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Abstract

PTICAL TRAPPING as a viable means of exploring the physics of ultracold

dilute atomic gases has revealed a new spectrum of physical phenomena. In

particular, macroscopic and sudden occupation of the ground state below

a critical temperature—a phenomenon known as Bose-Einstein condensation—has

become an even richer system for the study of quantum mechanics, ultracold collisions,

and many-body physics in general. Optical trapping liberates the spin degree of the

BEC, making the order parameter vectorial (‘spinor BEC’), as opposed to the scalar
order of traditional magnetically trapped condensates.

The work described within is divided into two main efforts. The first encompasses
the all-optical creation of a Bose-Einstein condensate in rubidium vapor. An all-
optical path to spinor BEC (as opposed to transfer to an optical trap from a magnetic-
trap condensate) was desired both for the simplicity of the experimental setup and also
for the potential gains in speed of creation; evaporative cooling, the only known path
to dilute-gas condensation, works only as efficiently as the rate of elastic collisions in
the gas, a rate that starts out much higher in optical traps. The first all-optical BEC
was formed elsewhere in 2001; the years following saw many groups worldwide seeking
to create their own version. Our own all-optical spinor BEC, made with a single-beam
dipole trap formed by a focused COs laser, is described here, with particular attention
paid to trap loading, measurement of trap parameters, and the use of a novel 780 nm
high-power laser system.

The second part describes initial experiments performed with the nascent conden-

sate. The spinor properties of the condensate are documented, and a measurement is

vil
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made of the density-dependent rate of spin mixing in the condensate. In addition, we
demonstrate a novel dual-beam atom laser formed by outcoupling oppositely polar-
ized components of the condensate, whose populations have been coherently evolved
through spin dynamics. We drive coherent spin-mixing evolution through adiabatic
compression of the initially weak trap. Such dual beams, nominally number-correlated
through the angular momentum-conserving collision 2my = m4; + m_; have been
proposed as tools to explore entanglement and squeezing in Bose-Einstein conden-

sates.
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Preface

Mr. BOYLE mentioned, that he had been informed
that the much drinking of coffee produced the
palsy...Mr. GRAUNT affirmed, that he knew two
gentlemen, great drinkers of coffee; very paralytical.

THE HISTORY OF THE ROYAL SOCIETY OF LONDON
FOR IMPROVING OF NATURAL KNOWLEDGE
18 January 1664.

JOINED THE QUANTUM SCIENCES & TECHNOLOGY LABORATORY in the spring
of 2001 under immediate direction to join forces with Rob Thompson and build
a BEC as part of research related to NASA’s Condensate Laboratory Aboard
Space Station (CLASS) project, a proposal within the LCAP (Laser Cooling and
Atomic Physics) framework for science aboard the International Space Station. I was
immediately put to work manning the existing laser-cooling apparatus, which at the
time was a pyramidal LVIS set up for both rubidium and cesium. My first project
(working with Rob and Dave Aveline, then a summer intern) was to build a dual-
species MOT and see where that would lead. The idea at the time for the long run
was the construction of a magnetic trap to integrate with that apparatus and work
toward a standard magnetic-trap BEC.

The appearance in June 2001 of all-optical BEC at Georgia Tech stimulated an
immediate discussion as to the destination of the BEC project. The apparent ease
with which condensation was achieved in a system previously thought of as a dead
end was too promising to ignore, and we launched a dipole trap effort beginning

with the purchase of a 50 W COy laser late in 2001. The early work on this mostly



involved researching ZnSe optical solutions and devising a way of mounting the lenses
intravacuum.

Before ramping up optical trapping efforts, I made a set of dual-species collision
observations in mid-2002, looking at the loss dynamics of co-located rubidium and
cesium MOTs. A conference debut soon followed, with me presenting the result-
ing measurement of the inelastic Rb-Cs collision rate at DAMOP in Williamsburg.
Initially we intended to use the pyramidal LVIS (the geometry of which drew far
more interest at DAMOP than the collision measurements) as the source of atoms
for a UHV MOT, which would load the dipole trap. This was not to be, as the first
lab disaster of my tenure (along with an aftershock or two) rendered the venerable
‘MOTzilla’ unusable. The quantum gravity gradiometer group next door had expe-
rienced successful loading with a cesium 2D-MOT, leading us to settle on a similar
arrangement for our cold atom source. Using a cuvette joined to glass-to-metal seals
by the always-impressive work of the Caltech chemistry department’s glassblower
Rich Gerhart, we loaded a UHV MOT using a 2D-MO'T cold atomic beam in the fall
of 2002.

We moved into a shiny new lab essentially once the calendar year 2003 arrived. I
personally date all progress on the BEC experiment from January 2003—mnot entirely
accurately, as I had looked for signs of optical trapping with the setup in the fall of
2002, as well as doing significant design work, but that time was more notable for
finishing up the dual-species work and thinking about COs-laser safety issues than
for any attempts at BEC. Interestingly, we were in a race for all-optical BEC that
had apparently started in earnest in June 2001, when the Georgia Tech report came
out. Rumors of the difficulty of duplicating the impressive effort were beginning to
filter out into the community, rumors that I'm thankful weren’t forceful enough to
keep me from persisting.

While the Ti:sapphire laser had performed well in the service of the experiments
so far, it was by this point becoming increasingly irritable, and requiring a greater and

greater fraction of my working day to keep happy. It was thus an absolute delight



when a novel laser system we had developed proved to be not only operationally
satisfactory for laser cooling applications, but rock-steady in terms of intensity and
frequency performance as well. It was initially built using a distributed feedback
(DFB) laser as a seed for the 5 W EDFA, but was switched to a Vortex after initial
proof-of-principle experiments and was fully incorporated into the optical trapping
experiment by summer 2003.

The spring of 2003 saw successful alignment of the CO, laser through the germa-
nium acousto-optic modulator, the external telescope, and the vacuum system in a
crossed-beam configuration, construction and optimization of an 8’Rb UHV MOT,
and the construction of anticipated loading-phase timing. Our first optical trap (us-
ing a detuned dark SPOT loading scheme) was observed using simple fluorescence in
July 2003. That summer saw the installation of absorption imaging capability and
the first attempts at placing the two separate dipole traps on top of one another. This
was more difficult than we had anticipated, not to mention particularly tedious. In
retrospect we were closer than I had imagined to good overlap, as the central region
probably needed some free evaporation time to become strongly populated. Never-
theless, this obstacle and the appearance of the first post-Georgia Tech all-optical
condensate (Tiibingen) in December 2003, itself done with a single beam, convinced
us to switch to a single-beam apparatus.

The switch combined with proper focusing of the absorption imaging system marks
the point where I feel things became much more intense in terms of our approach to
all-optical BEC. I began seriously thinking about temperature measurements around
then, beginning with the first evaporative cooling in January 2004. By the spring [
realized that estimates of trap frequency and density based on Gaussian-beam esti-
mates of wy, the trap waist, were probably inaccurate, and I started measuring the
trap frequencies using parametric resonance methods. These were particularly sat-
isfying in their simplicity as well as the way they immediately revealed whether an
adjustment of the external COs laser telescope resulted in a tighter trap or not. By

the spring of 2004 I had managed to get the trap as tight as possible with the given



aperture to the vacuum system, and shifted focus to trap loading. The possibility
was discussed around this time that a larger-volume trap might be more efficient at
loading while a tighter one would be better at evaporation. Some thought was put
towards a dynamic trap but eventually shelved—ironically, this was a solution that
was later documented to be quite effective.

The spring and summer were particularly devoted to frequency control. We knew
that a small difference in initial number would make a large difference in any attempt
to obtain BEC, and the one obvious ‘leak’ in our loading process was that we did not
detune particularly far compared to what had been documented to be ideal. We thus
switched away from a saturated absorption-based locking and jumping scheme and
instead offset-locked the doubled 1560 nm laser to a reference laser, which conveniently
was already built and had some power to spare: the nearby probe laser. Seemingly
arbitrary frequency jumps could then be made through control of the offset lock’s
reference frequency.

A major breakthrough in evaporative cooling was made in August 2004. We
had previously been using an embarrassingly cumbersome system of optical shutters
to switch the intensity of the repump beam, and finally got around to replacing it
with a proper AOM-based intensity control system. The resulting re-tweaking of
the trap-loading process combined with more aggressive evaporation illuminated an
important problem: the putative zero-intensity level of the AOM was still significant
enough to heat the atoms, as the repump laser was exactly on resonance with the
F =1 atoms. Careful arrangement of shutter timing on top of AOM intensity control
(and reduction of the zero level of the rf amplifier involved) resulted in typical low
temperatures observed dropping from ~600 nK to ~300 nK.

November 2004 found us increasingly perplexed by the apparent stalling at phase-
space densities a factor of two away from BEC. Our custom evaporative paths were
working and all heating problems had been eliminated, but the trap loading was still
unsatisfactory and unrepeatable. My candidacy talk in late November was marked

by a sense that things needed to change, and soon—while I was nervous given my ad-



vancement in grad-school years I felt that we were very close to BEC, and that I would
‘dance with the girl who brought me.” As a result changes were made that led to a
sense in the months afterward that either BEC was imminent or something was ma-
liciously wrong with our trap characterization. In what was a major disappointment
initially, I discovered the cause of the asymmetry in some of our ballistically expanded
absorption images: imperfect turnoff of the CO, laser at the end of a run, resulting
in distorted clouds. Modeling this turnoff using various Monte Carlo approaches con-
firmed the problem, including the fact that this distortion resulted in much higher
temperature measurements. Fixing the turnoff problem was relatively easy, and while
it indeed resulted in higher temperature measurements, it corrected misguided no-
tions I had developed about particular evaporative paths and their efficiency. In our
most drastic change, December found us switching to a 6-beam free-space MOT, and
in January 2005 we bit the bullet and went to a fiber-coupled arrangement. MOT
stability, MOT quality, and trap-loading repeatability all noticeably increased as a
result.

Our first BEC signal was observed on the afternoon of February 17th, 2005. In
retrospect, we probably reached criticality some days before; I particularly remember
showing a visitor (Kris Helmerson) some promising absorption images that I would
recognize now as being most likely partially condensed. The biggest helping factors
toward obtaining the first signal were the care taken in calibrating the new rf amplifier
that replaced its dead partner, whose intensity calibration was most likely out of date,
the cleaner MO'T setup offered by the 6-beam fiber MOT, and, amusingly, the water-
cooling of a COs-laser beam dump that was located directly underneath the main
780 nm trapping beam, which would become miraged quite significantly by the hand-
burningly hot beam dump after around half an hour of running.

The joy of this achievement (and the few initial experiments we were able to per-
form, including a first look at the spin distribution using Stern-Gerlach spectroscopy)
was soon tempered by a lab disaster, namely the appearance of a strong leak in the

vacuum system that shut down the ion pumps and ended up requiring several months



of baking, reconstruction, and more baking. The culprit was a window that appeared
to have a crack in it that had been slowly growing for an unknown period of time.
Needless to say, I felt quite lucky that this random bout of bad luck had seen fit to
wait until after our first BEC, rather than before. In terms of the ‘race,” our BEC
(presented at conferences that summer) was one of the first post-2001 all-optical 3’Rb
condensates; we joined Georgia Tech and Tiibingen in the set of groups with conden-
sates (succeeding around the same time as us were groups at Oklahoma State and
Penn State).

The eight months following the rebirth of our condensate in June 2005 was a
buzzing and active experimental period for us. In a major improvement to our con-
densate observation process, I moved our absorption setup around such that the
camera was much less vulnerable to vibration, which was causing significant shifts in
the observed absorption beam on a 10 ms timescale. Since we had improved diagnos-
tics on a repeatable condensate, the question now rather luxuriously turned to what
particular experimental ideas we wanted to implement.

We had become intrigued by the third kind of condensate on our palette—the
supported mp = 41 condensate, and the downward-directed atom laser generated
by carefully removing the support. Clearly this phenomenon had something to do
with the strongly distorting effect of gravity on our near-critical trap, so we spent
a considerable amount of time exploring ways to levitate our atoms against gravity.
In a smaller vacuum system this gradient (31.7 G/cm) would have been trivial, but
in ours it was a significant challenge. A solution using ferromagnetic-core coils was
investigated and eventually discarded as being too cumbersome, and eventually I
settled on the installation of twin water-cooled anti-Helmholtz coils driven by a 300A—
20V DC power supply. Needless to say it was a somewhat intimidating solution, but
certainly fun to use. The supporting coils performed adequately; this avenue of
investigation was postponed, though, as the spinor dynamics results were beginning
to look promising.

Spin mixing had been observed in a similar condensate, so as a check that every-



thing was working well we had aimed to duplicate that observation using the mp = 0
condensate I had been able to generate using a tweaked version of the MOT gradi-
ent during evaporative cooling. Frustratingly, even given long hold times we initially
observed no mixing. We immediately realized that there were two culprits—high mag-
netic field and low condensate density. Jumping our bucking coils (which had been
set for a relatively high field aimed at optimizing trap loading) to new values and cali-
brating the magnetic field using a simple rf spectroscopy technique was necessary but
not sufficient to overcome the energy barrier to spinor dynamics. To access that realm
required increased condensate density; increased number was not an option at this
point, so I implemented an adiabatic compression scheme. This worked quite nicely,
and I was able to demonstrate (through the winter 2005/2006) spin mixing at several
compression levels and hold times, resulting in an order-of-magnitude measurement
of the spin-spin energy cy, confirming indirect scattering-length measurements and
spin oscillation measurements elsewhere.

Around this point we realized that outcoupling these coherently produced sub-
populations was an interesting idea, and I set about trying to see if it were possible.
I found some key theory papers from early on in the spinor game that had discussed
this in the framework of the creation of massively entangled states as well as squeez-
ing in the outcoupled beams. Through January and February I worked at getting the
system running well enough to a) drive spin mixing with regularity and b) outcouple
the mixed sublevels with regularity. Eventually we were able to do this, with the
caveat that the atoms didn’t go exactly where we wanted them to go—one of the
populations preferred to reverse its initial direction, pass back through the mpr = 0
state in the center of the trap, and go out the other side of the trap. This was due to
some odd velocity kicks introduced in the system, which we are currently looking at
in more detail. Given that the next obvious step—proving the correlated nature of
the outcoupled beams—was going to require some major changes to the experiment,
the time seemed just about right to take a water break and graduate.

