (small

steady-state errors) of any servo locking system.

In some laser locking scenarios it is possible to employ two servo systems simulta-
neously, one with a slow response and one with a fast response, to correct for noise
across an increased frequency spectrum. An example of how this can be achieved

in extended-cavity diode lasers is by using a PZT that corrects for slow drifts in
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frequency and implementing the laser current to correct for high frequency noise.
This is known as dual current/PZT locking. This particular locking scheme has

been used successfully as part of this research.

Because this thesis is concerned with trapping and cooling neutral atoms, it was
necessary to stabilize the experimental lasers relative to the atomic transitions
of interest. All the systems discussed in the following subsections are specific

applications of servo locking and are experimentally investigated in Chapter 3.

2.4.2 Doppler-Free Saturated Absorption Spectroscopy

The simplest method of locking a laser to an atomic hyperfine resonance is by
Doppler-Free saturated absorption spectroscopy. This technique also serves as
the basis for several other spectroscopic schemes, some of which are discussed in
following sections. The technique was conceived in the early 1970s by Hénsch and
co-workers [55, 56] as a method of gaining information from the spectra of atoms
without the effect of Doppler broadening. The kinetic motion of an ensemble of
thermal atoms in a vapour cell would tend to “wash out” the finer features of the
atom’s electronic structure and this method surmounted the problem by inter-
acting solely with those atoms whose velocity along the direction of propagation
of the laser was zero. This followed on from fundamental work carried out by

themselves and others [57].

The experimental setup is shown in Figure 2.11. In this technique, two counter-
propagating, overlapping laser beams of exactly the same frequency interact with
atoms contained within a vapour cell. It is only those atoms that have zero ve-
locity in the direction parallel to the passage of the laser beams that interact
with both beams when the laser is tuned to the atomic resonant frequency, as
shown in Figure 2.12. All other atoms have a velocity component in the direction
of the laser beams and therefore experience a Doppler shift. The more intense

pump beam saturates the transition so that the probe bearn may pass unabsorbed
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Figure 2.11: Schematic diagram for a saturated spectroscopy setup. B/S = Beam splitter.

through the vapour cell thereby creating a dip in the Doppler broadened absorp-
tion profile. These dips correspond to electronic transitions within the atom.
As well as observing dips at frequencies coinciding with electronic transitions,
so called cross-over transitions occur when the laser frequency is tuned exactly
halfway between two electronic transitions. These dips can be explained by ex-
amining a sub-group of atoms with a specific velocity component parallel to the
laser propagation direction. If the laser frequency is tuned to be exactly halfway
between two electronic transitions then such a sub-group can interact with both
laser beams simultaneously. An atom can be resonant with a laser frequency
that has been Doppler shifted up to a particular transition whilst also being res-
onant with same laser frequency Doppler shifted down to a different transition.
This only occurs when the Doppler shift is identical in both cases i.e. when the
laser is tuned to be exactly halfway between two transition frequencies. A more
thorough explanation of this phenomenon can be found in literature [58]. These
cross-over transitions are important as they are used to provide a locking signal

for experiments performed at St Andrews.

Depending on the experimental requirements, the laser frequency can be locked
to either the peak, peak locking, or side of one of these transitions, side-of-fringe

locking, as indicated on a rubidium saturated absorption signal shown in Fig-



DIODE LASER AND LOCKING THEORY 27

Atomic Vapour Cell

Probe Pump
Beam | o ) %‘ Beam
——— ko * R ¢ | ——

Figure 2.12: A cell contains a thermal atomic vapour. Two laser beams of the same frequency,
a pump beam and a less intense probe beam, pass through the cell in a counter-propagating
manner. When the laser frequency is tuned to an electronic transition within the atom then
it is only those atoms with zero velocity along the direction of propagation of the laser beams
(indicated by *) that can interact with both beams simultaneously. This creates a dip in the
Doppler broadened absorption profile of the probe beam when the laser is tuned across an

atomic transition.

ure 2.13. Side-of-fringe locking delivers a simple lock using elementary electronics
while allowing a variation in the locking frequency over the width of the locking
slope. Peak locking provides a stronger, more robust lock at the expense of more
complicated electronics and being unable to vary the locking frequency without
additional optics. Side-of-fringe locking was used as a means of frequency sta-
bilization initially during this work because of simplicity although in the latter
stages peak locking was incorporated to improve frequency stability. The follow-
ing sections present the theory of each technique used in a chronological fashion

as investigated during this research.

2.4.3 Polarisation Spectroscopy

While saturated absorption spectroscopy monitors the decrease in absorption of
an atomic vapour, polarisation spectroscopy measures the polarisation state of
a probe beam which passes through an atomic vapour. The technique has been
utilized by the atomic physics community for a number of years with the first
experimental observation being made by Wieman and Hénsch in 1976 [59]. It
was applied to the stabilization of diode lasers in the early 1990s [60, 61] and

later to applications in laser cooling and atom trapping [62]. The setup is very
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Figure 2.13: A typical saturated absorption spectroscopy profile for the 8Rb F=3—F’ tran-
sition. The vertical lines indicate the frequencies that a laser could be locked to using either a

peak-locking or a side-of-fringe locking technique.

similar to that required for saturated spectroscopy but with the inclusion of a

polariser, an analyser and a quarter-wave plate, as shown in Figure 2.14.

The output from a tuneable, monochromatic laser source is split into a weak
probe beam and a stronger pump beam. The probe beam passes through a lin-
ear polariser, the vapour cell and a second linear polariser crossed with the first
(known as an analyser) and is then incident on a photodiode. The pump beam
passes through a quarter-wave plate before passing, in the opposite direction to
the probe beam, through the vapour cell. The linearly polarised probe beam
may be decomposed into two counter-rotating circularly polarised beams, one
rotating in the same sense as the polarising beam and one rotating in the op-
posite sense. When tuned to an atomic resonance, the degenerate sublevels are
unevenly pumped by the circularly polarised pump beam due to polarisation de-
pendent selection rules. This anisotropy leads to two effects being seen on the
linearly polarised probe beam. Firstly, the vapour becomes circularly dichroic

making the probe beam elliptically polarised and, secondly, it becomes birefrin-
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Figure 2.14: Schematic diagram for a polarisation spectroscopy setup. B/S = Beam splitter

and L/P = Linear polariser.

gent which rotates the axis of polarisation [59]. Since it is only those atoms which
interact with both laser beams at the same time that contribute to the effect, this
technique is, like saturated absorption, Doppler-free. Therefore, when a laser is
tuned across an atomic resonance, the probe beam polarisation adopts an ellip-
tical nature and is rotated causing an increase in intensity being detected at the

photodiode.

2.4.4 Dichroic-Atomic Vapour Laser Lock

Another technique that can be used to either side-of-fringe or peak lock a laser
is known as dichroic-atomic vapour laser lock (DAVLL). Originally known as
Zeeman locking, this technique was used to peak lock without the need for mod-
ulation of the laser frequency [63]. Instead the degenerate sublevel energies in an
atomic vapour were made to oscillate by introducing an a.c. ripple to a solenoid
placed around the vapour cell. This produced the desired absorption oscillation
required for locking and was first shown in stabilizing an infrared stryrl-9 dye

laser [64]. The method has been applied subsequently to a free-running diode
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laser locked to a transition in caesium [65], a confocal-cavity locked diode laser
using rubidium [66] and in stabilizing an ECDL in the Littrow geometry to potas-
sium [67]. All of these experiments are Doppler-free in nature and lock the laser
to one particular frequency. The second method of utilizing the Zeeman effect in
an atomic vapour is shown in Figure 2.15. This describes a side-of-fringe locking
scheme which was first proposed and demonstrated experimentally by Chéron et
al. [68] on a diode pumped LNA laser in helium and later extrapolated for use

by Corwin et al. [69] in rubidium using ECDLs.
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Figure 2.15: Schematic diagram for Dichroic-atomic vapour laser lock.

Linearly polarised radiation, resonant with an atomic transition, passes through
an atomic vapour cell, parallel to the magnetic field. The linearly polarised beam
can be thought of as a coherent sum of two orthogonal circular polarisation states,
ot and o~ of equal intensities. The B-field separates the normally degenerate
sublevels within the atoms causing the absorption line to be split into two Zee-
man components, shifted in opposite directions. A quarter-wave plate produces
two orthogonal, linearly polarised components which are then separated spatially
at a polarising beam splitting cube and collected at individual photodiodes. The
measured signals can be seen in Figure 2.16. If these signals are fed to a differ-

ential amplifier then a dispersive signal is obtained that can be used for locking
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purposes. This dispersive signal has the same signal-to-noise ratio as saturation
spectroscopy but because the signal is composed of Doppler broadened profiles,

the capture range, i.e. the locking range, can be as large as 800 MHz [70].
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Figure 2.16: Intensity signals measured from DAVLL experiment. The Doppler broadened
peak is shown when no magnetic field is present (a) along with the frequency shift associated
with the o and ¢~ polarisation peaks when present in a magnetic field of 100G, curves (b)
and (c¢). When (b) and (c) are combined in a differential amplifier, (d) is generated giving the

slope to which the laser is locked.

2.4.5 Dual Current/PZT Locking

All the the above techniques rely solely on feedback via the PZT resulting in
high frequency noise not being corrected for. Incorporating a fast feedback loop
via the diode laser’s current increases the system’s bandwidth thereby providing
a stronger lock. One method of implementing two different feedback loops in
a peak-locking scheme using a saturated absorption signal is dual current/PZT
locking. The strength of this lock stems from the dual feedback providing both
a slow and a fast response to frequency fluctuations. However, a disadvantage is

that it requires the modulation of the laser frequency over the transition, usually
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by applying a dither to the diode current driver, to generate a dispersive signal
to which the frequency can be locked. This can impose sidebands on the laser
output that may be unacceptable in a particular experiment. Chapter 3 outlines
briefly the electronics required to generate the dispersive locking signal and also
the experimental setup and performance of this scheme while Appendix A details
the electronics and circuit diagrams. In the case of laser cooling, the laser must
be detuned from the peak resonance frequency if dual current/PZT locking is
employed. One method to do this is by incorporating additional optics, such as
an acousto-optic modulator (AOM), into the setup which inevitably leads to a
decrease in power and an increase in complexity of the laser system. However,
the slight decrease in power is, in most cases, negligible with respect to the

improvement in the frequency stability of the laser and robustness of the lock.

2.5 Summary

This chapter has provided an introduction to the operation of diode lasers. The
characteristics of such lasers have also been discussed with respect to their use
in laser cooling experiments. One crucial characteristic of any diode laser to be
used in atom trapping is its ability to be tuned and stabilized effectively to a
predetermined frequency, in this case the frequency corresponding to that of an
atomic transition. This chapter has outlined three methods, namely polarisation
spectroscopy, DAVLL and saturated absorption spectroscopy incorporating dual
current/PZT feedback by which diode lasers can be locked. All three techniques
have been implemented and evaluated and the results from these investigations
will be presented in Chapter 3. Overall, this chapter highlights that diode lasers
are inexpensive and rugged tools ideally suited for application in the field of laser

cooling and atom trapping.
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3.1 Introduction

In this chapter, the experimental laser apparatus used in the trapping experiments
during the course of this research project is discussed. The chapter is divided into

two sections, the contents of which are summarised below.
(i) Laser systems - The design details and operation of our in-house built

extended-cavity diode lasers (ECDLs) used for atom trapping are shown in

Section 3.2.1 and their characteristics compared and contrasted to other re-

40
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ported ECDL geometries. Throughout the guiding experiments, a Ti:Sapphire
laser was used to generate the required guiding power and the operating

principle of this laser will be described briefly in Section 3.2.2.

(ii) Frequency stabilization techniques - Any ECDL used for laser cooling and
trapping must be frequency stabilized to provide reproducible trapping and
in this Chapter three locking schemes namely, polarisation spectroscopy,
DAVLL and dual current/PZT will be evaluated. Each of these tech-
niques will be described in turn and comparisons drawn on their respective

strengths and weaknesses.

3.2 Laser Systems

3.2.1 Extended Cavity Diode Lasers

Laser cooling and trapping of rubidium (Rb) requires two tuneable, narrow
linewidth lasers at 780 nm pumping both the required hyperfine cooling and
repumping transitions. The experimental setup consisted of two commercially
available diode lasers placed in the Littrow geometry giving the required narrow
linewidths and tunability around the wavelengths of interest. Background theory

and discussion on the Littrow geometry may be found in Chapter 2.

The laser system design was simple and straightforward, see Figure 3.1. A Hitachi
7851G single longitudinal mode diode laser operating at a nominal wavelength of
780 nm and 50 mW output power was used. The diode was mounted in a com-
mercially available collimating tube (Thorlabs LT110P-B) and collimated over a
distance of 2 to 3 metres. The collimating tube was then placed in a custom ma-
chined holder which in turn was affixed to a clear quadrant design mirror mount
(Newport P100-AC). The mirror mount was then affixed to an aluminium base-
plate and this assembly placed onto to a large cylindrical base (90 mm diameter,

40 mm high) via a peltier element. This was used to temperature stabilize the
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Figure 3.1: Schematic diagram of the extended cavity diode laser mounted in the Littrow

geometry.

laser diode to between 5 and 10 mK. To provide optical feedback, a second cus-
tom machined holder was made to retain the diffraction grating and this second
holder was placed onto the opposing side of the mirror mount. The gratings,
either 1200 lines/mm or 1800 lines/mm (Optometrics UK), were retained by a
small grub screw to facilitate replacement. The gratings fed back approximately
20% into the first diffracted order which was directed back to the diode forc-
ing it to lase on the new cavity generated between the back facet of the diode
and the grating. Details of gratings and the feedback mechanism are discussed
in Chapter 2. This generated approximately 40 mW output from the ECDL.
Coarse tuning was achieved by rotating the horizontal mirror mount screw giv-
ing typically 4 nm discontinuous tuning. Fine tuning was achieved by placing
a piezoelectric transducer (PZT) beneath this screw. By applying a voltage to

the PZT, continuous, modehop-free tuning of 8 GHz was measured [1]. A digital
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photograph of the laser used throughout this study is shown in Figure 3.2.

Diode laser Vertical Collimating Grub
in collimating mirror mount tube holder screw
tube screw

Temperature Horizontal Piezo- Machined
Controlled mirror mount electric  Grating grating
Baseplate Screw disk holder

Figure 3.2: A photograph, taken from the side, of an extended-cavity diode laser used in

trapping experiments.

Using a 300 MHz optical spectrum analyser (finesse > 300) the laser was found to
run stably in a single longitudinal mode and an upper limit of 2 MHz was placed
on the linewidth from the output of this device. By performing a heterodyne
measurement using two similar lasers, a fast photodiode and a radio frequency
spectrum analyser (Hewlett-Packard HP8566B), the linewidth of each external
cavity diode laser could be measured in a 100 ms sampling time, Figure 3.3.
The convoluted Lorentzian linewidth profile of both lasers was measured to be
135 kHz. This is sufficiently narrower than the natural linewidth of the hyperfine
cooling transition in rubidium (6.1 MHz) and thus these lasers are suitable for

cooling and trapping experiments. Two similar lasers were constructed and placed
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in the configuration as described above and used subsequently in the trapping

experiments discussed in Chapters 8 and 9.

dBm
A

=25 —

=75

212.2 Frequency (MHz) 562.6

Figure 3.3: A heterodyne experiment between two of the external cavity diode lasers. A

linewidth of 135 kHz was inferred from the width of the peak.

[t is instructive at this point to describe the easiest way I have found by experi-
ence of how one aligns perfectly the first diffracted order back into the laser to
force extended cavity operation. The laser and associated optics were setup as
described above but which also incorporated a saturated absorption setup with a
rubidium cell. The zeroth order output from the laser was directed through the
Rb cell. The drive current was set so that the laser operated well above thresh-
old (for the Hitachi diodes mentioned, this was typically ~80 mA). The grub
screw retaining the machined grating holder onto the mirror mount was loosened
and moved in small increments by hand while observing the zeroth order output
with an infrared (IR) card. Careful alignment yielded a grating position which
provided the zeroth order output spot and also a secondary, much fainter spot.

This secondary spot is the result of the first order reflecting off the front facet
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of the diode and back out onto the grating again. When these two spots were
seen, the grub screw holding the machined grating holder was tightened. Both of
these spots should be aligned on top of one another perfectly for feedback. The
secondary spot could be moved by rotating the horizontal and vertical screws of
the mirror mount. The spots were aligned to the best of one’s ability by eve at
this stage. A diode laser placed in an extended-cavity experiences a reduction in
its lasing threshold current due to the increased optical feedback. By exploiting
this fact, a simple method of obtaining extended-cavity operation can be followed
which involves setting the drive current to just below threshold for the diode and

visually observing the onset of lasing by altering the grating angle.

Experimentally, the drive current was then reduced to just below threshold
(again, for the laser detailed above this was ~40 mA but varied depending on
the actual diode). By observing the output on an IR card the sharp reduction in
intensity when the current is set to such a value was found quite easily. While
still observing the IR card, the mirror mount was carefully manipulated in the
horizontal and vertical directions until the characteristic increase in intensity as-
sociated with the onset of lasing was found. The easiest way of doing this was to
unscrew the horizontal screw past the position of maximum overlap between the
spots, ensuring that the spots were well aligned vertically. Then using a thumb,
rotate the mirror mount over the estimated optimal position while incrementally
changing the vertical screw. Since the laser had been aligned by eye, it usually
was not too long before the obvious jump in intensity was seen, indicating that
the laser was operating on the extended-cavity. If some time was spent searching
for the extended-cavity (for example, upwards of 10 minutes) then it was more
beneficial to return to checking both spots were still lying close to one another

and repeating the above procedure.

The procedure to tune the laser to the correct frequency required for trapping was
slightly simpler but more time consuming. The diode drive current was increased
to well above threshold (typically ~80 mA)while the output beam was directed

through the Rb cell. A triangular wave form from a wave function generator
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was placed on the PZT causing it to scan the laser frequency slightly. The peak
to peak voltage depended on the specific PZT used with this setup requiring
only 10 V peak to peak. The horizontal screw on the mirror mount was rotated
slightly while watching the Rb cell through an IR viewer. When the laser was
at the correct frequency, a line of fluorescence was seen in the vapour cell. An
iterative method of changing the diode drive current slightly and then rotating
the horizontal mirror mount screw was employed to find the correct operating

parameters for the particular laser which gave the required wavelength.

A small fraction of the output of the beam (~2.5%) was split using a pellicle
beam splitter and directed towards either a saturated absorption setup, a polari-
sation spectroscopy setup or a dichroic-atomic vapour laser lock (DAVLL) setup
to provide frequency stabilization, all of these techniques shall be described in
the second section of this chapter. The majority of the output was sent towards

the trap.

3.2.2 Guiding Laser

Guiding experiments require a dipole force that can overcome the transverse mo-
tion of the majority of atoms so an appreciable flux can be guided. The transverse
velocities of atoms in a low velocity intense source of atoms (LVIS), typically 3-
5 ms™!, are such that a guide beam of a few 100 mW can provide a sufficiently
large potential barrier for atomic confinement. In this experiment a titanium
doped sapphire (Ti:Sapphire or Ti:Al,O3) laser (Spectra-Physics, Model 39005)
is pumped using a diode pumped neodymium yttrium vanadate (Nd:YVOy,) laser
(Spectra-Physics, Millennia Vs). A 1 W tuneable output around 780 nm in a
TEMgy mode was obtained from the Ti:Sapphire. A brief description of each

laser is outlined below.
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Figure 3.4: Schematic diagram showing the operation of the Millennia laser head.

Millennia Vs

A schematic diagram of this laser is shown in Figure 3.4. The Nd:YVO, crystal
was pumped from either end by two fibre coupled diode laser bars, each capable
of producing 20 W at approximately 815 nm. The bars were run below their
maximum power output to extend lifetime [2] and after fibre coupling, 13 W was

available from each laser bar to pump the crystal.

The 815 nm light excites the Nd* ions into pump bands where they quickly
deplete to the relatively long lived (~60us) *F(3/2) state. From there they can
undergo stimulated emission to the *I(;;/;) level, emitting a photon at 1064 nm
in the process. Since ions in this state quickly de-excite to the ground state, it is
easy to obtain population inversion and hence low laser threshold. The resulting
1064 nm output was converted to the visible through frequency doubling (or
second harmonic generation) in a nonlinear crystal of lithium triborate (LBO).
This was placed intra-cavity where the high oscillating field increased conversion
efficiency to the visible spectrum. The 532 nm light was extracted through a

dichroic output coupler. A small fraction of this was split off and detected using
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a photodiode. The voltage from this was then used as a feedback mechanism to
alter the pump diode currents allowing the laser to operate in a constant power
mode. Up to 5 W of stabilized power at 532 nm could be extracted from this

Millennia laser to be used in the pumping of the Ti:Sapphire laser.

Titanium Sapphire

The output from the Millennia was used to pump a Spectra-Physics Model 3900S
titanium sapphire laser (Ti:Al,03). A schematic diagram of the Ti:sapphire is
shown in Figure 3.5. The Ti** ion is responsible for the laser action. These
ions replace a number of AI** ions in the sapphire crystal with the result that
the electronic ground state of the titanium ion is split into two vibrationally
broadened levels. Optical absorption occurs from 400 to 600 nm and emission

from 650 to 1000 nm.

Pump
Flat Pump
— Beam
@532 nm
Pump
Focus
Laser Birefringent Pump
Output H Filter Flat
< /A Fold
U w mirror
Output @780 nm
Coupler . .
Ti:sapphire ; High
L U Reflector
Fold Temperature Thin
Pump mirror Controlled Etalon
Beam @780 nm Thick
Dump Etalon

Figure 3.5: Schematic diagram showing the operation of the Ti:sapphire laser.

The pump beam was focused into one end of the Brewster angled titanium sap-
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phire crystal. Similarly, the down converted oscillating field was focused to match
the size of the pump inside the crystal. Any unabsorbed pump light was dumped
after a single pass through the Ti:sapphire. As can be seen in the schematic,
there are several intra-cavity elements that select the frequency at which the
laser oscillates. The function of each of these elements will now be discussed

briefly.

Firstly, the birefringent filter was the coarsest of the frequency selective elements
in this cavity. It consisted of three crystalline quartz retardation plates orientated
at Brewter’s angle. On passing through these plates, the linear polarisation of
the light field was changed into elliptically polarised light. There is only one
frequency however that will have its polarisation unchanged on a single pass and
see negligible loss when it next encounters the birefringent filter. The bandwidth
of the birefringent filter was 100 GHz. Secondly, two intra-cavity etalons further
refined the output frequency. The first was a thin etalon 0.5 mm thick with a free
spectral range (FSR) of 200 GHz and a linewidth of 15 GHz. Tuning was achieved
by tilting this etalon with tuning over 100 GHz possible [3]. The second etalon
was 5 mm thick with a FSR of 20 GHz and a linewidth of 500 MHz. This allowed
only two cavity modes separated by 200 MHz to lase. Tuning was accomplished
by either angular adjustment of the etalon or by temperature control of the etalon
housing. Figure 3.6 shows how the selectivity of the birefringent filter and etalons

forces the laser onto only two of its cavity modes.

3.3 Frequency Stabilization Techniques

In this section, the experimental setup of the three frequency stabilization tech-
niques mentioned previously in Chapter 2 will be described. All three methods
have been evaluated and experimental results will be presented for polarisation
spectroscopy in Section 3.3.1, DAVLL in Section 3.3.2 and dual current /PZT lock
in Section 3.3.3.
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Figure 3.6: Diagram of frequency selectivity of the intra-cavity elements. The allowed cavity
modes lie under the curves for the birefringent filter (green), the thin etalon (blue) and the
thick etalon (red). The only 2 modes allowed with all three elements in place are indicated by

the arrows.

3.3.1 Polarisation Spectroscopy Lock

Locking the ECDL to an atomic resonance is essential for stabilizing the laser fre-
quency when trapping and cooling atoms. Widely used locking techniques employ
feedback from Doppler-free signals to control the current and/or the PZ1 voltage
to maintain the laser frequency at the desired value. Doppler-free signals can be
generated using saturated absorption spectroscopy [4] and frequency modulation
to generate a dispersive signal [5]. However, these techniques have disadvantages
in terms of sensitivity for weak transitions and complexity respectively. Here,
the use of polarisation spectroscopy is investigated as a simple, highly sensitive,
alternative Doppler-free technique that generates an appropriate dispersive signal

that has been used for stabilizing a laser.

Polarisation spectroscopy [6, 7] is a widely known technique in atomic spec-
troscopy. It is based on a light induced birefringence of an absorbing gas and
is closely related to the widely used saturated absorption techniques. However,
instead of monitoring the change in absorption of the probe beam due to a strong
counter-propagating pump beam, the polarisation rotation of the probe is mon-

itored. This technique is particularly attractive for providing a frequency refer-
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Figure 3.7: The polarisation spectrometer setup.

ence because it is typically 1-2 orders of magnitude more sensitive than saturated
absorption and the dispersion profile of the polarisation allows stabilization with-
out frequency modulation. Additionally, with a side-of-fringe locking technique
the laser can be stabilized over a 100 MHz range around the cooling transition
(F=3—F'=4 for ® Rb). Optimum trapping occurs when the diode laser is red-
detuned by 2 to 3 linewidths from line centre [8] and this is achieved easily by

this system without the need for acousto-optic modulators.

Previous studies of polarisation spectroscopy have included its use for optical feed-
back to stabilize a free-running laser diode [9]. However, the systems used were
more elaborate that the one discussed here. In comparison, this system stabilizes
an ultra-compact extended cavity diode laser using a very simple polarisation

spectrometer geometry.

Figure 3.7 shows the polarisation spectrometer used to generate a dispersive lock-
ing signal [10]. A linearly polarised probe beam passed through a 10 cm long
rubidium cell. This beam then passed through a crossed polariser. Any induced
anisotropy alters the transmission of light through this set of crossed polarisers re-
sulting in an easily detectable signal. The anisotropy was introduced by means of

a circularly polarised pump beam that counter-propagates through the rubidium



EXPERIMENTAL LASER SYSTEMS & STABILIZATION 52

cell. The linearly polarised probe beam may be decomposed into two counter-
rotating circularly polarised beams, one rotating with the polarising beam and
one rotating in the opposite sense. The polarising beam introduced a difference
in absorption and refractive index for each of these two beams because of the
non-uniform pumping of the sublevels. On recombination after passing through
the Rb cell, the plane of linear polarisation of the probe was rotated and may be

detected as an increase in signal on the photodiode.

The intensity of the probe light at the photodiode of a polarisation spectrometer,

ignoring cell window birefringence, can be modelled as Equation 3.1 [11]:

(AaL)? -2 (ﬂ%—) AapL

0
L L
(14 ()’
where Ipack (e + 6%) is the constant background term caused by imperfect po-

It = Ipack e+ 6%+ (3.1)

\u.._,_,_/

larisers, with leakage ¢, at a small misalignment @, transmitting a fraction of
the background saturated absorption. AagL is the change in absorption from
saturated absorption at line centre, 7 is the natural linewidth of the transition
and (vy — v) is the frequency detuning from line centre. No birefringence in the
cell windows (b = 0) have been included because of cell window specifications
in our experimental apparatus. With no constant background, the choice of an-
gle # between the crossed polarisers can lead to a dispersion shape (6 large) or
Lorentzian shape (f ~ 0). The dispersion shape was desirable both in terms of
allowing easy location of the correct hyperfine transition using the background
absorption profile giving a zero crossing slope on which to lock and was achieved
easily experimentally through slight misalignment of the polariser with respect

to the polarisation of the laser.
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The saturated absorption background can be expressed as Equation 3.2 [11]:

M (vy — v)?
1.845 x 10- 12T
2
0 ol
F—F'=041 2 (v —vp)? + (1&')
2

Ipack = 1o {833}9 (‘

(32)

where the first term represents the Doppler broadened profile of the transition at
a given temperature, T, and the second term is the sum of the saturated lines for

the allowed hyperfine transitions F' — F' with a saturation parameter Sp:.

0.08 T T T T T
0.07 - &
------- Saturated Absorption
0.06 - —— Polarisation Spectroscopy .
0.05 - N
F=3-F'=3
0.04 -

F=3-F'=4

0.03

0.02

Fractional Transmission Change

0.01
P =y ]

o 1 1 1 1 1 I ! | |
0—300 -400 =300 =200 -100 0 100 200 300 400 500

Frequency Detuning (MHz)

Figure 3.8: Expected locking signals from polarisation spectroscopy and saturated absorption

spectroscopy of the ¥ Rb 55,5 — ® Py, transition.
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Figure 3.8 shows the difference in expected locking signal between saturated ab-
sorption and polarisation spectroscopy signals. The signal has been modelled
with a 5 angle between the polariser and the polarisation of the diode laser to
show both the Lorentzian and dispersion line shapes. The polarisation signal
was approximately seven times larger than the saturated absorption signal and
had a broad range (~ 100 MHz) over which it could be locked and therefore
used to access the optimum trapping frequency, some 10 to 15 MHz below the

MRU(F = 3 — F' = 4) transition line centre.

Figure 3.9 shows the experimentally measured locking signals obtained from the
setup for the ¥ Rb ®S,/, — Py, transition in both saturated absorption mode
and as a polarisation spectrometer. These results are in good agreement with
the modelling from Figure 3.8 and illustrate the higher sensitivity offered by

polarisation spectroscopy.
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Figure 3.9: (Colour) Experimental measurement of the saturated absorption spectra and
polarisation spectrometer signal from the experimental setup in Figure 3.8. The saturated

absorption signal and the polarisation spectroscopy signal are shown in blue and red respectively.



EXPERIMENTAL LASER SYSTEMS & STABILIZATION

[
on

This locking signal was fed into a simple and inexpensive electronic circuit, similar
in design to that reported by MacAdam et al. [4]. This locking scheme was then
used to stabilize the trapping laser in an atom trapping experiment and allowed
for small changes, up to tens of MHz, in the position of the lock point using an
electronic offset. It was noted however, that purely optical means cannot tune the
laser while locked and electronic means must be employed. This was a limitation
since optical offsets are more stable than those relying on electronics [12]. Atoms
could be trapped continuously for over 2 minutes with the trapping time limited
only by the background rubidium vapour pressure or the drift of the unlocked
hyperfine pumping laser. The frequency drift of the laser while locked was mea-
sured to be less than 10 MHz. Locking the hyperfine laser was conducted using
a similar scheme and this led to continuous trapping of up to 15 minutes being

observed.

3.3.2 Dichroic-Atomic Vapour Laser Lock

One of the disadvantages of the polarisation spectrometer is that the locking
range, although larger than simple saturated absorption, is still limited to approx-
imately 100 MHz and any perturbing factor taking the laser beyond this range
means the lock is lost. Also, fluctuations in beam alignment and intensity alter
the lock point and lead to a drift in the laser frequency. An alternative frequency
stabilization method known as Dichroic-atomic Vapour Laser Lock (DAVLL) [12]
which utilizes the Zeeman effect and delivers a side-of-fringe locking signal with
a locking range some eight times greater than polarisation spectroscopy has been
investigated. The aforementioned drift mechanisms common to polarisation spec-
troscopy are overcome by the way the locking signal is generated. The tuning
characteristics were studied using both optical offsets and by variation of the
B-field yielding a new tuning technique while locked to the atomic transition of

interest. This work has been carried out at a wavelength of 780 nm.

This technique uses a weak magnetic field to split the Zeeman components of an



EXPERIMENTAL LASER SYSTEMS & STABILIZATION 56

Locking o S
l Electronics %
EEP_ b ViEEor Photodiode
LI=
- Rubidium Cell
517%\ Within 2id
/ZFL Electromagnet Plate -
2 Photodiode
X ™ >
Mirror i Polaris_ing
Beamsplitting
I Cube

Figure 3.10: Schematic diagram of the experimental DAVLL setup.

atomic Doppler-broadened absorption signal and then generates an error signal
dependent on the difference of these two signals. The technique was first demon-
strated with a laser in helium [13] and then developed at 780 nm for rubidium [12].
A theoretical description of the method can be found in Chapter 2 where the ori-
gins of the locking signal are described. In the presence of a magnetic field, and
when probed with circularly polarised light, the central absorption frequency of a
Doppler-broadened lineshape is known to shift. For righthand circularly polarised
light (o1) propagating in the z-direction and a B-field in the same direction, the
central frequency of the absorption increases and for the opposite handedness of
polarization (0~) this central frequency decreases. A dispersive error signal is
required for locking. This was generated by subtracting the absorption profiles
recorded for the two components of circularly polarized light, as was shown in
Figure 2.16. The act of subtraction in this instance reduced any Huctuations in
the locking signal from variations in lineshape or absorption. The experimental

optical configuration utilized in this study is shown in Figure 3.10.

Pure linearly polarized light (which may be considered to consist of equal amounts
of left and right handed components of circularly polarized light) was sent through

a Rb vapour cell placed in a magnetic field. Two separate methods can be em-
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ployed to generate the magnetic field:- (i) a standard electromagnet, which will be
discussed here, and (ii) a series of magnetically impregnated rubber rings [12], the
experimental details of which have been published previously [14]. The advan-
tage of the electromagnet over the magnetically impregnated rubber rings is the
flexibility it offers by allowing variation in the magnetic field, something which
will be elaborated on later in this section. The electromagnet consisted of a thin
wooden tube (14 cm long, 3 cm diameter) with wire wound round it generating
a magnetic field of 35.8 GA~! in the vapour cell. The variation in the magnetic
field along the length of the vapour cell, when inserted within the electromagnet
was less than 9%, see Figure 3.11. Immediately after passing through the vapour
cell the light was incident on a quarter-wave plate orientated with both its fast
and slow axes at 45° to the plane of incidence of the incoming linearly polarized
light. Following this, the light was separated into two components by a polarizing
beam splitting cube and each orthogonal polarization component was incident on
separate photodiodes. Subtraction of these photodiode signals led immediately to
a dispersive signal that passes through zero. A typical dispersive DAVLL curve,
which has been generated for rubidium, is shown in Figure 3.12. The capture
range of the locking signal was large (~800 MHz) allowing the laser to recover

from large perturbations in frequency.

Corwin et al. [12] stated that tuning of their lock frequency could be achieved
by either using an electronic offset in their locking electronics or by rotating
the quarter-wave plate. The latter optical method changed the frequency by
weighting the relative intensities of the beams at each photodiode. This method
generated a more appealing solution due to the insensitivity of the lock point to
laser fluctuations however no details were given. To investigate these claims a
theoretical and experimental investigation was begun on this aspect of the locking

method as part of this research project and these findings are now presented.
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Figure 3.11: A graph showing the B-field variation along the centre of the electromagnet. A

9% variation was noted along the 10 cm length that the vapour cell occupies.
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Figure 3.12: A typical DAVLL error signal. This example was observed in rubidium with a
magnetic field of 162G.
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Rotation of Quarter-Wave Plate — Theory

Let us assume that the quarter-wave plate has its fast axis horizontal, then the

Jones Matrix for this optical element is:

10
0 1

To rotate this element it is not sufficient to just use the rotation matrix:

cosf  sinb

—sinf  cost

For correct modelling of this problem, it must be imagined that the rotation
matrix operates on the light and so rotating the waveplate is equivalent to rotating
the light, having it pass through the quarter-wave plate and then rotating it the
same angle back again. In this way the E-field vector after the waveplate is being
measured in the same plane as it was before the plate. Therefore a rotation of a

quarter-wave plate by angle 6 is:

AJ/4Plate,FastAxzis Horizontal

—_———
cosl —sinf 10 cosf  sinf
sinf  cost 0 1 —sinf cost
antir(;ation Rotation
cos) —sinb cosl  sinf
sinf  cosO —isinf icosf
cos%0 + isin20 cosfsinf — icosBsinb
cosBsinf — icosOsinf sin?0 + icos*6

A/4PlateRotation Matriz
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Passing the light now through a polarising beam splitter produces a horizontal

and a vertical component:

_ 0 cos?0 + isin*0 cosfsinf — icosfsinf
Horizontal =
00 cosfsin® — icosfBsinf sin?6 + icos*6
c0s®0 + isin?0 cosfsin® — icosHsinh
0 0
_ 0 cos? + isin*0 cosfsinf — icosfsind
Vertical =
01 cosfsin — icosfsind sin26 + icos®6
0 0

cosfsind — icosfsin® sin6 + icos?*6

If the input light incident on the quarter-wave plate is horizontally polarised then
the horizontal and vertical components after passing through the polarising beam

splitting cube become:

, cos?0 + isin®0  cosfsin® — icosfsind 1
Horizontal =
0 0 0
c0s20 + isin0
0
0 0 1
Vertical =
cosfsinf — icosfsind sin*6 + icos®6 0
0

cosfsinf — icosfsinb

Therefore, if we designate the horizontal direction to the x-axis and the vertical

direction to the y-axis, we obtain Equations 3.3 and 3.4,
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E, = cos’d +isin*0 (3.3)

and E, = cosfsinf — icosfsint (3.4)

as the E-field components.

The intensity of each component is the square of the modulus of each E-field
where the moduli for the x and y components are expressed as Equations 3.5

and 3.6:

| By | = /(cos20)® + (sin20)* (3.5)
and |Ey| = \/((:cr;lstfisinﬂ)2 + (cosBsind)? (3.6)

Therefore giving Equations 3.7 and 3.8 as the intensity of light reaching each
photodiode as a function of rotation angle of the quarter-wave plate for the both

the x and y components respectively.

I, =cos'0+ sin*f (3.7)

and I, = 2cos*0sin*@ (3.8)

Rotation of Quarter-Wave Plate — Experiment

Experimentally, a DAVLL signal was generated as described at the beginning of
this section with the setup being illustrated in Figure 3.10. The waveplate was
rotated incrementally and the intensity at each photodiode measured. Figure 3.13
shows the experimental values plotted as dots with the theoretical intensity val-
ues, modelled using the above matrices, as lines. The agreement between theory

and experiment is excellent. The inclusion of this into the individual DAVLL
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Figure 3.13: Graph of theory (line) and experiment (points) for the photodiode intensity

variation measured as a function of rotation of the quarter-wave plate.

peak variations and subsequent lock point shift modelling was undertaken by my
colleague, Mark Clifford. He also performed the experimentation to confirm this

model.

Tuning of DAVLL Lock Point by B-Field Variation

The effect on the lock point of the DAVLL signal by the variation of the magnetic
field was also investigated. The use of the electromagnet gave the flexibility to
vary the magnetic field accurately and very easily. Typical data is shown in

Figures 3.14 and 3.15 for various B-field values.

Several observations can be made from this experimental data. Firstly, the
DAVLL signal gradient does not vary at fields between ~60 G and ~130 G.
This means the slope of the error signal does not change with B-field. The data
also shows the dependency of the cross-over point to magnetic field, something

which has not been considered to date in literature. The causes of this effect were
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Figure 3.14: (Colour) The DAVLL locking signal measured for various magnetic fields. Note

that the point of zero crossing alters.
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Figure 3.15: (Colour) An enlargement of the circled section in Figure 3.14.
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Figure 3.16: Tuning the frequency by adjusting the d.c. magnetic field applied to the vapour

cell.

unknown but are most likely attributed to the non-symmetric circularly polarised
lineshapes obtained from differing absorptions within the vapour cell [15]. This
would cause an imbalance (that is B-field dependent) to appear between indi-
vidual Doppler broadened peaks. Monitoring the frequency detuning of the lock
point with B-field yields Figure 3.16. The use of an electromagnet in this way
offers the possibility of varying the magnetic field and hence the lock point in situ
in a controlled fashion. The data in Figure 3.16 show clearly that adjusting only
the magnetic field gives a powerful and novel non-mechanical method for tuning

a stabilized laser.

3.3.3 Dual Current/PZT Lock

Both systems mentioned in the previous sections improve the stability of the
laser frequency but are limited in bandwidth due to the feedback loop relying on

a mechanical system, i.e. the PZT. In this, the final area of frequency stabilization
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that will be investigated, a dual feedback of PZT and drive current to the laser
was employed to increase this bandwidth envelope to 100 kHz. Additional theory,

limitations and background on feedback loops can be found in Chapter 2.

Here, a saturated absorption setup was used with the signal obtained being fed
to a more complicated series of electronics than has been used previously. A
simplified schematic diagram of the complete electronic circuit is shown in Fig-
ure 3.17. A triangular wave form was fed to the “Ramp In” socket to allow the
modulation of the PZT in order to obtain the atomic transition of interest. A
small sinusoidal dither was applied to the diode current (up to 100 kHz) from the
oscillator board. This ramps the laser frequency back and forth over the peak of
the hyperfine feature of interest. The saturated absorption signal obtained from
the photodiode! was fed into a amplifier tuned to the dither frequency and then
onto a phase sensitive detector. The dispersive signal subsequently generated can
then be viewed via the “signal monitor” output. This signal was integrated over
a short time base to provide a high frequency error signal which was fed to the
current driver. A d.c. error term was created by integrating this fast error signal
over a larger time scale. This second error signal was used to correct the PZT
voltage in order to minimise the d.c. component of the diode driver error signal.
In this way, the current could correct for any high frequency noise that occurred
and the PZT corrected for lower frequency drifts due to air currents through the
extended cavity or changes in temperature of the apparatus. The bandwidth of
this scheme was limited only by the speed of the feedback loop i.e. the electronics
or the electron/hole mobility in the diode laser. This technique resulted in the
ability to continuously lock for several hours offering a very robust solution which
is being used currently in all ongoing trapping experiments. A more detailed de-

scription of the electronics along with circuit diagrams are given in Appendix A.

This method is a peak-locking scheme and for laser cooling and trapping a tech-

'Note it is important that the photodiode and any associated electronics have a large enough
bandwidth to detect and pass the signal at the dither frequency. This was an important

consideration when 100 kHz dither was employed.
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Figure 3.17: A simplified circuit diagram of the dual current/PZT locking electronics.
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Figure 3.18: Schematic diagram of the acousto-optic modulator setup.

nique must be used to frequency offset the laser to the red side of the cooling
transition. In this work, this was achieved using an acousto-optic modulator
(AOM). The experimental inclusion of this to the laser apparatus is shown in

Figure 3.18.

The AOM was originally placed in the trapping beam but this resulted in prob-
lems when tuning as with a frequency shift is an associated spatial shift of the
beam. This has severe consequences in an atom trap where beam alignment can
be critical. The setup in Figure 3.18 alleviates this problem by having the AOM

in the saturated absorption arm.

The output from the ECDL was split by way of a pellicle beam splitter. The
split light was directed through the AOM where the first diffracted order was
passed into a saturated absorption setup. Our AOM (Model LMO080, Isle Optics,
UK) had a 80 MHz shift in frequency with 23 MHz tunability either side giving a
possible offset from 57 to 103 MHz. This frequency was controlled by inputting

a voltage ranging from 4.5 V (for 57 MHz) to 17.5 V (for 103 MHz) to the
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Figure 3.19: The energy diagram for 8°Rb. All values in brackets are frequencies in MHz.

appropriate socket on the AOM casing. Observing the energy diagram for %°Rb,

Figure 3.19, it can seen that there is only one transition which falls within this

range, remembering that for trapping one needs to be approximately 12 MHz

red-detuned of the cooling transition line centre. This transition is the 55, F =

3 — 5Py F' = (2,4) where the F' = (2,4) refers to the cross-over transition

between the F' = 2 and the F’ = 4 transitions seen in saturated spectroscopy. In

this manner, by locking the laser to the 5S;,F = 3 — 5P3)oF' = (2,4) transition

with an 80 MHz shift due to the AOM, we obtain the laser frequency entering the

trap at the correct 12 MHz red-detuned of the cooling transition. By changing

the voltage offset we can tune the trapping frequency easily around this offset.
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3.3.4 Comparison of Frequency Stabilization Techniques

Polarisation spectroscopy offered an improved locking scheme in comparison to
a saturated absorption spectrometer with very little added complexity. Tuning
while locked, meanwhile, was achieved by way of an electronic offset. This tech-
nique was a simple and inexpensive way of frequency stabilizing an ECDL to an
atomic dispersive signal. Over short time periods the lock proved satisfactory
but if an involved experiment required stabilization for longer then noise would

inevitably cause the laser to “jump” out of lock.

This shortcoming of polarisation spectroscopy was relieved by DAVLL by pro-
viding a locking signal which had a larger capture range (typically 800 MHz in
comparison to 100 MHz for polarisation spectroscopy), was insensitive to laser
alignment and power fluctuations and provided a means by which a locked laser
could be tuned non-electronically. These characteristics gave a more rugged lock
with increased flexibility in having the ability to tuned the laser frequency by

changing the current supplying the magnetic field generating solenoid.

However, both of these techniques were limited by the frequency response of
the mechanical element providing corrective feedback, namely the PZT. Dual
current/PZT gave the best lock of the three techniques by far. The bandwidth of
the feedback was increased in relation to the two previous locking techniques and
the laser lock was proven to be extremely robust. Noise in the form of speaking
loudly, banging doors and hitting the optical table was unable to make the laser
jump out of lock. However, sometimes the act of switching on other electronics
in the vicinity, be it a power supply or a light, was enough to ruin locking. It is
therefore advisable for electronic isolation measures to be introduced to stop this
occurring. The electronics were significantly more complicated than those used
in both polarisation spectroscopy locking and DAVLL. A further disadvantage
was that further complications in the setup were needed as this technique locked
to the peak of an atomic transition. Therefore, a method of offsetting the laser

frequency for use in laser cooling experiments was necessary. The increase in
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expense and time as a result of this complexity may be deemed unconscionable.
However, these reservations about implementing the system are, I believe, greatly
overshadowed by the improvement in the strength of lock. This point is supported
by the experimental observation of continuous locking of an ECDL over a 24
hour period. Dual current/PZT lock is currently the locking technique of choice
employed in all ongoing experiments in this field of research at the University of

St Andrews.

3.4 Conclusions

Several ECDLs have been produced for laser cooling and trapping purposes.
These have proven simple, robust and reliable tools tailored to the needs of any
cooling and trapping experiments. Commercial diode lasers at 780 nm, 50 mW
output power have been integrated into a Littrow geometry extended-cavity.
These yielded approximately 40 mW single longitudinal mode output which was
tuneable continuously over 8 GHz and discontinuously over 4 nm. Through a
heterodyne experiment the linewidth of the laser in a 100 ms sampling time was

measured to be 135 kHz.

Frequency stabilization of these lasers has been demonstrated by three different
locking methods. Polarisation spectroscopy lock, dichroic-atomic vapour laser
lock and dual current/PZT lock have all been implemented in the experimental
setup and have been used to trap and laser cool rubidium atoms in a simple
MOT. In the case of polarisation spectroscopy, the expected line shapes have been
modelled and were shown to be in good agreement with the experimental results.
Further, a means of altering the lock point whilst using the DAVLL system was
investigated non-mechanically by changing the B-field. These system’s relative
strengths and weaknesses have been addressed with dual current/PZT found to

be the most favourable.
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4.1 Introduction

Semiconductor diode lasers are now firmly established as important tools in spec-
troscopy. They offer compact, inexpensive light sources that provide advantages
over more conventional Ti-Sapphire and dye laser systems in high-resolution

atomic physics experiments.

As mentioned previously in Chapter 2, standard diode lasers have several unde-
sirable characteristics for spectroscopy including poor tuning characteristics and

large linewidths but by taking advantage of the susceptibility of these lasers to op-
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tical feedback, one can convert the diode laser into an improved spectroscopic light
source. Feedback is usually introduced by a dispersive optical element (diffraction
grating) external to the diode [1, 2]. In the simplest form of this, the Littrow
geometry (3], the diode laser linewidth is reduced to less than 1 MHz and contin-
uous tuning of up to 8 GHz can typically be realized. This leads to a laser source
which has the required spectral characteristics and which can be tuned smoothly
around the frequency of interest. Such laser systems were discussed extensively

in Chapter 3 and their specifications highlighted.

Another drawback of diode lasers is their elliptical output. The spatial beam
profile is important in laser cooling and atom trapping [4], where non-spherical
beams can cause distortions of the atom-cloud shape. This is corrected by either
using anamorphic prisms, cylindrical lenses or by coupling the laser output into
a single mode optical fibre. All these conventional methods require additional
optics thereby increasing the complexity of the experiment and, in some cases,
at the expense of a substantial loss in power. In this chapter the characteristics
of a diode laser that has a small, cylindrical microlens placed close to the output
facet are investigated. This procedure, known as circularization, results in a
circular output and was evaluated both free-running and in an extended-cavity
geometry. Further, such a diode laser was injection locked from a second similar
laser mounted in the Littrow geometry. The locked laser was used subsequently

to cool and trap neutral rubidium atoms.

4.2 Free-Running Circulaser

Commercial diode lasers were obtained (Blue Sky Research Inc., San José, CA),
part Nos. PS026-00 and M000-703009 respectively for the Hitachi HL 7581G,
50 mW and Sanyo DL-7140-201, 70 mW circularized laser diodes. Both diodes
have had a small cylindrical, virtual point microlens placed close (~30 pm) to
the diode’s output facet, see Figure 4.1. These diode lasers have been named

Circulasers. It should be emphasized that the lasers detailed above operate at
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Figure 4.1: Schematic diagram of the diode laser and microlens assembly.

780 nm which is a wavelength hitherto unexplored with respect to circularized

diode lasers.

The primary function of the ~250 um thick microlens is to provide a circular
output beam directly from the laser package. In addition however, even though
the lens is anti-reflection (AR) coated with reflectivity of ~0.8%, the outer surface
of the lens reflects a small fraction of the light back to the laser. The effect of the
microlens is to create a three mirror cavity. The effective reflectivity (amplitude
coefficient R')of the facet nearer the lens is modified, becoming a periodic function
of the microlens to diode facet distance, £. This effective reflectivity can be shown
to be a function of the wavelength of light emitted ), the unmodified front facet

reflectivity R, and the lens reflectivity r, as shown in Equation 4.1 [5].

R? = R> 4+ [2R(1 — R®)r]cos(4ml/)) (4.1)

The periodicity of the reflectivity results in a wavelength dependent loss and this
allows the laser to oscillate preferentially on a single longitudinal mode [5]. The

modified cavity formed between the back facet of the diode and the lens acts like
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a 3 mm long cavity with an internal etalon which has a length defined by the

distance between the front facet of the diode and the microlens.

There is some ambiguity over whether the photon lifetime is increased thereby
narrowing the laser linewidth solely as a result of the microlens. Talvitie et al. [6]
reported in October 1997 that a narrowing of a free-running diode laser at 635 nm
had been recorded due to the inclusion of such a microlens, but in early 1998 the
same group published findings suggesting that, due to the feedback being ex-
tremely weak, no such linewidth narrowing took place [7]. In both studies the
same diode laser was investigated (a modified SDL-7501-G1, part number PS010
from BlueSky Research). The discrepancy in these findings may be accounted
for by different microlenses having slightly differing reflectivities, although the
exact effect the microlens has on the laser linewidth remains unclear. Without
a lengthy and detailed study of several diodes it is impossible to predict the ex-
act effect the microlens has on the laser’s linewidth at this time but previous
studies on diode lasers conclude that feedback from an external reflective element
resulted in narrowing of the laser linewidth [5, 8]. It was proposed, with rea-
sonable certainty, that the circularized diode lasers used in this research would
show a similar narrowing in linewidth due to feedback from an external reflective

element.

4.2.1 Spatial Characteristics

The spatial characteristics of the output beam from a free-running circularized
diode were investigated initially. The circularized diode was placed in a com-
mercially available collimating tube (Thorlabs Part No. LT110A or LT230P5-B
depending on whether the 9 mm diameter can Hitachi was used or the 5.6 mm can
Sanyo respectively). This was then placed in a custom machined holder which
was temperature stabilized using two peltier elements. A Newport model 505
diode driver was used enabling an external modulation of up to 500 kHz to be

added onto the drive current. A beam profiler (Photon Inc., model 2350) was
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Figure 4.2: (Colour) Beam profiles of (a) a normal, uncircularized Hitachi diode and (b) a

circularized Hitachi diode from Blue Sky Research Inc..

used to compare the profile of a normal, unaltered Hitachi HL 7581G diode to
a circularized diode. A f=+100 mm focal length lens was used to decrease the
size of the beam onto the profiler but care was needed in alignment to ensure
the beam passed centrally through the lens minimizing the effect of aberrations.
Typical profiles of a non-circularized laser are shown compared to a Circulaser,

see Figure 4.2.

The aspect ratio of beam height to beam width of the circularized beam was
1 : 1.1 in comparison with the normal, non-circularized beam of 1 : 2.4. Aspect
ratios of beams used to trap atoms have been measured to be as large as 1 : 1.2
and hence such a laser as detailed here should show no apparent distortions in
cloud shape. Therefore it is concluded that the observed spatial profile of this

laser is adequate for atom trapping purposes.

A measurement of the divergence was taken by measuring the M? value of the
beam. The M? parameter, derived from the product of waist size and far-field
divergence angle, measures how closely a beam approaches the theoretical perfec-
tion represented by a Gaussian TEMg, beam [9]. It is a useful way of comparing a
beam’s quality with the universal absolute minimum of unity. This was done us-

ing the “k Factor Wizard” program incorporated within the previous mentioned



A CIRCULARIZED LASER DIODE 78

beam profiler. M? values for the circularized laser were measured to be less than
1.2. This is close to the value expected from measuring a normal diode laser and
with confidence it can be stated that there is negligible deterioration in the beam

quality.

4.2.2 Linewidth

Recently, Talvitie and co-workers used a commercially available circularized diode
laser at 633 nm for Doppler-free studies of iodine [7]. Such a system employs weak
feedback from an aforementioned integral microlens allowing the diode to run in

a single longitudinal mode.

As part of the work undertaken at St Andrews, a measurement was taken of the
free-running Circulaser linewidth. The laser beam was collimated and directed
into a 300 MHz Free Spectral Range (FSR) Fabry-Perot etalon, Finesse=400, and
a trace recorded on a Tektronix TDS360 oscilloscope. The scan shown in Fig-
ure 4.3, highlights that the laser operates on a single longitudinal mode although
it was found that at operating currents higher than 124 mA the laser switched
to multimode output. The four narrower peaks seen in the scan are the result of
the flyback of the optical spectrum analyser (OSA) due to the saw-tooth ramp
applied to the one of the cavity mirrors. The laser linewidth was measured to be
<4 MHz from the FSR of the etalon, as shown in Figure 4.4. The laser at this
point was not locked to a frequency standard and so no account is made of drift
in frequency. To measure long term frequency drift of this laser, an integration

method using a digital oscilloscope was implemented.

A beam splitter was used to send a portion of the output of a Circulaser to
a 300 MHz FSR Fabry-Perot interferometer via a 40dB optical isolator with
the signal being read on a Tektronix TDS360 digital oscilloscope. Because the
laser frequency was sensitive to current noise and the Newport diode driver used

was mains driven, an ultra low noise diode driver (ILX, model LDX-3620) was
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obtained. This operated from batteries with a noise of < 850 nA r.m.s.. The
apparatus was switched on for a minimum of one hour to allow all components
to reach thermal equilibrium. The experiment was carried out on a Saturday
when noise in the vicinity of the laboratory was at a minimum and the heating
supply had been turned off'. The oscilloscope was set to integrate and the drift
of the laser measured over several time frames. Over a 5 minute period the laser
fluctuated by 49 MHz whilst over 1 hour the laser drift was 130 MHz. With no
active feedback to the laser in any form, these values represent the drift when only
temperature stabilization of the diode housing was employed. This is in contrast
with unlocked drift measurements of uncircularized diode lasers which fluctuate
typically by twice this value. The inclusion of the microlens produces an inherent
improvement of stability of the circularized laser compared to its uncircularized
counterpart. Later in this chapter it will be shown that this increase in stability
is observed when the Circulaser is placed in an extended-cavity resulting in a
laser system that can cool and trap atoms for a number of minutes without the

need for locking to a frequency reference.

The high frequency variations in frequency around the central value as a result
of the laser’s sensitivity to current are somewhat large if the free-running laser
were to be used as the cooling laser but such a laser has been used, unlocked, as
a hyperfine repumping laser on the 8Rb F=2—3 transition for atom trapping.
The correct frequency was obtained by tuning the driving current, the details of

which are now discussed.

4.2.3 Tunability

Talvitie and colleagues [7] also discovered that the circularized diode had the
ability to tune modehop free simply by tuning the drive current. This feature

was investigated using our diode lasers operating at 780 nm.

LAt this time there was no air conditioning in the laboratory and so experiments sensitive to

temperature changes were timed to coincide with periods where least fluctuation would occur.
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Figure 4.3: A scan from a 300MHz FSR Fabry-Perot interferometer of a free-running Circu-
laser showing single longitudinal mode operation at 80 mA drive current. The smaller peaks are
a feature created by the non-symmetric wave driving the interferometer’s cavity mirror, known

as flyback.
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Figure 4.4: A scan from a 300MHz FSR Fabry-Perot interferometer of a free-running Circu-

laser showing single longitudinal mode operation with a linewidth less than 4 MHz.
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A wavefunction generator (Thurlby Thandar Instruments TG210) was connected
to the modulation input of a Newport model 505 laser diode driver. The peak-
to-peak voltage of the saw-tooth wave varied depending on the range over which
the laser was to be tuned but the maximum was typically 4.5 V. This allowed
a complete scan from just above lasing threshold to maximum current (40 mA
to 125 mA). The frequency of the wave generator was not critical but less than
100 Hz was used for all of the experiments. It was necessary to reduce the
frequency to sub-Hertz when measuring the tuning of the laser for reasons that

will be explained later.

The laser was collimated and a fraction split off by way of a beam splitter. This
was directed into a 300 MHz FSR Melles Griot spectrum analyser of Finesse=400.
When the current was increased and the laser frequency tuned, the peaks moved
in one direction. By counting the passage of these peaks and knowing the fre-
quency spacing between them, the tuning could be calculated. The frequency
of the wave generator was decreased to a minimum of 2x10™* Hz to facilitate
possible observation of a discontinuous jump. From any jump, a modehop could
be inferred. Difficulty was encountered tracking the moving peaks when the
laser tuning exceeded ~50 GHz since the wave generator was, at this stage, out-
putting its lowest frequency yet the peaks were moving too quickly to be counted
reliably. The 300 MHz FSR spectrum analyser was replaced with a 1.5 GHz
spectrum analyser, allowing the peaks to be monitored easily. A typical scan of

over approximately 60 GHz can be seen in Figure 4.5.

The difference in peak heights was due to the sampling rate of the oscilloscope.
This was corroborated by scanning over ~10 GHz, shown in Figure 4.6, where
the sampling was sufficiently rapid to measure each peak accurately. Using this
method, a continuous, mode-hop free scan of 110 GHz was measured. A tuning
curve for a Circulaser diode is shown in Figure 4.7, and from this graph a tuning
of 2.17 GHz mA~! was obtained, highlighting the importance of an ultra stable

current diode driver.
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60GHz

Figure 4.5: A frequency scan of 60 GHz showing the height differences in peaks due to the

sampling rate of the digital oscilloscope.
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Figure 4.6: A frequency scan of 10 GHz showing equal peak heights.
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Figure 4.7: Graph of modehop free tuning verses current of a Circulaser.

An experiment was conducted to verify if the laser could be used as a spectro-
scopic tool. A small fraction of the output beam was directed towards a visible
spectrometer (IST-REES E201) and the temperature of the diode set to 23.2C to
enable the laser to operate with a nominal wavelength of 780 nm with a current®
of ~60 mA. The remainder of the output was used in a saturated absorption
spectroscopy setup and the current and temperature varied in a systematic way
until fluorescence was seen in the vapour cell. The laser was then scanned across
the rubidium transition and the trace in Figure 4.8 typifies what was obtained.
As can be seen from this scan, three rubidium lines can be scanned continuously
with the hyperfine features clearly visible on a reduced scan over just one of
the lines, shown in Figure 4.9. It should be noted that since the hyperfine fea-
tures of rubidium can be resolved, the laser must have a linewidth of <10 MHz.
Uncircularized lasers have linewidths typically ranging from 10 to 500 MHz [1]
and it is concluded that although the full extent of linewidth narrowing is not

known, there is sufficient narrowing taking place due to the microlens to lend

2This current was chosen to give an output power sufficient to be used in subsequent trapping

experiments.
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Figure 4.8: Looking from left to right, the Rb F=2—F", Rb F=3—F’and *Rb F=2-F"
transitions as seen using a free-running Circulaser. The hyperfine structure can be seen clearly,

indicating that the laser linewidth is narrower than the atomic linewidth.

this laser suitable for investigation of the hyperfine structure of atoms, giving an
extremely simple spectroscopic tool. There are no mechanical elements to the
system, except the lens itself but this is aligned and then epoxied in place by
BlueSky Research, thereby giving a robust and stable diode with characteristics
and simplicity not matched by any other diode based spectroscopic tool without

the need for expensive or complicated locking electronics.

4.3 Circulaser in Extended-Cavity Geometry

The laser was then placed in an extended-cavity geometry identical to the one

reported in Chapter 3 with all mechanical and electrical parts being the same.

A measurement of the output powers of the diodes in the Littrow geometry was
made. The current/power characteristics for a circularized Hitachi diode are

shown in Figure 4.10. The two extended-cavity curves relate to the orientation
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Figure 4.9: The 85Rb F=3—F’ line as seen using a free running Circulaser. The hyperfine

structure is visible clearly.

of the polarised light incident on the grating. The gratings were obtained from
Optometrics, UK with 1200 lines/mm and were blazed for 300 nm. Due to the
grating reflectivity being polarisation dependent, it was important to orientate the
laser diode relative to the grating for maximum output power. It was simpler to
do this with an uncircularized diode since the output polarisation is perpendicular
to the most divergent axis of the output beam. There was no such visual cue
with a Circulaser and so the only method of ensuring the diode was orientated

correctly was to monitor the output power while rotating the diode in its mount.

A similar set of curves for a circularized Sanyo laser are shown in Figure 4.11 with
the diode orientation in the extended-cavity being optimised for maximum output
power. From these it can be seen that approximately 30 mW and 60 mW sin-
gle mode, narrow linewidth, tuneable output was obtained from the circularized

Hitachi and Sanyo diodes respectively in a Littrow geometry extended-cavity.



A CIRCULARIZED LASER DIODE

60
-
50
3 )
40 4 *
£
p—
Tt
o
3 30 * L]
=] .
ol *
e
=1 +* .
&' 20 4 + L
O: B L d - a
L] 'y
* * . . ‘
b = . . ok A A
C ] . A
s
. . : A A
g 2
0 - ) ; ;
U] 20 40 60 80 100 120 140
Laser Current (mA)

86

Figure 4.10: Current/Power curves for a free-running Hitachi diode laser (diamonds), in

an extended-cavity with the laser rotated for maximum power in the zeroth diffracted order

output (circles), and in a extended-cavity with the laser rotated for maximum power in the first

diffracted order (triangles).
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Figure 4.11: Current/Power curves for a free-running Sanyo diode laser (diamonds), and in

an extended-cavity with the laser rotated for maximum power in the zeroth diffracted order

output (circles).
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Figure 4.12: (Colour) Beam profile of (a) light incident on grating and (b) the Zeroth-order

diffracted output.

4.3.1 Spatial Characteristics

The spatial quality of the beam was measured both before and after the laser was
incident on the diffraction grating using the same technique as in Section 4.2.1.
No noticeable degradation in the beam quality was observed with the aspect
ratio of beam height to width remaining at 1:1.1, see Figure 4.12. Again, this is
in comparison with 1 : 2.4 for the standard 780 nm Hitachi laser diode. The M?

value of the Circulaser beam after the grating was measured to be less than 1.2.

4.3.2 Tunability

Tuning of the laser frequency was achieved by altering the external cavity length.
This was done coarsely by rotating the horizontal mirror mount adjustment screw
while the fine tuning was achieved by applying a voltage to a piezoelectric trans-
ducer (PZT) disk placed beneath this screw. Discontinuous tuning was possible
over 5 nm, from 779 to 784 nm and continuous, modehop-free tuning of ~5 GHz

was achieved. It is informative to note here that the range of continuous tuning



A CIRCULARIZED LASER DIODE 88

varied and depended on the external-cavity alignment. The continuous tuning
range was also less than measured previously for elliptical diodes in the same
configuration (these typically being ~8 GHz [10]). This was probably due to
mode competition effects between the cavities and warrants further study but
since atom cooling studies require only ~1 GHz tuning around the frequency of
interest, it was thought inappropriate to spend extensive periods of time investi-
gating this. It can be commented however, that slightly more care is required in
current selection in order to obtain a smooth frequency scan over the frequency
of interest. It is worth remarking here also that the feedback from the grating is
sufficient to pull the laser output to the desired wavelength and any dual cavity
effects due to the presence of the AR-coated microlens are restricted only to a
slight reduction in the continuous tuning range of the ECDL. Importantly, dur-
ing these studies it has been possible to bring a number of extended-cavity diode
lasers (EDCLs), using Circulaser diodes, to the rubidium D2 line. Further, the
addition of the microlens to the laser diode has an obvious beneficial effect on the

stability of the laser frequency, as will be discussed subsequently in this section.

Although the reduced modehop-free tuning should not lead to problems when the
lasers are used for cooling, in some instances a large tuning range is desired. To
extend tunability further, synchronous current/PZT scanning was employed [11].
A fraction of the saw-tooth wave driving the scanning PZT was used as a modula-
tion input to the diode driver. The modehop-free tuning range was then measured
to be 26 GHz. This occurred when the transfer function between the modula-
tion current and PZT voltage was 0.248 mA V~! for the given apparatus. With
this setup a continuous, uninterrupted scan of the D2 rubidium lines was taken,
shown in Figure 4.13. The detail in (lis scan was depleted due to the resolution
of the digital oscilloscope but by reducing the amplitude of the scan the detailed

hyperfine levels of two of the lines could be seen clearly, Figure 4.14.
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Figure 4.13: Looking from left to right, the 5"Rb F=2—F’, Rb F=3—F", %*Rb F=2-F’

and ¥ Rb F=1—F" transitions as seen using a Circulaser ECDL.

4.3.3 Linewidth

A heterodyne experiment was conducted to measure the beat note between two
circularized ECDLs. The outputs from two similar unlocked ECDLs were hetero-
dyned together and the beat note recorded using a fast photodiode and a radio

frequency spectrum analyser, see Figure 4.15.

The beat note linewidth was measured to be < 300 kHz in a 50 ms sample time.
The ECDL linewidth was therefore sufficiently narrow for use in laser cooling and
atom trapping of ®Rb and both lasers were used subsequently for this purpose.
The zeroth-order output was then directed through an expanding telescope to
produce a beam of diameter ~1.5 cm before being split to provide the three pairs
of orthogonal beams needed to operate a magneto-optical trap. In comparison to
the previous standard ECDL used in the initial experiments [10], a small increase
in the power available at trap centre due to the absence of any beam shaping

optics within the trapping apparatus was obtained. As mentioned briefly before,
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Figure 4.14: The *Rb F=2—F’ and %Rb F=3—F" line as seen using a Circulaser ECDL.

The hyperfine structure is clearly visible.

the inherent stability of the laser frequency was observably better and this was
believed to be due to the additional etalon effect caused by the microlens [6].
Continuous trapping of *Rb atoms was observed over a number of minutes with
an unlocked Circulaser ECDL, demonstrating the long term frequency stability
of this simple yet powerful system [12]. This is in contrast with the standard
7851G diode laser in a very similar ECDL geometry where trapping could only be
observed for a few seconds with the lasers unlocked. For long-term reproducibility,
the circularized ECDLs were stabilized using using polarisation spectroscopy with
rudimentary and inexpensive electronics to allow reliable and consistent trapping

where cost and simplicity are paramount [13].
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Figure 4.15: The beat note of two similar, unlocked, circularized ECDLs when heterodyned.