Currently the experiment is primed for a modification of several key aspects, all



of which will be discussed in the upcoming chapters. The journey from empty lab to
a borderline turnkey BEC setup has been a long one and an admitted roller coaster.
Nevertheless, the work has paid off, and the next generation of the experiment is in
sight. The papers listed below are all from my time as a graduate student; we have
plans for a longer paper based on the spinor work as well as one detailing the next

doubled-fiber-laser 780 nm system.

Publications based on graduate work

e N. Lundblad, R. J. Thompson, D. C. Aveline, and L. Maleki, “Spinor dynamics-

driven formation of a dual-beam atom laser,” submitted (2006).

e N. Lundblad, D. C. Aveline, R. J. Thompson, J. M. Kohel, J. Ramirez-Serrano,
W. M. Klipstein, D. G. Enzer, N. Yu, and L. Maleki, “Two-species cold atomic
beam,” J. Opt. Soc. Am. B 21 (2004) 3-6.

e R. J. Thompson, M. Tu, D. C. Aveline, N. Lundblad, and L. Maleki, “High
power single frequency 780nm laser source generated from frequency doubling

of a seeded fiber amplifier in a cascade of PPLN crystals,” Optics Ezxpress 11
(2003) 1709-1713.



Chapter 1

Background

Ludwig Boltzmann, who spent much of his life
studying statistical mechanics, died in 1906, by
his own hand. Paul Ehrenfest, carrying on the
work, died similarly in 1933. Now it is our turn
to study statistical mechanics.

DaAviD L. GOODSTEIN
States of Matter.

OSE-EINSTEIN CONDENSATION of dilute atomic vapors as a field seemingly
appeared fully formed from the brows of several trailblazing groups. These
definitive 1995 experiments were at JILA (led by Eric Cornell and Carl Wie-

man) and at MIT (in Wolfgang Ketterle’s group) [1,2]; a third group at Rice presented
tantalizing results that same year that were later confirmed [3-5]. The years follow-
ing those initial experiments (in 8"Rb, 2*Na, and "Li, respectively) saw magnetic-trap
BEC achieved in ®Rb, hydrogen, potassium, and metastable helium [6-10], with the
technology developing to the point where undergraduate colleges had operating con-
densates [11]. In a groundbreaking experiment, the first all-optical condensate was
achieved in 2001 (using 8"Rb) at Georgia Tech [12]; other all-optical condensates in
87Rb followed somewhat more arduously at Tiibingen [13], at Penn State [14], here at
Caltech—JPL [15], at Oklahoma State [16], and at Williams College [17]. All-optical
condensation of cesium was seen in 2003 at Innsbruck [18] and of ytterbium (also in

2003) at Kyoto [19]. Hybrid magnetic/optical traps have become common in 5"Rb

9
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condensate experiments [20,21]; using such a hybrid, chromium was added to the
ranks of condensed atoms in 2005 [22]. In addition, all-optical traps have been the
basis of degenerate Fermi gas research [23}24].

The link from the original groundbreaking experiments to the work described here
is a fascinating one. It is the goal of this chapter to provide a concise introduction to
the subject matter of this thesis and to place the work in the context of the last ten

years of BEC and, by association, the last nigh—thirty years of cooling and trapping.

1.1 Bose-Einstein condensation

In 1925 Albert Einstein extended ideas put forth by Satyendra Nath Bose, who had
been examining photon statistics and blackbody radiation; these insights resulted in
our modern notion of Bose-Einstein statistics, despite the fact that this was before
quantum mechanics had been significantly developed [25-27]. These notions were
based on the simple analogy between the photons of blackbody radiation and matter,
representing the first application of de Broglie’s novel hypothesis. They even pre-
dated the relationship between what would be called spin and statistical behavior,
a relationship that soon emerged, separating all matter into fermions and bosons.
Most importantly, Einstein realized that a consequence of the statistics that he had
developed was a strange saturation of the lowest energy state even while the tempera-
ture T" remained finite: “I maintain that, in this case, a number of molecules steadily
growing with increasing density goes over in the first quantum state (which has zero
kinetic energy) while the remaining molecules separate themselves according to the
parameter A = 1E] A separation is effected; one part condenses, the rest remains a
saturated ideal gas.” [ [27].

The Bose-Einstein distribution, describing the occupation of energy states in a

1) is the fugacity; Einstein uses it as e~ where A is the chemical potential.

2¢Ich behaupte, da in diesem Falle eine mit der Gesamtdichte stets wachsende Zahl von
Molekiilen in den I. Quantenzustand (Zustand ohne kinetische Energie) tibergeht, wahrend die
iibrigen Molekiile sich geméfl dem Parameterwert A = 1 verteilen. .. Es tritt eine Scheidung ein;
ein Teil kondensiert, der Rest bleibt ein gesdttigtes ideales Gas.” |27)
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system of NV indistinguishable particles of integer spin, is derived in any number of
modern thermodynamics texts [28] from basic notions of statistical mechanics and is

typically expressed as the average number of particles n; in a state of energy e;:

1
elei—p)/ksT _ 1

n; = (1.1.1)

where g (the chemical potential) is fixed by number conservation, viz. N = ) n;.
As aptly described elsewhere [29], this is simply the most random way to distribute a
fixed amount of energy among N bosons with a given set of available energies. It is a
standard derivation to show that for an ideal gas there exists a critical temperature
T, below which the lowest energy state becomes macroscopically occupied, with the
condensate fraction increasing from zero as the temperature is lowered further. The

phase transition for the ideal gas in free space is identified by the following relation:
p=n\p =n2rmkgT)™*? = ((3/2) ~ 2.612 (1.1.2)

With some effort, the same physics is demonstrated with the ideal gas confined to a

harmonic trap of secular frequencies w;—, , . in which case criticality is denoted by:

p=N (%) = ((3) ~ 1.202 (1.1.3)

The chemical potential p as set by number conservation is large and negative at high
temperatures; the condition for condensation then becomes that ;1 — 0_ (or whatever
minimum energy state is available) for some temperature 7" at which the minimum
energy state becomes macroscopically occupied [30]. The fraction of atoms in the
condensate grows as the temperature is lowered further:

% - (%)a (1.1.4)

where a = 3/2 for the unconfined ideal gas and o = 3 for the harmonically confined
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gas.

The resulting object—a macroscopic manifestation of the wavefunction itself in
a truly dilute system, directly showcasing the nature of quantum statistics— is a
remarkable tool for the exploration of quantum mechanics, low—temperature atomic

physics, and many—body physics in general.

1.1.1 Evaporative cooling

The great breakthrough in the cooling and trapping of atoms that led to the first
BEC was the technique of radiofrequency—induced evaporative cooling, first experi-
mentally realized at MIT [31]. Evaporative cooling permitted for the first time access
of subrecoil temperatures in a high-density atomic vapor; optical techniques existed
to breach the recoil limit, but all were in some fashion connected to low-density re-
quirements. In addition, magnetic trapping of hydrogen had been realized for some
time, and evaporative cooling had been implemented simply by lowering the strength
of the trap, but the process suffered from low densities and a collisional leak [32]. The
‘rf knife’ technique, however, allowed for constant trap depth during evaporation, re-
sulting in rather spectacular increases in density during the evaporative process and
the phenomenon of runaway evaporation. Evaporation in optical traps, in contrast,
proceeds via lowering the depth and thus strength of the trap (as with early efforts
in hydrogen magnetic traps) but with the compensatory advantage of high initial
densities, as we shall see.

Successful evaporative cooling relies on continually removing the hottest fraction
of atoms at such a rate that the gas continually rethermalizes and the hottest fraction
is replenished. The process of evaporation is thus a battle between the so-called ‘good’
and ‘bad’ collisions—the former being the elastic collisions that redistribute energy
in the trap and ensure thermalization, and the latter being the inelastic collisions
that result in trap loss. The most common culprit for a bad collision is background
vapor, although depending on the particular species and the densities involved, dipolar

relaxation and three-body recombination can cause problems. The elastic collision
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rate 7 is determined by peak density and the interparticle scattering cross—section:
v = nyov/V3m (1.1.5)

where v = \/@ and o = 8ma?, a being the s-wave scattering length, which is
sufficient for a complete description of the dilute system at such a low energy . Colli-
sion rate is therefore one of the most important variables to consider in a condensate
experiment—it determines the maximum speed at which efficient evaporation can
occur and thus the timescale over which a condensate is created, the conventional
wisdom being that it only takes ‘several’ collision times for a Maxwell-Boltzmann gas
to rethermalize after an evaporative cut. The specific implementation of evaporative

cooling in a single-beam dipole trap will be elucidated in §3.3.2}

1.1.2 The condensate wavefunction

We speak of a BEC as a macrosopic quantum object and characterize it as a gas
wherein a significant fraction of atoms all occupy the same wavefunction—a giant
matter wave. An ideal-gas BEC in a harmonic trap will simply be described, then,
by a many-body wavefunction with all the atoms occupying the simple harmonic

oscillator (SHO) ground state:

3

N .
@z](r):mﬂ e~/ (1.1.6)

‘7'/',
i=1 2,0

where the z; o are given by the oscillator lengths \/m and the density distribution
is given by n.(r) = |1 (r)|?. However, this is useful solely as a tool of comparison to
real condensates, which are dominated by internal interaction energy as described by
the chemical potential p and the scattering length a, which now plays a role even
greater than its place as the pacesetter of evaporative cooling.

The notion of a macroscopic wavefunction remains useful, and we can modify

the Schrodinger equation that led to Eq. by incorporating a nonlinear term
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proportional to the interaction energy and the density n.(r,t) = |[¢(r)[*:

i h? Arh?

mﬁ“EEV%+UU¢+

aly[*y (1.1.7)

This is known as the Gross-Pitaevskii equation and can be more formally obtained
from a field-theoretic standpoint [30,33]. The ground-state solution to the GP equa-

tion is typically given as:

b(r,t) = P(r)e” ™ (1.1.8)

If we then create a time-independent version of the Gross-Pitaevskii equation and
introduce the Thomas-Fermi approximation, whereby we neglect kinetic energy terms

as being small compared to interaction energies, we find the following:
-U
ne(r) = max (5155§£52,0> (1.1.9)
g

The density distribution of the condensate in the Thomas-Fermi approximation is
thus simply a mirror of the confining potential, and peak density of the condensate

is related to the chemical potential as n.o = um/4rh?a. More specifically the BEC

) (1.1.10)

Integrating this profile yields the following relation between Thomas-Fermi radii and

density is given by:

£g|w

n()—ncomax< Z

density:

15 N,

=—_—c 1.1.11
87 R, R,R. (1.L11)
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where the dimensions of the condensate R; are determined by the interaction energy:

1
= Emw?R? (1.1.12)

Determining the chemical potential is a simple matter of exploiting the normalization
condition, which gives:
15R2m
1% = WNCM?’CL (1.1.13)

This can be conveniently rephrased [33] using the harmonic oscillator parameters:

hone [ 15N.a\ 2°
ILL:

. (1.1.14)

(ho
This phrasing particularly illuminates the condition of the Thomas—Fermi approxi-
mation, in which interaction dominates; here, the ground state energy is increased
over that of the harmonic oscillator by the parameter Na/ay,. It is precisely this con-
dition (Na/ape; > 1) that allows the neglecting of kinetic energy in the condensate
and that should always be kept in mind when applying the Thomas-Fermi picture. It
should also be clear that despite the high densities attained in this state, the gas re-
mains truly dilute, in the sense that the interparticle interaction scale (the scattering
length a) is only 5 nm, while even at maximum imaginable density in a condensate
experiment (10'® ¢cm™3), the mean interparticle separation is n~'/? =100 nm, and at
more conventional mean densities in our trap of 5x10'% cm™3, the separation is more
than 250 nm. The wavefunction that all the particles in condensate share is of course
much larger than either of these values—it is cigar-shaped and typically a few um by

a few tens of pum.
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1.1.3 Condensate expansion

The question of what happens to a condensate in a time-dependent potential is an
illuminating one. When a formed condensate is released via a quick turnoff of the
enclosing potential, the process by which stored mean-field (interaction) energy is
converted to kinetic energy is revealed by a changing aspect ratio of the condensate.
The famous experimental signature of this is the asymmetric expansion of a conden-
sate; the tighter a condensate is held in any given dimension, the quicker the initial
expansion rate in that direction is observed to be. This is of course totally different
from a thermal gas, which maintains its aspect ratio once the cloud has reached spher-
ical symmetry, since the ballistically expanded gas is a probe of the initial momentum
distribution, which is itself symmetric (see §3.2.2)). The development of this asymme-
try is determined as follows, described in detail elsewhere |34]. Given a BEC in the
Thomas-Fermi limit and time-dependent trap frequencies w;(t), the Gross-Pitaevskii
equation will allow solutions that preserve the Thomas-Fermi parabolic profile but

have time-dependent radii R;(t). These are parametrized as:

Rilt) = Ri(0) bi(t) = 4 %;@bm (1.1.15)

where b;(0) = 1. A set of coupled differential equations describing the b;(t) are found:

.. 2(0)
w21 — ik
AR UL Y

—0 (1.1.16)

Quick trap release frees the condensate from any confining potential, rendering the
second term irrelevant; the resulting differential equations describe the expansion
of a trapped gas. In particular, for a cigar-shaped trap we have two second-order

equations for b, and b, = b, = b,:

by =1/b%b, , b, = K/L2V2 (1.1.17)
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Figure 1.1: The asymmetric expansion of the condensate, depicted on the left as the
Thomas-Fermi radii R, and Ry, as a function of time, and on the right as an aspect ratio
Ry./R,. The dimensions used (R.(0) =30 um and R,.(0) =3 um) are characteristic of
our experiment. In particular note the perpetual increase in aspect ratio reflecting the pre-
ferred conversion of mean-field energy to kinetic energy along the initially tightly confining
direction.

where k = w, /w, and the time has been scaled to units of 7 = w,t. A simple solution

exists for a trap such as ours, where k < 1:
be(t) =V1+72 | by(t) =1+ rK*(Ttan ' 7 — log V1 + 72) (1.1.18)

(Clearly, the expansion along the tightly confined direction greatly outpaces that along
x; for all intents and purposes the latter remains constant. A typical situation is
depicted in Fig. , showing an initial aspect ratio in the trap of 3 pm/30 pm = 0.1

evolving to > 2 over the course of 20 ms.