4.4 Injection Locking of a Circulaser

4.4.1 Introduction and Theory

In 1865 Christiaan Huygens noticed, while bedridden for a number of days, that
when two clocks were placed close together in his room, their pendulums locked
into synchronism and when moved further apart they returned to being free-
running. He later traced the effect to vibrations being transmitted through the
wall between them, but this coupling of two separate oscillators was the first
recorded observation of injection locking [14, 9]. Later, in 1907, the coupling be-
tween two tuning forks placed on a table top was observed by Rayleigh. Oscillator
synchronization is not limited to purely physical systems such as the many exam-
ples in optics, electronic oscillator circuits and phase-locked loops but transcends
to other areas such as biology. A number of striking examples exist in nature
which show such coupling including the synchronized flashing of entire trees full

of tropical fireflies and the synchronization of the female human being menstrual
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frequency wyg.

cycle through pheremonal communication [15].

In lasers, the same effect can be utilized to “lock” one laser’s frequency (slave
laser) to that of another (master laser) by injecting a weak signal from the master
to the slave. For locking to occur, the master frequency, w;, and the free-running
oscillating slave frequency, wy, must be within, what is known as, the locking
range. This range is dependent upon the external decay rate?, 7., of the laser
cavity which is due to external coupling. The regenerative gain experienced by
a weak signal at frequency w input to a cavity oscillating at wy where w # wy is

given by

2
e

—(w Tl (4.2)

| §w) [~

with Figure 4.16 showing this equation graphically.

3 Also known as the frequency bandwidth.
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Figure 4.17: (Colour) When an injected signal is tuned outside the locking range on either
side, the output from the laser consists of both the amplified and the free-running oscillation
signal. When the injected signal is tuned inside the locking range, only single output wave with

the injected frequency is present.

If a weak signal at frequency w, and of amplitude I, is injected into an oscillat-
ing cavity whose natural cavity resonance is at a [requency wy with an output
amplitude Iy, with w; being far from wy, then the signal at w; will experience
regenerative gain at the same time wp is oscillating. Because w; is small and
the gain it experiences is also small, no effect on the free-running oscillation sig-
nal at wy is seen. However, if w; approaches wy then from Equation 4.2, the
gain experienced at w, increases sharply. The amplified output intensity becomes
| §(w1) |*1, which is the power extracted from the gain medium. If this value
approaches and passes the free-running oscillation output, I at wg, then there
is not enough gain in the medium to support both frequencies and the signal at
wp is suppressed. Figure 4.17 shows how the output powers of both signals at
wp and w; change with tuning of the master frequency. Therefore, the laser now
oscillates with an output power equal or slightly above that which it oscillates

with naturally, but at the injected frequency w;.
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The first experimental demonstration of injection locking of one laser to another
was carried out in 1966 by Stover and Steier [16] at the Bell Telephone Laborato-
ries using two single-frequency helium neon lasers. Each laser had a piezoelectric
transducer (PZT) mounted behind one of the cavity mirrors to allow tuning. In
this experiment, a small fraction of one laser was injected into the other (from
the master to the slave). An optical isolator was employed in order to avoid
unwanted feedback from the slave laser to the master. The outputs from both
lasers were overlapped via a beam splitter and directed towards a photodiode
which detected the beat note frequency by way of a radio frequency spectrum
analyser. The beat frequency was then displayed on an oscilloscope. To prove
injection locking was taking place two experiments were performed. Firstly, the
injection signal was blocked and the frequency of the master laser was scanned
using a linear PZT scan. As a function of the PZT scan, the beat note frequency
was seen to decrease as the two laser frequencies converged and then increase as
the frequencies passed one another, as was expected. Next, the injection signal
from the master laser was allowed to enter the slave cavity. When the experiment
was repeated it was seen that when the master laser was within the locking range,
a d.c. component was observed in the beat signal clearly proving that both lasers

were oscillating with the same frequency.

4.4.2 Experimental Injection Locking of a Circulaser

A further extension of work performed on a circularized diode lasers was to use
a Circulaser in an extended cavity geometry (master) to injection lock a free-
running Circulaser (slave) successfully. The experimental setup is shown in Fig-

ure 4.18.

Both lasers were collimated and approximately 8 mW was split from the output
of a circularized ECDL lasing on one of the rubidium D2 lines using a beam
splitter. One of the split beams was passed through two 35dB optical isolators,

one having crossed polarizing beam splitters which output any returning orthog-
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Figure 4.18: Functional diagram of Circulaser injection locking setup.

onal polarization in a direction perpendicularly to that of the input beam. A
half-wave plate was inserted between the isolators which allowed the polarization
of the master laser to match that of the slave laser. Alternatively, the slave laser
could be rotated in its mount. The beam was manceuvred using beam steering
mirrors and directed along the output path of the slave laser. A 50/50 beam
splitter was placed in front of the slave laser to aid in the alignment process but
this could be removed after the locking had been achieved. Between 1% and 2.5%
of the slave power was experimentally found to be required from the master to
lock the slave laser. In practice this was measured to be between 0.5 mW and
2 mW for 80 mW slave output. This gave 60 mW usable trapping power once
the beam had been enlarged and steered towards the trap. Less than 6 nW of
slave power was measured to be returned to the master. This leads to a rejection
of 71dB through both isolators. Monitoring the slave output through a rubidium
cell, it could be seen clearly, using an infrared viewer, when the slave was locked

successfully to the master by the increase in fluorescence through the cell.
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The output from the slave laser was used in a second saturated spectroscopy
setup and the master ramped over the ®Rb F=3—F’ line. The slave output was
expanded using a telescope and directed towards the trapping region to be used

as the cooling beams in a standard MOT experiment.

4.5 Conclusions

Circularized laser diodes make a welcome addition to the area of spectroscopy and
laser cooling. The weak feedback from the integral microlens causes a narrowing
of the lasing linewidth and also enables smooth tuning across the majority of
the gain bandwidth. Hyperfine structure of rubidium atoms have been observed
using such a circularized laser with no other optical elements in place. This is
in stark contrast to normal, free-running uncircularized diodes that are used for
spectroscopy whose linewidths are greater than the atomic features of interest and
whose tuning with current is step-like in nature. To overcome these disadvantages
it 1s usual that the diode be placed in an extended-cavity geometry, which com-
plicates the setup considerably. The extreme simplicity of the Circulaser lends
itself to areas of research and teaching where spectroscopy is investigated on a
regular basis but where adjustment of extended-cavities is not preferred, such
as in an undergraduate teaching laboratory. Once the wavelength of interest is
found for a particular Circulaser, all that need be done on subsequent occasions
to find the desired wavelength is set the diode temperature and laser drive cur-
rent. This has been found to be true for operation of such a diode over months

of experimentation.

The benefits of using Circulasers over conventional uncircularized diodes in an
ECDL for use in atom trapping experiments are also apparent: a reduction in the
number of optical components leads to a simplification of the experimental sys-
tem; there is an increase in trapping power available because of this and inherent
frequency stability means some cold atom experiments may be conducted with

unlocked lasers. It is also noted here that ECDLs, with their tuneable, single
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mode, circular outputs, will be very useful in other applications, for example,
the pumping of an optical parametric oscillator without the need for cylindrical

telescopes or other beam shaping optics [17].

There are many more avenues that could be followed in investigating the possi-
bilities of these simple but effective lasers: investigating in detail the effect the
microlens has on the laser linewidth; if the same effects are seen at other laser
wavelengths, particularly in the blue/near UV region; and evaluating whether
stabilization of the free-running diode would lead to it being suitable for use as
the cooling beam in a MOT experiment. In this chapter the work performed has
brought a new and novel laser system to the current atom trapping configura-
tion. In St Andrews, all previous laser cooling ECDLs in the laboratory have
been replaced with the new circularized design and it is unlikely that in the fu-
ture the former design will be used. Much work could still be done investigating
the properties of these particular lasers, in fact I suspect an entire Ph.D. could
be completed in doing so. It was not the aim of this study to investigate these
diodes exhaustively, but rather to ascertain and evaluate their possible inclusion
into the experiment for means of improvement and simplification. I believe this

has been completed successfully.
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Chapter 5

Gallium Nitride-Based
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“Characterisation of an extended cavity violet diode laser”
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5.1 Introduction

In this chapter, the work carried out on a recently available commercial gallium
nitride (GaN) diode laser when placed in an extended-cavity geometry will be
described. The laser emits in the ultraviolet and during the course of this chapter
its characteristics will be compared to those of diodes in the same geometry but
operating at the more usual red wavelengths. Its viability for use in areas of

spectroscopy and laser cooling are also discussed.
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5.1.1 Background

Since the launch by Nichia Chemical Industries Ltd. (Kaminaka, Japan) of a
commercial diode laser emitting in the blue/violet region of the visible spectrum,
operating continuous wave (CW) and at room temperature [1], there has been
much excitement regarding the potential of these devices in several areas of science
and industry. However, reducing the wavelength of diode lasers into the blue has
not been an easy step to take. Several materials including ZnSe [2, 3], ZnO [4]
and III-V nitrides such as GaN [5] have been investigated intensively. Until
recently it had been impossible to achieve room temperature operation from a
CW diode laser at this wavelength. The foremost reason for this in the case
of ZnSe was excessive non-radiative recombination because of high crystal defect
densities in the semiconductor material. While in nitride materials, it was the low
carrier concentrations. High defect densities result in heating and the eventual
failure of the device. Low carrier concentrations made it impossible to obtain a
population inversion to initiate and sustain lasing. As a result, much effort was
expended on refining the growth techniques to reduce these defects and increase
carrier concentrations. Nichia Chemical Industries Ltd. achieved the first current-
injection nitride based laser [6] and then also the first room temperature, CW

operation for over 10,000 hours® in the latter half of 1997.

The rapid development of GaN diode lasers has led to the recent commercial
availability of CW blue/violet diode lasers having practical lifetime character-
istics. The main market for these devices is acknowledged to be optical data
storage but such developments also afford exciting possibilities in atomic physics
and chemistry by offering a low cost, compact, turnkey source as an alternative to
upconversion fibre lasers or frequency-doubled diode, dye or Ti:Sapphire lasers,
which are used traditionally to access wavelength regions around 400 nm. Re-
cently, a commercial product applicable to the field of atomic physics utilizing

these diodes has been advertised [1] and this confirms their market potential.

1This is defined by laser manufacturers as the “burn-in time” and denotes the minimum

time a laser diode must be able to operate for before failure.
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Visible diode lasers have typical linewidths in the tens of megahertz range. For
some applications this is sufficient, but for high-resolution spectroscopy a con-
tinuously tuneable, sub-megahertz linewidth output is desirable to locate and
resolve spectroscopic features. One particularly attractive way of achieving this
with a conventional diode laser is to use a diffraction grating in an extended-
cavity to feedback the first order and use the zeroth order as the output (Littrow
geometry). This is known as an extended-cavity diode laser (ECDL). Such an
arrangement can narrow the linewidth of a visible diode laser dramatically to the
order of several hundred kHz or below. It provides discontinuous tuning over the
entire gain bandwidth and continuous tuning over several gigahertz on altering
the length and angle of the diffraction grating [7]. Further details of this geometry

and other feedback mechanisms can be found in Chapters 2 and 3.

The characterisation of a GaN diode laser operating in a Littrow geometry around
393 nm giving a tuneable, single frequency output in excess of 3.5 mW is detailed
in this chapter. The output was tuned smoothly over 6 GHz and discontinuously
|

over 2.7 nm. An upper limit of 5 MHz was placed on the linewidth. A photograph

of the free-running violet diode is shown in Figure 5.1.

Figure 5.1: (Colour) A photograph of a free-running GaN laser.

This violet ECDL was around ~1/10 of the cost of the commercial system de-

~1
l

veloped recently [7] when component costs were compared to the retail price.
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Furthermore, the performance of violet diodes was compared to visible diodes in
similar extended-cavity geometries and it was found that important differences
need to be taken into consideration by spectroscopic users. The use of violet
diode lasers in extended-cavity geometries have been reported previously. At the
time of writing applications included sum-frequency generation of light for spec-
troscopy of mercury at 254 nm [8] and spectroscopy of potassium at 404 nm [9].
A characterisation of a commercially packaged extended-cavity diode system has
also been conducted [10] however, this was somewhat limited due to the inability
to alter cavity parameters. The work presented here overcomes this restriction

by allowing the cavity elements to be changed.

5.2 GalN Diode Laser

The bandgap energy of AlGalnN can vary between 6.2 eV and 1.95 eV depending
of the composition of the semiconductor alloy. Therefore, these III-V semicon-
ductors make for useful light-emitting devices at all wavelengths over the visible
spectrum. GaN has a bandgap of 3.4 eV at room temperature which produces a

stimulated photon wavelength of 365 nm if used in an optoelectronic device.

5.2.1 Material Requirements

Substrate

A substrate is required to commence growth for all semiconductor devices. This
is a thin wafer of high quality material on which subsequent layers of semiconduc-
tor material can be deposited. GaN is grown usually on a substrate of sapphire
(Al,O3), (0001) orientation (C-face) at temperatures of about 1000°C' by metal-
organic chemical vapour deposition (MOCVD). Although both GaN and sapphire
possess the same hexagonal symmetry, sapphire has a lattice constant which is

13% [5, 11] larger and a thermal expansion coefficient almost double that of GaN.
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Nakamura et al. [11] experimentally grew GaN structures on a substrate of spinel
(MgAl,Oy4), which has only a 9.5% lattice mismatch to GaN, but found that it
gave no increase in crystal quality. To grow a device on such a mismatched sub-
strate requires a buffer layer. This is a soft layer of GaN grown at a relatively low
temperature of 550°C' which helps reduce the number of defects occurring during
growth. Ideally a substrate of GaN would be used to eliminate all mismatch but
these are not commercially available. A substrate of SiC could be used since the
lattice constant mismatch is only 3.5% but at the time these were extraordinarily

expensive [12] and also have differing thermal expansion coefficients to GaN.

n-type GalN

Grown GaN layers usually exhibit n-type conduction characteristics without dop-
ing. This is thought to be due to nitrogen vacancies or residual oxygen in the
structure, these atoms being present during the MOCVD process. To obtain
carrier concentrations high enough to sustain lasing either Si or Ge is used as
a dopant. These species are implanted at concentrations between 1x10'" and

1x10%° ¢m~—3.

p-type GalN

Formerly, it was impossible to p-type dope GaN with high carrier concentrations
and this was the factor limiting further progress in this field. However, in 1989,
Amano et al. [13] discovered that by irradiating a Mg-doped sample of GaN
with a low energy electron beam, p-type material could be manufactured. This
was stumbled across by accident when the researchers were observing a Mg-
doped sample under an electron microscope and when testing the characteristics
afterwards found that it had become p-type. Later, in 1992, Nakamura et al. [14]
discovered that low resistivity p-type GaN could also be obtained by post-thermal

annealing of Mg-doped GaN in a N, ambience.
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5.2.2 Diode Laser Structure

The structure of the Nichia diode laser including the indium gallium nitride (In-
GaN) multi-quantum-well (MQW) gain region is shown in Figure 5.2. The ternary
semiconductor InGaN is used as the active region because, depending on the in-
dium mole fraction, the bandgap varies between 1.95 eV and 3.4 eV equating to
stimulated photon emission between 636 and 365 nm in bulk InGaN. However, in
MQW structures it is the confinement of electronic states in the quantum wells
and in indium concentration fluctuations which has a larger and more pronounced
effect on the lasing wavelength [15], as shall be discussed later. The MQW struc-
ture consists of four 35 A-thick undoped GaggsIng 15N well layers separated by
70 A-thick undoped GagoglngoeN barrier layers. The four wells form the gain

region.

The layers surrounding the MQW gain region minimise defects in the crystal and
confine the carriers and stimulated photon emission. The buffer layer is 300 A-
thick of GaN. The 0.1 um-thick n-type and p-type GaN layers directly above
and below the MQWs are used for light guiding while the 0.5 pum thick n-type
and p-type Al osGaggzN layers act as cladding for confinement of the carriers and
light from the active region. The mirror facets for the laser cavity were formed by
etching due to difficulties in cleaving the (0001) C-face sapphire substrate. After
polishing, the facet surface had a roughness of approximately 50 A [5]. Three
pairs of quarter-wave TiO,/SiO, dielectric multilayers (70% reflecting) were used
to reduce the threshold current. This work led to the first current-injection III-V
Nitride diode laser demonstrating the lowest recorded wavelength generated from

an electrically pumped semiconductor diode laser (417 nm) [6].

5.3 GaN Diode Laser in Extended-Cavity

The diode laser used for this work was a Nichia Corporation NLHV500 device,

with the manufacturer’s specifications giving a nominal CW output power of
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Figure 5.2: (Colour) A diagram showing the GaN layer arrangement in a Nichia diode laser

and the MQW energy structure. Reproduced from [16].

5 mW at 393 nm?. The threshold current was measured to be 27 mA with a
maximum operating current of 33 mA. The increased resistance of the semicon-
ductor material dictated that a higher than normal operational voltage of 4.5 V
was required when compared to red or near infrared diode lasers. The slope effi-
ciency above threshold was 68%. Using a Fabry-Perot etalon, the output of the
laser was measured to be composed of several longitudinal modes, which showed

an average tuning rate of 16 GHz/mA.

It is noted that at the time of writing, commercial diode lasers with output powers of

30 mW were available from the same source.
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5.3.1 Current-Power Characteristics

The violet diode laser was placed in an extended-cavity configuration in the Lit-
trow geometry. The design of which has been discussed extensively in Chapter 3
and is based upon a standard 25 mm mirror mount. The diode laser was placed
in a collimating tube (Thorlabs LTP110B) and centred automatically with re-
spect to the accompanying aspheric collimating optic. This tube was held in
a holder attached to the main body of the mirror mount. The length of the
extended-cavity was adjustable between 20 and 30 mm. This resulted in a low
cost, compact, simple geometry which offered high performance [17]. This high-
performance was attributed mainly to the stability and construction of the mirror
mount. The performance of the violet ECDL was assessed with two gratings both
having 2400 lines/mm. The reduction in the grating constant® compared to grat-
ings used at red or infrared wavelengths allowed the zeroth order output to leave
the grating at a sensible angle. One was blazed with 30% efficiency into the
first order (HoloUV) and the other was 55% efficient (HoloVIS) both at 392 nm.
The standard output characteristics of this laser operating with either grating
are shown in Figure 5.3. The reflected first-order component provided the feed-
back necessary for the extended-cavity, with the output coupling provided by the
zeroth-order reflection from the grating. It was expected that the cavity having
the HoloVIS grating would give a lower slope efficiency than the HoloUV grating
but with a wider tuning range due to the increased feedback accessing more of
the gain spectrum of the diode laser. The front facet of the GaN diode was not
anti-reflection (AR) coated, normally a hindrance for low power extended-cavity
visible diode lasers [18], but, notably, this did not prevent good performance
of this system. The collimating lens used was AR coated for 350-450 nm with
less than 0.5% reflection and was not observed to cause etalon effects within the

20 mm-long extended-cavity.

From Figure 5.3 it can be seen that the HoloUV grating, with lower diffraction

3This is defined to be the distance between successive grooves on the grating. Theory on

diffraction gratings can be found in Section 2.3.1.
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Figure 5.3: Output power of free-running and extended-cavity lasers as a function of drive

current.

efficiency, gave a larger slope efficiency of 46%. A maximum of 3.5 mW of sin-
gle frequency power was produced. The more efficient HoloVIS grating gave a
reduced threshold but with a lower slope efficiency of 17%, thereby limiting the

maximum available single frequency power to 1.5 mW.

5.3.2 Tuning Characteristics

The tuning range of the extended-cavity can be seen in Figure 5.4 as the angle
and position of the mount holding the diffraction grating was changed manually.
The HoloUV grating was limited to a tuning range of 1.3 nm, beyond which the
diode no longer operated in a single axial mode. The greater feedback from the
HoloVIS grating permitted a tuning range of 2.7 nm which approached the quoted
value of 3 nm from a similar system commercialised by TuiOptics Ltd (Munich,

Germany).
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Figure 5.4: Discontinuous wavelength tuning of the GaN extended-cavity diode using both
the HoloUV (circles) and HoloVIS (triangles) gratings. The gain centre of the free-running
diode was 392.7 nm.

To compare this tuning behaviour, the compact ECDL configuration was operated
with both a 635 nm (SDL-7501-G1) and 670 nm (Hitachi 6712G) diode laser.
ECDLs in the red region of the visible spectrum are well established in high-
resolution spectroscopy and as such set a benchmark against which this novel
laser system can be compared. Both lasers were AR coated with a reflectivity
of less than 0.001%. Data for discontinuous tuning of these devices had been
recorded previously and it was found that tuning of up to 12 nm was possible in

the compact geometry, see Figure 5.5.

The output could also be tuned continuously by means of a low voltage PZT
element placed beneath the horizontal screw in the mirror mount to change the
grating angle and its distance from the diode. For a voltage of 10 V peak-to-peak,
the output could be tuned over 6 GHz without mode-hopping and this is sufficient
for many high resolution spectroscopic purposes. With greater PZT extension, or
concurrent grating and current tuning, greater continuous tuning ranges should

be possible [19].
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Figure 5.5: Discontinuous wavelength tuning graphs for both 670 nm and 635 nm diode lasers
in an extended-cavity geometry. Note that the tuning range achieved is dramatically larger than

that for the violet ECDL.

It was believed that this reduced tuning when compared to red and infrared diode
lasers in similar geometries arose from compositional fluctuations within the In-
GaN wells. These manifest themselves in the form of self-forming indium-rich
quantum dots during the MOCVD growth process. These dots have been veri-
fied experimentally using tunneling electron microscopy to be between 2 to 5 nm
in diameter with an areal density of ~ 5x10'! em™2 [20]. Additionally, it was
believed by the academic community that the light emission energy of these de-
vices was largely determined by the indium fraction in the quantum well, however
Kiesielowski [15] concluded that it was a confinement in the electronic states that
governed the photon energy to a greater extent. It was also proposed recently
by Chichibu et al. [21] that excitons play an important role in the lasing pro-
cess at room temperature of In,Ga;_.N MQWs. Moreover, these excitons have
been thought to be localised at deep traps in the quantum well structure. The
role of excitons and their locality dependence has been confirmed experimentally
by measuring the Stokes shift between excitation and emission in InGaN MQW

structures [22]. The measured shifts were as large as 100 meV to 250 meV at room
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temperature. At present it is considered that the main radiative recombination
is attributable to excitons localised at the In-rich regions in the well acting as
quantum dots. Subsequently, these localised excitons cause locally-enhanced car-
rier radiative recombination and an increase of the inhomogeneous spontaneous
emission linewidth below the lasing threshold. Particular spatial regions there-
fore contribute to specific spectral regions. During tuning, the different spectral
regions become dominant in turn and this produces the observed jumps in wave-
length. These compositional fluctuations are believed to limit the discontinuous
tuning of the violet ECDL and give rise to discontinuities in the gain spectrum
causing wavelength jumps in the coarse tuning of the ECDL. Notably, wave-
length jumps of about 0.4 nm have been reported by Nakamura and Fasol [23] for
current tuning of the single-mode emission of free-running InGaN MQW laser.
This behaviour is in contrast to that of near-infrared or red diode lasers in which
strong compositional fluctuations do not arise. The limited discontinuous tuning
of GaN diode lasers in an extended-cavity is thus a disadvantage in their use for
high-resolution spectroscopy. In any experiment, therefore, a judicious choice of

violet device must be made to ensure access to the desired wavelength range.

5.3.3 Linewidth Characteristics

A scanning etalon was constructed to determine the laser linewidth. The mea-
sured linewidth was 5 MHz which was at the practical limit of available mirrors,
see Figure 5.6. It was believed that the instantaneous linewidth of the laser was in
the region of 1 MHz, as reported for the commercial system developed recently [1]
and for visible diode lasers running extended-cavity [7]. The stability of the laser

was better than 20 MHz over five minutes with no pronounced drift.
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Figure 5.6: A measurement of the linewidth of the GaN ECDL using a home-built Fabry-
Perot etalon. The etalon had a FSR of 820 MHz and a finesse of around 200. The upper limit

on the linewidth is measured to be 5 MHz with this value being instrument limited.

5.4 Conclusions

A commercially available Nichia diode laser, placed in an extended-cavity, has
been characterised. Either 3.5 or 1.5 mW of tuneable, single frequency light was
extracted depending on the particular reflective grating used in the system. An
upper limit to the linewidth of 5 MHz was measured for the laser. The emit-
ted wavelength, centred around 392 nm, was tuneable continuously over 6 GHz
and discontinuously over 2.7 nm. The tunability of a GaN-based extended-cavity
diode laser was less than observed for red and near-infrared diode lasers in the
same geometry and it was believed this was due to compositional fluctuations of
the indium content within the MQW structure. If such a violet laser was to be
used at a specific wavelength, for example in high-resolution spectroscopy, then a
considered choice of diode must be made to ensure that the region of interest can
be accessed by the extended-cavity. This is not true in the case of longer wave-

length diodes in the visible and near-infrared, where it has been possible to force
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several diode lasers, some with their gain centre several nanometres away from
the region of interest, to the desired wavelength. Even with this initial inconve-
nience in having to choose a tailored laser, the ability to scan the frequency of
this laser with ease makes it attractive for a number of spectroscopic applications.
With a suitable choice of violet diode, for example, it would be possible to laser
cool Ca™ ions at 397 nm, which are of direct interest in quantum computing [24].
The ECDL established during this research can access the strong Al transition at
394.4 nm, which can be used to monitor vapour concentrations of aluminium [25].
Free-running GaN-based lasers are already being used in practical applications,

such as tumour identification and demarcation for types of skin cancer [26].

Looking to the future, it is clear that the next few years will reveal much about
the physics behind GaN light emitters. Reliable working examples of devices in
this field have only been commercialised in the past 4 years. As alluded to in
this chapter, much vital information is still not known about the devices and
the details behind their operation. Indeed, Nichia Chemical Industries Ltd. are
currently the sole manufacturer and supplier to the world’s blue/violet diode
laser marketplace highlighting the requirement for understanding of how these
semiconductors operate in detail. Here, characterisation of a diode laser in the
Littrow geometry was conducted and no attempt was made at investigating the
Littman geometry. This would be an obvious step to take in the future. Using
UV designed optics and gratings would improve output power but would also
result in a reduction in tuning. An additional interesting investigation would be
to obtain a diode laser with an AR coating on its front facet. AR coated lasers
in the red or near infrared have delivered larger tuning ranges when compared
to their uncvated counterparts and whether this would hold true at near-UV

wavelengths is an unclear and intriguing question.
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Chapter 6

Laser Cooling and Atom

Trapping Theory

6.1 Introduction

In this chapter, the important concepts of how light can be used to cool and
spatially confine an atomic vapour are introduced. A brief historical overview
of the origins of the light-matter interaction is presented. The techniques for
slowing atomic beams and subsequently those for cooling and trapping neutral
atoms are discussed. The field of laser cooling and atom trapping has expanded
considerably since its conception in the mid 1980s and is now of such size that it
would be inappropriate to recount every aspect of the field in this thesis. Rather,
an overview of relevant concepts and theory aiding in the understanding of work

presented in the experimental chapters is given.

6.1.1 Temperature

In thermodynamics, temperature is carefully defined as a parameter of the state of

a closed system in thermal equilibrium with its surroundings. This requires that
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there is heat exchange between the entity whose temperature is being considered
and the environment. This is not the case in laser cooling where atoms are
continually absorbing and emitting photons with their ambience. This exchange
is not of heat but energy and so the system cannot be considered to be at thermal
equilibrium although it may be in a steady state condition. Hence, the assignment
of a thermodynamic “temperature” is misplaced. Nevertheless, it is convenient to
use the label of temperature for an ensemble of atoms with a well defined velocity

distribution whose average kinetic energy, (E}), in one dimension is written as,

(By) = %kBT, (6.1)

where kp is Boltzmann’s constant and 7" is the temperature. Using this defini-
tion, Figure 6.1 shows the power of laser cooling techniques when used to cool
atomic vapour samples in relation to some well known and familiar thermody-
namic temperatures. A linear path is drawn from Edinburgh (0 K) to London
(300 K) indicating a linear temperature scale. Along that path points are in-
dicated, in distance from Edinburgh, corresponding to temperatures of various
physical systems. It provides an intuitive feel for “temperatures” that can be

achieved by the techniques described in this chapter.

6.1.2 Historical Background

It was speculated as early as the seventeenth century that light could exert a
pressure on matter. The astronomer Johannes Kepler postulated that the tails of
comets pointed directly away from the sun as a result of light pressure, stimulating
further work in understanding the effects of light on matter. It was not until
James Clark Maxwell formulated his electromagnetic theory of light in 1873 that
a suitable theoretical explanation was established. His theory predicted that
an electromagnetic field would exert a force, albeit a tiny one, on matter. The

next important step in the understanding of the force light could exert, named
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Bose-Einstein Condensation
0.3 mm= 170 nK

Laser Cooled Atoms
7 mm = 40uK

Liquid He
4.5 miles = 4K

Liquid N,
87 miles = 77K

South Pole in Winter
245 miles = 216K

Freezing Point of Water
309 miles = 273K

Hot Summers Day
340 miles = 300K

Figure 6.1: (Colour) A map of the UK showing various temperatures measured in distance
from the centre of Edinburgh. A line is drawn from Edinburgh to London representing a linear

temperature scale with the Scottish capital denoting 0 K while the UK capital denotes 300 K.

the radiation pressure force, came with the formulation of quantum theory and
the associated quantum mechanical view of light. It was Einstein in 1916 who
showed that a quantum of light, or photon, with energy hv, carries a momentum
hv/e, where h is Planck’s constant, » and c are the frequency and speed of the
light respectively [1]'. The underlying mechanism of radiation pressure is the
conservation of momentum during the absorption and emission of photons. A
number of years after the theory was formulated, an experiment was conducted
which not only showed the quantum nature of light, but also the conservation of

momentum in interactions between light and matter. In 1923, Compton observed

! A translation of this paper into English can be found in “Sources of Quantum Mechanics”

by B. L. Van Der Waerden, North-Holland Publishing Company, Holland, pages 63-77.



LASER COOLING AND TRAPPING THEORY 121

the reduction in energy of high-energy photons (X-rays or y-rays) when scattered
by free electrons [2]. He found that photons imparted some of their momentum to
the electrons and after scattering, their wavelengths were measured to be longer.

The momentum lost from the photon had been imparted to the recoiling electron.

If an atom absorbs a photon, a similar recoil occurs although on a far smaller
scale (because of the greater mass of the atom). The first laboratory based
experiment to observe radiation pressure on an atomic system was conducted in
1933 by Frisch [3]. In this experiment, a thermal beam of sodium atoms was
illuminated from one side by light emitted from a sodium lamp. The photon
absorption resulted in a detectable deflection of the atomic beam away from the
lamp. It became possible, with time, to observe an increased deflection using
narrow linewidth tuneable lasers to enhance the number of absorption-emission

cycles within the experimental interaction time [4, 5].

6.2 Primary Cooling Mechanisms

6.2.1 Radiation Pressure Force

In 1970 Ashkin performed preliminary work on the trapping of microscopic parti-
cles under the action of the radiation pressure force [6]. Within this initial work,
he showed that the radiation pressure force produced by a laser resonant with a

strong optical transition in an atom could be formulated mathematically as [7]:

Ap Rk
= = e— -2
F At wff (&2)

where hk is the photon momentum directed along the propagation direction of
the light (h = h/27 and the wave vector, k = 27/A), 7 is the natural lifetime of
the excited state, f is the normalised time an atom spends in the excited state

and ) is the wavelength of light. The process by which an atom absorbs and then
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spontaneously emits a photon is known as the cooling cycle.

6.2.2 The Cooling Cycle

If an atom with mass m absorbs a photon with energy hv, then this quanta of
energy will be used to place that atom in an excited state. The atom will also
experience a recoil in the same direction to that in which the photon was travelling
and as a direct result, the atom experiences a velocity change dv, equal to hk/m.
After a characteristic time related to the particular excited state, the atom will
de-excite by spontaneously emitting a photon. Because of the conservation of
momentum, the atom will experience a second recoil, this time in the opposite
direction to which the photon leaves the atom. As spontaneous emission is a
random process, the departing photon leaves with no preferred direction over
47 steradians. The atom is then free to absorb another photon of the same
energy. The net effect on the motion of the atom is zero when averaged over many
absorption-spontaneous emission cycles. In this way, an atom can be accelerated
or slowed in one particular direction using light. Figure 6.2 shows how an atom,

on average, changes its velocity during one such cycle.

It is important to note that for this technique to work successfully, the atomic
transition must be closed i.e. a transition where spontaneous emission will always
return the atom to the initial ground state level. For efficient cooling, the photon
energy must be resonant, or precisely equal to the energy difference between the
ground and excited states. However, in reality due to the finite linewidth of
cooling lasers used in experiments, off-resonant light allows the possibility that
the atom may be raised to a different excited state. Spontaneous emission then
confines the atom to a different ground state, terminating the absorption process.
A solution to this problem is to use a second laser, called a hyperfine pumping
laser, to re-introduce the atom to the cooling cycle by raising it to the excited
state of the cooling cycle transition once more where it decays to the correct

ground state.
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Figure 6.2: (Colour) An atom at rest with an internal energy difference of hw has a photon
incident on it with energy equal to this. The atom absorbs the photon and is raised to an
excited state whilst also receiving a momentum kick equal to fik, causing it to recoil with a
velocity, v. The atom spontaneously emits the photon in a direction described by a symmetric
probability distribution. Averaging this over several absorption-emission cycles, the net effect
on the atom’s motion over this part of the cycle is zero. The atom is now in the ground state
but is moving with a velocity, v, and can start the cycle again. By inverting this scenario, the

atom’s kinetic energy can be reduced rather than increased.

6.2.3 Slowing of an Atomic Beam

The first experiments utilizing the radiation pressure force via the cooling cycle
was to slow an atomic beam and were conducted in the 1980s. In this scenario,
a laser beam tuned below an atomic transition was propagated in the opposite
direction to the path of a thermal atomic beam. Absorbed photons slowed the
atoms in the beam by imparting their momenta via the cooling cycle. In order to
reduce the longitudinal velocity of the atoms from their initial velocities of approx-
imately 10> m s™! to near zero, approximately 30,000 photon collisions per atom
were required. However, as the atom slowed down, the Doppler shift changed
and the laser was tuned effectively out of resonance. In an attempt to overcome
this problem a number of solutions were implemented including spatially varying

magnetic fields [8], varying the laser frequency or frequency chirping [9] or using
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broadband spectral sources [10]. A diagram of the first experimental apparatus
utilizing light and spatially varying magnetic fields is shown in Figure 6.3. As
the atoms are slowed within the solenoid, the changing Doppler shift is exactly
compensated for by a Zeeman shift induced on the transition frequency. A source
of slow atoms moving with a mean velocity of ~40 m s~! and a spread of 10 m s~}

could be obtained [11]. Further work led to the complete stopping of an atomic
beam [12].

Thermal [

Atomic Cf oling
Source | Field Varying Solenoid i
e

B ocras3 862 59838 8T SRS SRBREKY —

Velocity
Reduced
Atoms

Figure 6.3: (Colour) Functional diagram for Zeeman slowing of a thermal atomic beam. The
constantly varying magnetic field compensates for the changing Doppler shift experienced by

the slowing atoms. A slow atomic beam is generated at the end of the solenoid.

6.2.4 Doppler Cooling

Although the experiments utilizing spatially varying magnetic fields reduced the
velocity spread and mean velocity of the thermal atoms in one dimension, it was
not, strictly speaking, cooling. In 1975 two independent proposals that pho-
tons could be used to cool particles in three dimensions came from Hansch and
Schawlow [13] with respect to neutral atoms and Wineland and Dehmelt [14]
with respect to trapped ions. Their suggestions were to illuminate an ensemble
of atoms (or ions) from all directions with light tuned slightly below the atomic
resonance frequency. Atoms that were moving towards an oncoming laser beam
would be Doppler shifted and preferentially absorb from that beam rather than

from a counter-propagating laser beam. Thus, regardless of the direction of mo-
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tion of the atom, its kinetic energy would be reduced. Because this technique
relies on the Doppler effect, it has been named Doppler cooling. A diagram illus-

trating one dimensional Doppler cooling is shown in Figure 6.4.
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Figure 6.4: One dimensional Doppler cooling. The laser frequency is detuned by a frequency
A below the atomic resonance. The two counter—-propagating beams cause a viscous cooling

force around v = 0.

The treatment of the atomic motion can be considered classically despite the
cooling process being quantum mechanical in nature, as indicated by the discrete
momentum jumps. If two opposing beams are treated as independent to each
other, then a time averaged interaction can be calculated. This results in a
mean cooling term from spontaneous emission and a diffusive term, represented

in Equation 6.3 by the first and second terms respectively [15],

F = hk

F I/Isat

2 [4(& +R02/T2+ (1+ I/fm)l
I

2

I/Isat
— hk |:4(A = fiJU)Q/IQ +(+ I/Isat)} ) (6.3)

where I' = 27 x6.1MHz is the natural linewidth of the transition, I is the intensity
of each beam, Io; = whe/3N*7 [16] is the saturation intensity and A = wigser —Wo
is the frequency detuning of the laser from resonance. This produces a force
given by Equation 6.4 that varies linearly with velocity near v = o over a velocity
capture range as indicated in Figure 6.5. The velocity capture range defines a

range of velocities over which the atomic motion is damped effectively.
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F — —-aj’f_}, (6‘4)
where,
o= —4}1;&2i ) 2 (6.5)
Lsat [4A2/T2 + (1 + I /L)
Velocity
<«— Capture ==

Range

Force

Figure 6.5: The damping force in Doppler cooling. The horizontal axis is normalized atomic
velocities where k is the wavevector of the laser beams and I' is the natural linewidth of the
atomic transition. Curves are shown for (a) an arbitrary intensity I, (b) I/2 and (c¢) I/4. The
velocity capture range does not change with intensity, however the viscous cooling force (given
by the slope of the curve) increases with increasing intensity.

o is greater than zero for red-detuning of the laser and is referred to as the
friction coefficient. It is also noted from Figure 6.5 that the friction coefficient
is proportional to intensity while the velocity capture range remains indepen-
dent of intensity. The atomic motion is damped exponentially around v = 0
and exhibits similar properties to that of an atom in a viscous medium. The
atoms never become completely stationary due to the limiting absorption and

spontaneous emission characteristics, however an equilibrium is reached when
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the viscous forces equal the diffusion, or heating, forces. Because the velocity of
the atoms determine their temperature, an equilibrium temperature is reached as

represented by Equation 6.6 [17],

(1 +&) [25 i ( 2])]
kgT = — 1 g i ;
B g T taalltr )l (6:6)

where kp is Boltzmann’s constant, T is the temperature and £ is a fraction less
than 1 determined by the angular distribution of spontaneous emission for a
particular transition. For I < I, the minimum temperature is given by Equa-

tion 6.7 [18],

KD (1+€
min — —=._ I3 6.7
Tmin 2k3( 2 ) S

when A = —T'/2.

Extrapolation of one dimensional cooling into three dimensions is straightfor-
ward using three pairs of mutually orthogonal laser beams converging towards a
common centre. The first experiment using this configuration was reported by
Chu and co-workers [19] who cooled sodium atoms optically to a temperature
of approximately 240 pK. The atoms were subjected to a force opposing their
motion regardless of the direction in which they travelled. The phrase optical
molasses [20] resulted for this regime since it appears that the atoms are confined
within a fluid that has the viscosity of molasses or syrup. It is worth noting that
this regime is not a trap as the atoms are still free to move, albeit slowly, and if

they reach the edge ol the laser overlap region then they can escape.

6.3 Further Cooling Mechanisms

Soon after the first optical molasses and atom trapping experiments were con-

ducted, it was observed that the measured atomic temperature was significantly
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less than expected from Doppler cooling theory defined by Equation 6.7. There
was limited understanding of this phenomenon at the time, even some sighs of dis-
belief due to the attractive simplicity of Doppler cooling theory and the fact that
experiments almost never work better than that predicted by theory! A number
of experiments were conducted to verify the low temperatures being measured
and a new theory called sub-Doppler cooling was unveiled in 1988 by way of

explanation and is described in the following section.

6.3.1 Sub-Doppler Cooling

Doppler cooling relied on two independent assumptions. These assumptions re-
quired to be investigated and modified in order to correctly explain the newly
observed low temperature phenomenon. The first essential step was to revise the
opinion that atoms are simple two level systems. The second was that the light
was a pure state of polarisation void of interference effects. An atom within a
light field undergoes two interactions. The first producing an a.c.-Stark shift in
the atomic energy levels and the second, an ability to transfer atoms from one
degenerate sub-level to another by way of optical pumping. The interference ef-
fects produce, what are referred to as, polarisation gradients. Details of these two

latter phenomena are now discussed.

Polarisation Gradients and Optical Pumping

Interference is present between the cooling beams within the optical overlap re-
gion at the centre of a MOT. If this is considered in one dimension then a situation
similar to that shown in Figure 6.6 is obtained. Counter-propagating beams with
linear but orthogonal polarisations produce a field whose polarisation changes
rapidly over one wavelength of the light thereby creating large polarisation gradi-
ents. Now consider an atom with sublevels as shown in Figure 6.7. The numbers

marked in the figure overlapping the lines denote relative transition probabilities.
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Figure 6.6: Two counter-propagating linearly polarised laser beams produce a field whose
polarisation changes every eighth of a wavelength between linearly polarised and circularly

polarised.

EJJ’Z E-l-"2 E+1!2 E‘+3."2
173 1/3
1
2/3 2/3
G. 12 G«- 12

Figure 6.7: The energy levels for an atom in a polarisation gradient. The numbers sitting on
top of the lines joining the ground and excited states indicate the relative transition probabil-
ities. E,,, and G,,, represent excited and ground states with total angular momentum, my,

respectively.
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E,,; and G,,,, describe excited and ground states of the atom with total angular
momentum, my respectively. o* and o~ denote righthand and lefthand circularly
polarised light respectively. If the atom is in the ground state, G/, with o~
present then the atom can be pumped through the selection rule Am; = —1, to
the excited state, £_;/;. Spontaneous de-excitation occurs to the ground state
G _1/2 or back to G4/, with probabilities 2/3 and 1/3 respectively. Hence, there
is a higher probability of the atom decaying to the G_,/, state than the G/».
However, if the atom returns to G,/ then it has a further opportunity to reach
the G'_y/, with the next stimulated absorption of a photon. From the ground
state G_1/3, the atom can only be excited to the E_s/, state which can only
de-excite back to the G_,/, ground state. It follows that, in the steady state, an
atom irradiated with suitably tuned light with o~ polarisation will be optically
pumped into the G_,/; ground state. In a similar fashion, o™ polarised light
incident on an atom will pumped it into the G/, ground state. Therefore an
atom present in a light field can be in different ground states depending on the

polarisation of the incident light.

Sisyphus Cooling

If we combine the three effects mentioned i.e., the light shifts in atomic energy
levels, polarisation gradients and optical pumping then a mechanism can tran-
spire allowing the Doppler cooling limit to be exceeded. The corresponding light
shifts that the ground state experiences in conjunction with the effects of optical
pumping with displacement along the direction defined by the path of the laser

beams, z, are shown in Figure 6.8.

The populations and ground state energies of atoms are strongly related to po-
sition along the z direction due to the polarisation gradient. Now consider an
atom moving along the z direction. Let us begin where the polarisation is o~.
If an atom remains in the G_;/, sub-level and meanwhile travels to where the

polarisation is o™ then it will have climbed a potential “hill” and lost energy. At
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Figure 6.8: The light induced energy shifts of the ground state of an atom placed in the
polarisation gradient. The energy and populations vary with polarisation, and therefore position
along the z axis. The ground state populations are shown proportional to the thickness of each

line.

the top of the “hill” it has a high probability, due to optical pumping effects, that
it will be pumped to the bottom of the potential “valley” where the process can
then be repeated. A possible path of such an atom is shown in Figure 6.9. One
form of polarisation gradient cooling is named Sisyphus cooling, after Sisyphus in
Greek mythology who, after betraying the secrets of the gods, was condemned to
roll a block of stone up a hill, which tumbles down when he reaches the top. The
whole process starts again, confining him to this labour for all eternity. The cool-
ing mechanism is most effective when the atom travels a distance of one quarter
of one optical wavelength in the average time it takes to be optically pumped to
a new ground state. Although this theory was formulated in one dimension, it

accounted for many of the features observed in three dimensional optical molasses.

Mathematically the friction coefficient for polarisation gradient cooling can be

expressed as [17],

24, LA 1
_ S _ 6.8
%=~ T (8)
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Figure 6.9: Sisyphus cooling in one dimension. An atom moving in a field described by Figure
6.6 experiences a potential hill when it moves away from a potential valley. The atom is then
optically pumped back to the foot of another hill. If the time taken to reach the top of a hill
from the bottom of a valley is equal to the time taken for the atom to be optically pumped to
the alternative ground state then the cooling is at a maximum, as shown in this case, as the

atom only experiences uphill gradients.

and the temperature given by,

_prr 129 24 1
P57 9A g [300 T 75 4(A/T)24+1]°

(6.9)

Using Equation 6.8 to plot the viscous force experienced by an atom as a function
of its velocity gives Figure 6.10. It is noted that the friction coefficient is constant
for increasing intensities, in contrast with Doppler cooling. Also depicted in
Figure 6.10 is the velocity capture range. This is defined as v, ~ A\/7,, where
7, is the optical pumping time. Since 7, is proportional to I, it follows that the
velocity capture range is proportional to I, again in contrast to Doppler cooling

where it was independent of intensity.
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Force

Figure 6.10: The damping force in polarisation gradient cooling. The horizontal axis is
normalized atomic velocity where k is the wavevector of the laser beams and I is the natural
linewidth of the atomic transition. Curves are shown for (a) an arbitrary intensity I, (b) /2
and (c) I/4. In this case the velocity capture range is not independent of intensity but the
viscous cooling force (given by the slope of the curve) is large and independent of intensity.

The difference in horizontal axis scales between this figure and Figure 6.5 should be noted.

Equation 6.9 suggests that by lowering the intensity or increasing the detuning
an arbitrarily low temperature could be achieved. This is clearly unphysical
since this is an optical process and the recoil momentum from emitted photons
will define a lower limit for the attainable temperature. There is, therefore,
a limit known as the recoil limit below which optical cooling methods cannot
exceed. While the friction coefficient does not depend on I, the heating rate
does. The minimum temperature obtained thus depends on the ratio of viscous
cooling to the heating rate and is therefore proportional to laser intensity. With
increasing intensity, Doppler cooling provides an unchanging large capture range
with increasing viscous damping. In polarisation gradient cooling, the capture
range increases while the viscous damping remains unaltered. It is noted that the
capture range of Doppler cooling is of the order of 10 to 100 times greater than
that in polarisation gradient cooling while the friction coefficient is approximately
one order of magnitude smaller. Polarisation gradient cooling therefore takes over

when Doppler cooling begins to break down.
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The example described above uses linearly polarised, counter-propagating laser
beams. However, it can also be achieved with counter-rotating circularly polarised
beams. The details of how the cooling operates are slightly different, nevertheless
two common features remain: the atoms’ ground state energies and population
are position dependent. Further details of this and other polarisation gradient

cooling schemes can be found elsewhere [17, 21, 22].

6.3.2 Sub-Recoil Cooling

In the 1920s, Bose and Einstein predicted that a gas with sufficiently low tem-
perature and high density would undergo a phase transition that today is called
Bose-FEinstein Condensation (BEC) (23, 24]. The phase transition occurs when
the thermal de Broglie wavelength, A\gp = h/(3mkpT)'/?, becomes larger than
the mean spacing between particles. More precisely, the phase space density,

Pps = nA3p, must be greater than 2.612 where n is the number density in the gas.

The experimental realization of BEC had been one of the holy grails in physics for
a number of years and the development of laser cooling brought with it an air of
optimism since this technique led to samples of atoms with low temperature and
high densities. For example, laser cooling can increase the phase space density
of a vapour of alkali metal atoms by 15 orders of magnitude to p,s ~ 5 x 107,
However, a limit is reached using sub-Doppler cooling methods due to light as-
sisted collisions. This is the mechanism that limits the temperature reached in
a magneto-optical trap. If the density of a sample becomes too large, light scat-
tered by one atom is reabsorbed by others close by causing a repulsion between
them. If higher densities and lower temperatures are to be obtained then reso-
nant light must be avoided. A more promising approach is to employ evaporative
cooling [25, 26]. As its name suggests, this technique preferentially removes atoms
having higher than average energy from the trap and then rethermalises the re-
mainder through elastic collisions to a new lower temperature. One way to think

of evaporative cooling is to consider how a cup of coffee cools. The most ener-
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getic molecules escape the surface of the beverage leaving the remaining coffee
at a lower temperature. Furthermore, it requires only the evaporation of a small
fraction of the coffee to cool it considerably. In practice the most common way
of achieving evaporative cooling from an optically cooled ensemble of atoms is to
load them into a magnetic trap. This type of trap exploits the forces felt by an
atoms placed in a magnetic field gradient and will be discussed in the following
section. The trap depth can simply be lowered allowing high energy atoms to
escape. Indeed, the success of this method enabled the first experimental realiza-
tion of a Bose-Einstein condensate [27, 28]. Other techniques to circumvent the
sub-Doppler limit include velocity-selective coherent population trapping [29] and

Raman cooling [30].

6.4 Magnetically-Based Traps

While optical molasses provides viscous damping to the motion of atoms con-
tained within it, it is not a trap. There is no spatial dependence imposed on the
atoms and as such they are free to move, albeit slowly. If an atom reaches the
edge of the overlap region of the cooling laser beams then it can escape to the
surrounding environment. The next step is to spatially confine these optically
cooled atoms. The idea that scattering forces could be the sole basis for a trap
is appealing with one achieving a very simple trap. However, is was shown that
a trap based solely on absorption and emission processes from a static arrange-
ment of laser beams would fundamentally be unstable [31]. This is known as
the optical Earnshaw theorem which is analogous to the theorem in electrostat-
ics which states that it is impossible to trap a charged particle in static electric
fields. However, this was shown to be only true if the scattering forces on the
atoms are dependent only on laser intensity [32]. If a situation occurred where
the proportionality was position dependent then the limitations of the theorem
could be lifted and a stable trap formed. The most successful realization of this

concept is the magneto-optical trap (MOT) in which the combination of light and
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magnetic fields create a position dependent scattering force in three dimensions.

This is described in Section 6.4.2.

6.4.1 Magnetic Trap

The principle of a magnetic trap is the same as that in the Stern-Gerlach exper-
iment [33] in which atoms with different magnetic moments experience differing

forces in a magnetic field gradient. Purely magnetic traps involve no optical cooling

methods but are excellent candidates for spatially trapping optically cooled en-
sembles of atoms. The first experimental observation of magnetically trapped
neutral atoms was reported by Migdall and co-workers in 1985 [34]. An electric
current was passed through two coils placed in an anti-Helmholtz configuration (a
diagram of an anti-Helmholtz configuration can be found in Section 6.4.2) which
generated a spherical quadrupole field pattern with a field zero at its centre.

Atoms were loaded into the trap from an optically cooled atomic beam.

An atom with a magnetic moment p in a magnetic field B has a potential energy
—u-B. In the presence of a magnetic field gradient, the atom experiences a force

defined by Equation 6.10

F=pu-VB. (6.10)

In such a field, it is only those atoms that have their angular momenta, F, parallel
to B i.e. mp > 0, that are spatially confined to the field minimum. It is impos-
sible to create a field maximum in which mpr < 0 atoms can be trapped. Since
magnetic traps are spin sensitive, only a fraction of the loaded atoms are trapped
without special preparation of atoms into the appropriate ground state before-
hand. Magnetic traps are used in trapping and cooling of atoms to temperatures

lower than those obtainable in optical traps, as was discussed in Section 6.3.2.
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Figure 6.11: The magneto-optical trap in one dimension. For an atom with a positive z-
coordinate, the o~ beam comes into resonance with the Zeeman shifted Am=-1 transition and
pushes the atom back towards z = 0. The ¢ beam has the same effect on the atom if it were

to move in the negative z direction.

6.4.2 Magneto-Optical Trap

The first demonstration of simultaneous cooling and trapping was conducted in
1987 by Raab and co-workers [35]. In this experiment, the centre of an optical
molasses was overlapped within a magnetic trap, a configuration that became
known as a magneto-optical trap (MOT). The original idea, conceived by Dalibard
et al. [36], was to use circularly polarised light for the optical molasses in order
that when an atom deviated from the centre of the field zero, the Zeeman effect
would shift the mp sublevel into resonance with the cooling beams. Figure 6.11

demonstrates how this operates in one dimension.

The magnetic quadrupole field varies linearly with distance from the centre, so
the m = +1 and m = —1 sublevels of the atom experience linear Zeeman shifts
with position. The cooling laser is tuned to a slightly lower frequency than the
atom’s transition frequency. Tuning a laser lower in frequency than a resonance
is known as red-detuning. Laser beams propagating in the +2z direction have
circular polarisations o= that drive the Am = =1 transitions. For example, if
an atom moves from the centre of the trap along the positive z axis then it will

experience a Zeeman shift, lowering the energy of the m = —1 sub-level bringing
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Figure 6.12: Schematic diagram of a MOT. Six mutually orthogonal, circularly polarised
beams create three dimensional optical molasses while the anti-Helmholtz coils provide position

dependence.
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it into resonance with the laser frequency. It can therefore absorb and scatter
more o~ photons than ¢* photons resulting in a force pushing it back towards
z = 0. An identical scenario occurs for the m = +1 sublevel and an atom moving
in the negative z direction. A schematic diagram of a MOT in three dimensions
is shown in Figure 6.12. The magnetic field is generated from an anti-Helmholtz
coil configuration although the field gradient required is far smaller than that in
purely magnetic traps. The convenience and simplicity of this setup has made
the MOT the workhorse in obtaining cold ensemble atoms with temperatures
and densities of 100 K and 10'? atoms cm® typical. At St Andrews, the MOT
has a central part in providing a source of cold atoms for several atom guiding
experiments. The methods of extracting atoms from within the MOT to form an

atomic beam are now discussed.

6.5 Atom Extraction from Magneto-Optical Traps

Thermal atomic beams are well established in atomic physics although improve-
ments in experimental sensitivity require slower, more dense beams. A cold
atomic beam is an ensemble of atoms moving with a low longitudinal velocity
with a low velocity distribution and minimal transverse kinetic energy. Such
beams are important in atom lithography, atom interferometry and studies of
wave-particle duality. The first experiments in reducing the longitudinal veloc-
ity of thermal atomic beams were accompanied by a serious loss in flux due to
the transverse velocities being comparable with the cooled longitudinal velocity
causing the atoms to be ejected in all directions. It was possible to collect and rec-
ollimate these atoms but this inherently complicated the experiment [37]. Aside
from the production of an atomic beam, there must be some level of control or
manipulation on the atomic ensemble which has led to atom-optic components
such as mirrors, beam splitters and guides being produced. Without doubt the
most important factor pushing this research forward is that of atom interferome-

try [16]. Cooled atoms can be extracted from a MOT by simply switching off the
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trapping parameters and allowing the ensemble to fall under gravity. However,
there are several instances where one would wish CW extraction in a controlled
manner thereby forming a cold atomic beam. Two distinct solutions to this
problem emerged from using slow, cool atoms confined in a magneto-optical trap
(MOT) as a source and utilizing the radiation pressure force to impose direction-
ality on them namely (i) the atomic funnel and (ii) a low-velocity intense source
(LVIS) of atoms. Each of these in turn will be experimentally described in the

subsequent sections.

6.5.1 Atomic Funnel

The first solution was proposed and demonstrated experimentally in 1990 by Riis

et al. [37]. A diagram of the experimental setup can be found in Figure 6.13.

molasses/trapping
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Figure 6.13: Schematic diagram of the atomic funnel. Atoms are loaded from a thermal
atomic beam and cooled in an optical molasses. The atomic beam exits along the long axis of

the magnetic quadrupole, to the left in the diagram. Reproduced from [37].

In this experiment, which has been termed an atomic funnel, the atoms were
loaded into the trapping region from a thermal atomic beam, shown entering

from the right in Figure 6.13. A slowing beam opposing the atoms was used
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to reduce their velocities before they were cooled in a three dimensional optical
molasses. A magnetic quadrupole field was created by four “hairpin” wires that
created an elongated zero-field along which the atoms could move. Lateral cooling
and guiding was achieved by transverse laser beams with elliptical spatial profiles.
The atoms exited the molasses region in the direction indicated in Figure 6.13.
Cooling along the zero field axis was provided by a pair of counter-propagating
laser beams. To form the atomic beam, a drift velocity was imposed on the
atoms along this direction by either introducing a difference in the frequencies
or intensities of the two beams. In the latter case the atoms drift at a velocity
such that the scattering rates from both beams are equal. In the former case,
the atoms drift with a velocity such that the Doppler shift from both beams, as
seen by the atom, is the same. In this way, atomic beams with a brilliance of
3x10'" atoms sr~! s~! travelling at a velocity of 2.7 m s™! and with a temperature

of ~200 uK were obtained.

6.5.2 Low-Velocity Intense Source of Atoms

A second solution using a standard MOT with only minor modifications was
reported in 1996 by Lu et al. [38]. The experimental setup is shown in Figure 6.14
and produced a low-velocity intense source (LVIS) of atoms. The system was
nearly identical to that of a standard MOT using six perpendicular laser beams
and a magnetic quadrupole field. The only difference being that one of the six
beams had a narrow, dark region at its centre. This was created by drilling a
small hole in the reflecting optic for one of the laser beams. Atoms from the
background vapour would be cooled and trapped normally, as they would in a
conventional MOT, however when the atom reached the very centre of the trap it
experienced an imbalance in the radiation pressure force causing it to be forced
along the dark central region of the beam and exit through the hole in the retro-
reflecting optic. The velocity with which the atoms left the trap was determined
by the number of photons scattered from the pushing beam. A key feature of this

scheme was that the atoms were continually apertured by the laser light along
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the length of the extraction beam. Those atoms whose transverse trajectories
take them outwith the dark central region were recycled back to the centre of
the cooling and trapping region. In this way, the recycling of diverging atoms
makes the transference of trapped atoms to a collimated atomic beam an efficient

process.
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Figure 6.14: (Colour) Schematic of the low-velocity intense source (LVIS) of atoms system.
The shaded arrows indicate the cooling and trapping beams. A retro-optic with a small hole
drilled in its centre creates an extraction column for the atoms. A detection laser beam, not

shown, measures atomic flux further down stream.

Lu and colleagues found the trapping laser frequency that maximised atomic flux
was 5" below the atomic resonance frequency, where I' is the natural linewidth of
the transition. The frequency detuning that trapped the largest number of atoms
in a normal MOT was measured to be 3.2I". The discrepancy can be explained
by the increased scattering rates of atoms close to exiting the trap. If an imbal-
ance exists in the intensities of the transverse laser beams, this would lead to a
deflection in the atomic beam. Increasing the detuning reduced the scattering
rates leading to less deflection and increased atom flux. A typical longitudinal
velocity of 14 m s~! could be obtained with a full-width-half-maximum (FWHM)
distribution of 2.7 m s~!. A narrow velocity distribution is desired in applications
with cold atomic beams however the experimentally measured velocity distribu-

tion was higher than the expected Doppler cooling limit while taking into account
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statistical fluctuations in the number of scattering photons. This was explained
by assuming that atoms were not all accelerated out of the trapping region from
the same point spatially and therefore were subjected to radiative pressure forces
over different distances. Mathematical modelling confirmed this postulate. A
further experiment, reported in the same paper by Lu and co-workers, used a
conventional retro-reflecting optic and a glass slide onto which an opaque spot
had been painted. The glass slide was placed in front of normal, unaltered retro-
reflecting optic to produce a dark central spot in the reflected beam. The atomic
beam in this case was withdrawn vertically from the trap so that gravity would
not pull the atoms out of the extraction column. Similar atomic beam char-
acteristics were observed. A measured brightness of 5x10'? atoms sr~! s~! and
transverse temperatures of 20uK were reported. Atoms were predominately in
the repumping ground state upon exit of the trapping region, i.e. the F' = 1 state
for 8”Rb and the F' = 2 state for 8®Rb. This can be understood since as the atoms
leave the MOT region they are no longer illuminated by the repumping laser and
are optically pumped into the repumping ground state. The typical proportion

of atoms in LVIS in this state is 90% [39].

An important parameter in the characterisation of any atomic beam is Av/v,
which expresses a ratio of the spread in longitudinal velocities, Av, over the
mean longitudinal velocity, v. This value describes how “spectrally” pure the
beam is in a velocity sense. The atomic funnel and LVIS have Av/v values of
0.1 and 0.2 respectively. The atomic beam generated by the atomic funnel is
therefore more monochromatic with a longitudinal velocity 5 times less than that
of LVIS. However, the LVIS setup is extremely simple with the only modification
needed being one additional optical element that may be placed external to a
conventional MOT. This provides an easy, CW atomic source without the need
for elaborate intra-vacuum components and high electric currents, as is the case
with the atomic funnel. Because of these important considerations, LVIS was
chosen to provide an atomic beam for subsequent use in the guiding experiments

described in Chapter 9.



LASER COOLING AND TRAPPING THEORY 144

6.6 Optical Dipole Traps

An atom in the radiation field of a near-resonant laser experiences two types of
force [40]. The first, the radiation pressure force, accounts for the viscous cooling
and trapping forces described up to this point and occurs as a result of absorption
followed by spontane(.)us emission of photons. A second force, derived from the
interaction of an atom with a light field, is the optical dipole force and occurs as
a result of absorption followed by stimulated emission of photons. This force was
proposed in 1970 by Ashkin and has its origins in work conducted on trapping and
levitating microscopic particles [6]. By utilizing this force it is possible to either
attract or repel atoms from regions of higher light intensity by altering the fre-
quency of the interacting light field either below or above resonance respectively.
This force plays an important role in both optical atom traps and atom guiding
using light. Atom traps based on this force required the development of efficient
cooling techniques as the attainable potential barriers were rather feeble. The
shallowness of the trap dictated that atoms needed to be cooled previous to load-
ing, usually from a MOT. Hence it was not until 1986 that the first experimental
optical dipole trap was demonstrated by Chu and colleagues [20]. This section
outlines the origins of the optical dipole force and documents several red-detuned

and blue-detuned optical dipole traps.

6.6.1 Optical Dipole Force

Classically, the dipole force is defined by Equation 6.11

where p is the dipole moment and E is the electric field. If placed in an intense
optical field, an atom acquires an optically induced dipole moment defined by

Equation 6.12
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p=aE (6.12)

where « is the polarisability of the atom. For an atom in its ground state,
« is dispersive in nature and is positive at frequencies below resonance, zero
exactly on resonance and negative above resonance, as shown by the blue curve
in Figure 6.15. Mathematically, these two parameters are linked through the
Kramers-Kronig relations. This results in a force on the atom, known as the
optical dipole force, which pulls it into regions of high intensity light for detunings

below resonance and pushes it out of such regions for detunings above resonance.
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Figure 6.15: (Colour) Classical description of the dipole force. For an atomic transition
defined by the red curve, with a characteristic absorption profile as shown, the polarisability
of the atom, «, will be positive for laser detunings below resonance, wg, and negative for laser
detunings above resonance (blue curve) as defined by the Kramers-Kronig relations. 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.
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6.6.2 Red-Detuned Optical Dipole Trap

The simplest form of an optical dipole trap is a focused Gaussian laser beam
detuned red of the atomic transition. The first experiment using this setup was
reported in 1986 by Chu and co-workers where a focused laser beam approxi-
mately 1000 GHz red of the transition frequency was directed into the centre of a
MOT [20]. The dipole trap was loaded by alternating between the cooling beams

and the trap beam.

From a quantum mechanical viewpoint, an atom placed in an optical field is sub-
jected to an a.c.—Stark shift of its ground state causing a change in the potential
energy of that atom. For an atom with a natural upper state lifetime 7 and a
saturation intensity I, placed in a Gaussian laser beam with a beam waist wy
(1/e*radius), a power P and a detuning from resonance A, the potential defining

the trap depth is [17],

hP
dnwiAT2 0

Uy = (6.13)
If the light is linearly polarised and the laser detuning is greater than the hyperfine
splitting of the excited state, the degeneracy of magnetic sublevels allows an atom
with an arbitrary spin state to be trapped. The trap depths in optical dipole
traps are usually very shallow and spontaneous emission can often be sufficient
to “kick” an atom out of the potential. Laser detunings more than a few atomic

linewidths dictate a spontaneous scattering rate given by Equation 6.14,

w3l

= ——, 14
B= T (6.14)

High scattering allows only short trapping lifetimes before heating dissipates the
atomic cloud. Miller and co-workers [41] reported a solution to this problem
that resulted in improved trap lifetimes. Large laser detunings were used because

the trap depth scales with 1/A (Equation 6.13) whereas the scattering rate varies



LASER COOLING AND TRAPPING THEORY 147

with 1/A? (Equation 6.14). The characteristics of atoms in these far-off resonance
optical dipole traps have been investigated using laser beams tuned several tens
of nanometres from resonance and with high beam powers [42, 43]. Recently,
an all optical formation of a rubidium BEC using a dipole trap formed by two
crossed CO, laser beams (12 W at 10.6 um) has been reported [44] resulting in

essentially no scattering of photons.

The scattering problem occurs only when the laser is detuned red of the transition
frequency since it is in this regime where atoms are found in regions of highest light
intensity. Blue detuning a laser circumvents the heating mechanisms described by
forcing atoms to spatial regions where the light intensity is lowest. Surrounding

a spatial region with blue-detuned light allows a trap to be formed.

6.6.3 Blue-Detuned Optical Dipole Trap

In a blue-detuned trap, the atom is confined to low light intensity regions thereby
undergoing minimal spontaneous emission. This eradicates viscous heating and
allows atoms to remain trapped for longer periods. The first blue detuned optical
dipole trap was reported in 1994 using sheets of light from an argon ion laser [45]
and resulted from work in creating atom mirrors using evanescent waves [46, 47].
A later refinement came using two crossed sets of V shaped beams [30] and
using gravity to confine atoms in the inverted pyramid, as shown schematically
in Figure 6.16. To minimise trap losses, care was taken in avoiding interference

effects which could lead to a breach in any one of the trapping barriers.

A novel blue-detuned optical trap formed using a Laguerre-Gaussian? (LG) beam
was reported in 1997 by Kuga and colleagues [48]. In this experiment a blue-
detuned LG (¢ = 3) was overlapped with the trapping region of a MOT. For three-
dimensional confinement of the atoms, two plug beams were used to eradicate

movement of atoms along the LG optical axis. A schematic diagram of the setup

’Details of Laguerre-Gaussian beams are presented in Section 9.2.2.
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Figure 6.16: Schematic of the blue-detuned optical dipole trap geometry.

is shown in Figure 6.17.
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Figure 6.17: Schematic of a blue-detuned optical dipole trap constructed from a Laguerre-

Gaussian beam and two Hermite-Gaussian plug beams. Reproduced from [48].