1.2 Optical trapping

A longstanding goal of the early laser cooling and trapping community was the con-
finement of atoms not through the radiative (‘spontancous’) force alone [35,36] or
with spatially varying Zeeman shifts (as in magneto-optical traps (MOTs) [37] and

magnetic traps [38]), but via the dipole force, whereby atoms experience a potential
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based on an induced electric dipole moment—i.e., traps based on the AC Stark shift
or ‘light shift.” The obvious advantage was that the scattering rate from such traps
was quite low, in principle enabling very tight confinement for long times at temper-
atures that were potentially much lower than allowed by radiation-pressure methods.
Our particular interest with respect to Bose-Einstein condensation is that the dipole
trap has trap depths accessible to existing pre-cooling mechanisms (the MOT), has
the ability to reach nK-level temperatures via evaporative cooling, and allows signif-
icantly tighter confinement than any spontaneous-force trap and most conventional
magnetic traps, enabling (in principle) much faster evaporation. Another feature is
the total spin independence of the the dipole-force trap, either in the realm of the
far-off resonance trap (FORT) or the so-called quasi-electrostatic trap.

An atom interacting with a light field is described classically by its complex po-
larizability @, the real part of which, R(a) = «, is associated with conservative forces
stemming from induced dipole moments, while the imaginary part (a) governs near-
resonant absorption. As reviewed in detail elsewhere [39], the potential energy of an
atom in a far-off resonant dipole trap is calculated beginning with the energy of a

polarized object in an applied external electric field:
1 1 9
U(r) =~ (b B) = —a [E() (1.2.1)
This relates to the intensity of a laser field via the standard relation:
I(r) = egc \E(r)]2 (1.2.2)
such that the potential energy is simply given by:
Ur) = —5—I(r) (1.2:3)
r)=—I(r 2.
2600

thus allowing the atom to be trapped at a local maximum of electromagnetic intensity,

as long as the trapping laser is to the red of resonance. The real polarizability « of
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the 8"Rb ground state is 5.39 x 103 C-m?/V, and that of the excited state 13.0 x 103
C-m?/V, the latter only relevant in that its value comparable (indeed, greater) than
the former ensures that the trap-loading process (which occurs during the cycling
between ground and excited states) does not have a fundamental leak.

Since we are interested in the domain of being far off resonance (in our case
Aco, /ARy > 1), the phenomenon of heating from scattering becomes negligible. The

scattering rate is given in the semiclassical Lorentz ansatz for electron motion by

20 /Xo)°
w=—(22) U 1.2.4
o= (1) 00 (12,4

which for a CO, laser is very low: for a full-strength trap at 1 mK, ~,, = 1.8 x 1073
s~1, or one photon every ten minutes.

The vanishingly small scattering rate ensures that the trap is truly conservative
and can be used for evaporative cooling over timescales determined solely by colli-
sional dynamics. Unfortunately, there exists no technique equivalent to the ‘rf knife’
approach utilized so well in concert with magnetic traps; instead, evaporative cooling
must be implemented via the rampdown of laser intensity. This has the advantage
of being experimentally very easy to implement, but has the unescapable drawback
of the trap frequencies (and thus the atomic density) falling off with power, and the
resulting impossibility of the blessing bestowed upon the magnetic trap community—
so-called runaway evaporation. Nevertheless, the extremely high initial collision rates
available in an all-optical setup can more than make up for the progressive weaken-

ing of the trap during evaporation, even allowing for condensation times significantly

quicker than the best traditional magnetic trap BEC setupsﬂ

3So-called chip traps, with the magnetic fields generated by in-vacuum microwires, have shown
particularly fast condensation, also due to their high initial collision rate.
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1.2.1 History

The first optical trap was realized in sodium in 1986 fulfilling a proposal made eight
years earlier |[40,41]; early traps were relatively close to resonance, and the first far-off
resonance trap (FORT) was not made until 1993 [42]. In 1995 an attempt was made at
evaporative cooling in a crossed 1.06 um FORT [43]; this effort, while groundbreaking,
was hampered by low atom number and density. The first quasi-electrostatic trap, or
QUEST as it was dubbed by its creators, was established using cesium in 1995 [44,45].
Using a COy laser for a dipole trap was presumably avoided previously due to the
fact that the interaction strength was thought to be very small compared to lasers
such as the Nd:YAG at 1.06 um or FORTSs detuned by hundreds of GHz; yet such
high powers (tens of Watts easily) were available with standard CO, lasers that the
idea was quickly adopted by several groups. In this first experiment, up to 10° cesium
atoms were trapped (marking the introduction of improved loading techniques) and
the low scattering rate of the QUEST was confirmed [45]. A CO, laser optical lattice
with rubidium was reported in 1998 incorporating the new loading techniques and,
significantly, showing how trap frequencies could easily be measured using parametric
resonance [46}47]. Observations of evaporative cooling in a cesium trap were made in
2000 in an experiment perhaps more remarkable for the long (hundreds of seconds)
storage times involved [48]. At the same time, work began using quasielectrostatic
traps for fermionic species—a series of seminal experiments using °Li were performed
beginning in 1997 exploring heating limits, scaling laws, loading dynamics, and Fermi
degeneracy [23,49-53]. The MIT group added a dipole trap to their setup around this
time, transferring existing condensates into very shallow optical traps [54]. In 2001
all-optical Bose-Einstein condensation was achieved in ®"Rb at Georgia Tech [12].
This experiment used the geometry of the 1995 Stanford experiment and built on
ideas developed in the QUEST work—mnevertheless the work was rather surprising to
the community, as atomic densities in the crossed-beam trap were reported as being

higher than 10'* cm™3. The promise of this initial work stimulated the bulk of the
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work in this thesis. A second all-optical condensate in 8"Rb was finally reported in
2003, utilizing both crossed- and single-beam geometries [13,55]. Other important
experiments developing through this period include the first BECs of cesium and of
ytterbium, both performed using an optical trap [18,/19,56], and experiments focused
on obtaining larger all-optical condensates [14] and on using them to explore many-

body phenomena such as the Tonks-Girardeau gas [57].

1.3 Atom lasers

The connection between Bose-Einstein condensation and the laser is compelling.
Qualitatively the same phenomenon is observed: a macroscopic fraction of quanta
occupying the same spatial mode—in the case of a laser, photons in a particular
optical cavity mode [58-60], and in the case of a BEC, atoms in the ground state
of a harmonic trap. Even semantically the relation is powerful: the condensate is a
particularly stark demonstration of the wave nature of matter, and as Einstein used
deBroglie’s hypothesis to justify treating the statistics of certain atoms in the same
fashion as that of photons, similarly, phenomena possible with light should thus be
possible with properly prepared matter. The differences, of course, are significant;
photon number is not conserved, leaving the system perpetually bound to a chemical
potential of zero, and the system is not governed by the first-order time evolution of
the Schrodinger equation[} Nevertheless, integrating the concept of an output cou-
pler and some sort of ‘pump’ with established BEC techniques was a clear goal from
early on in the field’s development, due to the allure of a monochromatic, intense,
directional and preferably continuous source of coherent matter waves. The matter
wave reservoir itself would be generated through a stimulated process, presumably
based on the formation of the condensate itself out of the thermal cloud via bosonic

stimulation.

4Interestingly, in the presence of a nonlinearity mediated by matter, such as the intensity-
dependent refractive index (Kerr nonlinearity) of rubidium, laser photons can behave like an in-
teracting Bose gas—the so-called photon fluid [6163].
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The first output coupler for Bose-Einstein condensates was implemented in one
of the laboratories where BEC was first achieved. The MIT group in 1997 achieved
two important milestones: they showed that condensates were truly matter-wave
coherent [64], and they showed a pulsed output coupler [65]. The output coupler
was based on pulsed radiofrequency transitions to coherent superpositions of the
one trapped state and the two untrapped states. A well-collimated atom laser with
a continuous-wave output coupler baesd on similar radiofrequency transitions was
demonstrated by Bloch, Hansch, and Esslinger in 1999, featuring beams up to 2 mm
long of the expected spatial and spectral resolution— ‘brightness’ up to ten orders
of magnitude higher than a thermal source such as a Zeeman slower [66]. A quasi-
continuous laser using a Raman-transition outcoupler was demonstrated in 1999 at
NIST [67]. Also worth noting is the all-optical atom laser demonstrated in concert
with the 2001 Tiibingen all-optical condensate [13].

Notions of what constitutes an atom laser are as varied as the experiments that
have generated them, yet the full understanding of several issues seems necessary to
avoid skeptical glances in the court of public opinion: the possibility of continuous
operation, the notion of a ‘pump,’ or source of replenished coherent atoms to out-
couple, and the nature of the output coupler itself. In §4] we hope to address these
issues in detail as part of the experiments performed for this thesis, and the claims

of a novel atom laser contained therein.

1.4 Spinor BEC

In 1998 the MIT group published observations of the first example of a spinor con-
densate, in which they transferred a spin-polarized 23Na condensate created in a
traditional magnetic trap into a dipole trap formed by the focus of a far-off-resonant

laser [54]. Soon after, they observed the formation of spin domains resulting from
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population exchange within the F' = 1 manifold via the spin-relaxation collision:

Mo+ My = My +Mm_1 (141)

which allowed redistribution of the spin population according to the constraints of the
local magnetic field and the spin-spin Hamiltonian [68|. This population exchange
could occur without trap loss as (unlike the magnetic trap that birthed the conden-
sate) the dipole trap was spin-independent. Magnetization M, or the difference in the
two polarized populations, is preserved throughout this process simply via conserva-
tion of total spin. This study, and the papers that quickly followed it |[694(70], showed
that spinor BEC (and multicomponent BEC in general, including the two-component
BEC seen in [71]) provided exciting new opportunities to study many-body physics.

Seminal theoretical work, also in 1998, examined the nature of a spinor BEC
[72,/73], many of the notions of which I will reproduce now for illumination. We begin
with a system of bosons in an F' = 1 hyperfine spin state, such as the lower hyperfine
ground state of 8Rb, and first seek to show what new Hamiltonian applies to the
system now that the spin degree of freedom has been liberated. The polarized BEC
system is well-known to be described by a single parameter—the scattering length a

and the corresponding interparticle potential:

O(r) = 5(x) 7"

a (1.4.2)

m

Taking a step back, we derive the new spinor potential, assuming only that the
particles are all confined to the F' = 1 manifold and that the energy scale is low enough
such that pairwise d-function interactions will suffice. The most general interaction

is then the simple expression

Ur)=6(x)> g;P; (1.4.3)
f=0
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where Pf projects the two colliding atoms into a total angular momentum state f,
with an associated energy g; = 4wh%a;/m. Symmetry forces only even terms of this
sum to apply for bosonic species. Complementing this relation is the inner product

of the two colliding spins:
2F
Fi Fy=) MNPy (1.4.4)
£=0

where A\; = L[f(f + 1) — 2F(F + 1)]. Combining these relations with the closure
condition Z?f;o Pf = 1 yields the interaction Hamiltonian (dropping the é-function):

U= Co + C2F1 : F2 CQ — —(— (145)

2 _go+ 292 92 — 9o
“=T3 3

This potential can be turned into a second-quantized Hamiltonian H and then a
variational-method free energy K = (H — uN), which is to be minimized to find a
ground state. In this scenario the condensate wavefunction is represented by a vecto-
rial order parameter: W(r) = /n(r)¢(r), where ¢ is a normalized three-component

vectorPl The functional is as follows:

2

K= [ar (VR + (V0] — (= U+ oo+ afF)D) (146

where (F)? = (¢ F,awFy . €°¢4, and the F,, are the spin-1 matrices (n = z,y, 2).
For ¢y < 0, the ‘ferromagnetic’ case, the energy is minimized by (F)? = 1; for ¢y > 0,
the ‘antiferromagnetic’ or ‘polar’ case, the energy is minimized by (F) = 0. The
exact nature of these ground states is not particularly meaningful nor accessible to
the extremely low energy of the spin interaction, yet there is a crucial consequence of
the sign of cy; these issues will be discussed in the next section. A 8Rb BEC in the

|F' = 1) ground state is ferromagnetic according to extensive studies of its scattering

properties [74,(75], namely that c; = —3.58(57) x 10~* Hz cm®. The MIT work

5 As introduced in these theory papers, we make the ‘single-mode approximation,’ that is, we
treat the spatial profile of all spinor components as identical and time-independent.
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showed conclusively, on the other hand, that the F' = 1 3Na BEC was polar [68].

1.4.1 Spin mixing

Theoretical discussion of the phenomenon of spin mixing appeared in the late 1990s
driven by the MIT spinor experiments and made several predictions, most notably the
observation of oscillations in spin population [72,/73,76|77]. The spin-spin interaction
energy E/h = cyon is quite weak; at condensate densities of 10 ¢cm™3, which are
generous for our experiment but generally typical in the field, this energy is 3.6 Hz.
For comparison, this corresponds to a first-order Zeeman shift of the mprp = +1 levels
of ~ 5 uG. This would seem to imply that any investigation of spinor dynamics
would require a cumbersome magnetically shielded apparatus. Fortunately, this is
not necessary. If we look at the spin-relaxation collision, Eq. [I.4.1], more closely, it
is apparent that it has the capacity to reveal the spinor nature of the condensate
even at significant laboratory background fields. To begin with, the linear Zeeman
shift does not play a role in the equation; energy is conserved on either side of the
collision. The quadratic Zeeman shift, however, causes a lower total energy if two
atoms are in the mp = 0 state versus being of opposite spin polarization. Secondly,
the consequences of the functional K (Eq. are that for co < 0 the reaction is
biased towards the right [68]78]. The system will thus evolve driven by the interplay
of spin-spin energy and the magnetic field; while population oscillations are predicted
and the situation is more complicated than it might first appear, what is clear (and
experimentally relevant) is that a state initially prepared as mp = 0 is unstable,
unless preserved by the quadratic Zeeman shift [77]. These dynamics were phrased
particularly succinctly in a 2003 article by Zhang et al., building on past work [79] by
discussing the spinor condensate in the context of a nonzero magnetic field whereby
the conservation of M as in Eq. leads to more realistic ground states [80]. In
particular, they predict a ground state distribution of spin states at zero field, given

initial magnetization M = n, — n_ and total constraint n, +n_ + ny = 1, where n
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here represents fractional population:
1 2 1 2

and a solution at nonzero field parametrized by 6 = (E. + E_ — 2Ej)/2, essentially

the quadratic Zeeman shift:
1 1 9

The parameter xy = ny + n_ is found by minimizing F = g, (x) + zd, where g, =
con(1—x)(x++v/22 — M2). Thus for M = 0, such as if a condensate were to be initially
prepared totally in the mp = 0 state, the ground state at zero field is nog = 1/2,
ne = 1/4. As fields increase, the ground state is biased more and more toward
mp = 0, and at a field strong enough such that ¢ matches the spin-spin energy, no
evolution away from mpr = 0 occurs.