The optical dipole potential formed by the LG mode is given by [49],

Ur)=—In|l+ —"—|, 6.15
(r) 2 { 4(A/)2 |’ ( )
where A = wy, —wy — kv, denotes laser detuning from resonance with wy, the laser
frequency, wy the atomic resonance frequency and kv, is the Doppler shift. I(r)
denotes the radial intensity variation of the light beam while I, and I' are the

saturation intensity and natural linewidth of the atomic transition respectively.
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The main disadvantage of early blue-detuned traps was that loading efficiency
and tight confinement could not be performed simultaneously. The low load-
ing efficiency resulted from the very different volumes and shapes of the nearly
spherical MOT and the highly elongated dipole trap. It is noted that the trap
composed of an inverted pyramid had no such loading problems but its reliance
on the weak gravitational forces inhibited close confinement of atoms. A solu-
tion which enabled both these factors to be addressed was proposed by Ozeri
et al. [50]. In this work, an optical “bubble” was formed around the MOT by
using a binary phase element. This was composed of concentric phase rings with
a m-phase difference between neighbouring rings. By focusing the 1st and -1st
diffracted orders from a TEMy, mode incident on this, an annulus of light was
created at the focal plane that closes in on itself both sides of the focal plane
owing to the beam divergence to form a dark region completely surrounded by
light. Improving the potential mode matching between the dipole trap and the
MOT, an increase in the loading efficiency of a factor of 50 was demonstrated.
Including a zoom lens system to dynamically alter the dipole trap volume was
foreseen as a method of compressing the trapped atoms although this had not

been experimentally verified.

6.7 Summary

This chapter has detailed the theory required to perform laser cooling and trap-
ping experiments. Primary cooling mechanisms were discussed and the funda-
mental forces and processes required to cool and slow an atomic beam presented.
These ideas were extended to include three-dimensional cooling, or optical mo-
lasses, and sub-Doppler mechanisms such as Sisyphus cooling which were required
to account for experimentally recorded temperatures lower than those predicted
by Doppler cooling theory. An introduction to sub-recoil cooling mechanisms was
presented with an overview of evaporative cooling and its characteristics which

directly contributed to the first experimental realization of Bose-Einstein Con-
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densation. In combination of cooling techniques with spatially variant magnetic
fields, magneto-optical traps (MOTs) were introduced. The generation of a low-
velocity intense source (LVIS) of atoms directly from the centre of a MOT was
then outlined while experimental applications of this atomic beam within this
research are contained in Chapter 9. The optical dipole force experienced by an
atom when placed in a near resonant light field was introduced together with the

geometric configuration of optical dipole traps for neutral atoms.
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Chapter 7

Review of Atom Guiding

Experiments

7.1 Introduction

This chapter aims to outline the reasons and impetus behind research conducted
in cold atom guiding while also presenting some of the experimental techniques
that have been employed in achieving this to date. Atom guiding can be achieved
by two main methods. The first utilizes the force felt by an atom when placed
in a magnetic field gradient and the second employs the optical dipole force
as discussed in Chapter 6. Three different methods of atom guidance will be
discussed, namely magnetic field guiding; hollow optical fibre guiding and free-
space light beam guiding although the latter two methods both rely on the optical
dipole force. Entwined within research conducted in atom guiding is that of
splitting an atomic beam. This has serious repercussions in atom interferometry.
Within each of the guiding sections in this chapter, references will be made to
pertinent results concerning atomic beam splitting. This chapter does not aim to
recount rigorously all research conducted in this field but rather reviews some of

the important results achieved to date.

156
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7.1.1 Application to Atom Interferometry

The considerable progress made in the field of laser cooling in the past decade has
opened a number of new avenues in atomic physics, such as atom optics and atom
interferometry. In these disciplines, matter-waves behave much like light-waves
in conventional optics and as such there is a requirement for atom-optic elements
such as lenses, mirrors and beam splitters. One of the most important goals is
the realization of an efficient, large angled atomic beam splitter for use in atom

interferometers.

An atom interferometer is, in essence, identical to its optical analogue. A coherent
source of atoms with a well defined de Broglie wavelength is spatially split along
separate paths before being recombined. Upon recombination, interference be-
tween atoms occur allowing a fringe pattern to be observed. Any phase difference
between the two paths will alter the fringe pattern. A promising application of
atom interferometry is in precise measurements in a non-inertial reference frame
e.g. rotating. For example, laser gyroscope interferometers determine changes in
orientation by measuring the phase shift experienced due to the Sagnac effect [1].

The phase shift of the fringes is defined as [2]:

47} -
AP = ——— 7.1
® - (7.1)

o=

where | Q | is the rotation frequency, A is the wavelength of the interfering entity
and v is the velocity of propagation. A is a vector whose magnitude is equal to
the area of the plane enclosed by the two paths of the interferometer and whose
direction is normal to this plane. For an optical interferometer v = ¢ and for and
atom interferometer, A = h/p = h/muv, where c is the speed of light in vacuum,
h is Planck’s constant and m is the mass of the atom. It therefore follows that
the Sagnac phase shift is larger for atoms by a factor mc?/hw, which is typically
10'°) where h = h/2m and w is the angular frequency of the interfering entity.

This huge factor is somewhat compromised by optical interferometers having If_i'l
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hundreds of times larger than atomic analogues and better signal-to-noise ratios.
Nevertheless, there exists the possibility of realizing atomic gyroscopes and other
inertial sensors with new higher sensitivities. This would be of particular use
for navigational purposes in space where the motion of the atoms would not be

affected by gravity.

Atomic beam splitters have been experimentally demonstrated using both mag-
netic fields and optical means. Large deviation angles and high splitting effi-
ciencies are characteristics preferred by atom interferometers. Magnetic fields
generated from current carrying patterned substrates have led to guiding and
splitting with large deviation angles but are restricted in efficiency due to only
certain non-zero magnetic moment atomic levels being guided [3]. Splitting as
a result of photon momentum transfer from transverse laser beams have allowed
only small angle deviation [4] while implementing an optical standing wave Bragg
grating resulted in multiple diffracted orders [5]. Other optical methods include
using the optical dipole force generated from focused laser beams to guide and
split ensembles of cold atoms with high efficiency and large splitting angles [6].
The aim of current research is to implement improved guiding geometries for
larger splitting angles and more compact apparatus. Just as optical waveguides
play a central role in modern optics, such as in the communication industry, atom
waveguides are likely to become an expanding sector for future atom-optics based

science.

7.2 Magnetic Field Guiding

Generating a source of cold atoms directly from the centre of a MOT has been
outlined in Chapter 6. A means of transporting them over distance using guiding
forces is then required if they are to be used in an experiment at a different spatial
location or as part of an atom interferometer. Initial work on the transportation
of atoms was conducted utilizing the interaction between the magnetic moment

possessed by an atom and magnetic field gradients.
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7.2.1 Wire Guiding

The first experiment to transfer neutral atoms by way of magnetic fields was
proposed and, shortly afterwards, demonstrated by Schmiedmayer [7, 8]. A ra-
dially symmetric magnetic field was generated by a current carrying wire which
resulted in an attractive force for atoms whose magnetic moment was parallel to
the magnetic field. Atoms were kept spatially separate from the wire in order
to avoid loss of atoms due to collisions with it. This was achieved naturally by
the atoms motioning around the wire in Kepler-like orbits thereby attaining a
centripetal potential barrier. The magnetic field pattern and guiding potential is
shown in Figure 7.1(a) while the experimental setup is shown in Figure 7.2. In
this scheme, a thermal beam of sodium atoms was overlapped with a 1 m long
length of wire. A hot wire detector and a channeltron counted the number of
sodium atoms at the far end of the apparatus. This detector operated by first
surface-ionising atoms incident on the hotwire and having the channeltron sub-
sequently count electons. The entire system was mounted within a vacuum. A
bend of less than 1073 rad was introduced in the wire to help demonstrate the
guiding effect. The experimental results confirmed that guiding had taken place.
A raw data set from the experiment is shown in Figure 7.3. A current of 1 A
was passed through the wire with a bend of 0.5 mrad present. The current was

switched off completely between 3.5 and 7.2 seconds.

This scheme was advanced and adapted through the addition of homogeneous
magnetic bias fields perpendicular to the wire allowing atoms to be guided ap-
proximately 1 mm away from the wire, parallel to it. A schematic diagram of the
field pattern is shown in Figure 7.1(b). 'L'his is known as a side guide. An experi-
ment demonstrating guiding in this geometry, as well as in the previous unbiased
magnetic field design, from the centre of a MOT was conducted by Denschlag
and co-workers [9]. This side guide represented a new and promising way of guid-
ing in future applications of atom optics since a current carrying wire could be
incorporated onto the surface of a substrate with atoms capable of being guided

above it. Then, the ability to load atoms close to a substrate becomes important.
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Figure 7.1: Configurations for magnetic guiding of neutral atoms. The left images show the
wire and the magnetic field potentials, the centre images show the guiding potentials whilst the
right images show typical trajectories of guided atoms. (a) is for when only a wire is used and

(b) for when a wire and a bias field is applied to produce side guiding. Reproduced from [9].

< Im >
= 1 Hot Wire
Na Oven |- Detector
Channeltron

Figure 7.2: Functional diagram of the wire guiding experiment. Sodium atoms are emitted
from an oven, guided by a field minimum around the bent current carrying wire and then

detected by the translatable hot wire detector and channeltron. Reproduced from [7].
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Figure 7.3: Raw data from the experimental setup shown in Figure 7.2 with a current of 1 A
and a bend of 0.5 mrad. Measurements were taken alternately with the current on for 100 ms
(o) and off for 100 ms (¢). The current was turned off completely between 3.5 and 7.2 seconds.

Reproduced from [7].

This has been addressed during the work undertaken at St Andrews with the
placement of a MOT approximately 1 mm above a surface. This is detailed in

Section 8.3.

Indeed, it was not long before an experiment of magnetically guiding atoms above
a substrate was demonstrated. The experimental setup for this is shown in Fig-
ure 7.4. Laser cooled atoms from a LVIS were overlapped with two parallel wire
tracks grown on a substrate and guided around three curves each with a 15 cm ra-
dius of curvature over a distance of 10 cm [10]. The tracks consisted of dimensions
100 x 100 pm with a separation of 100 um between them. The resulting magnetic
field was zero in the centre between the wires. This is known as a centre guide.
After exiting the guide at the end of the apparatus, the atom flux was detected
using a hot wire and channeltron. A beam block placed line-of-sight from LVIS
to the detection region obstructed any atoms not guided from reaching the hot
wire. This experiment again showed conclusively guiding of neutral atoms but

more so displayed the potential of this technique in building not only individual
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Figure 7.4: Experimental setup for magnetic guiding above the surface of a substrate. A LVIS
provides a beam of atoms that are coupled into the magnetic guide. Atoms are guided around
a barrier and are then ionised with a hot wire and counted using a channeltron. Reproduced

from [10].

optical elements but multicomponent arrays on a single substrate for use in atom

optics.

7.2.2 Magnetic Atomic Beam splitters

Atomic beam splitters are pivotal in any atom interferometer. Whereas the orig-
inal beam splitter was probably the Stern-Gerlach experiment [11], modern free-
space beam splitters rely on optical or mechanical means for spatial separation.
Small splitting angles characterise these apparatus and because the sensitivity is
defined by the enclosed area of both interferometer arms, experiments are partic-
ularly bulky in order to split and the recombine both beams. By extending the
ideas used in magnetic atom guides described in Section 4.3.1, waveguide atomic
beam splitters and atom switches have been constructed on a substrate enabling

arbitrary splitting angles to be realized.

Miiller and co-workers constructed an atom switch [3] based on earlier work they
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Figure 7.5: Experimental realization of a substrate magnetic atom switch. Insets (a) and (b)
show the magnetic field contour lines at two separate regions. The contour lines are separated
by 10 Gauss. A centre guide forks into one of two side guides depending on which auxiliary

wire is turned on before returning back to a centre guide. Reproduced from [3].

had performed in the manufacture of an atomic beam splitter [12]. The ex-
perimental setup for the atom switch is shown in Figure 7.5. Atoms enter the
apparatus from the left and travel along a centre guide for 1 cm before the wires
begin to separate slowly. The guiding potential reduces as the wires diverge with
each wire now each arm of the switch. A side guide is created by passing an elec-
tric current through either one of the auxiliary wires. The side guide extends over
4 cm before merging back into a centre guide over the next 4 cm, reversing the
above process. Passing current through auxiliary wire one or auxiliary wire two
dictates along which arm the atoms are guided. Approximately 5x10* atoms s~
could be observed exiting either arm of the apparatus spatially separated by

8 mm.
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7.2.3 Summary of Magnetic Field Guiding

The experiments described within this section demonstrate that magnetic guiding
is successful in achieving the transference of neutral atoms over a distance com-
parable to that demanded by a compact atom interferometer. Several atom-optic
components have been demonstrated experimentally and the potential has been
shown clearly in combining several of these to produce a multi-element device.

However, there exist several undesirable characteristics with these systems:-

(i) The atoms need to be loaded into the guiding potential generated by the
wires. This requires the careful alignment of the guiding apparatus to the
atomic beam before the trap is assembled. In some setups this is more
straightforward but in all, changes in this alignment once the experiment

has been constructed is extremely difficult, if not impossible.

(ii) Large currents are required to generate sufficiently large field gradients be-
cause the magnetic moments of neutral atoms are small. The small diameter
wires used in many of these experiments are unable to pass large currents
continuously and therefore the experiment must be operated in a pulsed

mode.

(iii) It is only atoms occupying specific mp sublevels that will be attracted to
the field zero and guided unless specific population pumping is applied. All
other atoms are lost. Therefore only a small percentage (usually < 25%) of
the initial atom flux incident on the guide can be observed at the detection

region.

7.3 Hollow fibre Light Beam Guiding

A solution to items (ii) and (iii) listed in Section 7.2.3 above was found in using

the optical dipole force described in Chapter 6, where atoms, regardless of their
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spin states, can be either attracted or repelled from regions of light intensity.
This can be employed by having light propagate within a hollow optical fibre
or in free-space. This provides a method of guiding that is complimentary to
magnetic guiding. In the following two sections, hollow optical fibre guiding and

free-space guiding will be explored respectively.

By coupling light into the hollow core or the surrounding glass fibre of a hollow-
core optical fibre and detuning it correctly, the optical confinement coupled with
the dipole force can allow atoms to be guided along the hollow core. A diagram
illustrating the cross section of a hollow-core optical fibre and also the regions of
light intensity when the fibre is used both in the red-detuned and blue-detuned

geometries is shown in Figure 7.6.

Glass Fibre Hollow Core Glass Fibre Hollow Core

N

Evanescent Wave

(a) (b)

Figure 7.6: (Colour) Diagram illustrating light fields in hollow-core optical fibre guiding when
(a) using red-detuned light and (b) blue-detuned light.

This was first proposed by Ol’Shanii and co-workers in 1993 for a red-detuned
laser beam [13] and by Marksteiner et al. for blue-detuned light [14]. There are

a number of advantages in using hollow optical fibres:-

(i) Atoms can be transported from one vacuum chamber to another while the

outside surface of the fibre is subject to atmospheric pressure.

(ii) There is the ability to guide around bends and by varying the radius of

curvature of the bend one can obtain a velocity selective element.
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(iii) Optical access through the fibre walls allow atoms to be probed and ma-

nipulated without the constraints of cumbersome vacuum equipment.

It would be naive to assume that one could couple atoms into the centre of such a
fibre and expect to measure an atomic flux exiting. In the absence of any optical
potentials, the atoms are attracted to the fibre walls due to the attractive van
der Waals interaction which, if the curvature of the walls is ignored and the fibre

is treated as a dielectric slab, is given by [15],

Usaw = —

_ 2
1 (f 1) (gld |9>’ (7.2)
dreg \e+1/) 8kpx®

where € is the dielectric constant of the material, ¢y is the absolute permittivity
of free space ', (g|d?|g) is the matrix element of the square of the dipole operator

and z is the distance from the wall.

An atom injected into the hollow core would soon become attached to the inside
wall of the fibre. Only when the optical potential is greater than this attractive
potential can atoms be guided. For two-level atoms, the potential from the optical

dipole force is [16]

Ur) = % In (1 + %) ; (7:3)

where A = w — wy is the detuning of the laser frequency w from the atomic
transition frequency wq, I(r) is the field intensity, I, is the atomic saturation
intensity and I" is the natural linewidth of the transition. In this way, red-detuned
light can propagate within the hollow core of the fibre thereby attracting atoms
toward the centre of the core region away from the walls. Alternatively, blue-
detuned light can be totally internally reflected within the glass fibre resulting in

a small evanescent wave “leaking” into the hollow core. In this case the optical

LOtherwise known as the electric constant.
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potential is repulsive therefore rebuffing atoms that come too close to the fibre

walls.

7.3.1 Red-Detuned Guiding

Guiding of neutral atoms along a hollow-core optical fibre using light was pio-
neered experimentally by Renn et al. in 1995 [17]. The setup used is shown in

Figure 7.7. A 3.1 cm long capillary fibre with an outside diameter of 144 pm and

Rubidium Detector
Vapour Cell Chamber
Laser e Hot Wire
Detector
Hollow Core . $
Fibre

Figure 7.7: Experimental setup for red-detuned guiding in a hollow optical fibre. Laser light is
coupled into the centre of the hollow fibre. Low transverse velocity atoms from the background

vapour are coupled into the fibre and guided to the detector chamber. Reproduced from [17].

a hollow core diameter of 40 um was used. Typically 45 mW of light from a ti-
tanium sapphire laser was focused into the central hollow. The grazing incidence
modes decay exponentially as they propagate thus limiting the distance over
which guiding could be achieved to a few centimetres. This is a grave limitation
with red-detuned guiding in fibres but is remedied by using blue-detuned light as
shall be discussed in Section 7.3.2. Atoms entered the fibre from the background
rubidium vapour in the first chamber and were measured as they exited the fibre
by a hot wire and channeltron. The experimental results, shown in Figure 7.8,
were similar to those found in wire guiding. Atom guiding could be observed with
the laser detuned from 1 to 30 GHz red of the rubidium D2 resonance lines with a
maximum flux observed at 3 GHz. This experiment demonstrated the ability to

guide atoms along either a straight or curved hollow optical fibre using a coupled
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red-detuned Gaussian beam.
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Figure 7.8: Guided atom signal versus laser detuning from resonance. The upper and lower
curve relate to higher and lower guide laser intensities respectively. The data show a sharp
increase in the number of guided atoms when the laser is tuned slightly to the red of the

resonance line. Reproduced from [17].

Further studies revealed that the atomic flux was not solely dependent on the
detuning but the intensity of light also. In 1997, Renn et al. [18] reported that at
higher guide laser intensities, heating of the atoms due to spontaneous emission
led to a “hole” being burnt in the flux spectrum. A graph of such a flux spectrum
is shown in Figure 7.9. The interplay between a.c.-Stark shifts within the optical
guide, spatial variation of the atom and spontaneous emission processes resulted
in this “hole”. At low intensities the dipole force is conservative and leads to
a sharply peaked, roughly dispersion shaped flux spectrum, as can be seen in
Figure 7.8. However, at higher intensities viscous heating forces became more

apparent imparting transverse kinetic energy to the atoms. The “hole” arises
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due to the heating forces at low and high detunings decreasing faster than the
dipole potential. A more thorough and rigorous description can be found in

literature [18].
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Figure 7.9: Guided atom flux versus laser detuning from resonance for a high laser intensity
of 50 MW m™2. A spike near zero detuning is observed due to the rapid turn off of the
heating mechanism relative to the guiding potential as the detuning tends to zero. Reproduced

from [18].

7.3.2 Blue-Detuned Guiding

The limitations of using red-detuned Gaussian beams when close to resonance
and in hollow optical fibres are twofold. Firstly, random scattering of photons
by atoms within the guide causes viscous heating thereby reducing atomic flux.
This is not particular only to hollow fibres but to all red-detuned optical guiding.
Secondly, the high coupling of the free-space laser mode into the surrounding
fibre limits the distance over which guiding can be accomplished. A solution
surmounting both of these problems is to use a blue-detuned guide beam coupled

into the glass fibre region. In this way atoms are confined to low intensity regions
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where spontaneous emission is minimised while the light propagates in modes

along the fibre resulting in guiding over extended distances.

The first step taken in realizing blue-detuned hollow-core optical fibre guiding
came experimentally in 1995 when Ito and co-workers [16] investigated the cou-
pling of light from a laser into a hollow-core optical fibre. It should be noted that
the fibre used by Ito et al. is different to that used by Renn et al., as described
in Section 7.4.1. Whereas Renn et al. used a simple capillary, Ito and colleagues
used an actual hollow-core optical fibre complete with cladding. Modelling the
propagation of supported modes in a fibre Ito and colleagues determined that,
like any other optical waveguide, an exponentially decreasing field “leaked” into
the surrounding cladding regions. Such quickly diminishing fields in such cir-
cumstances are known as evanescent waves. Approximately 100-200 nm from the
hollow-core—glass-fibre boundary, the evanescent field for experimentally attain-
able laser powers, was calculated to be sufficient for guiding. Because the van der
Waals interaction is extremely short ranged (it is inversely proportionally to the
seventh power of the distance between atoms or molecules), the evanescent wave
induced optical dipole force is large enough to surmount this attractive force at

these modest distances.

Blue-detuned guiding of rubidium atoms was reported a year later in 1996 by
Renn and colleagues [15]. The experimental setup was similar to that of Fig-
ure 7.7 with the exception that a second red-detuned escort laser was used to
help couple atoms into the 6 cm long fibre. This laser was required because dif-
ficulty in coupling the blue-detuned laser field into the fibre created scattered
light in the hollow core. To circumvent this mode-matching problem the second
escort laser was red-detuned and focused into the hollow core of the fibre. Since
both potentials generated by the scattered and the escort light in the hollow
core decayed exponentially within the first few centimetres of the fibre, atoms
were escorted through the entrance region to where the evanescent potential was
dominant. As the escort laser decayed, the evanescent potential was present to

guide atoms over the remainder of the fibre distance. Both beams were coupled
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to the fibre via a polarising beam splitting cube. Experimentally 500 mW of
blue-detuned guide light was focused into the beginning of the fibre while 10 mW
was sufficient as the escort power. Optimum detunings from resonance of -1.6
GHz red-detuned for the escort laser and +3 GHz blue-detuned for the evanes-
cent wave laser resulted in a factor of 4 increase in atomic flux measured at the
hot wire. Qualitatively, the guiding was different from implementing red-detuned
grazing incidence modes. Whereas in red-detuned guiding the atom was confined
to the centre of the hollow core and interacted weakly with the van der Waals
forces, the atoms in blue-detuned evanescent guiding interacted significantly more
strongly resulting in an intensity threshold for guiding. This “turn-on” of guiding
where the evanescent potential equals that of the van der Waals potential can be

seen clearly in Figure 7.10.
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Figure 7.10: Intensity dependence of the evanescent-wave-guided atom flux. The threshold
for the commencement of guiding can clearly be seen to be ~5 MW /m? and also that above

threshold the atomic flux increases linearly with intensity. Reproduced from [15].

For inclusion into atom interferometers any form of guiding process must preserve
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the coherence of the atomic states. Cold atomic ensembles are therefore required
to be guided with minimal heating. An elegant experiment to investigate the ef-
fect of evanescent guiding on the kinetic motion of atoms extracted from a MOT
was conducted by Miiller and colleagues in 2000 [19]. Atoms from a LVIS were
injected into the centre of a hollow core optical fibre bridging two separate vac-
uum chambers. The first vacuum chamber contained the MOT and cold atomic
beam whilst the second housed the detection equipment. Blue-detuned light
from a Ti:Sapphire laser was focused into the end of the fibre allowing evanes-
cent guiding to take place. The fibres used ranged from 17 to 30.5 c¢cm in length.
The experiment analysed the spontaneous emission occurring during guiding by
probing the internal states of the atoms exiting the fibre. This was achieved by
introducing a probe laser perpendicular to the direction of the atomic flux upon
exit from the optical fibre and tuned to the cooling transition. 90% of atoms
exiting a LVIS are originally in the repumping ground state [19] and so with the
probe laser present those atoms in the cooling cycle ground state absorb photons
from the probe beam and are deflected allowing only those atoms in the repump-
ing ground state to be counted. Figure 7.11 shows the atomic flux as a function

of guiding laser frequency detuned from the hyperfine repumping transition.

At small detunings the internal states of the atoms have been pumped to that
of the cooling cycle ground state indicating that a significant number of spon-
taneous absorption/emission processes have occurred. The overall flux is also
lowered at these small detunings implying that the spontaneous heating mech-
anism increased the transverse kinetic energies of the atoms until they were no
longer guided. At increased detunings the internal states of the atoms remained
the same as those which they entered the fibre with i.e. the repumping ground

state.
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Figure 7.11: Detuning dependence of the guided atoms’ internal states. At small detunings
the atoms are optically pumped into the cooling cycle ground state as they are reflected off
the evanscent light field (triangles). At large detunings the total flux (squares) consists of 90%
of atoms in the hyperfine ground state (circles) which indicates suppression of spontaneous

emission during the guiding process. Reproduced from [19].

7.4 Free-Space Light Beam Guiding

Much of the early work associated with atomic beams and guiding using light was
carried out in conjunction with research in the field of laser cooling and trapping of
neutral atoms. There are certain benefits to using light beams propagating in free-
space as atomic guides over both previously mentioned schemes. The simplicity
in focusing a laser into the trap region is in stark contrast to the preparation,
manufacture and physical alignment of either a wire guide or a hollow fibre setup
where an intra-vacuum element is always required. Also, there are no attractive
forces such as the van der Waal’s force to reduce the guided atomic flux although

the ability to guide round bends is lost.
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7.4.1 Red-Detuned Guiding

One of the earliest experiments concerning the free-space guiding of an atomic
beam was reported in 1978 when Bjorkholm et al. [20] demonstrated the focus-
ing, defocusing and steering of sodium atoms using a laser beam tuned close
to resonance. In their experiment, a functional diagram of which is shown in
Figure 7.12, a 50 mW focused laser beam propagated co-axially with a thermal

atomic beam. A hot wire detector was used to record the flux and profile of the
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Figure 7.12: Schematic diagram of focusing of a thermal atomic beam using a red-detuned
Gaussian beam. Note the differences in scales between the longitudinal and transverse direc-

tions. Reproduced from [20].

atomic beam. The guide beam was typically focused to 100 pm beam radius
approximately halfway between the mirror and the detector using a 750 mm fo-
cal length lens. 'I'he laser was detuned, in turn, both red and blue the atomic
transition frequency. The results they achieved, reproduced in Figure 7.13, show
clearly the effect of the optical dipole force. When the laser was red-detuned
the atoms were attracted to the areas of highest intensity i.e. the centre of the
Gaussian beam, whereas when it was blue-detuned, they were repelled from the
laser beam. Subsequent work by the same group improved red-detuned guid-

ing by implementing higher guide powers and narrower beam waists [21] while
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determining the minimum obtainable atomic beam spot size for a given guide
power [22]. Again the spontaneous emission associated with red-detuned guid-
ing was present. One method of overcoming this, as discussed in Chapter 6 and
the previous section, is to use a high power guide beam that has been signifi-
cantly red-detuned from resonance thereby reducing spontaneous emission whilst
still providing a high guiding potential. Such a scheme has been experimentally
demonstrated by Szymaniec et al. [23] in which a far-off resonance red-detuned
beam was used to guide an atomic funnel from the centre of a MOT region to
a second UHV chamber. The important feature of this experiment was that the
phase space density of the atomic funnel was preserved. Therefore, the beam

allowed confinement and guiding without heating.
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Figure 7.13: The atomic beam flux at the detector as a function of transverse detector
position. v is the frequency of the laser while vq is the atomic transition frequency. The dashed
line shows the approximate background intensity. Peak beam current is approximately 2 x 10®

atoms s~'. Reproduced from [20].

7.4.2 Blue-Detuned Guiding

To eradicate the the problem of spontaneous emission and heating effects without

the need for high power far-off-resonance guide beams, atoms can be confined to
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Figure 7.14: Functional diagram for the guiding of cold Rb atoms directly from a MOT
within the centre of a hollow light beam. The beam can either be incident from above the
trap, in which case it is co-propagating with gravity, or from below, in which case it is counter-
propagating with gravity. The probe laser induces atomic fluorescence to allow the atoms to

be counted. Reproduced from [24].

regions of low intensity by detuning the laser frequency blue of resonance. A beam
suitable for this purpose would have a circularly symmetric intensity profile with
zero light intensity at its centre. Balykin et al. [25] first evaluated the properties of
an atomic laser lens that consisted of an atomic beam passing through the central
zero intensity region of a Laguerre-Gaussian (LG) beam. Further publications
extended these ideas [26] and provoked interest in higher-order LG beams as well
as high order Bessel beams [27]. A description of the production and properties of
LG beams can be found in Section 9.2.2. Experimentally, blue-detuned guiding
using a “hollow” laser mode was realized in 1998 by focusing ultracold neon
atoms within the centre of a LG (¢ = 1) beam [28, 29]. The following year, Song
and co-workers [30] and Xu and colleagues [31] reported the guiding of atoms
released directly from a MOT within a dark hollow beam. The setup for both
experiments is shown in Figure 7.14. In the first of these experiments [30], the

hollow light beam was generated by passing a TEMy, mode output from a diode
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laser through a series of axicons to produce a thin annulus of light intensity in the
far field. It should be noted that this annulus is not a laser mode and thus will
not propagate over long distances in contrast to a LG beam. This annulus was
then superimposed vertically, propagating either with or against gravity, over the
trapping region. The atomic cloud was dropped and guided within the central
dark region of the beam. It was shown that even though the atoms only interacted
with the light field over a short period, this time was sufficient for the velocity of
the atoms and the centre of mass of the falling cloud to be altered significantly

by the detuning of the guide laser.
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Figure 7.15: The guiding efficiency as a function of the detuning, d», in the co-propagating (a)
as well as the counter-propagating (b) scheme. The solid curves represent numerical simulations.

Reproduced from [24].

The second experiment [31] had fundamentally an identical setup to the first
but with the hollow light beam being generated from illuminating a micron-sized
hollow optical fibre with the output from a Ti:Sapphire laser. Data from this
experiment, shown in Figure 7.15, concluded that there existed a detuning for
which optimal guiding occurred. Optimal guiding was defined by two parameters,
the loading efficiency n; which determined the fraction of atoms entering the guide

and the guide efficiency 7, which quantified the fraction of those atoms detected
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as an atomic flux after guiding. The loading efficiency, n;, is expressed as,

- ip\rioad

- , 7.4
Nuyor (4)

where Njo.q is the number of atoms that enter the guide and Nyor is the total

number of atoms in the MOT while the guide efficiency, 7,, is expressed as,

:‘-J
o
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_ Nguide
"= Niaa (
where Ngyige is the number of atoms measured after guiding. The loading ef-
ficiency was determined by the relative radii of the MOT cloud and the guide
beam while the guiding efficiency was determined by the intensity and detun-
ing of the beam as well as the initial temperature of the atoms before loading.
If the radius of the guide beam was increased in order to increase the number
of atoms coupled into the guide, i.e. the loading efficiency increased, a decrease
in intensity of the beam and therefore a reduction in the potential wall of the
guide would occur reducing the guiding efficiency. Therefore optimal conditions
exist for which a maximum flux of atoms can be guided. Experimentally it was
observed that maximum guiding occurred with a laser detuning of 6 GHz. Detun-
ing closer to resonance caused viscous heating to become important while further

from resonance reduced the guiding potential.

7.4.3 All Optical Atomic Beam Splitters

In 2000, Houde et al. [6] reported the coupling of cold rubidium atoms released
directly from a MOT into a far-off-resonance red-detuned beam splitter. The
experimental setup is shown in Figure 7.16. The dipole guides were provided
by a 15 W TEMy CW Nd:YAG laser with a detuning from atomic resonance
of approximately —107T", where I is the natural linewidth of the transition. Ini-

tially the guide beam was directed vertically through the centre of the MOT
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Figure 7.16: Experimental scheme for cold atom guiding using a far-off-resonance red-detuned
laser. The MOT is represented by four trapping beams while the coils and remaining two beams

have been omitted for clarity. Reproduced from [6].

region before being reflected and refocused to provide the second, oblique guide.
The potential depths of the vertical and oblique guides were 30 and 10 pK re-
spectively. Once a cold atomic ensemble of 8 Rb atoms had been produced, the
trapping lasers were switched off and the atoms allowed to fall naturally due to
gravity. Approximately 10% of the total number of atoms were captured within
the vertical guide. When the atoms reached the intersection of the vertical and
oblique beams, the oblique guide was switched on suddenly. In this way, the
timing sequence allowed the atoms to be first guided by the vertical guide before
being split by the second, oblique guide. The splitting was analysed 10 mm below
MOT centre by a weak resonant light sheet, slightly red detuned, retroreflected
and perpendicularly linear-linear polarised permitting reliable imaging without

any transverse atom displacement.

Experimental results are shown in Figure 7.17. In this Figure, atomic density
cross sections imaged at the light sheet are shown for (i) when only the vertical

guide is present, (ii) when both guides are present and (iii) a numerical subtraction



REVIEW OF ATOM GUIDING EXPERIMENTS 180

250

,;@. (a] w,=0.29(1} mm

g 2004 ﬁ A, =3221(20) counts

£ 150+ ’

¥rg

@ 100+ ’ !

@

] \

2] ]

£ 50 |

: \

< 0 M‘WW"
250 t + } $ + $ t + + i t t

7 {b} w, =0.26(1) mm

g 2004 A = 2298(25) counts

P w, = 0.45(2) mm

kA 1504 ﬁ A_ = 933(35) counts

> A=1.05(1) mm

2 1004 n=29(2) %

S

o

£

=}

<

= t + } .

€ 100+ )

£

& 504

8 W

(5]}

= 0

R

5 -50-

0 1 @3 & 5 8 7 B 9 40 9
Position [mm]

Figure 7.17: Results gained from the experimental apparatus shown in Figure 7.16. Atomic
density cross-sections for (a) the vertical guide only, (b) two guides and (c) (b)-(a). Gaussian
fits are shown by dotted lines. The letters in the figure refer to the peak areas, 4, for atoms in
the vertical guide and A, for atoms in the oblique guide, w, andw, are the 1/e? beam radii, A

the atomic peak separation and 7 the efficiency. Reproduced from [6].

of these two graphs. The important features of this experiment are that a high
coupling efficiency from one guide to the other was achieved, typically up to 40%.
Since minimal spontaneous emission occurred, the coherent properties of a BEC
guided in such a manner could be preserved. Further, the large splitting angle,
0.12 rad, allowed an atomic splitting greater than the individual diameters of the

atomic beams. From this it would be possible to produce an atomic interferometer

in a reduced-size apparatus.

An interesting result obtained by Yan et al. [32] reported that atoms had been



REVIEW OF ATOM GUIDING EXPERIMENTS 181

directly coupled into and guided along a blue-detuned L-G beam crossing a LVIS.
During the course of this project an experiment very similar in nature was per-
formed in which their results could not be reproduced. As such, a discussion of
this experiment shall be postponed to coincide with the reported experimental

findings in Chapter 9.

7.5 Summary

This chapter has highlighted atom guiding and splitting as necessary elements in
any atom interferometer. The experiments detailed outlined the three primary
methods for guiding cold atomic beams, namely magnetic fields, hollow optical
fibres and free-space light beams. Magnetic guiding has allowed the fabrication
of a number of atom-optic elements directly onto a substrate permitting the
possibilities of constructing small, compact atom interferometers. However, the
small magnetic moment of an atom restricts the operation of these devices to a
pulsed format and only certain atomic spin states can be guided. Utilizing the
optical dipole force overcomes these problems in both hollow optical fibre and
free-space light beam guiding. Red-detuning confines atoms to regions of highest
light intensity while the opposite is true for blue-detuning. A disadvantage of
red-detuning is the inherent viscous heating effect on the atoms due to them
being spatially present in high intensity light fields. There are two generally
acknowledged solutions to this problem. One is to use a far-off-resonance red-
detuned beam to reduce spontaneous emission while providing an optical guiding
potential. However, high powers are required to achieve the necessary guiding
potential. The second is in implementing a blue-detuned laser beam with a
zero intensity region at its centre thereby minimising spontaneous emission while
providing high guiding potentials for modest beam powers. This final solution
seems the most promising with respect to the preservation of atomic coherence in
creating an all-optical atomic interferometer. It is along this avenue that research

at St Andrews is currently progressing with Chapter 9 detailing experiments
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performed during this research project in the guiding of cold atomic beams using

laser beams.
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Chapter 8

Experimental Realization of

Magneto-Optical Traps

M. A. Clifford, G. P. T. Lancaster, R. H. Mitchell, F. Akerboom and K. Dholakia,
“Realization of a mirror magneto-optical trap”

Journal of Modern Optics 48, 1123-1128 (2001).

8.1 Introduction

This chapter will detail the assembly and operation procedure of an ultra high
vacuum (UHV)! system required for any atom trapping experiment. A number of
magneto-optical traps (MOTs) have been custom built, tested and evaluated for
their suitability in atom trapping throughout this Ph.D.. Each will be described
and the choice of the individual geometries explained. The three traps described

here are:

(i) Prototype MOT - The first “conventional” trap designed and built at St

Andrews used to capture cold rubidium atoms. As well as describing the

LUHV is defined to be a system whose pressure is less than 10~7 mbar.
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steps in its construction, the method for obtaining the first neutral atom

cloud and all associated problems will be outlined.

(ii) Mirror MOT - A MOT in which the atom cloud can be placed close to a

surface and requires only four instead of six trapping beams.

(iii) Ten-Way Cross MOT - This trap has the spatially confined trap region
placed in the centre of a ten-way cross UHV piece. The extra viewports
give improved visual access to the cloud and additional flexibility for exper-

iments. This trap is used currently in all ongoing research.

This list describes the chronological order in which the traps were built. The
overall objective of this work was to obtain guiding of cold atoms. The initial
prototype trap was built simply as a proof-of-principle experiment for obtaining
a functioning MOT. Some elementary guiding results were taken while using this
trap in addition to polarisation spectroscopy experiments. These are reported in
Chapters 3 and 9 respectively. The mirror MOT was constructed as a way of
trapping an ensemble of atoms using only two input beams and of extracting and
guiding atoms vertically downwards through a hole drilled in one of the optics.
Instead of allowing a passage through which the atoms could leave, the hole pro-
hibited the formation of an atomic cloud placed directly above it. Nevertheless,
the trap was successful in obtaining an atomic cloud in close proximity to a re-
flecting surface which is of importance in certain magnetic guiding experiments,
as discussed in Section 7.2. Finally, the ten-way cross trap was chosen because of
its flexibility in allowing different guiding geometries, improved access for guiding
beams and viewing. This is currently the operational trap in the laboratory and

has provided guiding data for a number of different lightbeams.
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8.2 Prototype MOT

8.2.1 Construction

A photograph of the prototype MOT used initially in proof-of-principle experi-
ments is shown in Figure 8.1. The trap was mounted on a standard UHV six-way
cross. The trap consisted of a glass cross (80 mm x 80 mm x 120 mm with
five 25 mm diameter windows) blown in-house by the School’s glassblower, Fritz
Akerboom. The five windows, through which the trapping beams pass, were of
optical quality. The sixth optic in the setup was a viewport placed on the bot-
tom of the six-way cross. The base of the cross was blown and affixed to a blank
flange that had a 36 mm diameter hole drilled in it. The hole facilitates access
of one of the trapping beams to trap centre. A background vapour of rubidium
(Rb) must be present for trapping. One conventional method of doing this is
by using a cold finger in which alkali metal is released into the apparatus and is
allowed to settle on the inner surfaces. To release the vapour pressure the outside
of the vacuum chamber is heated. Another method is to insert a glass enclosed
ampule of the specific alkali metal within the vacuum, break the glass and use a
heating element to provide the background vapour. In the work described within
this chapter, relatively new and little used getter ovens (SAES Getters, UK) were
implemented to generate the background vapour required for trapping. These are
metal enclosed capsules which split and release alkali vapour when an electrical
current is passed through them. Getter ovens have a number of advantages over
the previously mentioned systems including the ease in which they can be inte-
grated into UHV apparatus and that the vapour release can be localised within
the vacuum. These ovens were connected via an electrical feedthrough on one arm
of the six-way cross. A 40 ¢s~! ion pump (Varian, Vaclon Plus 40 Triode, Model
919-0201) kept the vacuum within the apparatus at ~10~% mbar. A blank flange
is also included on one of the arms as well as a T-piece which can be connected to
a turbo pump (Varian, Turbo-Dry 70) taking the trap system from air pressure

to 10~% mbar. All flanges were bolted with copper gaskets between them, except
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Figure 8.1: (Colour) A photograph of the prototype atom trap.

in the case of the viewports which required annealed copper gaskets to alleviate
stress on the windows. Care was required when handling all parts of the vacuum
system and disposable latex gloves were worn at all times to avoid contaminating
any of the surfaces with oil or dirt from skin contact. It is good practice therefore
to keep all component parts in their packaging until immediately before use. It
should also be noted that when joining flanges, opposite bolts should be tightened

in pairs to avoid undue stress on the metal and to ensure a high quality seal.

8.2.2 Bakeout

The primary concern in the construction of an atom trap is that UHV is required.
Although atoms can be observed at pressures of 10”7 mbar [1], excess collisions

with hot background atoms/molecules result in decreased trap lifetimes. For most
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cold atom experiments a vacuum pressure of less than 10~® mbar is needed. In
order to reach these pressures the vacuum apparatus was required to be baked to
high temperatures to rid the interior surfaces of contaminants, especially water
vapour, which are detrimental to trap operation. This subsection details the
procedure implemented before any of the trap configurations discussed in this

chapter were used experimentally.

Several thermocouples were placed at different areas on the apparatus to monitor
the temperature during bakeout. The vacuum system, including the ion pump,
was wrapped as evenly as possible with two electrical heating cables and any
viewports or optical elements covered entirely in aluminium foil. The whole
apparatus was then wrapped in aluminium foil for insulation purposes and placed
in a metal oven. The turbo pump was connected to the T-piece, started and
the heating cables switched on. The temperature was raised to ~150°C and
left for approximately 48 hours. The heating tapes were reduced in current and
temperature allowed to cool to ~75°C before the turbo pump was switched off and
the ion pump started. The bakeout continued at this temperature for another
24 hours before the heating tape was switched off. On cooling, the pressure
measured by the ion pump current gauge was approximately 10~ mbar. This is
sufficiently low for use in atom trapping experiments. The rubidium in the ovens
is protected from the atmosphere by being enclosed in a protective, metal case.
The case has a score along one side and in order that rubidium be released this has
to be split by heating the oven until it fractures. Passing a high current through
the ovens is the usual method of achieving this. Before the trap can be used,
the rubidium getter ovens needed to be degassed and opened. This was done by
carefully turning up the drive current to the ovens. Contaminants evaporated off
the ovens and surrounding area surfaces and entered the vacuum. The ion pump
then swept these out although monitoring the ion pump current was required as
too high a current would result in the safety switch in the ion pump tripping.
The current to the ovens was slowly ramped upwards with rest periods when it
was switched off to allow the vacuum to recover. As the ovens degassed, the

current could be increased. Typically with ~5 A the ovens were degassed and
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anything above this up to 9 A broke the seal?>. To confirm when the seal had
been broken required observing the Rb vapour using a charge coupled device
(CCD) camera while the trapping lasers were tuned to one of the Rb transitions.
On rubidium being released, a line of fluorescence could be observed as the laser

induced spontaneous emission in the vapour.

8.2.3 Trap Operation

The anti-Helmholtz magnetic field was generated by winding 57 turns of 0.6 mm
diameter insulated wire onto two plastic drums (40 mm inside diameter) and
placing these round the glass trapping region. These parameters were calculated
to give a field gradient of 10 G cm™" at trap centre from a computer program
written in Mathematica. The program is contained in Appendix B. The coils were
wired to a variable current power supply allowing the magnitude of the magnetic

field to be controlled.

The output from an extended-cavity diode laser (ECDL) described previously in
Chapter 3 was used as the cooling laser and passed through a beam expanding
telescope consisting of a f=-25 mm and a f=+300 mm lens separated by 275 mm.
This enlarged the beam to ~20 mm in diameter. The beam was then split
at a 70/30 beam splitter and also a 50/50 beam splitter to give three beams
of approximately equal power. The total power in the beams was measured
to be 12 mW. Beam steering mirrors of 1 inch diameter (silver coated, 99%
reflective @ 780 nm) were then used to direct the beams into the trapping region.
Before entering the trap, each of the three beams passed through a quarter-wave
plate orientated correctly which depended on the geometry of the anti-Helmholtz
coils. Figure 8.2 shows the handedness of the circularly polarised light relative
to the anti-Helmholtz coils. Each of the three beams was then retro-reflected by

means of three dielectric mirrors (99.9% reflective @ 780 nm) with a quarter-wave

2When the seal is broken, the current should be reduced immediately to 1 or 2 Amps or

switched off entirely.
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Figure 8.2: Schematic of the MOT. Laser beams are incident from all six directions and
have angular momenta as shown. The coils have current flowing in the direction of the arrows
which produces a zero magnetic field in the centre which varies linearly along all three mutually

perpendicular axes.

plate placed in front of each of them. This generated six mutually orthogonal
beams with correct handedness of circular polarisation at the trap centre. The
orientation of the retro-reflecting wave plates was unimportant. The hyperfine
laser output was focused gently into the trapping region using a f=+300 mm lens
~100 c¢cm from trap centre. A CCD camera sensitive in the infrared (IR) was
orientated towards the trapping region to observe the fluorescence of the trapped

cloud and the image viewed on a TV monitor.

At this point it is worth noting that several weeks were lost when trapping could
not be conducted in the prototype trap because of an unknown error in the
experimental setup. After ensuring that rubidium was present in the vacuum, the
lasers had a narrow enough linewidth and were tuned to the correct frequencies,
the beam alignment through the trap was good and that the coils were operating

in the correct anti-Helmholtz configuration it was eventually discovered that one
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of the input quarter-wave plates had its fast and slow axes defined in a manner
opposite to the other five. All six were purchased from the same supplier and
so, with good faith, it was assumed that each would have their fast or slow axis
defined identically with respect to the chord cut on the optic. An experiment
was conducted to determine the optical properties of the six quarter-wave plates.
Two wave plates were placed together with the chords defining either their slow
or fast axis aligned. This unit now performed as a half-wave plate. Placing this in
a linearly polarised laser beam with the fast/slow axis aligned at 45° to the beam
polarisation would result in a 90? rotation of the beam’s polarisation. Through
testing of all six wave plates in pairs it was found that one had its fast axis
defined the same way that all of the others had their slow axis defined. By bad
luck, this particular wave plate happened to be placed on the input side of the
trap where the orientation was important (if it had been placed in front of one of
the retro-reflectors then the trap would have worked regardless of the ill-defined
quarter-wave plate. It is likely, however, that the problem would have reared
its ugly head at some inopportune moment in the future!). Personally, this was
an invaluable lesson in experimental physics early on in my Ph.D. and made me
aware that no part of an experiment, however simple it may appear to be, should
be nonchalantly overlooked. The moral of this story is: never take anything for

granted!

Trapped atoms were obtained in this MOT by the following means. Firstly it was
ensured that all wave-plates were orientated correctly and that the six beams
were well overlapped in the centre of the trap. The trapping laser was tuned
and locked approximately 2I", where I' is the natural linewidth of the cooling
transistion, lower in frequency than the 5Si,F = 3 — 5P;)F" = 4 transition
for 8 Rb (or the 5S)oF = 2 — 5P3,F' = 3 transition for ® Rb) while the hy-
perfine pumping laser was tuned and locked® to the 5S1/2F =2 = 5P3F' = 3

transition for Rb (or the 551 ,F = 1 — 5P3,F' = 2 transition for " Rb). In

3While locking of the hyperfine laser was not absolutely necessary for operation of the
trap, drifting of the frequency over tens of seconds or a minute affected cloud size and if any

reproducible results were to be taken then the locking of this laser was a prerequisite.
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our initial experiment approximately 12 and 6 mW of trapping and hyperfine
pumping power, respectively, were used. The rubidium getter ovens were turned
on by passing a few amperes of current through them. In practice, the current
required to sustain a reasonable background vapour varied depending on the ac-
tual ovens used. This ranged typically between 2.5 and 5 A. As the time the
ovens had been in use increased, the current needed to be increased to generate
the same vapour pressure such that the background vapour should be visible in
the trapping region at all times . To generate the magnetic quadrupole, current
was passed through the field coils. For the size of coils and number of turns of
wire described previously, 2 A of current was sufficient to provide 10 G em™".
A Mathematica program was written to model the current required to achieve
this field gradient with this being reproduced in Appendix B. If this procedure is
followed as described then at this stage a cloud of trapped atoms should be seen

on the TV monitor. An image of an cold atomic cloud captured using the CCD

camera is shown in Figure 8.3.

8.2.4 Trap Characterisation

In a MOT, the cooling mechanism results in spontaneous re-emitted photons be-
ing ejected over 47 steradians from the cloud region. By collecting and measuring
fluorescence from a cloud over a solid angle and dividing by the photon emission
rate from a single atom in the trap, the number of atoms in that cloud can be
calculated. The number of atoms trapped in a typical sized cloud, which was
obtained on a regular basis, was measured in the following fashion. A 1 inch
diameter f=+38.1 mm focal length lens was used to image the cloud through
the glass trap onto a photodiode. The lens was placed in a black cardboard
tube to eliminate any stray light from outwith the trapping region entering the

photodiode. The experimental setup is shown in Figure 8.4.

The lens was placed 100 mm away from the cloud and 60 mm from the photodi-

ode. To make a reliable measurement of the number of atoms, it was crucial to
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Trapped atoms

Figure 8.3: Captured image using an infrared sensitive CCD camera of trap centre showing

a cloud of cooled and trapped rubidium atoms.
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Black
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Figure 8.4: Diagram of the setup used to measure the number of atoms in the trap.

differentiate accurately between the fluorescence signals from the cloud of trapped
atoms and the background fluorescence and scattered light from the trap appa-
ratus. This was done by comparing the photodiode voltages when the cloud was
present and when it was absent. The trap must therefore be disabled in such a
way as to have negligible impact on the background fluorescence. The method
used was to turn the magnetic field coils off. Although the fluorescence of the
background vapour changed slightly, the change was small in comparison to the

fluorescence emitted from the cloud.

Calibration of the photodiode was achieved by illuminating it with a fraction of
the trapping beam when it had been removed from the experimental setup. By
carefully monitoring the incident laser intensity on the photodiode, a difference
in power could be measured relating to the recorded difference in voltage between
when the cloud was present and when it was not. This was the power radiating
from the cloud over the measured solid angle and by a simple calculation the
total power emanating from the cloud could be calculated along with the total

number of photons per second.

The scattering rate (i.e. the number of photons scattered per second per atom)is
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defined as Equation 8.1 [2]:

_ (1/1s)T/2
T 14 (I/I5) +4(A/T)?

(8.1)

where I is the total intensity of the six trapping beams, I is the saturation inten-
sity for rubidium (1.63 mW /cm?) [3], [ is the natural linewidth of the transition
(27 x 6.1 MHz) and A is the detuning of the trapping laser from resonance. With

9 mW of laser power at the trap ~ 8x10” atoms were obtained.

An experiment was also conducted to measure the trap filling time. If the trap
is suddenly turned on at time t=0 then the number of atoms , N, in the trap will

increase in a similar fashion to that of a charging capacitor and is described by:

N(t) = No(1 —e747) (8.2)

where 7 is the time constant for the trap to fill to its steady state! and Ny is the
steady state number of trapped atoms. The experimental setup was identical as
was used for measuring the number of trapped atoms except a digital oscilloscope
(Tektronix TDS360) was used to output a time dependent cloud intensity. The
lasers were locked and the magnetic field switched off momentarily before being
turned back to the original level again. The recorded intensities for different

background vapour pressures are shown in Figures 8.5 and 8.6.

41 is also the average time an atom will remain trapped
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Figure 8.5: (Colour) Number of trapped atoms verses time after the trap is turned on at 0.45s.
The recorded photodiode voltage is shown in dark blue while the pink line is a theoretical fit

of Equation 8.2 with 7 = 4.75s.
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Figure 8.6: (Colour) Number of trapped atoms verses time after the trap is turned on at 0.43s.
The recorded photodiode voltage is shown in dark blue while the pink line is a theoretical fit

of Equation 8.2 with 7 = 1.45s.
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8.3 Mirror MOT

8.3.1 Motivation

The ability to cool and trap neutral atoms close to a metallic or dielectric surface
is of relevance in two main research areas in atomic physics. Firstly, the investi-
gation of atom-surface interactions once the thermal motion of the atom has been
minimised can reveal additional structure to atomic energy levels due to effects
such as the contribution of the van der Waals interaction [4]. Also, as outlined in
Section 7.3, manipulating atomic motion utilizing magnetic fields has important
consequences in the guiding and transportation of cold atoms. Novel methods of
guiding atoms a fraction of a millimetre above the surface of a substrate using
thin wires etched into the surface is bringing forth the realization of atom-optic
components [5], “atom chips” [6] and atomic waveguides [7]. If the atoms are to
be loaded into these structures from a MOT then it is clear that the trap must be
placed close to the substrate surface. Furthermore, the mirrored surface enables
trapping to be achieved with only two cooling beams in contrast to three that are
necessary in a conventional MOT. Pyramidal and conical traps can also provide
a sample of cold atoms near a surface whilst only requiring one cooling beam but
these can be commercially expensive to manufacture [8]. In this section a mirror
MOT is constructed allowing cold atoms to be placed approximately 1 mm above

a mirrored surface.

8.3.2 Construction

This trap was mounted on one flange of a standard six-way UHV cross-piece.
Figure 8.7 shows a picture of the assembled mirror MOT. The whole apparatus
was held at a base pressure of 10~? mbar by a 25 £s~! ion pump (Varian, Vaclon
Plus 25 Triode, Model 911-5030). A blank vacuum flange was bored with a

25 mm hole. A metallic cylindrical holder was placed on this hole (2 cm in
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length) upon which a right-angled metal-coated prism was attached. Two small
holes on one side of the flange were drilled to allow placement of a rubidium
getter oven (SAES Getters, UK). The getter oven is an alkali metal dispenser
that releases rubidium vapour when sufficient current flows through it. The
rubidium source was placed in close proximity (~2 c¢m) to the trapping region.
Further, the walls of the vacuum vessel acted as pumps for any excess rubidium
vapour present and thus the remainder of the vacuum system (notably the ion
pump) was not contaminated by rubidium. It was experimentally found that
it was advantageous to have an unobstructed path between the Rb oven and
the trapping region, although this need not be a direct line of sight. The Rb
oven was connected, using kapton wire, to an electrical feedthrough placed on
one arm of the six-way arm of the cross. Typically a current of a few amperes
were passed through the oven to generate sufficient rubidium at the trap region.
Placed over this was a right-angled prism with a mirrored surface at 45° to the
horizontal. Note that a hole has been drilled through the centre of the mirror
this setup. This was to facilitate the possible extraction of cold atoms directly
from the mirror MOT. A quartz cuboid was placed over the right-angled prism
and rubidium getter and was affixed to the flange® using a low vapour pressure
torr seal (Caburn, UK). An inexpensive commercially available cuboid (Hellma,
England) having outer dimensions 40 mm x 40 mm x 70 mm and a wall thickness
of 4 mm was used. The cuboid had one open end and was fused on all other
sides. The glass was of optical quality, the typical use for such a cuboid being
in spectrometry. Several of these cells have been used and found to serve as
excellent and very inexpensive cells for atom traps. The position of the Rb getter
oven is indicated. Two coils were placed around the trap in an anti-Helmholtz
configuration. Each had 100 turns and carried a current of approximately 1.5 A
in typical experimental conditions yielding a field gradient of ~10 G em™'. It
should be noted that experimentally we found that careful positioning of these

trap coils was critical due to the relatively small trapping region above the mirror

SInitially a groove was machined into the flange into which the cuboid was placed but due
to difficulties experienced when baking the trap the cuboid was subsequently affixed directly to

the flat flange surface. See Section 8.3.3 for further details.
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Figure 8.7: (Colour) A photograph of the assembled mirror MOT. The Rb getter is located
behind the right-angled mirror. Although the Rb is pumped by the walls of the trap, the gap
of a few millimetres between the mirror and the wall is enough to allow sufficient Rb vapour to

reach the trapping region.

8.3.3 Bakeout

The bakeout was carried out in exactly the same manner as described in Sec-
tion 8.2.2 apart from the initial bake only being allowed to reach 110°C. This
was to to the epoxy restrictions. However, the first attempt at baking resulted
in the quartz cube cracking along one of its faces. Initially the cube was epoxied
into a 1 mm deep machined groove on the surface of the flange. The quartz cube
cracked because, on baking, a mismatch existed between the expansion coeffi-
cients of the metal flange and the quartz causing a stress fracture along one of
the cube faces. Subsequently a new quartz cuboid was epoxied directly onto the
surface of a vacuum flange without a groove being present This new cuboid did

not suffer the same stress fracture that terminated the first attempt on baking.
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Figure 8.8: A layout showing the polarisations and laser orientation requirements for trapping.
ot denotes right handed circular polarisation and ¢~ denotes left handed circular polarisation.
The arrows in the overlap region show how a single incident beam can generate two orthogonal
trapping beams by reflection above the mirror surface. The overlap region here also denotes
what is termed the "half-space”™ above the mirror surface (shaded area). Note here there is a

further beam in and out of the plane of the page that is not shown.

8.3.4 Trap Operation and Characterisation

Only two mutually orthogonal laser beams are required to operate the mirror
MOT. One beam is reflected at 45° by the mirror and is retroreflected. In the
half-space defined by the mirror, see Figure 8.8, this creates four orthogonal
overlapping beams. The term half-space here refers to the region of overlap above
the mirror surface created by this first beam and its retroreflected counterpart.
A second beam (also retroreflected) is sent in at grazing incidence to the mirror
surface. Figure 8.9 shows the directions of the two required input cooling beams

for this trap and also the magnetic field coil placements.

The ECDL systems used in this experiment are detailed in Chapter 4. These take
form of two novel ECDLs operating at 780 nm and having 40 mW output power

but which have a virtual point microlens attached immediately in front of the
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Figure 8.9: Schematic diagram of the mirror MOT. The trap requires only two input cooling
beams, the directions of which are shown. The anti-Helmholtz coils are positioned around the

quartz cuboid with the arrows indicating the direction of current flow.
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output facet of the diode. This produces a circular divergent laser beam without
the need for extraneous beam shaping optics thereby simplifying the experimen-
tal setup. The outputs from two such lasers were expanded using a telescope
consisting of a f=-25 mm focal length lens and a f=+300 mm focal length lens
separated by 275 mm. This produced a beam with diameter of approximately
20 mm suitable for trapping. Before entering the trap region, the polarisation of
the light was changed into the correct right-hand or left-hand polarisation by way
of correctly orientated quarter-wave plates. The lasers were used unlocked ini-
tially because of their inherent stability characteristics, as discussed in Chapter 4.
For long trap times the lasers were stabilized using polarisation spectroscopy [9]

and readers are referred to Section 3.3.1 where the this technique is presented.

Clouds of atoms could only be observed when the trap centre was located a few
millimetres above the mirror surface. It is worthy to note that the operation of
the trap was very sensitive to the positioning of the field coils. With incorrect
coil heights offset from the optimum value by as little as 5 mm, trapping could
not be observed. By varying the relative currents in the coils, the cloud could be
translated vertically in a controlled fashion. A series of images showing this is
shown in Figure 8.10(a)—(c). As the cloud neared the mirror surface, however, its
size reduced dramatically until it vanished completely. Scattered light can be seen
emanating from a hole drilled vertically through the mirrored prism. This hole
was originally included in the design to allow cold atoms to be either dropped or
guided through it. However, it was found that due to the proximity of the atomic
cloud to the surface and the fact that a zero intensity region was present in the
centre of the reflected beam, trapping could not be achieved directly above the
hole. A possible solution to this would be to drill the hole at an arbitrary angle

from the vertical and rotate the entire trap respectively.

Beginning from a pair of magnetic coils with equal current flowing in each, the
measured movement of the atom cloud was approximately 1 mm per 10~* Tesla
difference induced between the coils. This was to be expected considering that the

field gradient in the vicinity of the trap centre is 10 G cm™!. Careful alignment



EXPERIMENTAL REALIZATION OF MOTs 206

of the trapping beams maximised their overlap. Approximately 10® atoms were
recorded from atomic fluorescence measurements taken by a photodiode using
21 mW of trapping power. Trap lifetime was determined by monitoring the trap
fluorescence versus time and fitting the resultant curves to extract the character-
istic time constant®. This is done in a similar fashion to the experiment detailed
in Section 8.2.4. The measured lifetime was approximately 0.2 s for typical op-
erating parameters of the Rb oven. It should be noted that in comparison with

the prototype trap, an equivalent number of atoms could be observed.

8.4 Ten-way Cross MOT

The ten-way cross was chosen as the next trap to construct in order to create a
trap that would give flexibility for subsequent guiding experiments. The increased
number of viewports gave improved visual access to the trapping region over the

prototype trap and allowed the guiding geometry to be altered easily.

8.4.1 Construction

A functional diagram of the trap is shown in Figure 8.11. This trap consisted
of a ten-way cross UHV piece, the centre of which was the trapping region. It
had six 70 mm diameter flanges and four 35 mm diameter flanges. Four of the
larger flanges had viewports attached and were used as access for the cooling
beams. One of the other flanges was attached to a UHV cube (70 mm x 70 mm
x 70 mm) which had five viewports and was included as a probe region. The
probing area was 115 mm from trap centre. Between the cube and the ten-way
cross was a flange with a 26 mm diameter hole drilled in it. After drilling, the
flange was cleaned manually to the best of one’s abilities and then cleaned in

an ultrasonic bath filled with methanol for 30 minutes. The four smaller arms

5Also known as ‘Trap Lifetime’
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Figure 8.10: A series of images showing the vertical translation of an atomic cloud within
the mirror MOT. Scattered light illuminates the position of the hole drilled through the prism.
As the cloud is moved closer to the mirrored surface, the atom-surface interaction becomes
significant reducing the number of trapped atoms. Also as the cloud is lowered, reflections
come into view of the CCD camera as indicated in (b) and (c). In the final image, (c), the

cloud is 1.2 mm above the mirror surface.
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Figure 8.11: (Colour) A functional diagram of the ten-way cross trap.
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had viewports attached and were used for viewing the trapped cloud with CCD
cameras. The last large flange on the ten-way cross was attached to a standard
six-way cross. Rubidium vapour was provided by getter ovens that have been
described earlier in this chapter. These operated by passing a current through
them and were connected via an electrical feedthrough on one of the arms of the
six-way cross. A turbo pump (Varian, Turbo-Dry 70) was connected via a T-
piece to the apparatus in order to reduce the pressure from atmospheric pressure
to ~107% mbar. A 40 £s7! ion pump (Varian, Vaclon Plus 40, Triode Model
919-0201) reduces the vacuum pressure to 10~ mbar required for atom trapping.
Again copper gaskets were used between flanges to achieve a UHV seal except
when viewports were required and then annealed copper gaskets were used to

minimise stress on the windows.

8.4.2 Bakeout

The bakeout for this trap was carried out in an identical manner to that described

in Section 8.2.2.

8.4.3 Trap Operation

The magnetic quadrupole field was achieved by winding two sets of 70 turns of
0.6 mm diameter insulated wire directly onto the arms of the ten-way cross as
shown in Figure 8.11. Shim coils were made in the same manner by winding
25 turns of wire each onto orthogonal arms. This gave three dimensional move-
ment of trap centre by varying all of the currents to the coils. The shim coils
were included in this trap design since this particular trap was made primarily to
investigate the guiding of cold atoms directly from trap centre and the means to
move the cloud spatially in three dimensions would ease alignment of the cloud

with respect to the optics.
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The cooling beams were introduced to the trapping region in the same manner as
described previously for earlier traps, with the actual physical setup highlighted
in Figure 8.11. The hyperfine pumping beam was expanded gently over the trap
centre and could be introduced experimentally either along the axis of the field
coils or perpendicular to this. No difference in trapping was observed between
these two scenarios although the orientation did make a difference when atom

guiding was conducted but this matter will be discussed in due course.

The ovens were cleaned and made operational in the same way described for
previous traps and for trapping, a current of typically a current of 2.5 A was
passed through the ovens for trapping. To generate the required field gradient, a
minimum of ~0.8 A was needed but equal currents of 1.2 A in each quadrupole
coil gave better trapping. As before, the lasers were tuned and locked to their

respective transition lines in rubidium and trapping commenced.

8.5 Discussion and Summary

Three separate atom trapping apparatus have been constructed, tested and used
to trap both neutral ®Rb and 8Rb atoms. The first consisted of a simple, glass
five-way cross as the trapping region. Approximately 8x107 atoms were trapped
using 9 mW and 6 mW of cooling and hyperfine repumping light respectively.
At this time, frequency stabilization of the lasers was provided by a polarisa-
tion spectroscopy lock, details of which can be found in Section 3.3.1. Typical
trap lifetimes were measured as a characterisation of the apparatus. The second
trap, a mirror MOT, used a mirror surface at 45° to generate a trapping region
~1 mm from the surface. Only two input cooling beams were required due to the
geometry of the trap. Approximately 10® atoms could be trapped close to the
mirrored surface using 21 mW of trapping power from circularized diode lasers
in an extended-cavity which are detailed in Chapter 4. The ability to place a
cold ensemble of atoms such a distance from a surface is of direct importance in

magnetic guiding where current carrying wires or structures are written onto a
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substrate surface. The third and final trap used a ten-way cross. This trap was
built primarily to generate a low velocity source of cold atoms for subsequent
experiments. Shim coils allowed three dimensional manipulation of the atom

cloud.

The construction techniques of each trap and associated problems have been out-
lined. By highlighting these it is hoped that readers contemplating building a
trapping experiment in the future can avoid time-consuming problems experi-

enced throughout the development contained within this chapter.
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9.1 Introduction

The significant progress made in atomic guides and coherent atomic beam split-
ters in recent years has been reviewed in Chapter 7. Two of the most important
goals in the realization of an atomic beam splitter are high efficiency and large
deviation angles. To date, magnetic means have prevailed as the most promising
methods due to optical splitting suffering from small deviation angles. However,

several optical splitting experiments have been conducted recently that overcome
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this weakness and provide both of the preferred characteristics. This chapter
describes experimental work carried out in St Andrews that augments and com-
plements such research. The generation and characterisation of a low-velocity
intense source (LVIS) of atoms by two independent methods is outlined. Further,
co-linear blue-detuned Laguerre-Gaussian guiding is demonstrated experimen-
tally. Preliminary experiments into promising methods of an all optical splitting

of a LVIS beam in the future are also introduced.

9.2 Generation of a Low-Velocity Intense Source

of Atoms

The importance of a cold, brilliant atomic beam in precise atomic physics ex-
periments has been stressed in Chapter 7. One such beam is known as LVIS
and a more detailed description of the experimental setup can be found in Sec-
tion 6.5.2. Briefly, a LVIS can be constructed by forming a region of zero light
intensity in the centre of the intensity profile of one trapping beam in a conven-
tional magneto-optical trap (MOT). This causes an imbalance in the radiation
pressure forces allowing atoms to be propelled along the centre of the dark region,
thereby exiting the trap in a controlled manner. A simple diagram showing the
underlying principle is shown in Figure 9.1. This section describes a pilot study
performed in the generation of LVIS by two different methods. The first method
is a repetition of work carried out by Lu and colleagues [1] where the zero in-
tensity region was formed by obscuring one of the trapping beams with a small,
opaque spot. The second implements a Laguerre-Gaussian (LG) beam replacing

one of the six trapping beam.
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Figure 9.1: (Colour) A diagram showing the basic principle behind the formation of a low-

velocity intense source (LVIS) of atoms. It is identical to that for a conventional MOT other
than one of the trapping beams has a dark region in the centre of its intensity profile. The

additional two trapping beams in and out of the page have been omitted for clarity.