The first observation of spin mixing was in the F' = 1 ground state of Rb in an
optical-lattice BEC at Georgia Tech [78]. Confirmation of this, and observations of
spin mixing in the F' = 2 state, soon followed in two other groups [20,21,81-83|. These
observations confirmed the ferromagnetism of F' = 1 condensate and the polar nature
of the F' = 2 condensate. The presumption of coherence in the spinor dynamics was
confirmed in 2005 [84], with attendant theoretical discussion presented as well |85,86].
Spin mixing in an optical lattice with particularly clean observations of atom pairs
confined to individual lattice sites was recently observed [87]. Our own observations

of spin mixing will be presented in §4]

1.4.2 Entanglement and correlation

Since the inception of BEC as a relatively commonplace window into the quantum
world, theorists have pushed to link it with the heart of the quantum/classical divide:

multiparticle entanglement and the notions of quantum reality and measurement as-
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sociated with it [88,89]. The accessibility of massively entangled atomic states would
be of immediate interest to the quantum information and quantum optics communi-
ties. The properties of multicomponent Bose-Einstein condensates in particular are
extremely suggestive of application to entanglement in that they represent a macro-
scopic source of pure and separable quantum states.

Many proposals have suggested the creation of entangled states in a BEC either
through coherent collisional evolution of a bimodal BEC [90-93], or via interaction of
tailored light with a condensate, either through lasers coupling intermediate states,
or through the use of squeezed light [94-101].

Of particular interest to experimentalists developing spinor condensates were two
proposals in 2000 discussing the creation of dual entangled beams via the spin mixing
process in a spinor condensate [102/103]. Discussion of entanglement in spinor conden-
sates unrelated to the specific dual-beam proposal can be found elsewhere [104}|{105];
in addition a similar scheme has been proposed involving the downconversion-like
production of entangled beams from the dissociation of a molecular condensate [106].

In the dual-beam proposals a spinor condensate is envisioned to evolve via the
spin-changing collision (Eq. into an entangled and squeezed state, whereby
correlations introduced into the evolved mp = +1 populations from an initial mz = 0
condition ensure the entanglement and squeezing. This process has been compared
to four-wave mixing |107,/108|, and indeed, an experiment creating correlated beams
from four-wave mixing in a sodium BEC has been performed [109].

Both proposals suggest a simple experimental setup: an F' = 1 condensate in a
spin-indepenent trap. An initially prepared mpr = 0 condensate will evolve into some
fraction of mp = £1, at which point a secondary potential will be employed on top of
the main confining dipole trap. This secondary potential, perhaps another laser, will
lower the energy of the mp = +1 states with respect to the initial condition. This
energy shift, if large compared to the spin-spin energy, will render the spin-changing
collisions irreversible, and the reaction products will gain kinetic energy after the

collision. Conservation laws ensure that in such a setup the pair would be forced to
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propagate in opposite directions, and in a strongly anisotropic cigar-shaped trap this
would result in twin beams of outcoupled atoms. Entanglement would result from
the fact that the pair was generated by a process in which one of the atoms had to be
mp = +1 and the other mpr = —1; the twin beams are therefore an EPR-correlated
pair—the outcoupling process results only in opposite propagation, meaning that each
side of the twin beam is in a superposition of the two states. In addition, the total
spin of each side has to be zero due to the nature of the collision; thus, squeezing of

the magnetization fluctuations M = d(n; —n_) is also predicted.



Chapter 2

Apparatus

The designer of a research apparatus must strike a
balance between the makeshift and the permanent.
Too little consideration of the expected performance
of a machine may frustrate all attempts to get data.
Too much time spent planning can also be an

error. . . A new machine must be built before all the
shortcomings in its design are apparent.

MOORE, Davis & COPLAN
Building Scientific Apparatus.

ESPITE THE RELATIVE SIMPLICITY of the experiment at the heart of this

thesis—a dilute sample of atoms loaded into and evolving in a conservative

potential, with all the technology fitting on a single optical table—the tech-

niques brought to bear span the history of the cooling and trapping field and include
several nontraditional approaches to traditional problems that will be documented in
this chapter. Several significant changes were made to the experiment over the more
than three years of its operation; where possible I will mention these changes, but
the reader should assume that if not mentioned specifically, the apparatus described

is the state of the system in the spring of 2006.

29
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2.1 Resonant light

As an introductory note, our choice of element with which to attempt all-optical BEC
was largely dictated by existing equipment and published experimental successes,
namely the first all-optical condensate experiment [12]. The choice of a bosonic alkali
metal was not a choice at all—we sought not to condense a new species, but rather
to work with a novel variant of the by-now traditional magnetic-trap condensate.
Our lasers at the time allowed a choice between rubidium and cesium; however, the
latter was not an option due to a long history of failed attempts at condensation that
discouraged any local attemptﬂ

The workhorses of any laser-cooling experiment are the lasers themselves that
provide resonant light—the requirements in our case are a considerable amount of
locked narrowband light (usable power > 300 mW) near 780 nm for laser cooling,
> 5 mW locked 6.8 GHz away for repumping, and at least 0.5 mW available at either
of these frequencies for absorption probes. In addition, significant dynamic intensity
and frequency control is needed for all the lasers.

For the laser-cooling experiments at JPL predating the author (as well as those
non-BEC experiments the author participated in, detailed in Appendix|C|) the source
of hundreds of mW of infrared light was the Coherent 899-21 Ti:Sapphire ring laser,
pumped by a SpectraPhysics laser providing nominally 10 W of doubled YAG light
at 532 nm. The use and care of this expensive system has surely been documented
extensively elsewhere; regardless, soon after optical trapping became commonplace
in our laboratory we switched to the novel 780 nm system detailed below, which was

used for the remainder of the experimental work presented in this thesisﬂ

!Cesium was, however, condensed all-optically in 2003 [18]. Regarding sodium, which is also
commonly used in BEC experiments and is especially convenient due to its small mass—it tradi-
tionally requires dye lasers at 589 nm, and given the embarrassment of riches our lab had in the
near-infrared, the choice to remain there was obvious.

2This switch relegated the Ti:Sapphire system to doorstop status, metaphorically and (briefly)
literally. It remains in place, fighting the fate of the long-mothballed Art lasers dating from before
the author’s arrival.
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2.1.1 The doubled 1560 nm system

The recent appearance of inexpensive high-power fiber amplifiers at the telecommu-
nications wavelengths near 1560 nm was a serendipitous event from the point of view
of the atomic physicist. These amplifiers (available up to > 10 W) combined with
the availability of highly efficient frequency-doubling technology [110-112] allowed
the construction of a novel source of narrowband 780 nm light, developed at JPI]| for
use in the laser cooling of rubidium.

This apparatus exploits a clever arrangement devised in order to overcome some
limits placed on doubling efficiency. The traditional expression for frequency doubling
involves the intensity of a plane wave after propagating through a short crystal of

length L:
L, (2,y,2 = L) o & LT3 (2, y,0) (2.1.1)

Typically, however, the benefits of focusing the laser through a short crystal far
outweigh that of sending an unfocused beam through progressively longer and more
unwieldy crystals. The cost of focusing the beam is a reduction of the doubling’s
length dependence to linearity. The production of frequency-doubled light through a
single doubling crystal is then specified in terms of the normalized conversion efficiency

7], such that:
Py, = 7LP? (2.1.2)

The specific value for n will of course depend on the internal physics of the crystal
as well as the intensity profile of the focused laser; as might be intuited, the ideal
profile is nearly that determined by so-called confocal focusing, where the length of the
crystal L is matched to the confocal parameter—twice the Rayleigh range mwg/A. A

clever way to recover the lost L? dependence is to place several short crystals in series,

3Described in a 2003 paper [113], reprinted as Appendix@ doubled light had been used previously
to lock a 1560 nm laser using rubidium lines, but this only generated ;W-level powers at 780 nm [114].
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effectively duplicating the condition of frequency doubling in an optical waveguide,
hence the literature sobriquet of lens waveguiding in a cascade of crystals [115]. The

doubled (scalar) field in such a cascade of crystals is given by superposition:

N
ng == Z EZw,i (213)
=1

Combined with Eq. [2.1.2] we obtain the doubled power output, given N identical
crystals of length L:

N 2
Py, = (Z \/PQUM) = jLN?*P? (2.1.4)
=1

Thus, for a two-crystal cascade, one would expect a factor-of-four gain compared
to operating with a single crystal, given ideal conditions and proper phase matching.

The seed for the Yb/Er-doped fiber amplifier (IPG Photonics) is an external-
cavity diode laser (ECDL) in the Littman-Metcalf configuration (New Focus Vortex)
providing 10 mW of narrowband light at 1560 nm. The Vortex is tunable over 50 GHz,
has a linewidth of 300 kHz at 50 ms, and can be feedback-controlled using piezoelectric
tuning of the external cavity as well as fast control of the diode laser current. The
amplifier is internally pumped with 980 nm light and is turnkey-operable at output
powers up to bW of 1560 nm light of ostensibly similar spectral profile to that of
the diode laser. This beam is confocally focused through a crystal of periodically
poled lithium niobate (PPLN) as depicted in Fig. [2.1] (photographically in App. [D).
After the first crystal, the beam is recollimated and it then traverses an adjustable
length before being confocally focused a second time through another crystal. The
adjustable length serves to ensure that the 2w light from the first crystal arrives
at the second crystal in phase with the fundamental—a full wave retardation in air
between 780 nm and 1560 nm being approximately 50 cm. Phase matching within the
5 cm long crystal is permitted by the periodic poling and is achieved using precision

temperature control of the crystals themselves—the poling period used was 19 pm,
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Figure 2.1: Diagram of the doubled-1560 nm fiber amplifier system.

which phase-matched at 100°C.

The two-crystal cascade when optimally aligned at full power yielded just lower
than 1 W of 780 nm power in our best measurement. In an earlier measurement of
the low power limit, the quadratic dependence on input power was observed, resulting
in efficiences of 4.6 mW/(W?.cm) in a denatured two-crystal configurationf] and 5.6
mW/(W?2.cm) in the cascade. Ideally we would see a factor-of-two difference here,
but several factors come into play that reduce the performance to a 20% bonus: most
obviously, the insertion of loss of each crystal (4%) and the intra—cascade optical
elements, but also spatial mismatch in the second crystal between the doubled beam
and the fundamental due to imperfect focusing. Deviations from the simple quadratic
formula of Eq. are of course expected at higher power levels due to depletion of
the source beam.

In terms of power generation capability, this setup is remarkable. It easily sur-
passed the previous source of infrared power in our laboratory, the Ti:Sapph, at less
than half the cost, and seems to be astonishingly scaleable in terms of fiber-amplifier
power and (with care) number of crystals. The utility of having an unused excess of

3 W of 1560 nm light available for use is also tantalizing, either for separate use with

4By which we mean a modified two-crystal cascade where light at 2w is removed between the
crystals using a dichroic beamsplitter in order to isolate the ‘seeding’ effect.



34

other crystals or for use as a far-off resonant dipole trap.

2.1.2 Offset locking the doubled 1560 nm laser

Given a small pickoff of the 780 nm output, it is possible to lock the system to
the relevent transitions in 8"Rb using traditional saturated absorption spectroscopy
techniques, as is done with the repump and probe lasers. However, the requirements of
the experiment demanded a different approach. To load the dipole trap (as detailed in
a frequency jump of up to 150 MHz was required. The two traditional methods
of doing this were inadequate: jumping the driving frequency of the double-passed
acousto-optic modulator within a saturated-absorption lock was only practical up to
jumps of 40 MHz or so, and placing an external AOM to control the frequency was too
wasteful of power, given that a double-pass would be required to maintain alignment.
A third path was sought and was found via simply jumping the reference frequency
of an offset lock system, using the separately locked probe beam (detailed in §2.1.3))
as a reference.

As depicted in Fig. 2.2] to create this lock we beat a sample of the doubled
1560 nm light with a sample of the locked probe beam on a high-speed (~ 1 GHz)
photodetector. The difference between this beat signal and a second control signal
was locked to a reference signal at 10 MHz. A circuit nominally designed as an offset
lock (depicted in App. provided feedback to the 1560 nm ECDL piezo and diode
current in order to maintain the proper relationship between the two frequencies. In
practice, we operated the probe laser on resonance, and the doubled 1560 nm laser
approximately —10 MHz off resonance, and then jumped the latter anywhere from
—20 to —150 MHz off resonance in order to most optimally load atoms into the optical
trap.

Figs. depict spectrum-analyzer traces of the final beat signal between the
probe beam and the doubled 1560 nm laser, centered around the input reference of
10 MHz. The main feature is around 4 kHz wide, with a central bandwidth-limited

phase-locked peak 15 dBm higher. For a phase-locked circuit this is not particularly
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impressive, corresponding to 5-10% of the beat signal power in the phase-locked
loop, but since the circuit was only inserted out of desire for an offset lock, this was
not a large disappointment. The most likely culprit for this is the fact that we are
just applying feedback to the diode laser piezo and (slow) current input, and not
modulating the ultrafast current input. For a laser cooling experiment this difference
is a moot point. As a check on the linewidth of the system, the locked repump laser
and locked trapping laser were beat against each other in order to examine the beat
signal near 6.5 GHz. With healthy locks this beat signal was reliably found to be
typically 1.5 MHz wide at —3 dB, implying 1.5/v/2 MHz for each laser, an adequate
linewidth for laser cooling of rubidium (I' ~ 6 MHz).

The actual process of getting the system to lock to the laser-cooling transition was
somewhat convoluted, as hinted at by the multiple layers of mixing in Fig. 2.2 We
began with a small amount of probe light, as shown exiting the top of Fig. 2.6, Some
of this light, which was parked 111.8 MHz below the |F = 2) — |F’ = 3) resonance,
was sent to the experiment after being shifted to resonance; some of it was shifted to
+20 MHz using the ‘beat assist’” AOM and directed onto a high-speed detector along
with a small amount of doubled 1560 nm light in order to creat a beat frequency
between the two.

On the other side, we began with two VCOs; one fixed at 260 MHz and the other
controlled such that it could jump on TTL command between 300 MHz and 300 + A
MHz. The output of this mixing is filtered, resulting in a signal at 40 + A MHz. This
signal is mixed with the RF beat signal coming from the high-speed detector. This
output is filtered and amplified, and the resulting signal is held at 10 MHz through
the feedback action of the lock circuit upon the master laser. Thus the whole locking
scheme is predicated on the response of a feedback system on a 1560 nm master
laser, with both an erbium-doped fiber amplifier and a doubling setup in between.
Interestingly, for any given A there are four different possible lock points; for example,
if the VCO signal is at 40 MHz (A = 0), the beat signal will be held to either 50 or
30 MHz; given that the probe beam is parked at +20 MHz, this means the light going
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to the experiment will be at +70, —30, +50, or —10 MHz. Similarly, if the VCO
signal is at 200 MHz (A = 160 MHz), the beat signal will be held to either 210 or
190 MHz; the trapping light will then be at +230, —190, 4210, or —170 MHz. The
first two of each foursome is not available to the lock due to the sign of the internal
error signal in the lock. Thus for a given A there are two lock points, which is indeed
what is observed: the correct one for laser cooling is chosen easily by scanning the
piezo voltage (which easily resolves both locations) and looking for a MOT.

The remaining question was how the jump would work; when the LOs were
jumped, the lock took the laser to the correct point (in the above example, —10 —
—170 MHz, which was sensible as it was closer than the other option, +230 MHz).
This was only accomplished through a little help for the 1560 nm ECDL that was be-
ing fed back to. A feed-forward voltage assist was sent to the cavity piezo at the same
time as the jump to prevent the control from hitting its rail, and during the jump
the fast current control was disengaged, although this latter move was unnecessary.
Thus, on a daily basis, to select the frequency one wished to sit at for laser cooling
(—10 MHz in this example), one would adjust the 260 MHz VCO, and to adjust how
far one would detune during the dipole trap loading process, one would adjust A and
change the feed-forward voltage such that it matched A. Via this process we were
able to demonstrate jumps up to 200 MHz away, after which the limiting factor was
the bandwidth of the first mixer. The jump itself was shown to not be lossy for the
MOT in the limit of very short detuning times, showing that any transients were not

destructive.

2.1.3 Repump light, probe light, and absorptive imaging

The repump light used to ensure true cycling in the laser cooling process was provided
by a New Focus Vortex ECDL providing approximately 14 mW of raw 780 nm power.
It is locked to the |F' = 1) — |F" = 2) transition using standard saturated absorption
spectroscopy. Power is divided between the 2D-MOT and the UHV MOT, and travels

to both MOTs via free space. Intensity control for the latter power is provided via
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Figure 2.2: Diagram of the offset-locking setup for the doubled 1560 nm laser.
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Figure 2.3: Spectrum analyzer trace showing offset lock beat signal; center frequency: 10
MHz, span: 50 kHz, vertical scale: 10 divisions of 6 dB each, bandwidth: 1kHz.
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VBH 16 kHz

Figure 2.4: Spectrum analyzer trace showing offset lock beat signal; center frequency: 10
MHz, span: 2 MHz, vertical scale: 10 divisions of 6 dB each, bandwidth: 10kHz.

Figure 2.5: Spectrum analyzer trace showing offset lock beat signal; peak signal is at 10
MHz, span: 100 MHz, vertical scale: 10 divisions of 10 dB each, bandwidth: 30kHz.
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Probe lock point (from |F' =2) — |F' = 3)) —211.8
Probe saturated absorption +100
Probe intensity control +111.8
Beat signal assist +131.8
Repump lock point (from [F'=1) — |[F' =2)) || 0
Repump saturated absorption +80
Repump intensity control —80

Table 2.1: Relevant frequencies for resonant-light spectroscopy, in MHz. The ‘saturated
absorption’ values are frequencies sent to AOMs in double-pass configuration.

an acousto-optic modulator; at full power the UHV MOT receives approximately 1
mW of power. The intensity control is mainly used for the creation of a ‘dark SPOT’
during dipole trap loading, whereby the repump intensity is drastically lowered to
allow for much greater MOT densities, although it is also useful for precise optical
pumping during the probing phase of the experiment. The AOM and a mechanical
shutter isolate the dipole trap from what for most of the experiment is resonant light.
Careful (ms) time control of the mechanical shutter was also necessary, as stray light
in the diffracted order out of the AOM was sufficient to significantly heat ultracold
clouds and obscure signs of degeneracy. A diagram of the repump locking setup is
provided in Fig. 2.6

The third 780 nm laser required for this experiment is for the absorption imaging
of trapped atomic clouds. The probe process (detailed specifically in involves
illuminating a cloud of 8Rb atoms with resonant light and recording how the probe
is shadowed by the sample. As with the repump, this probe light originates with
an ECDL (New Focus Vortex) that produces 10 mW maximum and is locked using
saturated absorption spectroscopy, which conveniently provides a reference for the
locking scheme described in §2.1.2 The locking apparatus is essentially identical
to the saturated-absorption repump setup depicted in Fig. 2.6, The probe beam
itself is intensity- and frequency-controlled using an AOM, and coupled into a single-

mode fiber for convenience and mode quality. A mechanical shutter provides absolute
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Figure 2.6: Diagram of repump spectroscopy setup. It is essentially identical to the
saturated-absorption locking of the probe beam, with some differences in frequencies used.
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blocking when necessary.

The optics for probe beam use are depicted in Fig. 2.7 We begin with a beam
emerging from the fiber, linearly polarized and collimated to approximately 5 mm in
diameter, and significantly below the weakest 8"Rb saturation intensity (0.2 mW /cm?
< 1.6 mW /cm?). Tt is then passed through an entrance window to interact with the
trap and then is passed out through a second window. Per Babinet’s principle, the
shadow cast by the trapped atoms is at the focus of a objective (light-gathering)
lens, which collimates the ‘shadow,” which is then imaged by a second lens onto a
CCD array. This imaging of the plane of the dipole trap also allows for real-time
fluorescence imaging of both the MOT and the dark SPOT process during dipole
trap loading.

The lens positions were calibrated in a two-step process. First, the imaging lens
was placed at the focal distance f from the CCD array by imaging a distant object.
The objective lens was then mounted, at which point a ruler was imaged to establish
a rough length scale. This crude process established a length per pixel, which is
expected to be consistent within 10% with the known size of the CCD’s pixels (7.25
pum) and the lens ratio of the telescope, which was one-to-one; using magnification
would not likely have been fruitful given the resolution limit of around 5 pum set by
the exit window and the imaging optics. Later on, gravity was used to more exactly
calibrate the length scale of the absorption images. Once the rough calibration was
performed, the objective lens was mounted on a translation stage near the vacuum
chamber. The distance between the vacuum window and the objective was kept
close enough such that the solid angle subtended by the objective lens from the trap
was not significantly different from the solid angle subtended by the window. The
distance between the objective and the imaging lens was kept to a minimum, although
the current setup actually includes a large mirror redirecting the information-bearing
probe beam between the objective and imaging lenses.

The CCD system used for the probe imaging (as well as the real-time MOT
imaging) was a Kodak Motion Corder notable for its speed, namely the ability to
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Figure 2.7: Diagram of probe beam/absorption imaging lens setup.

take 1/500 s exposures at near-100% duty cycle. With all resonant light shuttered no
dark counts were observed in dark images taken using normal absorption timing; this
was due less to particularly stringent light control, and more to the limited (8-bit)

dynamic range of the camera.

2.2 Laser cooling setup

Much of our setup leading up to optical trapping involves workhorses of the laser cool-
ing and trapping community, and features many standard techniques. Nevertheless,
since this experiment was built from an empty room and has not been documented

previously, we will do so in this section.

2.2.1 Vacuum

Cold atomic beam techniques developed in previous work led us to appreciate
the potential advantages in having an ultra-high vacuum science chamber in which
to place our dipole trap. Overall background pressure could be much lower than in
a vapor cell, allowing for much greater temporal tolerances in how we evaporatively
cooled, as well as longer time to study and experiment with the condensate once it
was created.

A schematic of our vacuum system is shown in Fig. One side of the chamber

is a rubidium vapor cell—a square glass cuvette attached via a glass-to-metal seal
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to a six-way cross, itself connected to a small ion pump and a rubidium reservoilﬂ
The cuvette is attached via glass-to-metal seal to a Kimball Physics spherical cube,
pumped by a combination 300 1/s ion pump and titanium sublimation pump. The va-
por cell and the spherical cube are separated by a 4” long copper tube (ID 4 mm) that
provides considerable differential pumpinﬂ Typical pressures achieved during the
2+ years of serious evaporative cooling efforts were 0.8-1.3x1071? torr, as registered
by an ion gauge near the central chamber. A major bottleneck in the experiment
was significant pressure increases caused by the surface-mounted MOT coils, which
typically dissipated 75 W in constant-current equilibrium and were usually quite hot.
Pressures were observed to increase as high as 2x 107! torr after sustained running,
correlated with an attendant decrease in evaporative efficiency caused by a presumed
higher background collision rate. Careful scheduling and cool-down periods, however,

eliminated any real need for countermeasures.

2.2.2 The 2D-MOT and 3D-MOT

Several interesting cold atom sources arose out of the desire to provide a bright
atomic beam for laser cooling, collision, and precision measurement applications that
improved on the somewhat cumbersome Zeeman slower. The first so-called low-
velocity intense source (LVIS) featured a standard vapor-cell MOT with a hole in one
of the beams through which cold atoms would leak out unidirectionally [117]; versions
developed at JPL and elsewhere featured a large pyramidal mirror combined with a
retro-optic with a hole drilled in it to provide the ‘leak’ |116,|118}{121]. The notion
of two-dimensional cooling and trapping as an incubator for a cold atomic beam has

existed in the form of ‘funnel’ setups as far back as 1990, leading into the development

5This ion pump was only necessary for bakeout; typically it shut down after several weeks post—
bakeout running, due to being saturated by rubidium. After this point the faraway stronger ion
pump (and the occasionally pulsed sublimation pump) took care of anything coming through from
the vapor cell.

5In the summer 2005 vacuum reconstruction and bakeout we replaced the old 6” differential
pumping tube with a new 4” version. No significant effect on MOT loading or UHV pressure was
noticed.
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Figure 2.8: Schematic of vacuum chamber.

of the 2D-MOT as a viable and well-studied source of cold atoms [122-12§].

Our 2D-MOT was formed by the intersection of two pairs of counterpropagating
beams through the cross-sectionally square glass cuvette used as a vapor cell. Im-
mediately adjacent to the cell were two coils forming an effective two-dimensional
quadrupole field. The coils were simple loops of particularly high aspect ratio; more
complicated ‘baseball’-style winding was deemed unnecessary if the coils were made
long enough.

Both 2D- and 3D-MOTs rely on the laser-cooling transition: 780 nm light detuned
to the red from the |F = 2) — |F’ = 3) resonance. The 2D-MOT beams were
expanded using telescopes to 2” diameters; ideally (as suggested by [126,|128]) one
wants the illuminated region of the cuvette to be as long as possible. Repump light for
the 2D-MOT was combined with trapping light using polarizing beamsplitters. While

it is true that the repump division was a finite-sum situation, with any increases in
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Figure 2.9: The 2D-MOT in action

repump intensity at the 2D-MOT resulting in corresponding losses for the 3D-MOT,
it was observed that both MOT's were operating with sufficient repump light via small
changes in light division as well as the negligible effect of the insertion of a OD=0.1
neutral density filter. An image of the 2D-MOT in operation is shown in Fig. 2.9
The characteristic cigar-shaped central fluorescence is immediately noticeable. The
consequence of the two-dimensional cooling and trapping is a pair of cold atomic
beams, one of which is directed downstream through the copper pipe into the UHV
region. Transverse cooling in the beam is of course provided by the MOT action itself;
beam velocity is kept low through a selection effect whereby only longitudinally slow
atoms experience the cooling region long enough to be significantly affected.

The 3D-MOT is formed by six intersecting beams of specific polarization, as de-
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scribed elsewhere [37,[129]. The beams originate from a nearby single-mode fiber, the
coupling into which has typically been optimized such that the output power is 50-80
mW. Collimation is achieved such that clipping on 1” optics is not visibly wasteful.
Repump light remains free-space, directed along two axes of the 3D-MOT at approx-
imately 250 pW/cm?. Fluorescence from the trap was measured by a photodiode
mounted outside one of the windows.

Our MOT coils were constructed of 200 turns of copper wire (each) and were
arranged on the spherical cube in an approximation to anti-Helmholtz geometry.
Typically 3-4 A was used for MOT loading, as well as for providing the necessary
gradients for Stern-Gerlach spectroscopy of the condensate mp distribution. We
calculated that 4 A corresponded to a maximum gradient of 7 G/cm along the axis
of the coils.

The laser detuning used was common to both 2D- and 3D-MOTS, which surely
resulted in some inefficiency of trap loading. Optimal loading for a given alignment
(as measured by frequency-corrected fluorescence from the trap) was typically found
to be § = —10 MHz, or less than 2I"; most likely this provided optimal beam flux,
but at some cost to the quality of the 3D-MOT, particularly at the high intensities
used. The high intensities were necessary for good dipole trap loading, as detailed in
93.1]

Despite considerable time spent in alignment of the 2D-MOT, no general proce-
dure was ever found that led convincingly to high-flux beams. The figure of merit,
always, was maximum size of the 3D-MOT as measured relatively by the nearby
photodiode and CCD camera. Most likely the largest timesink in the latter stages
of this experiment was maintaining quality 3D-MO'T loading; possible improvements
will be suggested in It was noticed, though, that an awareness of the need for
care in the alignment of the front edge of the cooling region (so as to prevent strong
deflection of the emerging cold atomic beam) was usually rewarded.

Periodic heating of the rubidium sample on the vapor-cell side of the chamber

resulted in significant improvement of trap loading, at the temporary cost of higher
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UHYV pressure from straight-through atoms, observable by measurement of dark load-
ing, whereby a small 3D-MOT formed even when no resonant light or field gradient
were applied to the vapor cell region. Typically strong heating of the sample was
only needed every few months; weak heating of the sample was more frequent but
had inconsistent results and likely was more motivated by neurosis.