9.2.1 Opaque Spot LVIS

The first experiment performed in St Andrews for obtaining a LVIS of atoms
directly from the centre of a MOT was undertaken with the prototype trap de-
scribed in Section 8.2. A spherical, cold atomic cloud was initially obtained in
the manner described in Section 8.2.3. The cloud was imaged using a charged-
coupled device (CCD) camera and viewed on a TV monitor. A glass coverslide
25.4 mm x 76.2 mm was affixed to an x-y translator using non-permanent univer-
sal bonding compound and located approximately 20 mm from one of the optical
input windows of the trap. Onto the coverslide had been painted black spots of
approximate diameters 0.2 mm, 0.7 mm, 1.0 mm and 1.5 mm. When correctly
aligned and illuminated with a TEMy, mode laser beam, the required dark cen-
tral region surrounded by an annulus of light was observed directly behind the
coverslide. This dark region extended for a number of centimeters but diffraction
filled in the central region the further one travelled behind the obstruction. Ex-
perimentally, the coverslide was placed approximately 40 mm from the centre of
the MOT. The largest spot was initially inserted but upon alignment was found

to completely ablate the atomic cloud. This was due to a reduction in the loading
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Figure 9.2: An image captured using a CCD camera of a low-velocity intense source (LVIS) of
atoms exiting the centre of a MOT produced by the insertion of a 1 mm diameter spot into the
path of one of the trapping beams. In this instance the spot was placed over the window that
can be seen at the top of the first image causing the atoms to be extracted vertically upwards.

The cloud is 3 mm in diameter with the LVIS tail extending over approximately 10 mm.

mechanism efficiency of the MOT. It is in the outer regions of the beam overlap
volume where atoms are firstly cooled and captured before being loaded into the
centre of the trap. A beam with a large, zero intensity at its centre will there-
fore reduce this efficiency. Smaller spots were inserted subsequently and found to
produce a cold atomic flux directly output from the MOT centre with the spots
with diameters of approximately 0.7 mm and 1.0 mm producing the best results.

A typical imaged captured using the CCD camera is shown in Figure 9.2.

Figure 9.2 shows clearly the direction of travel of atoms from the centre of the

MOT. The MOT cloud is approximately 2 mm in diameter with the LVIS ex-
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tending 5 mm in length

9.2.2 Laguerre-Gaussian LVIS

A different method of generating LVIS was proposed at this time and consisted of
replacing the altered cooling beam with a Laguerre-Gaussian (LG) beam. This
was felt worthy of study due to the lack of diffraction associated with the propa-
gation of the LG beam. One of the characteristics of using an opaque spot as a
means of generating a dark region in the centre of the beam intensity profile is
that during propagation light will fill the “dark hole” as a result of diffraction.
A pure laser mode that has the desired annular intensity profile, such as a LG
beam, will propagate over all distances preserving its intensity profile and thus

the “dark hole”.

Laguerre-Gaussian Beams — Theory

Within any laser cavity, a number of boundary conditions must be met for oscilla-
tion to be possible. Longitudinally, and in the steady state, there is a requirement
that the phase of the light must reproduce itself after one round trip. This leads
to the familiar equation describing the frequency spacing between longitudinal

laser modes:

C
A= 2?}_}5’ (9.1)
where ¢ is the speed of light in vacuum and 7L is the optical path length in
one round trip of the cavity. Similarly, the necessity that the electromagnetic
field must fall to zero away from the axis of the laser cavity leads to trans-
verse laser modes that define the intensity profile of the laser output. These can
be rectangularly symmetric, Hermite-Gaussian (HG), or circularly symmetric,

Laguerre-Gaussian (LG), in nature. In the vast majority of cases, a laser output
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oscillating in the fundamental HG, or TEMy,, mode is desirable but utilizing the
special characteristics of LG modes has made their generation popular of late.
LG beams have created interest in the fields of atom optics and macroscopic
particle manipulation for two reasons. First, the LG,, beams have orbital an-
gular momentum of ¢ per photon along the direction of the optical axis when
¢ # 0, where p and ¢ describe the radial and azimuthal indices of the mode
respectively [2]. The azimuthal index refers to the number of 27 phase cycles
around the circumference of the mode and (p + 1) describes the number of nodes
in the mode profile. Orbital angular momentum transfer from the beam to an
absorptive macroscopic particle can result in the particle rotating [3]. Second,
the LGpezo beam has a spiral phase structure causing its phase to be undefined
on its optical axis, hence at this point it has zero intensity. A class of LG beams,
LGoexo, are referred to as doughnut beams since the intensity profile cross-section
is a dark spot surrounded by an annulus of light. Figure 9.3 illustrates the effect
¢ has on the intensity profile. The intensity distribution of a generalised LG,

beam propagating in the Z direction is [4],
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where the beam waist at any position along the z axis is,

Az \2

w(z) = wea|1+ (—zg) : (9.3)
Wy

z is the distance travelled along the optical axis from beam waist, wg, 7 is the
radius from centre of the beam, P, is the power of the beam, w(z) is the radius at
which the Gaussian term falls to 1/e? of its on-axis value, Llfl is the generalised
Laguerre polynominal and ) is the wavelength of light. A more thorough and
detailed discussion of LG beams can be found elsewhere [5]. Methods for the
generation of these beams and their inclusion in the experimental work will now

be addressed.
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Figure 9.3: Experimental intensity profiles for Laguerre-Gaussian laser modes with the az-
imuthal index term, ¢, shown for each. p = 0 in all cases. As ¢ increases so the radius of the

dark central region increases.

Laguerre-Gaussian LVIS — Experiment

Experimentally, LG beams were formed from illuminating a computer generated
hologram with a TEMg; mode laser beam. In the far field of the first diffracted
order, a LG mode is generated. A more indepth discussion of the methods used

in the fabrication process of these holograms can be found elsewhere [6].

The output from an extended-cavity diode laser (ECDL), as detailed in Chapter 3,
was passed through anamorphic prisms and then a beam expanding telescope
consisting of a f=-25 mm and a f=+300 mm focal length lenses separated by
275 mm. It was then split into three equal intensity beams. One of these beams
was split further using a 50/50 beam splitter with one of the subsequent beams
being incident on the computer generated hologram. The intensity profile of

the first diffracted order was viewed approximately 2 m behind the hologram
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Figure 9.4: An image captured using a CCD camera of a (LVIS) exiting the centre of a MOT
produced by the insertion of a LGg; (p = 0,£ = 1) beam as one of the six cooling and trapping
beams. The LG beam was incident from the upper left portion of the image. The fluorescence

from the extracted atoms extends approximately 6 mm.

and the hologram aligned to give the best LG mode profile. The LG beam was
introduced into the trap as one of the six cooling and trapping beams. LVIS
structures could only be observed using LG beams with ¢ < 4, presumably due
to the dark region diameter in beams with higher azimuthal indexes being too
large thereby lowering the loading efficiency from the outer overlap regions, as
previously discussed. Hence, LG beams with ¢ = 1 and ¢ = 2 would be expected

to be better. A typical observed cloud shape is shown in Figure 9.4.

Figure 9.4 shows two distinct lobes at trap centre with a tail of exiting atoms
leaving along the central hollow region of the LG beam. Other cloud structures
were witnessed when using a LG beam with azimuthal index, £ = 3, and are shown
in Figure 9.5. These images show a central spherical cloud surrounded by a two
dimensional ring of atoms. To exclude the possibility that this was an artifact of
distortion due to the CCD camera observing through sculptured regions of glass,
the camera was moved to different viewing locations. The same cloud shapes
could be observed. These forms have been reported previously by Walker and
co-workers and were attributed to radiation pressure forces within trap centre
providing repulsive forces between atoms [7]. In this published work, a slight

misalignment of one of the six TEM, trapping beams led to the transition from
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Figure 9.5: Cloud shape seen when a LGgs was introduced as one of the six trapping beams.

A ring of atoms can be seen orbiting the central cloud.

a spherical cloud shape to a form similar to that which can be seen in Figure 9.5.
The ring of atoms were found by Walker and colleagues to be either a stable ring of
orbiting atoms or, through strobe experiments, clumps of atoms rotating about
the central cloud. The difference between these two regimes were attributed
to the number of atoms and the degree of misalignment. Strobe experiments
were not undertaken at St Andrews since the discovery of these effects was an
unexpected and unwanted artefact not relevant to the generation of a LVIS for
guiding purposes. Atoms have also been induced into orbital motion from the
intentional misalignment of trapping beams in a racetrack geometry by de Araujo

et al. [8].

9.2.3 Laser Detuning of LVIS

Lu et al. reported that the maximum flux measured from a LVIS occurred at
a laser cooling frequency detuned 5I" below the atomic resonance [1]. This was
in contrast to the detuning of 3.2I" below resonance for a maximum number of
atoms trapped in a conventional MOT. The difference in frequency was attributed
to transverse heating of atoms as they exited the trap region as a result of any

imbalances in the transverse cooling laser powers. A preliminary study was con-
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ducted in St Andrews to investigate the effect laser detuning had on the atomic
cloud shape and LVIS both when it was generated from an opaque spot and a

LG beam.

The experiment was carried out using the ten-way cross trap described in Chap-
ter 8. The two methods described in the previous sections were used to produce
a LVIS. Utilizing the newly built ten-way cross trap allowed increased and non-
distorted visual access to the trapping region. It should be noted that the hy-
perfine pumping laser was sent into the trap co-linear with the direction of LVIS
thereby keeping the extracted atoms in resonance with the cooling beams. Once
a satisfactory LVIS had been obtained, the cooling and trapping laser was tuned
in incremental steps of 8 MHz below the cooling transition frequency. This was
achieved using a polarisation spectroscopy lock (details of which can be found
in Chapters 2 and 3) and an electronic d.c. offset. At each detuning, a short
period of video footage was recorded for analysis purposes. Using an opaque
spot to generate LVIS, Figure 9.6 shows false colour images captured from video
alongside normalised intensity plots taken horizontally through each cloud centre.
Figure 9.7 and Figure 9.8 show similar data for when LVIS is generated using a
LGy, beam. The intense regions seen below the central cloud occur as a result of

scattered light from internal surfaces of the vacuum chamber.

Compilation of the unnormalised data in both types of LVIS generation are shown
in Figure 9.9. It was observed that a distinct difference existed between the spatial
LVIS characteristics of the two schemes with respect to laser detuning. With a
spot generated LVIS, Figure 9.9(a), a noticeable deformation of the cloud with
detuning was observed, presumably as a result of diffraction of light into the
“dark hole” forming a weak two dimensional trap. With a LG generated LVIS,
Figure 9.9(b) shows a maximum cloud size was achieved with a trapping laser
detuning of -36 MHz agreeing with literature [1]. The fluorescence seen at this
detuning in the LVIS was a maximum and led to the conjecture that the flux was
a maximum also. However, no direct measurements were taken of the atomic flux

although this is a point worthy of future investigation. This could be achieved by
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Figure 9.6: (Colour) On the left are seen false colour images of an opaque spot generated

LVIS exiting the central region of a MOT. The frequency detunings of the cooling and trapping

beams below atomic resonance are indicated by the values in the top left hand corner of the

image. On the right are normalised intensity plots taken horizontally through the centre of the

MOT and LVIS. Scattered light reflecting off the interior surfaces of the vacuum chamber can

be seen directly below the central cloud. 1 pixel equals 100 g m.
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Figure 9.7: (Colour) On the left are seen false colour images of a LGg; beam generated LVIS

exiting the central region of a MOT. The frequency detunings of the cooling and trapping beams

below atomic resonance are indicated by the values in the top left hand corner of the image.

On the right are normalised intensity plots taken horizontally through the centre of the MOT

and LVIS. Scattered light reflecting off the interior surfaces of the vacuum chamber can be seen

directly below the central cloud. 1 pixel equals 100 x m. Data continued in Figure 9.8.
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Figure 9.8: (Colour) On the left are seen false colour images of a LGo; beam generated LVIS
exiting the central region of a MOT. The frequency detunings of the cooling and trapping beams
below atomic resonance are indicated by the values in the top left hand corner of the image.
On the right are normalised intensity plots taken horizontally through the centre of the MOT
and LVIS. Scattered light reflecting off the interior surfaces of the vacuum chamber can be seen

directly below the central cloud. 1 pixel equals 100 g m.
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Figure 9.9: (Colour) Composite data of unnormalised intensity profiles through a LVIS beam
generated from (a) an opaque spot and (b) a LGg; beam. The different graphs refer to different

laser detunings below resonance, as indicated in the legend. 1 pixel equals 100 z m.

inducing fluorescence at a spatially separated probe region away from trap centre
using a weak laser beam tuned to resonance and incident perpendicularly on the
atomic flux. A photodiode would record a signal proportional to the number of

atoms in a region absent of other forms of fluorescence.
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9.3 Guiding of a LVIS

A preliminary investigation into the optical guiding of a LVIS was undertaken
by two different methods. Both utilized the dipole force experienced by an atom
when placed in a light field. The theory describing this force can be found in
Chapter 6. The first of these methods used a red-detuned near-resonant Gaussian

beam while the second used a blue-detuned LG beam.

9.3.1 Red-Detuned Gaussian Beam Guiding

A LVIS was generated by means of an opaque spot. Along the direction of the
LVIS beam, a red-detuned Gaussian TEMyy mode laser beam was directed. This
was provided by a Spectra Physics Nd:YVO, pumped titanium sapphire laser
which gave 1 W around 780 nm, as detailed in Section 3.2.2. This shall be known
as the guide beam. The guide beam was focused into the trap using a f=+500 mm
focal length lens which gave an approximate beam waist size of 300 um at trap
centre. The guide beam axis and LVIS beam axis did not overlap completely
since optical access problems made this impossible. Rather, an angular deviation
occurred between the LVIS beam and the guide beam and was measured to be
16 mrad. The guide beam was tuned to resonance and reduced in intensity using
a neutral density (ND) filter wheel to approximately 100 mW. The beam was then
aligned through the cloud by observing a black line where spontaneous emission
effects heated the atoms out of the LVIS. The lower power was required in order to
avoid completely ablating the atomic cloud. Once alignment was satisfactory, the
ND filter was removed and the titanium sapphire laser detuned, A = —7 GHz,
below the cooling transition. Images were captured using two CCD cameras
placed perpendicular to one another, with and without the guide beam present.
Images were also recorded of the trap centre with the magnetic coils switched off
to allow background scatter to be subtracted. Figure 9.10 show typical results of
two captured raw images from one of the cameras of the atomic cloud with (a)

no guide beam present and (b) 700 mW with A = —7 GHz red-detuned guide
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Figure 9.10: Captured images from one CCD camera of an atomic LVIS with (a) no guide
beam present and (b) 700 mW of 7 GHz of red-detuned guide beam present. The intensity profile

along the LVIS axis was measured in each image and presented in the graphs in Figure 9.11.

beam present. Figure 9.11(a) shows intensity plots measured horizontally along
the LVIS axis of each image after subtraction of background scatter while, in the

same figure, (b) shows the subtraction of intensity plots from (a).

Visually comparing images (a) and (b) from Figure 9.10 as well as that shown
by the data in Figure 9.11, the extension in fluorescence of the LVIS beam can
be seen clearly. However, this could not be attributed entirely to guiding as
the detuning is relatively close to resonance and the power of the guide beam
generated a scattering rate of 1.48x 10 photons atom ! s~!. This was comparable
to the scattering as a result of the cooling processes within a MOT which was
typically 2.5 x 10° photons atom™! s~!. It was therefore unclear as to which
process contributed a greater extent to the extension of LVIS and without a

direct measurement of the atomic flux a conclusion could not be reached.



EXPERIMENTAL LVIS & COLD ATOM GUIDING 230

(a)
300 - T
8
£ — Cameral No
= Guide
E S Cameral Guide
E
& — Camera2 No
E‘ 100 A Guide
2 — Camera2 Guide
5
£
0 - : :
0 5 10 15 20
Distance (mm)
(b)
90 ]
= 60 -
3
E 30 — Cameral
= Camera2
z Jw
L
L
k=

Distance (mm)

Figure 9.11: (Colour) Intensity profiles measured along the LVIS axis are plotted in (a)
after the subtraction of background scattering. Graph (b) is a subtraction of the “guide” and
“no guide” plots from (a). Extension of LVIS fluorescence can be observed. If this is as a
result of increased spontaneous emission or increased guiding cannot be determined from this

experiment.
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Figure 9.12: (Colour) Schematic diagram for an all-optical switch. The linearly polarised
Gaussian guide beam is incident on a linear polariser that can be rotated allowing any arbitrary
linear polarisation to be incident on the Wollaston prism. The beam is split with relative powers
depending on the angle of polarisation of the incident beam. A lens focuses the beams to a

waist of 100 um at trap centre.

9.3.2 Future Red-Detuned Guiding

A method to eliminate spontaneous emission is to use a high power, far-off reso-
nant guide beam. In this way, the optical potential is preserved while the sponta-
neous emission is reduced dramatically. An experiment currently being conducted
at St Andrews is investigating replacing the titanium sapphire laser guide beam
with a 10W Nd:YAG laser emitting at 1064 nm with new results being submit-
ted for publication'. This is similar in nature to work done by Houde et al.

on the splitting of a dropped MOT cloud using a similar laser system in which

spontaneous emission was less than 0.1 photons atom™! s~ [9].

A pilot study currently in progress is the realization of a novel atomic beam
splitter and optical switch. Initial results are promising with the concept being
proven in a proof-of-principle experiment. The experimental setup is shown in

Figure 9.12.

The guide beam was a red-detuned Gaussian obtained from a titanium sapphire

'D. P. Rhodes, J. Livesey, J. Arlt and K. Dholakia, “Guiding of a low-velocity intense source

of atoms along a far-off resonance guide beam”.
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(a) (b) (c)

Figure 9.13: Results from the optical switch experiment using 550 mW of guide power detuned
-12 GHz from resonance. Image (a) shows the effect of having 550 mW in Beam 1 , (b) shows
550 mW in Beam 2 only and in (¢) there is approximately 225 mW in each beam. Splitting

can be seen in all cases.

laser emitting at 780.3 nm. The linearly polarised output was incident on a half-
wave plate before being split at a Wollaston prism and each of the two paths
focused into trap centre using a f=+300 mm focal length lens. Using a Wollaston
prism enabled the cross-over-point of the beams in the trap to be achieved with
relative ease since each beam originated from a common point within the prism.
The power in each beam could be varied between zero and 650 mW by rotation of
the half-wave plate. Each beam was aligned to cross the LVIS beam at an angle of
7.5° [9]. Initial experimentation has shown encouraging results, see Figure 9.13.
Each arm of the optical beam splitter can be resolved illustrating the future
promise of this setup. Indeed, the addition of a second Wollaston prism and
guide beam setup to reverse this process could be envisaged enabling a simple

atom interferometer to be realized.

9.3.3 Blue-Detuned Laguerre-Gaussian Beam

The ability to eradicate spontaneous emission and heating is important if an
optical guide is to be used for the transport of a coherent ensemble of atoms. An
alternative method of suppressing spontaneous emission, other than implementing

far-detuned guide beams, is to confine atoms within low intensity regions such as
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Figure 9.14: (Colour) Schematic diagram of co-linear blue-detuned Laguerre-Gaussian guid-
ing of LVIS.

the centre of a Laguerre-Gaussian mode laser beam. By detuning the laser blue
of the atomic resonance, atoms can be confined within the dark central region of
the beam. A number of experiments were outlined in Chapter 7 in which guiding
and focusing had been accomplished with thermal atoms [10, 11]. In this section,
the first experimental demonstration of guiding an atomic LVIS beam using a

co-linear blue-detuned LG beam is described.

Blue-Detuned Laguerre-Gaussian Guiding of LVIS

A schematic diagram of the guiding setup is shown in Figure 9.14. A LVIS was
generated using an opaque spot as prescribed in Section 9.2.1. A LGg, beam
was then directed through the centre of the MOT co-linearly with LVIS and
in a co-propagating manner. The experimental setup for the generation of the
required LG guide beam from the output of a titanium sapphire laser is shown
in Figure 9.15. The rubidium cell was used as a crude method of determining
when the guide laser was on or near an atomic resonance and the apertures were

included to block the residual diffracted orders from reaching the trapping region.
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Figure 9.15: Experimental setup for the production of a Laguerre-Gaussian guide beam.

A collimation telescope consisting of two f=+150 mm focal length lenses separated
by 300 mm and a f=+600 mm focal length lens to focus the guide beam to a waist
of approximately 450 pm were also included. The measured power available at
trap centre was 250 mW. With a laser detuning of A = +5 GHz blue-detuned
from the cooling transition resonance, the optical guiding potential was 7 mK.
The transverse temperature of atoms in LVIS are typically tens of microKelvin.
The potential walls of the guide beam are therefore approximately an order of

magnitude greater in height.

Images of LVIS with no guide and with the guide beam present are shown in
Figures 9.16(a) and (b) respectively while (c¢) indicates the position and relative
size of the LG guide beam used in the experiment. The yellow, numbered lines
correspond to where intensity profiles were taken for analysis purposes. Line 1 is
a longitudinal profile along the LVIS axis, line 2 is a transverse profile through
the cloud centre and line 3 is a transverse profile taken at a point towards the

end of LVIS. The dala from these profiles are shown in Figure 9.17(a)—(c).

From these data it can be seen clearly that LVIS is extended in length while the
centre of the MOT is widened. Since there was zero guide beam intensity along
the length of LVIS, spontaneous emission was eliminated inferring atom guidance.
The widening of the cloud seen in Figure 9.17(b) is due to the repulsive nature

of the LG beam within the MOT repelling atoms from their normal equilibrium
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(a) (b) (c)

Figure 9.16: (Colour) Captured images of LVIS with (a) no guide and (b) a co-linear, co-
propagating, 250 mW, A = +5 GHz blue-detuned LGgs guide beam present. Yellows lines
indicate axes along which intensity profiles were taken. These data are shown in Figure 9.17.

Image (c) is a duplicate of (b) but indicates the position and relative size of the guide beam.

positions. Over a 100% increase in the fluorescence is noted towards the end
of LVIS, see Figure 9.17(c) . This is in contrast to Yan et al. who, using a
similar scheme but using an axicon generated hollow beam, reported an increase
in fluorescence of 25% [12]. Also in contrast to this paper, transverse compression
of LVIS was not observed although this can be accounted for by the different guide
beam parameters. This is the first experimental demonstration of CW guidance
of an atomic LVIS using a blue-detuned LG beam. A logical progression from co-
linear guiding of a LVIS is to split a LVIS using similar physical principles. If an
oblique guide were to be realized, then this would be the first step in constructing

a blue-detuned all-optical atom interferometer.

Blue-Detuned Laguerre-Gaussian splitting of LVIS

In 2000, Yan and colleagues reported the splitting and guiding of an atomic LVIS
beam using a blue-detuned hollow laser beam [12]. This was not a LG beam but
rather a thin annulus of light generated using a pair of axicons in combination

with a spherical lens [13]. A titanium sapphire laser was used to produce 200 mW
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Figure 9.17: (Colour) Intensity profiles taken along yellow lines indicated in Figure 9.16.
Plot (a) is from data measured longitudinally along LVIS (Line 1), (b) is measured transversely
through the centre of the trapped cloud (Line 2) and (c¢) is measured transversely towards the
end of LVIS (Line 3). The flat tops present in both (a) and (b) are due to saturation of the
CCD camera.
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of guide power at trap centre. This was overlapped with a LVIS beam generated
by inserting a 0.8 mm diameter opaque spot in front of one of the retro-reflecting
optics. A schematic diagram of the experimental setup is shown in Figure 9.18.
Both the LVIS and the guide beam propagate in the direction of gravity. The
angle of overlap between the LVIS and the hollow beam, v could be changed with
results being recorded for a = 0° (co-linear) and a = 8° (oblique). Their results
concluded that with a co-linear guide, a focusing of LVIS occurred with a 25%
increase in flux intensity and a 20% reduction in spatial width. This is compared
with the 100% increase in flux measured by ourselves for a similar scheme which
was described above. With the guide beam present with o = 8, a fraction of the
LVIS beam was observed to be split from the vertical, along the direction of the
guide beam. The literature concluded that atoms were coupled from the LVIS
into the hollow blue-detuned guide beam. A similar experiment was conducted
at St Andrews in order to verify these observations. However, it was found that
some of their results were not replicated and, indeed, were markedly different from
those obtained at St Andrews. This line of research is still ongoing but a number

of interesting effects have already been observed and new theories proposed.

The largest concern came from understanding how atoms present within a LVIS
beam can be coupled effectively into the centre of an oblique hollow guide. The
potential walls that are there to confine atoms within it should also inhibit atoms
from entering in the first instance. It was this dilemma that provided the moti-

vation for further investigation.

The experimental setup at St Andrews was almost identical to that of Yan and
colleagues. The only exceptions being that LVIS was generated in a horizontal
direction and that a LGg3 beam was used as the guide beam. The guide beam
setup is shown in Figure 9.15. A guide beam of 180 mW with a detuning of
+5 GHz was used. Figure 9.19 shows images taken (a) without and (b) with a

blue-detuned LG guide beam present.

From Figure 9.19 (b) two distinct lines of fluorescence can be seen . These two
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Figure 9.18: (Colour) Schematic diagram of the blue-detuned dark hollow beam guiding

experiment conducted by Yan et al. [12].

(a) No Guide (b) LG,;, +5 GHz, 180 mW

Figure 9.19: Images of an atomic LVIS with (a) no guide beam present and (b) 180 mW of
A = +5 GHz blue-detuned LGy3 oblique guide beam present. Two lines of fluorescence can be
observed at a small angle above LVIS in (b). This is as a result of the recycling nature of LVIS
which is discussed in the body of the text. A thin line of fluorescence may be seen between

these two other lines and shows a small number of atoms being guided within the LG beam.
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Figure 9.20: (Colour) Diagram showing the formation of the two observable lines in Fig-
ure 9.19. Atoms exiting along LVIS can accumulate either at the first potential barrier pre-
sented by the Laguerre-Gaussian guide beam or, after passing over both potential barriers and

exiting the LVIS transversely, be recirculated and accumulate on the opposite side of the guide.
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lines are believed to be the compression of atoms as they accumulate against the
guide walls. This can be explained further with the aid of Figure 9.20. Atoms
exiting along LVIS encounter two potential barriers of the LG beam of equal
heights. Slow atoms will not possess sufficient kinetic energy to traverse the first
barrier and so build up along the base of the potential hill. The first line closest
to the MOT is therefore a result of slow atoms in LVIS meeting the optical barrier
of the blue-detuned LG beam and being deflected or “sliding” along the side of
the guide. Atoms therefore accumulate at this barrier causing the increase in
fluorescence. Atoms with high kinetic energy surmount both barriers and form
an LVIS on the other side of the guide beam. As detailed in Section 6.5.2,
there is a continuous recycling process returning atoms exiting the LVIS beam
transversely back to the centre of the MOT region. It is this mechanism along
with the potential barrier encountered on their return journey that accounts for
and explains the second line seen furthest from the MOT. It is difficult for an
atom to surmount the first barrier while being repelled by the second. In this
way it is difficult to envisage the mechanism which allows atoms to be loaded

into the guide through one of its potential walls.

9.4 Future Work

The work presented in this chapter is preliminary in many respects. A number
of further experiments could be performed in order to characterise and clarify
generation and optical guiding of a LVIS. In the case of the generation of a LVIS
using both an opaque spot and an LG beam, useful studies would include the
measurement of atomic flux with detuning, the effects of an opaque-spot-LVIS
versus a LG-LVIS in terms of the longitudinal and transverse atomic velocities
and separately detuning the LVIS generating beam with respect to the 5 other
trapping beams. There has been no characterisation of guiding with respect to
beam size or whether the guide beam is co-propagating or counter-propagating

with LVIS and these are areas that are deserving of future study. For the ma-
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jority of these investigations a direct measurement of the atomic flux outwith
the guide region is required. This would most likely take the form of a hotwire
detector, which was mentioned in Chapter 7, or a weak, resonant laser beam
interacting “down stream” and perpendicularly to the atomic flux. This would

give unambiguous flux measurements regardless of laser detuning.

Initial steps taken in red-detuned guiding has led onto far-off resonance guiding.
Further studies in this area would lead to splitting of a LVIS with minimal spon-
taneous emission. The ideas encompassed within the Wollaston prism optical
atomic beam splitter show potential for success in future experimentation. A
characterisation is required of this system to determine its applicability in the

field of atom-optics.

Improvements in coupling atoms from LVIS into the centre of an oblique blue-
detuned LG guide beam are currently being investigated at St Andrews. The
scheme involves placing a small dark hole in the side of the LG guide beam so
as to allow atoms to enter the central region. This has been done by obstructing
part of the LG beam with an opaque spot. Careful placement allows diffraction
to partially refill the gap in the wall thereby confining atoms once they have been

coupled inside.

9.5 Discussion and Summary

The area of cold atom guiding using only optical methods is young both in St An-
drews and around the world. The experiments described in this chapter comple-
ment and further work performed in this field. The spatial characteristics of
LVIS have been investigated both when LVIS is generated by means of placing
an opaque spot in the centre of one of the trapping beams or replacing this beam
entirely with a Laguerre-Gaussian beam. Red-detuned guiding of atoms exiting
along a LVIS has been conducted including a proof-of-principle experiment in

which an all-optical beam splitter was realized. Further, investigation into the
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coupling of cold atoms into a blue-detuned optical guide revealed that consid-
ering the optical potentials in relation to coupling atoms into the guide is an
important factor and one that has possibly been overlooked to date in literature.
A solution has been proposed and is currently under experimental verification in

St Andrews.

A number of avenues have been broached during this research with several show-
ing promise for the future. This chapter has described the research that has
provided a cold atomic beam directly from a MOT, optical guiding of a LVIS in
a blue-detuned LG beam and a base from which further work in this area can be

built.
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Chapter 10

Conclusions

10.1 Summary of the Thesis

In this thesis, two distinct but inter-linked areas have been investigated. First, the
development of novel diodes lasers and their associated frequency stabilization for
use in laser cooling and atom trapping experiments. Secondly, the construction,
testing and characterisation of several magneto-optical traps (MOTs) for use in

the generation and subsequent guiding of a cold atomic beam.

A number of extended-cavity diode lasers (ECDLs) have been constructed. These
are in the Littrow geometry and have proven to be reliable and robust tools tai-
lored for use in laser cooling and atom trapping experiments. Commercially
available diode lasers at 780 nm with 50 mW output power have been integrated
into such geometries yielding 40 mW of single longitudinal mode output tuneable
continuously over 8 GHz and discontinuously over 4 nm. Through a heterodyne
experiment, the linewidth of the laser was measured to be 135 kHz. Polarisation
spectroscopy was utilized as a means of providing a locking signal to frequency
stabilize such an ECDL. This technique was incorporated into an atom trapping
experiment for the first time providing an improved locking scheme over saturated

absorption spectroscopy with very little additional complexity. Dichroic-atomic
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vapour laser lock (DAVLL) was investigated as an improvement on polarisation
spectroscopy. The increased locking range (800 MHz in comparison to polari-
sation spectroscopy’s 100 MHz) and insensitivity to laser power fluctuations or
alignment made this a more attractive scheme. Further, the non-mechanical tun-
ing of the laser frequency whilst locked by altering the magnetic field through the
vapour cell was demonstrated. Both these schemes are limited by the sole feed-
back mechanism being the piezoelectric transducer (PZT). Although not novel, a
dual current/PZT locking technique was integrated to the existing experimental
equipment to significantly improve the frequency stability of the lasers. This is

the method by which all current ECDLs in St Andrews are stabilized.

A commercially available circularized diode was discovered to possess qualities
advantageous in the area of spectroscopy and atomic physics. These were com-
pletely unaltered semiconductor diode lasers except for the inclusion of a small
microlens that had been epoxied close to the front facet. This produced a circular
output beam directly from the laser can. In addition to this spatial improvement,
a small amount of feedback occurred causing the laser linewidth to be reduced.
Furthermore, the ability to tune continuously over 100 GHz by varying the cur-
rent was experimentally observed. A marked reduction in drift of the frequency
of the laser was also noted. Free-running, this laser was used as a tool to per-
form Doppler-free saturated spectroscopy on rubidium. It was also included in
an atom trapping experiment as the hyperfine pumping laser. When placed in an
extended-cavity, this circularized laser presented a simplification of the trapping
experiment since beam shaping optics were not required. However, a reduction
in the continuous tuning was observed. An inherent improvement in the stabil-
ity of this laser resulted in atoms being trapped for a number of minutes with
no active frequency stabilization. In conclusion to the work conducted with this
circularized laser, a circularized diode laser in an extended-cavity was used suc-
cessfully to injection lock a free-running circularized laser. This allowed 60 mW
of laser power to be present at the MOT. It is noted that all current atom trap-
ping experiments at St Andrews use the circularized diode laser in one form or

another.
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A commercially available Nichia diode laser based on gallium nitride has been
placed in an extended-cavity and characterised. Either 3.5 mW or 1.5 mW of
tuneable, single longitudinal mode output was extracted depending on the par-
ticular grating used. An upper linewidth of 5 MHz was placed on the laser
although this was instrument limited. The emitted light was at 392 nm and con-
tinuously tuneable over 6 GHz and discontinuously over 2.7 nm. The tunability
of this laser is less than observed for red and near infrared diodes in the same
geometry. This is believed to be as a result of compositional fluctuations in the
multi-quantum-well structure. Due to the reduced tuning, a judicious choice of
laser diode is necessary if it is to be used in an extended-cavity for spectroscopic

purposes.