Approximate number calibration of the MOT was of the number resulting from
fluorescence recorded by the CCD camera, which conveniently serves as a MOT mon-
itor as well as the vehicle by which absorption images are recorded. This convenience
stems from the fact that both procedures require lens placement such that the region
at MOT center is imaged. The number of atoms is estimated via the ‘counts’ in any

given image of the MOT, and is given by

811 +4(6/T)* +61/I, Neounts

N
T 61/1, tespnd2

(2.2.1)

where typ, is the exposure time, 7 is the efficiency of the CCD in counts/photon, and
dS) is the solid angle subtended by the light-gathering optics. A convenient check on
the MOT number calibration was made through the use of a photodiode placed near
a vacuum window; the reading from this photodiode provided realtime (if relative)
feedback on MOT number, whereas the CCD images were most often used to monitor
MOT shape and stability.

Loading of the MOT typically followed the standard loading form N (¢) oc 1—e~%/7,
and the decay of the MOT was shown even at high intensities to have a 1/e lifetime
of 20-30 seconds. The lifetime of a large MO'T in a high-intensity laser field is a more
difficult case to ascribe causes to—such collisional issues are beyond the purview of
this thesis but can be explored further in [130].

The MOTs that were used for high-quality BEC runs were in the range 10% <
N < 10%, with the photodiode and CCD calculations agreeing within 50%. Larger
MOT number unfortunately did not guarantee good dipole trap loading, and low

MOT number did not prevent the same, but it appeared that having a large MOT
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presented one with a larger “capture range” in parameter space when adjusting the

various trap-loading parameters; see for more detail.

2.3 The dipole trap

This apparatus was designed and built to accommodate a crossed-beam dipole trap,
a decision which was largely based on the design of the groundbreaking Georgia Tech
experiment [12]. As the experiment progressed, however, we decided that a single-
beam trap would be sufficient to achieve condensation and the alignment difficulties
of the crossed-beam trap could be left for another day. As such, unless otherwise
mentioned, when discussing results from the dipole trap it can be assumed that [ am
referring to a single-beam setup, with the attendant cigar-shaped equipotential.

We utilized a laser provided by Coherent/DEOS—the GEM-50S, which was a
scientific version of a relatively new (at the time) OEM product line. Specifications
delivered with the laser claimed an output power of 67 W. Driving the laser was a
manufacturer-provided RF power supply, itself supplied by approximately 20 A of DC
current at 35 V, courtesy of a Hewlett-Packard 6573A supply. Both the laser module
and the RF power supply were water-cooled by a ThermoNESLAB MT75 chiller. The

laser was free-running at 10.59 pm.

2.3.1 Beam design

As described above, the vacuum system was built with access for two CO, laser paths,
with 1” zinc selenide (ZnSe) windows providing access. ‘Black hole’-style beam dumps
with conical dampers were used as final targets outside the exit windows. The focusing
system is depicted in Fig. [2.10} and the final assembly (with ZnSe window mounts)
in Fig. 2.11]

Four lenses were placed within the central spherical cube using ‘groove-grabber’
tools from Kimball Physics. These lenses were 1.5” focal length ZnSe aspheres pro-

vided by II-VI. Obviously, in-vacuum lenses are not a preferred solution in an ex-
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Figure 2.10: Photograph of the 14—port (6 large, 8 small) ‘spherical cube’ and the
in-vacuum focusing apparatus, prior to assembly and window-mounting. The yellow-orange
lenses are d=1", f =1.5" ZnSe aspheres, held by custom-built mounts aimed at locating
the focus of the lenses as close as possible to the center of the chamber. Four lenses are
present due to the initial desire to make a crossed-beam trap.
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Figure 2.11: Photograph of the assembled vacuum chamber; 3 of the 4 attached COy laser
access ports are visible, the frontmost being the entrance port used for the entirety of this
thesis; the vertical ports were used only for brief forays into crossed-beam trapping. The 1”
windows on the ports are of ZnSe, a material whose delicacy rendered the port seals bakeable
to only 150°C. The larger glass windows are for MOT beams, and the smaller glass windows
for probe beam traversal and general observation.
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periment that could require delicate aligning of optical path, yet the need for tight
focusing trumped any concerns relating to convenience. The lens mounts were de-
signed and machined locally with the aim of placing the relevant aspheric surfaces
the proper distance from the center of the chamber, where the dipole trap would be
overlapped with a MOT in order to initiate trap loading.

Aspheric lenses were chosen to allow for the strongest possible trap, i.e., the
tightest focusing of incoming CO, laser radiation that the available geometry would
allow, namely the maximum beam size that could enter our vacuum chamber, and
the distance it would have to travel from entrance to the desired location. The use of
aspheres was driven by the fear of spherical aberration; since we were choosing to use
1”-diameter lenses with f = 1.5”, we assumed (correctly) that the sought-after trap
depths would require beam waists in the regime where spherical aberration would be
a concernl']

Given that the ZnSe windows were 6” away from the trap-loading point, i.e., the
center of the spherical cube and thus also the nominal center of the MOT’s anti-
Helmholtz field, the question of how to achieve the tightest possible focusing was
addressed. It was obvious that we should use as short focal-length lenses as possible
for final focusing, and it became obvious that the default beam size and divergence
of the Coherent-DEOS laser at that point was extremely non-ideal.

We developed a Gaussian beam propagation [132] code in Mathematica to study
the effects of an immobile external beam telescope on the resulting dipole trap char-
acteristics. The laser manufacturer supplied reasonably trustworthy profilometry at
60cm beyond the output coupler, but only a vague estimate of beam waist at the
output coupler. These values were used as inputs to the propagation code, which
essentially was a 3-lens calculation, the accuracy of which was hampered by the lack
of complete profile data on the laser. Measurements of the beam profile at the en-

trance to the vacuum chamber using a razor blade and a thermal detector were taken

7“Ahmadi et al. explored this issue by creating dipole traps with strongly aberrated beams; in
particular, they were able to create linear arrays of optical microtraps in well-separated intensity
maxima [131].
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to confirm Gaussian profile and that the input window was not being clipped; un-
fortunately, the accuracy of these measurements was not sufficient to provide useful
information about aberrations.

We had 10", 4”, and 3" plano-convex ZnSe lenses available for the external tele-
scope, and through use of the propagation code we settled on a 4”-10” configuration.
A third geometrical limiting factor was discovered in the optimization process: the
fact that the focused beam would need to escape the vacuum chamber without signif-
icant occlusion, which when present resulted in heating of the vacuum chamber walls
and significant increases in UHV pressure.

The telescope position was moved significantly from where the initial design had
placed it to allow for tighter confinement, and the attendant increase in trap frequency
was observed, as explained in The values for wy predicted by the code were 20um
and 15um for these cases, disagreeing with the waists predicted by parametric reso-
nance measurements of the trap frequencies (46pum and 36um again detailed in ,
but were a good guide for the construction and initial steps of this experiment in
that the code predicted significantly tighter focus through the use of the telescope.
Possible culprits for this discrepancy include the fact that the telescope lenses prob-
ably introduced aberrations into the beam, the profile of which after acousto-optic
modulation (see was unknown, and (less likely) possible deviations from the

paraxial condition near the focus of the beam.

2.3.2 Intensity measurement and control

Fast, precise, and accurate control of the intensity of the trapping beam was a funda-
mental concern with this experiment. Speed on the timescale of ms was required to
implement evaporative cooling on timescales that exploited the high secular frequen-
cies of the dipole trap; more importantly, speed on the timescale of us was required
to properly implement trap turnoff for ballistic expansion. Since the laser itself only
was provided with a slow mechanical shutter, we utilized an acousto-optic modula-

tor (AOM) to provide intensity control via variable intensity in the first diffracted
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order. The AOM and its driver were both provided by Intra-Action (AGM-406b and
GE series); the AOM crystal was of anti-reflection-coated germanium, desired for its
transparence to 10.6 pum light. The driver provided up to 40W of radiofrequency
power at 40MHz, dissipation of which required water-cooling of the AOMs.

Evaporative cooling was later performed using programmed rampdown of laser
power. We thus required a mapping operation, first of trap depth to laser power
(linear at high power but distorted at low power by gravity; see and second
of laser power to applied radiofrequency power. This latter mapping was simplified
by the availability of amplitude modulation on the AOM driver—it thus became a
matter of mapping AM voltage to diffracted power. This mapping is shown in Fig.
[2.13] Evaporation was then a simple matter of taking the desired trap-depth-vs.-time
profile and applying a lookup table that would output a voltage-vs.-time curve that
was then input as an arbitrary waveform to a SRS DS345 synthesizer driving the
modulator AM input.

The lookup table data was obtained through somewhat roundabout means. Max-
imum diffracted-order power was estimated beforehand to be as high as 50 W, yet
available power measurement gear (a Coherent thermopile) peaked at 10W. We thus
measured the profile of Fig. in two parts: an initial exact procedure measuring
power vs. voltage up to 10W, and a second procedure whereby we inserted a pickoff
optic of unknown (~ 2%) reflectivity directing the majority of the light into a beam
dump. This allowed the measurement of relative power over the full range of applied
modulator power. The resulting two graphs were then matched up, giving us not
only the reflectivity of the optic at that particular angle and polarization, but the

true power vs. voltage curve.

2.3.3 Alignment

Typically the first aspect of this experiment that captures the imagination of visitors
both lay and professional is the presence of a nominal 50W laser. Given that this

power level needs to be directed into the heart of a conventional vacuum chamber,
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the question of alignment is an immediate concern. The strategy we adopted was to
align a low-power HeNe beam such that it was co-propagating with the CO, beam,
and thereafter align all shared optics using the visible beam. Overlapping of the two
beams was effected through the use of a specialized beam-combiner optic, transparent
at 10.6 um and reflective at 633 nm, placed at 45° in between the directions of COq
laser and HeNe propagation.

This process had to be performed twice for any ground-up alignment, as the
acousto-optic modulator detailed in utilized a germanium crystal that was re-
flective at optical wavelengths. Since the laser operated only at full power, some care
was required throughout, namely the use of carefully placed low-transmission optics
as well as beam dumps to handle the unused (reflected) fraction. Actual alignment
of the two beams was performed by directing the HeNe via a dogleg arrangement
onto repeated burn spots at two locations along the beam path separated by approx-
imately 50 cm. White cardstock was found to be most efficacious for this particular
application, certainly more so than the infrared indicator card that had originally
been purchased for alignment purposes. The overlap alignment after the AOM was
rendered considerably easier through the intensity control afforded by the modulator;
much more accurate burn spots could be developed using 10ms pulses at full power
rather than several seconds at 1% power, which was required to align the region in
front of the AOM.

A clever technique for aligning the beam such that it arrived perpendicular to the
aspheric in-vacuum lens was described in [133], whereby interference rings from the
front and rear surfaces of the ZnSe lens are observed outside the vacuum system using
a pinhole arrangement. We found this technique quite straightforward and used it
repeatedly as the second step in the alignment after confirming proper overlap of the
COg laser and the HeNe.

Since there were small errors in the mounting of the in-vacuum lenses, the ulti-
mate alignment that provided the best fringes was not necessarily associated with

exact centering of the HeNe on all four relevant optics. Nevertheless, we found it
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sufficient to have centered alignment on the entrance window and good fringing.
No clipping-induced pressure increases occurred in such cases, although whenever
beam size in-vacuum was changed (through varying the arrangement of the external
telescope), some transient pressure increase was observed, ostensibly due to small
amounts of rubidium gathered on the in-vacuum lenses. Running at high power for

several seconds in any new arrangement typically eliminated the problem.
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Figure 2.12: Results of the Gaussian-beam propagation code designed for the COy laser,
predicting waist location and size.
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Figure 2.13: Calibration curve for the germanium acousto-optic modulator and for the
design of evaporative paths. A desired path U(t) was first converted into power, and then
into applied RF amplifier control voltage.



Chapter 3
All-optical BEC

Data are sent like a fireball at midnight,
Numbers and images bundled up tight;
One bit of darkness lit up to posterity,
All of the instruments sleep well tonight.

JouN M. ForD
“All Our Propagation.”

HE BULK OF THE LABOR involved in this thesis was involved in creating a
generalized (spinor vs. scalar) version of a well-known state of ultracold matter
using nontraditional and largely undocumented means, with all the attendant

experimental cul-de-sacs and frustrations of such a venture. It succeeded through
a measure of both luck and what the author would like to think was a thorough
attempt at understanding what was going on in the experiment from trap loading to
the onset of degeneracy and afterwards. This chapter will document the experimental
steps taken to achieve single-beam all-optical BEC and (when necessary) the related

theoretical justification.

3.1 Loading the dipole trap

The raw material from which the condensate is created is a thermal sample of atoms

trapped at a local maximum of optical intensity far enough off-resonance such that

o8
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the atomic response can be approximated by the atoms’ DC polarizability . Atoms
in the vicinity of a single-beam dipole trap oriented horizontally (along x; z vertical)
thus experience a conservative potential given by:

Uy L

U(l'?y’ z) = _1 " 2/ R 6_ wg(1+22/2%) _ mgz (311)
xXr .TR

where z is the direction of propagation, wy is the beam waist, mgz is the gravitational

potential energy, and xp is the Rayleigh range:

2
vp = w% (3.1.2)

and where A is the CO, laser wavelength A = 10.59um. This potential is illustrated
in Fig. 3.1, The well depth Uy is given (per §1.2) by:

2
U= > 2P

T 9 a2
2€pc TWG

(3.1.3)

Expanding Eq. around the origin (ignoring gravity) yields formulae for the

secular frequencies:

VP

Tmeoe wi

o, = A ‘/73_) (3.1.5)
TmeoC /2 wy

In principle the waist radius wy should be knowable from proper simulation of the

(3.1.4)

Wy =

optical system, but extremely tight focusing and imperfect external telescope lenses
make this difficult. Trap-frequency measurements described in imply a value for
wp in our system of 36 pm, and a full-power trap depth of 1400 uK (31.2 W being
the most recent maximum of the AOM calibration).