Three separate MOTs have been designed, constructed, tested and evaluated for
use in trapping either 8Rb or 8Rb. The first, a prototype trap, was built as
a proof-of-principle trap and consisted of a simple glass five-way cross. Approx-
imately 8 x 107 atoms were trapped and the trap lifetimes characterised. The
second trap, a mirror MOT, used a mirrored surface at 45° to enable trapping
to be conducted with only two beams. The geometry of the setup also allowed
a cloud of cold atoms to be trapped 1 mm above the surface of the mirror. A
similar number of atoms was observed as in the first trap. The third trap was
constructed using a metallic ten-way cross as the trapping region. This trap was
designed with the intention of generating and guiding a cold atomic beam. An
increased number of viewports allowed easier access for viewing and also for in-
sertion of guiding beams. Shim coils enabled three-dimensional manipulation of

the atomic cloud.

The culmination of work in this research project was the realization of atomic
guiding. Experiments in the generation of a low-velocity intense source (LVIS) of
atoms revealed a spalial difference in LVIS beams generated either by an opaque
spot or a Laguerre-Gaussian (LG) beam. This was believed to be due to the dark
centre of the beam created by the opaque spot filling with light due to diffraction

while the LG beam is a pure mode and suffers no such degradation in its intensity
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profile. Preliminary guiding of LVIS was conducted using either a near-resonant,
red-detuned Gaussian beam or a blue-detuned LG beam. Guiding could not be
corroborated conclusively, in the red-detuned regime, since inclusion of the guide
beam through LVIS itself increased fluorescence by spontaneous emission. A more
definitive result was obtained by guiding with a blue-detuned LG beam. Over
100% increase in the fluorescence of the LVIS was observed. Splitting of a LVIS
using either red-detuned or blue-detuned light was investigated. Preliminary
results in blue-detuned guiding have been markedly different from those reported
in literature. New theories have been proposed to explain observations to aid a

complete understanding of the mechanisms involved.

10.2 Future Work

There are many avenues open for the continuation of work presented in this thesis.
However, I believe there are three main paths which hold the greatest intrigue.
The first, is the completion of work performed on the Circulaser. An investigation
into whether the frequency of the free-running laser can be stabilized sufficiently
to allow it to be used as the cooling laser in an atom trapping experiment would
be warranted. If this were to be proved true, then atom trapping could be taken

to a new realm of simplification without the need for ECDLs.

The second involves the gallium nitride violet diode laser. This laser has been
characterised in a Littrow geometry but not in a Littman-Metcalf geometry. This
would be an interesting and worthwhile study. As would the insertion of an anti-
reflection (AR) coated diode laser in an extended-cavity in order to investigate
the continuous tuning characteristics. AR coated diode lasers in the red and
near-infrared show increased tunability when placed in an extended-cavity and
this would be an interesting investigation to make regarding violet emitting diode
lasers. The circularization of a Nichia diode laser is also a possibility worthy of
study. Indeed, recently a grant has been awarded at St Andrews which aims to

address a number of these questions regarding violet diode lasers thereby contin-
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uing this line of research.

Last, but by no means least, is atomic guiding. The atomic guiding results pre-
sented in this thesis are, as stated, preliminary. Indeed, over the last few months,
during the writing of this thesis, a number of experiments have been performed
at St Andrews to elaborate on and consolidate some of the results presented in
Chapter 9. These include far-off resonance red-detuned guiding at 1064 nm, a
novel method of enabling atoms to enter into the centre of a blue-detuned LG
guide beam by placing a hole in the side of the beam and refinement of an all-
optical beam splitter utilizing a Wollaston Prism. This work is not yet completed.
Once a means of splitting a cold atomic beam optically has been reached, the next
obvious step is to recombine the two parts again. This represents more of a chal-
lenge for the experimentalist. However, methods alluded to in this thesis could

help make a compact, all-optical atom interferometer possible.

The final area of optical guiding of atoms which I think shows considerable
promise for the future is in the use of Bessel beams. These are light beams that
can have zero intensity in the centre of their intensity profiles, much like LG40
beams. However, one of the distinguishing characteristics of Bessel beams is
that they are non-diffracting. Therefore, these can provide thin, narrow, opti-
cal guides, with constant diameters of the order of the wavelength of a cold, de
Broglie atom. Atomic speckle patterns and the propagation of atoms in a single

mode then become interesting and intriguing notions.



Appendix A

Laser Frequency Stabilization

Electronics

A.1 Introduction

This appendix details the circuit diagram and operational details of the dual
current/PZT locking electronics used in the latter half of this research for the
frequency stabilization of extended-cavity diode lasers (ECDLs). A detailed de-

scription of the lasers that were stabilized is provided in Chapters 3 and 4.

A lock box was purchased from the University of Oxford in May 1999. This
was to replace the simple locking circuits that had been used up to this point as
their performance was limited due to the feedback loop solely acting on the PZT
attached to the grating. The limitations of corrective feedback loops are discussed
in Section 2.4.1. The electronics had been designed and built by David T. Smith in

November 1998 in the Central Electronics Group under project number EW1225.
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A.2 Circuit Description

The system enables a laser frequency to be stabilized, or locked, to an atomic
transition or an external cavity. It operates by applying a small dither (or mod-
ulation) to the laser frequency and implementing corrective feedback to keep the
mean laser frequency at the peak of the resonance. A block diagram of the cir-
cuit is shown in Figure A.1. The reference oscillator from the Oscillator Board
applies a dither signal to the laser diode driver current supply resulting in a small
frequency modulation. The level of dither can be controlled and monitored by
the Reference Dither and the Dither socket respectively. The same oscillator is
used to supply the reference input of a phase sensitive detector via a squarer
and phase shifter. The phase shift is included to compensate for the total phase
shift lags in the complete system and to give the correct polarity for the feedback
loop. The input from a photodiode' placed in a saturated absorption setup (see
Section 2.4.2) is fed to an amplifier tuned to the dither frequency. The ampli-
fied signal becomes the signal input to the phase shift detector. The d.c. output
from this is fed to the current integrator on the Integrator Board which provides
corrective feedback to the laser current driver. This is a defined to be the “fast”
loop. A second “slow” loop is provided by integrating the current integrator out-
put and applying this signal to a PZT controlling the extended-cavity grating.
Having this second feedback control minimises the d.c. component on the current

signal.

A.3 Modifications

A number of modifications and improvements were made to the electronics to suit

our particular experimental setup. Firstly, the 20 Hz oscillator found on the Inte-

Tt is important to ensure that the photodiode and any associated electronics have a large
enough bandwidth to detect and pass signals at the dither frequency. This is an important

consideration when 100 kHz dither is used.



APPENDIX A 252

grator Board was disconnected and an additional BNC socket (Ramp In) installed
so that an external wavefunction generator could be used to drive the PZT scan.
This was required as it was observed experimentally that several PZTs used had
individual resonance frequencies. Secondly, an additional 741 operational ampli-
fier was included, also in the Integrator Board, to allow the signal from Ramp
In to be varied in amplitude and also offset by the addition of a d.c. voltage.
This gave added flexibility when tuning the ECDL to the appropriate atomic
transition. The circuit diagrams, incorporating all modifications are shown in

Figure A.2, Figure A.3, Figure A.4 and Figure A.5.

The internal links of the box are listed below.

e Tuned Amplifier Board
Fit Link (LK) 1 and LK2 for minimum a.c. gain.
Fit LK1 only for medium gain. (min. x10)
Fit LK2 only for maximum gain.(min. x100)
Fit LK3 for untuned operation (not normally used).
Fit LK4 for operation at 100 kHz.
Fit LK5 for operation at 30 kHz.
Fit LK6 for operation at 10 kHz.

e PSD Board
Fit LK1 for 30 kHz and 100 kHz operation but omit for 10 kHz.
LK2 and LK3 are 90° and 180° phase links.
Fit LK 4 and 7 for 33us amplifier time constant.
Fit LK 5 and 8 for 10us amplifier time constant.
Fit LK 6 and 9 for 3.3us amplifier time constant.
RV1. This is the zero adjustment for the signal inverter. Remove signal in-
put, turn signal gain to minimum. Connect d.c. reading digital multimeter

between pins 9 and 16 of IC7 and set RV1 for zero volts.

e Integrator Board

Short LK1 forwards (towards the front of the box) for full offset range and
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rearwards for offset range +10.

LK2 is shorted to suit polarity of PZT feedback loop.

Fit LK3 to reduce the d.c. gain of the current feedback loop.

Fit LK4 to reduce the d.c. gain of the PZT feedback loop.

RV1 sets the 1st amplifier zero. Remove signal input and turn signal gain
to minimum. Connect d.c. digital multimeter between pin A and ground
and set RV1 for zero volts.

RV4 sets the 2nd amplifier zero. Set current gain to zero and current reset
switch to off. Connect digital multimeter to current output socket and set

RV4 for zero volts.

e Oscillator Board
Fit LK1 for 10 kHz operation.
Fit LK2 for 30 kHz operation.
Fit LK3 for 100 kHz operation.

A.4 Experimental Locking of an ECDL and Cir-

cuit Diagrams

Below outlines the procedure for obtaining a lock using the electronics detailed

in Section A.3.

(i) Initially before any attempt could be made at locking an ECDL, certain
internal links of the box needed to be shorted. The status of the internal

links are detailed below.

e Tuned Amplifier: LK2 fitted for maximum gain and LK4 fitted for
amplification at 100 kHz.

e PSD Board: LK1 fitted, LK2 not fitted, LK3 fitted, LK6 and LK9
fitted. LK4, LK5, LK7 and LKS8 not fitted.
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e Integrator Board: LK1 is fitted forwards. LK2 is set arbitrarily at
this stage, later it will be found whether it is correct or not. LK3 is

fitted. LK4 is not fitted.

e Oscillator Board: LK3 fitted for 100 kHz.

(ii) The correct connections need to be made to/from the input/output BNC

sockets.

e The output from a wavefunction generator is connected to signal input.
Obviously the frequency has to be slow enough that the PZT can
respond, in practise ~ 200 Hz was used. Peak-to-peak voltage of 20 V
was typical. The particular PZTs used within this project could be
driven directly by the voltage output from this box and so no voltage
amplification was required. If voltage amplification is needed then
this should be incorporated into the apparatus using the PZT Qutput

signal as the input to the amplifier.

e The signal from the photodiode in the saturated absorption spec-
troscopy setup is viewed on an oscilloscope and also fed to the Signal

Input.

e The dispersive locking signal produced by the PSD board is monitored

by viewing the Signal Monitor output on an oscilloscope.
e The PZT Output is connected to the PZT.

e The Current Output is connected to the external dither connection on

the current diode driver.

e If need be, the dither signal supplied to the current driver can be
monitored by viewing Dither Monitor on an oscilloscope. This was

not normally used.

(iii) With the Dither and Signal Gain set to a minimum, the atomic transition
of interest is found using the laser current and the Ramp Gain and Off-
set knobs. The laser is made to scan, using the PZT, over the transition

frequency.
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(iv)

(vi)

Monitoring the Signal Monitor, a small amount of dither is applied by turn-
ing up the Dither knob and at the same time the Gain knob. A dispersive
signal should then be seen for every hyperfine feature in the scan. In prac-
tice I have found that the best way to optimise this signal is by rotating
the phase knob until the lock LED ceases illumination. The phase is turned
back and the strongest signal located by viewing the Signal Monitor output,
if need be by either inserting or removing the 90° phase link in the PSD
Board. It should be noted that the dispersive locking signal should cross at
0 V and hence this should be accounted for by viewing the Signal Monitor
with a d.c. setting on the oscilloscope. The d.c. offset can be changed by
altering the phase or RV1 on the PSD board. A strong locking signal is
found by altering the Phase, Dither and Gain knobs however, it should be

noted that minimal dither is desirable since this provides the strongest lock.

By reducing the Ramp Gain and changing the Offset, the laser is made to
“zoom in” on the transition which it should be locked to. With the Current
Gain set to zero, the current lock switch is switched on resulting in a blue
LED being illuminated. The Current Gain is then increased slowly until
feedback either causes the noisy Signal Monitor signal to become flat and
tend towards 0 V or it is forced from 0 V in which case the 180° link on the
PSD Board should be inserted or removed depending on its current status.
In practice the Current Gain was usually kept very low, between 0.5 and

1.5 on the ten-turn potentiometer dial.

To complete the lock, the PZT lock switch is switched on with the PZT Gain
set to zero. Again a blue LED is illuminated to show when the integrating
circuit is closed. The PZT Gain is slowly increased until the flat Signal
Monitor remains unaltered or the laser is forced to jump from current lock.
In the latter case, the internal link on the Integrator Board (LK2) should
be reversed to change the polarity of the PZT feedback and steps (v) and
(vi) repeated. In practice the PZT Gain was set to maximum. If, when the
PZT lock is switched on, a slight d.c. offset is seen on the Signal Monitor

this can be corrected for by varying RV4 on the Integrator Board. At this
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stage both the current and PZT locks are closed.
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Appendix B

MOT Field Gradient Modelling

B.1 Introduction

This appendix is a reproduction of a program written in Mathematica to model
the magnetic field pattern and field gradient of various anti-Helmholtz coil con-
figurations for use in magneto-optical traps as outlined in Chapter 8. It is a two
dimensional representation of the field along the coil axis (i.e. the axis connecting
the centre of both coils) although since an anti-Helmholtz configuration generates
a quadrupole field, the field will be spherically symmetric. The program is written
in a logical, progressive manner with suitable explanations inserted in appropri-
ate positions. What is presented is what is seen when viewing the Mathematica

file and all text is included to enable any person to easily reproduce these results.
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Anti-Helmholtz Configuration

m Infinitely Narrow Coils

Assuming 2 coils of wire arranged in a Helmholtz configuration with radius, R, current through
them, i and number of turns, n. Then the field produced at a distance, z, from the midpoint between

the coils which are separated by 2d, is B.

R=0.02;
i=2.5;
M=4Pix104-7;
n=57%7;
d=.025;
UxixnxRA2
Bl = (xthe field prduced

2 ((z-d)+2+R42)32
by only one coil set 2.5cm to right of originx);
Plot[1000B1, {Z, -.1, .1}, AxesLabel ->
{"z (Metres)", "B (Gauss)"}];

Uxixn*R*2
B2 = (#*field produced by

2 ((z+d)~24+R42)%2
other coil set 2.5cm to left of originx);
Plot[-1000B2, {Z, -.1, .1},
AxesLabel -> {"Z (Metres)", "B (Gauss)"}];
Print ["These two graphs show the field produced
from each infinitely narrow coil separated by the
distance d from the origin, which is taken to be
the middle of separation distance detween them."];

U*xixnxRA2 Uxi*n+R*2
B3 =10000 - ;
2 ((z-d)42+R+2)¥2 2 ((z+d)*2+R42)%¥?

Plot[B3, {Z, -.1, .1}, AxesLabel -> {"Z (Metres)", "B (Gauss)"}]:;
Print ["And this is the cumulative

field seen along the axis of the coils"];
B4 =0.01Dt[B3, z];
pPlot[B4, {2z, -.1, .1},

AxesLabel -> {"Z (Metres)", "dB/dZ (Gauss/cm)"}];

Print ["This shows the field gradient

associated with the above set up."]:;
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B (Gauss)

; Z (Metres)
-0.1 -0.05 0.05 0.1

B (Gauss)

Z (Metres)

These two graphs show the field produced from each infinitely
narrow coil separated by the distance d from the origin, which
is taken to be the middle of separation distance detween them.

B (Gauss)

40

20

Z (Metres)

=40+

And this is the cumulative field seen along the axis of the coils
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dB/dZ (Gauss/cm)

0+

Z (Metres)

-0.1 -0.05 0.05 0.1

-10

This shows the field gradient associated with the above set up.

m Finite Width Coils

If we now do not assume that the width of the coils are infinately narrow then we must assign a width
to them. We must also integrate the field produced at a distance,z, from the origin to obtain the total
field at that point. Let the width of the windings be 1cm and assuming that there are 57 turns over
the lem distance then there is a density of nn=n/2a turns per metre giving:

0.02;
=0.005;
=2.5;
Uu=4Pix104-7;
nn =57/0.01;
d=.025;

oW
1

(z42+R42)¥2 4z

U+*nn*ixRA2 Z8
B21[z_] := —‘J-
z

2

+a

Urxmm*ixR42

Integrate[ * (zA2+R*2)7*2, (z, z+a, z-a}]

2
-0.0000447677 + 0.00895354z _ 0.0000447677 +0.00895354 z
7/0.0004 + (-0.005 +z)? 7[0.0004 + (0.005 +2z)2
B22 :=
-0.0000447676953136545652" + 0.00895353906273091304" 2
-10000 -

\fo.oonv +(-0.005" +z)?2

0.0000447676953136545652* + 0.00895353906273091304" =z

\/0.0004\ +(0.005" +z)?
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Plot[B22, {z, -.1, .1}]

-0.1 -0.05 0.05 0.1

= Graphics -
Translating this by 2.5cm to the right of the origin gives:

B23 := -10000

-0.0000447676953136545652" + 0.00895353906273091304" (z-4)

\/o.oooa.\ +(-0.005"+ (z-4d))?

0.0000447676953136545652" + 0.00895353906273091304" (z-4d)

\/o.ooov +(0.005' + (z-4))?

Plot[B23, {z, -0.1, 0.1})

40
30}
20
J
-0.1 -0.05 0.05 ¥

- Graphics =
Now plotting the other coil with a translation of 2.5cm to the left gives:

B24 :=

10000 -0.0000447676953136545652" + 0.00895353906273091304" (z +4d)
* -

\/0.0004\ + (-0.005" + (z+4d))?

0.0000447676953136545652" + 0.00895353906273091304" (z +4d)

\/o.ooov +(0.005" + (z+d))?
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Plot[B24, {z, -0.1, 0.1}]

=-0. -0.05 0.05 0.1

= Graphics =
Combining we have:

Plot[(B23 +B24), {z, -.1, 0.1},
AxesLabel -> {"Z (Metres)", "B (Gauss)"}]

B (Gauss)

40 +

20

-0.1 -0.05 0.05

20 ¢

-40 F

= Graphics =

267

Z (Metres)

The the graph above is the field produced from the set of coils positioned 5cm apart with a diameter

of 4cm and a width of lcm.
If we now differentiate this to obtain the field gradient :-



APPENDIX B 268

Dt [ (B23 +B24), z]

0.00895354 i 0.00895354
V0.0004+ (-0.03+2)2 V0.0004+ (-0.02+2)2
(-0.0000447677 +0.00895354 (-0.025 +2)) (-0.03+2) _

(0.0004 + (~0.03 +2)2)>""
(0.0000447677 + 0.00895354 (-0.025+2)) (-0.02+2) |
(0.0004+ (-0.02 +2z)2)°"?

10000( 0.00895354 )
7/0.0004+ (0.02+2)2
(0.02+z) (-0.0000447677 + 0.00895354 (0.025 + z))
(0.0004+ (0.02+2)2)>"?
(0.03 +z) (0.0000447677 + 0.00895354 (0.025 +z))
(0.0004 + (0.03 +2)2)>"?

0.00895354 ]
+/0.0004 + (0.03 +2)2

-10000 [

%/ 100
1 [_10000[ 0.00895354 ) 0.00895354
100 V0.0004+ (-0.03+2)2  +0.0004+ (-0.02 +2z)?2
(-0.0000447677 + 0.00895354 (-0.025+2)) (-0.03 +z)
(0.0004 + (-0.03 +2)2)°"?
(0.0000447677 + 0.00895354 (-0.025+2)) (-0.02 + z)
(0.0004 + (-0.02 +z)2)>"?
10000[ 0.00895354 B
70.0004 + (0.02 +z)2

(0.02+2) (-0.0000447677 + 0.00895354 (0.025 + 2))
(0.0004 + (0.02+2)2)°"?
(0.03+2) (0.0000447677 + 0.00895354 (0.025 + z))
(0.0004 + (0.03 +z)2)>"?
0.00895354
7/0.0004+ (0.03 +2)2 ]]
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Plot([%, {z, -.1, .1},

AxesLabel -> {"Z (Metres)", "dB/dZ (Gauss/cm)"}]

dB/dZ (Gauss/cm)

0

L L : Z (Metres)
-0.1 -0.05 0.05 0.1

-10 }

= Graphics =

The above graph is the field gradient for coils of diameter 4cm, width 1cm and with a separation of
Scm.

m Axicon Trap Coils

= Equal Currents

If we now look at a pair of coils with a diameter of 2R, width 2a, nu number of turns , i Amps going
throught them and a separation of 2d set in the anti-helmholtz configuration then we get the graphs of
field from a single coil, the total field produce and the field gradient.
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= 0.0325;
0.005;

= 1.8;
4Pix104-7;
nu = 120;
d=.025;
nmn=nu/0.01;

T Hp =
n

px*nn*ixRA2

Integrate| 5

* (z42+R42)7%2, (2, z+a, z—a}];

B3l =
U*nnxixRA2
2
Plot[B31, {z, -0.1, 0.1}, AxesLabel - {"Z (Metres)", "B (Gauss)"}];
Print ["This graph plots the field of one coil with the
parameters described above along the axis of the coil."]

-10000 Integrate| * (z42+R*2)72, (z, z+a, z-a}];

pUxnn+ixRA2

B32 = -10000 Integrate| s

* ((z-d)~2+R*2)7Y2,

{z, z+a, z-a}];
Uxnn+xixR*A2

B33 = 10000 Integrate| Z

* ((z+d)*2+RA2)7¥2,

{z, z+a, =-a}];

Plot[ (B33 +B32), {z, -.1, .1}, AxesLabel ->
{"Z (Metres)", "B (Gauss)"}]:

Print ["This shows the field along the coil axes of
two coils set in the anti-helmholtz configuration
with parameters as described above."]

B34 = 1/100Dt[(B32 +B33), z];

Plot [B34, {z, -.1, .1},

AxesLabel -> {"Z (Metres)", "dB/dZ (Gauss/cm)"}]:

Print["This is the field gradient of the
above anti-helmholtz conguration"]

B (Gauss)

i 1 — L Z (Metres)
=0.1 -0.05 0.05 0.1

This graph plots the field of one coil with
the parameters described above along the axis of the coil.
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B (Gauss)

30

20

Z (Metres)

This shows the field along the coil axes of two coils set in the
anti-helmholtz configuration with parameters as described above.

dB/dZ (Gauss/cm)

15+

e 4% L L Z (Metres)

=10 k

This is the field gradient of the above anti-helmholtz conguration

m Field Zero Point Variation with asymmetric currents

If we now put different currents through each coil separately then the point of zero field would move
a distance away from middle of the two coils.Having the same values for the coils as before but
putting a prefactor,p,in one of the expressions,we get:
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R =0.0325;
a=0.005;
i=1.8;
U=4Pix10+-7;
nu = 120;
d=.025;

nn=nu/0.01;
Z=.7
=i

B101 = -10000 Integrate[

Uxnn+«pxi+xRA2

2

*((=+d)“2+R*2)'3"2, {z, z+a, z»a}]:

Uu*nnxi*R*2

z * ((z-d)r2+RA2)72,

B100 = 10000 Integrate|

{z, z+a, z—a}];
B102 = (B100 + B101);
P = Solve[B102 == 0, p]; (*This solves the equation
for p and defines the solution as an array called Px)
l =Table[{z%x1000, p /. P[[2]]}, {2, O, 0.01, 0.0001}];
(*The line "p/. P[[1]]" defines that we want to only
use the first element of the array P. Otherwise
the propramme will try and plot the graph using
the number as an array, which it doesn’ t like! =)
ListPlot[l, AxesLabel - {"Distance from centre (mm)",
"Prefactor for second coil"}];
Print ["This shows the expected movement of the zero field
point along the field coil axis when each of the ceoils is run
separately. The prefactor is how much the current through
one coil is more than through the other, ie. when p=1.5, then
there is 1.5 times more current in one coil than in the other."]

Prefactor for second coil

i T =

—— Distance from centre (mm)
2 4 6 8 10
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This shows the expected movement of the zero field
point along the field coil axis when each of the coils is run
separately. The prefactor is how much the current through
one coil is more than through the other, ie. when p=1.5, then
there is 1.5 times more current in one coil than in the other.

m Field Gradient Variation with:-

m Coil separation

Now we shall assign values for all parameters associated with the coils apart from their separation
and calculate the field gradient produced exactly half way between them. We shall give the coils a
diameter of 6.5cm, a width of 1cm with 57 turns in that distance and a current of 2.5Amps.

U=4Pix10A-7;
n=57/0.01;
i=2.5;
R = 0.0325;
a=0.005;
d=.
zZ=.
*N*i*R*2 bl
B4l := “—j (z22+R42)*2 gz
2 z+a
UxnxixR42 =
Integrate[f*(z‘zi-li‘ﬂ s, {z, z+a, z—a.}]
-0.0000447677+0.00895354z 0.0000447677 +0.00895354 z
V0.00105625+ (-0.005 +z)?2 A/0.00105625+ (0.005 + z)2

Now the total field for an anti-helmholtz pair is:-

B42 :=

-0.0000447676953136545385* + 0.00895353906273090771" (z -4d)

‘\/0.00105625000000000013‘ + (-0.005" + (z-d) )2

0.0000447676953136545385* + 0.00895353906273090771" (z -4d)

‘\/0.00105625000000000013‘+ (0.005" + (= -a))?

-0.0000447676953136545385" + 0.00895353906273090771" (z +4d)

\/0.00105625000000000013‘ + (-0.005" + (z + c'i))2

0.0000447676953136545385" + 0.00895353906273090771" (z +4)

\/o.oowsszsuooooaooaon\ +(0.005" + (z+4d))?

Differentiating to calculate the field gradient gives:-
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100 «D[B42, z]
(#the "100" puts the gradient in the correct units of Gauss/cm«)

100 |- 0.00895354 P

7/0.00105625+ (-0.005 -d + z)?
(-0.005-d+2z) (-0.0000447677 + 0.00895354 (-d +z))

(0.00105625 + (-0.005-d+z)2)°"2
(0.005-d+z) (0.0000447677 + 0.00895354 (-d +z) )

(0.00105625 + (0.005 -d +z)2)>"?
0.00895354 0.00895354

+
\0.00105625+ (0.005-d+z)2  +0.00105625+ (-0.005+d+z)?
(-0.005+d+z) (-0.0000447677 + 0.00895354 (d+z))

(0.00105625 + (-0.005+d+2)2)°"°
(0.005+d+z) (0.0000447677 + 0.00895354 (d + z))

(0.00105625 + (0.005 +d +z)2)>"2
0.00895354
v/0.00105625+ (0.005+d+z)2
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0.00895353906273090771"
DB4 := 100 |- -

‘\/0.00105625000000000013‘ + (-0.005* -4+ z)?

((~0.005" -d+z) (-0.0000447676953136545385" +
0.00895353906273090771" (-d+z))) /

a/j2
(0.00105625000000000013" + (-0.005" -d+2z)?) - ((0.005" -d+z)

(0.0000447676953136545385 + 0.00895353906273090771" (-d+z))) /

3/2
(0.00105625000000000013" + (0-005‘—d+z)2) +

0.00855353906273090771"
+

\/0. 00105625000000000013" + (0.005" -d + z) 2
0.00895353906273090771"

- ((-0.005" +d +z)

\/o. 00105625000000000013" + (-0.005" +d + z)?
(-0.0000447676953136545385" + 0.00895353906273090771" (d+z))) /

3/2
(0.00105625000000000013" + (-0.005" +d +z)?) + ((0.005" +d+ z)
(0.0000447676953136545385" + 0.00895353906273090771"* (d+2z))) /

/2
(0.00105625000000000013" + (0.005' +d +z)?) -

0.00895353906273090771"

‘\/0.00105625000000000013‘ + (0.005+d+ z)?

z=0;
Plot [DB4, {d, 0.001, 0.1},
AxesLabel -> {"d (Metres)", "dB/dZ (Gauss/cm)"}]

dB/dZ (Gauss/cm)

14t
12t

10

- e d (Metres)

- Graphics -

m Current

We now only change the current through the coils and keep all other parameters the same.
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pu=4Pix10+-7;
n=57/0.01;

i=.

R =0.0325;

a=0.005;

d=0.015;

zZ=.
U*n*xixR*2 —a/4

Integrate[f*{z*2+n‘2) . {2, z+a, z—a}]
0.003581421 (-0.005+ z) 0.003581421i (0.005+ z)

\/0.00105625+ (-0.005+ z)? 2/0.00105625 + (0.005 + z) 2

This integral defines the field produced by one coil of the above given parameters. The total field
produced for the total anti-helmholtz pair is then:-

= 0.00358141562509236432*1 (-0.005* + (z-4d))

\/0.00105525000000000013' + (-0.005" + (z-d))?
0.00358141562509236432" 1 (0.005" + (z-d))

‘\{D. 00105625000000000013* + (0.005" + (z ~-4d) )2

0.00358141562509236432" 1 (-0.005" + (z+d))

‘\/0.00105625000000000013‘ +(-0.005" + (= a-t:'l)}2

0.00358141562509236432 1 (0.005" + (z+4d))

\fo.oomsszsoonoooooaou‘ +(0.005" + (z+d))?
Differentiating to calculate the field gradient gives:-

100 *D[B5, z]

(xthe "100" puts the gradient in the correct units of Gauss/cmx)

T 0.00358142 i ) 0.00358142 i i
7/0.00105625+ (-0.02+2)%>  0.00105625+ (-0.01 +z)2
0.003581421i (-0.02+z)° ,_0.003581424 (-0.01+z)?

(0.00105625+ (-0.02+2)2)°*  (0.00105625+ (-0.01+2z)2)>"*
0.003581421 (0.01+2z)2 0.00358142 i )

(0.00105625+ (U.0L+2)%) """ 0.00105625+ (0.01+z)2

0.003581421i (0.02 +z)? . 0.00358142 1
(0.00105625+ (0.02+2)2)>">  +/0.00105625+ (0.02 + z) 2
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0.00358141562509236432 1
DB5 := -100 -

‘\/0.00105625000000000013‘ +(-0.02'+2)?

0.00358141562509236432 1

‘\/0.00105625000000000013‘ + (-0.00999999999999999822" + z)?

0.00358141562509236432*1 (-0.02" + z)2

+
(0.00105625000000000013" + (-0.02" +z)?)>"?

0.00358141562509236432 1 (-0.00999999999999999822" + z)?

+
3/2
(0.00105625000000000013" + (-0.00999999999999999822" + z)?)

0.00358141562509236432*1 (0.00999999999999999822" + z)?

/2
(0.00105625000000000013* + (0.00999999999999999822"* + z) %3 8
0.00358141562509236432" i

‘\/IJ .00105625000000000013* + (0.00999999999999999822" + z)?

0.00358141562509236432' 41 (0.02' +z)?

+
(0.00105625000000000013" + (0.02% +z)2)>""

0.00358141562509236432" 1

‘\/0.00105625000000000013‘ + (0.02" + z)2

z =07
Plot[DB5, {i, 1, 10},
AxesLabel -> {"I (Amps)", "dB/dZ (Gauss/cm)"}]

dB/dZ (Gauss/cm)

50 +
40 +
30

20

. . ; I (Amps)

- Graphics =
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= Coil Width

u=4Pix1l0+-7;
n=57/0.01;

1=2.5;
R = 0.0325;
as=.
d=0.05;
Z=.
U*nxixRA2
Inteqrate[f*(z*2+R*2}'”2, {z, z+a, z-a}]
-0.00895354a+0.00895354 z 0.00895354 (a + z)
1/0.00105625 + (a-z)>2 70.00105625+ (a+z)2

Now,as before, the total field produced by the pair of coils is:-

- [ -0.00895353906273090771a + 0.00895353906273090771" (z - d)
4/0.00105625000000000013" + (a - (z -d) )2

0.00895353906273090771" (a + (z -4d)) ]

4/0.00105625000000000013" + (a + (z - d))?2

[ -0.00895353906273090771*a + 0.00895353906273090771" (z +d)

v 0.00105625000000000013" + (a- (z+4d))?

0.00895353906273090771" (a+ (z +4d)) ]

V0.00105625000000000013" + (a + (z +d))?>

100 *D[B6, z]
(xthe "100" puts the gradient in the correct units of Gauss/cmx)

0.00895354 . 0.00895354

2/0.00105625+ (-0.05+a-z)> +/0.00105625+ (0.05+a- z)?

(-0.00895354a + 0.00895354 (-0.05+z)) (0.05+a - z)
(0.00105625 + (0.05+a-z)2)>""

(-0.05+a-2z) (-0.00895354a +0.00895354 (0.05 +2))

100 |-

+

(0.00105625+ (-0.05+a-z)2)>"
0.00895354 (-0.05+a +2)? ) 0.00895354 )
(0.00105625+ (-0.05+a+z)2)>"> /0.00105625+ (-0.05+a+z)2
0.00895354 (0.05+a+z)? N 0.00895354
3/2

(0.00105625+ (0.05+a+z)2) ~/0.00105625+ (0.05+a+z)? |
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0.00895353906273090771"
DB6 := -100 |- +

’\/0.00105625000000000013‘ + (-0.05"+a- z}2

0.00895353906273090771"
+

‘\/0.00105625000000000013‘ +(0.05" +a -z)?

((-0.00895353906273090771 a +

0.00895353906273090771" (-0.05" +2)) (0.05' +a-2z)) /

(0.00105625000000000013" + (0.05" +a -z)2)> > -

((-0.05"+a-2z) (-0.00895353906273090771  a +

0.00895353906273090771" (0.05" +z))}/

i/j2
(0.00105625000000000013" + (-0.05 +a-z)2) "+
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In my end is my beginning.

Mary, Queen of Scots 1542-87