Treating the two frequency expressions as equations for two unknowns Uy and wy,
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Figure 3.1: A depiction of the z = 0 slice through the potential energy curve given in Eq.
[3.1.1l The length of the long azis is 10zRr, and that of the short axis 10wy.

we solve for Uy, resulting in a charming expression for trap depth solely dependent

on trap frequency:
1
Up = é(l/f/uf)m)\Q (3.1.6)

This procedure provides a convenient check, in that one can estimate the trap
depth predicted by the known laser power and the predicted wy, and compare with
the trap depth predicted by the frequencies alone. In this case, using a waist of 36
pm gives a trap depth of 1120 pK for 31.2 W of CO, laser power. While this is
significantly different from the 1400 pK predicted from frequency measurements, it
should be remembered that the fractional uncertainty in trap depth is much greater
(by a factor of v/42 + 22) than the fractional uncertainty in trap frequency, which is
itself certainly no better than 5%. Gravity will of course affect the estimates of trap

depth at low power; this will be discussed in §3.3.2)

3.1.1 Background on technique

In the magnetic trapping community, transfer from a laser-cooling stage is fairly sim-

ple and is usually a matter of ‘mode-matching’ the magnetic trap with the quadrupole
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field of a compressed MOT [31},134]. It is not unremarkable using this process to ob-
tain highly efficient transfer from a MOT, and thus obtain large condensate numbers,
easily in excess of 10° atoms. This luxury was not initially present in the optical
trapping community due to the lack of trap volume for similarly deep traps; in this
respect the tight confinement presented by focused off-resonant lasers was a disadvan-
tage. The seminal 1995 optical trapping and evaporation effort started with only 5000
atoms, five orders of magnitude away from initial conditions in typical early magnetic
trapping experiments [31,|134]. For a dipole trap to be a viable path to BEC, the
name of the game is to obtain as efficient a transfer as possible from a precooled
stage. The 1995 crossed-beam experiment [43] relied on overlapping the Uy ~ 1 mK
dipole trap with a sodium MOT operating at —15 MHz (1.5 I') with a single-beam
MOT intensity of 3 mW /cm?. This overlapping was performed for two seconds after
which the MOT beams and gradient were turned off. An order of magnitude improve-
ment in dipole trap number (up to N ~ 5000) was claimed by introducing a dark
SPOT phase [135] during the final 20 ms of overlap via reduction of repump power.
The presumed reason behind this improvement was the reduction in density-limiting
scattering forces in the MOT. The 1993 rubidium FORT took a different approach
in which they chopped the MOT beams and the Uy ~ 6 mK trap alternately, at 200
kHz. This was done to allow energy dissipation even in the dipole trap region, where
the MOT beams would otherwise be effectively shifted above resonance due to the
difference between ground- and excited-state polarizabilities. This procedure yielded
10* atoms in the trap [42]. The initial quasi-electrostatic experiment combined both
of these thoughts—by having a period of reduced repump intensity combined with
detuning of the MOT light by 20 MHz, more than 10° atoms were loaded [45].

The 2001 all-optical BEC perfected this line of inquiry, obtaining 2x10% atoms
at 75 pK in a crossed dipole trap approximately 500 pK deep and with spherically
symmetric trapping frequencies of w/2m = 1.5 kHz. This startling result corresponded
to initial phase-space densities p > .001 and elastic collision rate v > 10* s7!. The

major step forward was a realization of a tightly confining trap with relatively large



62

volume (wy ~ 50pum), and the realization that further detuning during the loading
phase (out to —140 MHz in this case) was beneficial. While the detuning and trap
geometry issues were matters of experimental trial, it remained obscure how such
high initial densities (beyond 10 cm™2) were achievable in a situation where loading
occurred in equilibrium with a laser-cooling apparatus, albeit one that was dark and
detuned. A secondary, serendipitous dark SPOT was proposed for this improvement
in loading efficiency, whereby the light shift moved the repump out of resonance at
the heart of the trap, allowing local density to surge [12]. In addition, the period of
time between the extinguishing of all near-resonant light and the first observations
of the trap is as large as 100 ms; it is conjectured [133] that this period witnesses

strong free evaporation and reequilibrationﬂ (which continues out to several seconds,

see §3.3.1)).

3.1.2 Owur approach

Our approach used a single focused CO, laser beam instead of a crossed pair. While
we initially built the experiment to duplicate that geometry, it was thought that the
combination of higher CO, laser power and higher MOT number (10° vs. 107) would
balance the loss in mean trap frequency. This assumption turned out to be incorrect,
but not disastrously so; condensation was still achieved, albeit with the evaporation
process slowed down somewhat.

Fig. shows pictures taken during a typical loading sequence, which we largely
adapted from the 2001 paper. The sequence begins with the CO, laser being turned on
using the AOM. Immediately, the MOT is first rendered ‘dark’ by strongly reducing
the repump intensity. After 20 ms the MOT beams are detuned another 50 MHz
beyond the default detuning of § = —10 MHz. After 40 ms of this configuration, all
resonant light is shut off, as well as the quadrupole field used by the MOT. The repump

field is shut off 2 ms before the cooling transition, in order to ensure optical pumping

!This process was investigated recently in all-optical sodium BEC experiment, confiming the
early onset (and importance) of free evaporation [136].
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Figure 3.2: CCD images taken of the trap loading process. Images proceed in time left-to-
right and top-to-bottom. The first two images are full-screen shots of the MOT as repump
intensity is reduced for a 20ms ‘dark’ phase. The trap is then detuned 60 MHz. The next
four images show the presence of the dipole trap, revealed by a narrow line of fluorescence
centered near the MOT. After 40 ms of detuning, all light is extinguished and untrapped
atoms are left to fall away. The final two images show the two exposures of the probe beam
pulses: the first in the presence of a released dipole trap that has undergone 1.5 ms of ballistic
expansion, and the second image a reference shot with no atoms. The final two images are
diwvided to obtain absorption images such as in Fig. [3.4)
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into the F' = 1 ground state via off-resonant excitation of the F' = 2 — F' = 2
transition. The dipole trap is left to evolve in the dark for a period of time no
less than 90 ms (in order to let untrapped atoms fall away) before being probed via
absorptive imaging.

The dipole-trap loading process was the central mystery of this experiment. Ob-
taining enough atoms to begin confident evaporation with was the goal of many
experimental diversions and proposals. It is clear, however, that for a given trap
geometry, it simply does not help to have extremely large MOTs as reservoirs; the
expected increase in trap loading from having access to a large MOT as reservoir was
quite naive in retrospect. The loading dynamics within the dipole trap appear to
place stringent limits on trap number as a consequence of limited trap volume. The
startling increase in density made available by the detuning/dark SPOT technique
was deceptive in that it could not be increased arbitrarily. The obvious solution to
this problem is to cool into a much larger trap. An ironic note is that our initial
designs had much larger trap volume, yet our familiarity with the vicissitudes of trap
loading at the time was low; we thus went as tight as possible and proceeded from
there. Possible solutions to this issue will be discussed in the final section.

Given an apparent upper limit of ~2.5 x 10° for our tightest trap, it was desir-
able (at least) to achieve that amount on a regular basis. Three factors dominated
the landscape of ‘tweaking’ that determined quality of trap loading given an average
MOT of several 10® atoms. The most sensitive degree of freedom was dark-SPOT
repump (DSRP) intensity at the trap location. Typical estimates of our optimal
DSRP intensity were in the 10-25 uW/cm? regime, although this was by no means
a constant. Yet for a given sequence of runs, a 20% change in intensity in either
direction would yield strong changes in trap loading, often as great as 50%. Period-
ically performing runs at slightly higher or lower DSRP intensity kept this variance
in check, however. Secondly, since the MOT was not colocated with the dipole trap
due to offsets in alignment, coil geometry, and ZnSe lens placement, some effort was

needed to make sure that the MOT compressed and darkened at the correct location.



65

This was accomplished largely through the use of bucking fields originally in place to
zero out the background field. Bucking fields of ~0.5 G were effective at moving the
MOT around and placing it such that fluorescence from atoms colocated with the
dipole trap was observed during loading (see Fig. . Unfortunately this had the
rather obvious side effect of presenting a significantly nonzero field during the loading
phase, which significantly affected the dynamics of the MOT cloud as it was detuned
by up to 150 MHz.

Given that detuning beyond the amount needed to cancel the CO, laser light shift
appeared to reap benefits, we expected that the efficacy would continue to improve
all the way out to a detuning of 6 ~—140 MHz, at which point the laser light would
become more accurately described as being to the blue of the |F = 2) — |[F' = 2)
transition |137]. Indeed, details of the 2001 experiment showed that loading was
completely ineffective until the light shift was cancelled, then rose sharply with further
detuning, peaking beyond 4 = 120 MHz, but not falling off significantly beyond
that [133]. Our goal was thus to detune as far as this, necessitating the construction
of an offset lock circuit capable of such significant jumps without the use of AOMs.
While the offset lock performed adequately, a significant problem with the loading
process is that the detuning process was lossy, i.e., detuning the MOT for tens of
milliseconds and then bringing it back did not come close to preserving atom number.
This problem was worse for larger detunings and longer times. We initially attributed
this loss to transients in the offset lock jump, but it was quickly discovered that the
number loss was linear in time spent detuned. The culprit, then, was deemed to be
the strong background field, which surely interferes with the health of the detuned
dark SPOT. Since the fields were necessary, we found an equitable solution of not
detuning particularly far, typically settling at going out to —60 MHz, or —10I", for
optimal loading.

Finally, MOT intensity during the loading phase was critically important to break
through the final factor of two in initial atom number. While quality MOTs of order

10° atoms were loaded using a total MOT power (in six 1” beams) of 30 mW, it was
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found that running at high power, up to 80 mW, yielded strong gains in loading.
Operating the MOT at these intensities (obviously far above saturation) did not
change its performance significantly, but the necessity of sending enough power to the
2D-MOT placed a fundamental limit on how far we could push the MOT intensity.
In summary, loading the dipole trap to consistently high numbers was a formidable
task with repeatability that (while significantly improved) remains questionable. It
is the author’s hope that the next generation of the experiment will have a chance to

address several of these issues.

3.2 Characterization and phase space density

Obtaining Bose-Einstein condensation in a trapped atomic vapor is a process that
relies on understanding what the peak phase-space density p of the sample is—and
thus understanding how close to the phase transition one is. In principle the intuitive

1/3 and deBroglie wavelength

path is to keep track of both mean particle separation n~
Aig = h/v/2mmkgT. In practice density per se is not tracked—rather the parameters
involved in calculating p are observed:

ho 3

where kj, is an estimated correction factor (0 < k5 < 1) set by the anharmonicity of
the trap and (if necessary) gravitational sag. Relative spin populations in the sample
raise the requirement for reaching the phase transition up from p = 1.202; the three
populations mp = 0, +1 condense separately, meaning if the evaporating cloud is in
one spin population the correction is unity, and if it is evenly distributed among all
three, the required p increases by a factor of three. The task at hand, then, is to

accurately measure N, T, and @(P).
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3.2.1 Number

Using the absorption setup introduced in §2.1.3] we measure the number of *"Rb
atoms by illuminating the sample (which is in the |F' = 1) ground state) first with a
pulse of repump light designed to optically pump the cloud into the upper |F' = 2)
ground state, and then with two temporally separated short pulses of probe light
on the |F = 2) — |F’ = 3) transition, typically 50us long and 15ms apart. The
first pulse is absorbed partially by the atomic cloud, and the second pulse provides a
‘background’ image for effective measurement of optical depth (all the atoms having
been dispersed by the heating effects of the first pulse). Intensity control is provided
by AOMs.

Light is known to propagate through an absorbing medium (such as the trapped

atomic cloud) according to Beer’s lawE]:
I(ry) =I(ry,0)e Py (3.2.2)

where D(r ) is the optical depth along a line of sight parallel to the probe beam’s

propagation, at a point in the plane (perpendicular to that propation) r, = {z,y}.
The two images taken provide snapshots of both I(r ) and I(r,,0), and due to

the imaging optics provide a clear picture of the column density distribution of atoms.

It is trivial to obtain the optical depth profile from the two absorption images:

D(ry) = —log ([fijlé)) (3.2.3)

Relating optical depth to atomic density information proceeds as follows. The optical
depth is found by following the path of light in an absorbing medium via a column

integration:

o)

D(rL = {[L‘, y}) = O/ n(xla ylv Zl)

—0o0

vy A7 (3.2.4)

2Also known as the Beer-Lambert law or the Beer-Lambert-Bouguer law, the relevant years of
proposal perversely being 1852, 1760, and 1729.
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where o is the interaction cross-section and n(x,y, z) is the atomic density distribu-
tion.

To obtain the total number N we simply integrate over the image plane, and
convert the equation to discrete notation featuring area elements (CCD pixels) of

area A. This yields:
A
N==Y D, 2.
- Z i (3.2.5)

The absorption cross-section depends on the polarization of the light used and the
initial state of the atoms, and exhibits a well-understood dependence on frequency

and intensity [137]:

C hwl)2,
T 1 4(6/T) + 1/,

(3.2.6)

which reduces to the on-resonance low-intensity limit given in the numerator. Using
the linear optics cross-section not only serves to simplify the algebra; the intensity also
needs to be low in order that Beer’s law as stated above is valid, as it assumes linear
behavior. Corrections are calculable, but low intensity rendered them unnecessary
[138,139]. In addition, in general any image with any optical depth greater than 2.5
was deemed unreliable for number measurements, given the 8-bit dynamic range of
the CCD, the possible ‘pedestal’ effect from using a diode laser, and the distortion
caused by a dense cloud acting as a lens. The question of which saturation intensity
to use is a somewhat thorny issue. Since the probe beam itself measures a completely
redistributed population of |F' = 2, mp) states in an arbitrary background magnetic
field, the randomly-polarized I, = 3.58 mW /cm? is most appropriate. Given that
switching from linearly to circularly polarized probe light via a A/4 plate produced

no significant change in measured optical depth confirmed this choice. The conversion
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between total optical depth and number is then simply:

N =212 A(pm?) I,(mW /em?) Y~ Dy, (3.2.7)

The effective area of the pixels (which will also be of paramount importance in mea-
suring temperature) is calibrated by imaging the action of gravity on a ballistically

expanding cloud; for details, see Fig. [3.3

3.2.2 Temperature

Thermometry on a trapped Maxwell-Boltzmann gas is typically performed through
the analysis of the spatial extent of the gas in the time following its release from the
trapping potential. Assuming the trap is turned off quickly, one can calculate what
the size of an atomic cloud at temperature 1" will be as a function of time. In principle,
one can fit measurements of the cloud size at a series of times and extract not only
the temperature but the initial sizes; for a cylindrically symmetric trap there are thus
three quantities of interest, which can also be phrased in terms of temperature and
the relevant trap frequencies.

We approximate the dipole trap potential (Eq. as harmonic about the ori-
gin; given that the trap rapidly equilibrates to n = Uy/T > 10 this approximation
is largely valid. It is possible to calculate correction factors for peak density ny and
thus peak phase-space density p of a Maxwell-Boltzmann gas at temperature 7" in a
quasi-harmonic situation such as the single-beam trap. Such calculations are detailed
elsewhere [133], and while the correction factors for our trap can be as significant
as 20% (on the unhelpful side!), we largely assumed this worst-case scenario when
searching for BEC. Any thermal density measurements quoted in this thesis use this
correction factor of 0.8, which is a constant as long as 7 is unchanging—a fine ap-
proximation as long as free evaporation has ceased and dU/dt is slow enough for

rethermalization.
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The velocity distribution of a Maxwell-Boltzmann gas is well-known:

1 —v2/202

where the width of the velocity distribution is the standard thermal velocity:

oo =\ kgT/m (3.2.9)

Conveniently, the density distribution of a Maxwell-Boltzmann gas in a harmonic
potential is known to be Gaussian with widths o; and o; corresponding to the two

transverse directions and one longitudinal of the dipole trap:

]. 2 2 2 2 2
n(r,t =0) = —————¢ W T27)/200 ,=27/20] 3.2.10
( ) Gn)ot0, ( )
Ballistic expansion is achieved simply by turning off the trap on a timescale much
quicker than the trap frequencies. The trap turnoff condition is simply dU/dt >
w2, : the same condition (inverted) is encountered later as the condition for adiabatic

compression or expansion of a condensate.

Obtaining the trap sizes as functions of time o;(¢) and o, (¢) is simple convolution:

n(r,t) = /// n(r — vt)f(v)dv (3.2.11)

This integration yields the following expression, perpetually Gaussian:

n(r,t) = ! e~ (P +5)/201(0)? o= 20u(t)? (3.2.12)

(27m)320(t)20(2)

The time-dependent widths are given by:

——t? (3.2.13)



71

What is observed, of course, is the column density along a particular line of sight:

Neol = /_OO n(r)dz (3.2.14)

o0

which results in a Gaussian image with no change in the widths along the remaining di-
rections. In practice, we reduce the temperature measurement to a single parameter—
the transverse width of the cloud at time t; great enough such that the temperature
is simply found through the relation o,/t = kgT/m. The o; are found through non-
linear least-squares fitting of the absorption images of the expanded cloud to the ideal
Gaussian form of Eq. [3.2.12] with ¢, being an easily varied experimental parameter.
Conveniently, any small errors incurred through the linear expansion approximation
err on the side of higher temperature, which helps avoid self-deception in the search for
the BEC transition. It is also worth noting that this approximation can be more quan-
titatively phrased as (wminto)? > 1, since the radii of a Maxwell-Boltzmann gas in a
harmonic trap are related to the trap frequencies via the expression o2 = \/W .
Two thermal clouds and the best-fit clouds are depicted in Fig. and similar im-
ages from after the absorption apparatus was stabilized against vibration are shown
in Fig. 3.5 In addition to providing temperature information, the fit parameters
provide a nice check of atom number N via the total area under the best-fit curve.
Examples of the in-situ clouds are shown in Fig. [3.6f one is shown with the absorp-
tion imaging system in focus and one without. The difference between the two is
the position of the objective lens with respect to the dipole trap and the emerging
‘shadow’—the imaging lens and the camera itself remain fixed.

It should go without saying that the temperature measurement process described
here ceases to have meaning in the presence of a visible condensate fraction, although
forcing temperature fits of this sort tend to give lower limits to phase-space density,
and can be useful. In such bimodal case one would either use the ‘wings’ alone of
the absorption images for the fit, or one would truly account for both the Maxwell-

Boltzmann and Thomas-Fermi profiles.
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Figure 3.3: We finely calibrate the length scale of the absorption images using gravity.
A trapped cloud (nominally at the focus of the imaging system) is released from the trap
at t = 0 and falls under the influence of gravity while ballistically expanding. The centroid
of the absorption image is calculated as two of the nonlinear fitting parameters described
in Fig. [34. The distance of this centroid at time t relative to the first measured centroid
(A = \/dz2 + §y?) is plotted above vs. time. FEach point in the parabolic fit corresponds
to one cloud on the image above; the image itself is the sum of many individual Tuns,
superimposed for clarity. The points are fit to a parabola y = at®+ 3; the calibration number
is then k (pizels/um)= 4.9 x 10 sin 0/, where sin 0 represents the viewing angle with respect
to gravity. In our case sin @ is known from the cube geometry to be 1/+/3. Uncertainty in this
length calibration is obviously not from the fit but rather pointing uncertainty, and possible
distortions of the cloud positions as it falls out of focus. Unfortunately, since phase space
density scales as the fourth power of k, this renders it a major source of uncertainty.
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Figure 3.4: Two thermal clouds and the nonlinear fit results yielding values for T and N .
The fit includes seven parameters: amplitude, DC offset, two widths, X and Y positions on
the image, and angle of rotation in the image plane. The upper image is taken immediately
after trap loading, with a ballistic expansion time of 1.5 ms. The relevant parameters are
T = 200pK and N = 2.3 x 105. The lower image is taken after an aggressive evaporation
run and 17 ms of ballistic expansion. The cloud is fit to T = 130nK and N = 2 x 10°. The
field of view is 1.2 x 1.4 mm; the trap is oriented along the LL-UR diagonal as in Fig.
and gravity is directed to the lower right.
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Figure 3.5: The nonlinear fitting of thermal clouds with a vibration-stabilized imaging

system. Observed temperature is 140 pK,; observed number 2 x 108, The field of view is 1.2
X 1.4 mm.

Figure 3.6: In situ images of the optical trap, showing the difference that focusing makes.
The out-of-focus image at left was taken with the objective lens approzimately 2 mm farther

away from the optical trap than the in-focus image at right. The field of view is .9 X 1.4
mm, and peak OD (represented by red) is 2.5.
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3.2.3 Trap frequencies

Direct measurements of the density (and for a given temperature, phase space density)
of trapped atomic clouds using absorption of resonant light is simple in principle but
undesirable in practice. In situ absorption images are difficult to interpret even if one
has the resolving power necessary; the high density will saturate the optical-depth
resolution of most CCDs, and a common fix, using off-resonant light, brings in the
secondary problem of dispersion in the cloud, and thus the potential for considerable
misdiagnosis of cloud size. Ballistic expansion allowing significantly rarefied clouds
leads to considerably greater accuracy in number measurement, but density estimates
then require precise knowledge of the trap geometry, which usually would come from
some sort of Gaussian beam propagation code—an imprecise process, as shown in
3

However, since there is a well-understood relationship between the secular fre-
quencies of the confining potential and the density profile of the confined gas, either
a Maxwell-Boltzmann gas or a BEC, measuring the trap frequencies becomes a pow-
erful tool. In addition, the two unknown frequencies w, and w, transform easily into
Uy and wy, providing a second estimate of the former and a useful first estimate of
the latter. After measuring these frequencies, we established a reference of trap fre-
quencies for a given CO4 laser power (or, more specifically, for a given control voltage
passed to the germanium AOM). Thus for a given sample of atoms whose number
and temperature we know, we can look up the relevant w;(P) in order to obtain phase
space density p.

We measure the trap frequencies using the technique of parametric resonance [46),
140]. Given a system of particles trapped in a harmonic potential of frequency wy, one
can apply a periodic ‘kick’” to the system and expect to see resonant behavior similar
to pushing a child on a playground swing. In this case, we apply an approximately

sinusoidal variation at frequency 2 to the laser power P and thus the trap depth Uj.
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The equation of motion for a particle in such a potential will then be:
#(t) + wi[1 4+ beos Qt]z(t) = 0 (3.2.15)

where b < 1. Solutions of this equation, known in mathematical physics as Mathieu’s
equation, are found [140] such that the displacement of the particle exponentially

grows as €7, where  is found to be:

1 2
v= 5\/(b—(;jo> —(2—=2wp)? ,v€R (3.2.16)

One thus expects to observe exponential heating and trap loss when the power is
weakly modulated near 2 = 2wy. The width of this resonance should be approxi-
mately bwy. Resonance also occurs when the frequency € is near to any 2wy /m, m € N;
the width of the resonance, however, will increase as b™, with the amplitude of the
resonance decreasing [140].

We applied this technique to measure the two secular frequencies w,.(P) and w, (P).
Using standard loading, we obtained a trap at full power, evaporated to some vari-
able final power, and then held that power for a fixed time, usually several seconds,
while weakly modulating. A sample spectrum is shown in Fig. [3.7 Experimental
convenience dictated that we modulate for a fixed number of periods rather than for
the full holding time; the effect of this on the resonance shape is to presumably make
heating at higher frequencies less efficacious due to shorter shaking time. A distortion
of this type was visible occasionally for the low-frequency measurement (w,) but not
in a consistent fashion.

The minimum for each curve represents twice the trap frequency, 2w, or 2w,, at a
particular power. The scaling of the measured wy is depicted in Fig. [3.8, along with
the associated v/P curve for each. For low power measurements of phase-space density
we simply scaled the known trap frequencies depicted, making small corrections for

trap anharmonicity as well as gravitational sag.
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Figure 3.7: Sample trap-frequency resonance data; these graphs represent trap frequen-
cies at laser power of 8.5 W. Standard trap-loading procedure is performed, followed by
evaporative cooling to the test power, at which point power is held constant while a fized
number of periods of modulation are applied. The remaining atom number is measured af-
ter modulation; zero frequency represents no modulation. The curve at left shows the tight
frequency resonance 2w, taken with 3000t of b = .05 modulation; the curve at right shows
the longitudinal trapping frequency 2w,, taken with 150t of b = .10 modulation.
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Figure 3.8: Trap frequency scaling vs. power; here we show results of many runs like those
depicted in Fig.[3.7. The radial frequency is at left and the longitudinal frequency is at right;
the error bars represent judgment of minima location in particular resonance curves. The
fits to /P are also depicted. These fits were used to infer phase-space density at powers
lower than 500mW where parametric resonance was not an accurate technique. The radial
frequency becomes nondegenerate at low powers where gravity begins to significantly affect
the trap; this correction is much smaller, however, than the associated correction to expected
trap depth.
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Pre-correction thermal density and collision rate in the traps were calculated using

the following formulae:

2 —2\ 3/2
n(r) = N <m kZF> (3.2.17)
N3
v = 87rma\/§kBT (3.2.18)

For example, the typical initial density in the trap is ~ 4 x 10'® cm™3; the initial

~1. These startlingly high values are central to the features

collision rate is ~8 x 10% s
and interest of this route to BEC; for example, our initial phase-space density here
is thus 1.8 x 107, significantly higher than traditional magnetic-trap starting points;
the collision rate is a boon as well, allowing initial evaporation rates unthinkable in

magnetic-trap experiments.

3.3 First observations of condensation

The path from first optical trapping to observation of BEC was a long and often
puzzling one. Broadly stated, we sought to implement an evaporative path that would
both exploit the high initial elastic collision rate and avoid inefficient lowering. For a
given path, we examined final conditions using estimates of number and temperature
and the measured trap frequency vs. power relation, and made essentially ad hoc
adjustments to the path to reach higher phase-space density. Eliminating systematic
errors in N and 7' played a role, but the largest single contribution to achieving
condensation came from various improvements to the experiment that improved the

initial conditions as well as the shot-to-shot repeatability.
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3.3.1 Free evaporation

The typical result of the loading procedure was a sample of 8Rb atoms in a harmonic
potential whose secular frequencies were 3.2 kHz transversely and 220 Hz longitudi-
nally. As discussed above, the earliest we were able to make number and temperature
measurements of the trap contents was ~100 ms after the shuttering of all resonant
light, as well as turnoff of the MOT coils; earlier attempts at profiling were hampered
by the presence of untrapped dark-SPOT atoms that had yet to fall away under the
influence of gravity. In the intervening time unknown changes occurred in the den-
sity and temperature of the trapped cloud. Nevertheless, initial observations revealed
typical temperatures of 150 puK and around 2x10° atoms, implying densities around
5 x 10" cm 3. Repeated runs were performed with longer hold times post-loading in
order to probe the evolution of the temperature and number. Evidently, free evapo-
ration is a significant factor in the first few seconds of our trap, as the ratio n = Uy /T
evolves to an effective equilibrium. We speculate that this free evolution is even
more important in the first 100 ms of the dark phase, as the trap evolves from being
near-equilibrium with the dark SPOT. It is well-known that this free evaporation will
stagnate as e, where n = Uy/kpT—in our case this results in equilibrium around
n = 12. Later versions of the experiment had lower COy laser powers available for
use, most likely from aging of the laser itself, and lower initial temperatures were
observed as a result—in addition, observations showed that initial temperature was

proportional to trap depth.

3.3.2 Evaporative paths and gravity correction

It is conventional wisdom in the magnetic trap BEC community that all the finer
points of what sort of evaporative path to take (i.e., what the rf-knife frequency
vs. time curve should look like) are made irrelevant by the presence of large atom
number N and decent vacuum. Since our setup begins with only 1-2 x10°® atoms,

which is the final size of some quasi-pure magnetic trap condensates, significantly
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Figure 3.9: Free evaporation demonstrated via measurements of number and temperature
in the dipole trap after a variable hold time at full power (at the time > 40 W). It should be
noted that the initial temperatures > 200uK were more typically ~ 150uK in later versions
of the experiments chronicled here, due to decreases in available COsy laser power. In the
upper plot we see free evaporation stagnating over the course of several seconds; in the lower
plot, we see number loss correlated with the free evaporation, with the loss rate approaching
the background-gas limited lifetime of > 10 s.
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Figure 3.10: Conceptual depiction of evaporative paths. The uppermost curve is a linear
ramp; the middle curve is a simple exponential ramp. Both suffer from the same flaw: they
are too slow at the beginning and too fast at the end, squandering the high collision rates
available at high power, and not accounting for the drop in trap frequencies at later time.
The custom path follows the functional form of Eq. with B = 1.38 and T = .07. The
nonlinear mapping of trap depth onto laser power due to gravitational sag is accounted for.
more care is required to extract the most cooling potential out of the initially dense
state and to treat the near-critical period with the care that it demands. Fig. |3.10
depicts three paths: an obviously unsuitable linear ramp of trap depth—proceeding
much too slowly early on and much too quickly later on—an exponential path that
suffers from a slightly ameliorated version of same problem, and a custom path that
is astonishingly fast at first but quite gentle below powers of several W.

The functional form for this custom path was derived for optical traps using
the Boltzmann equation [50,|141]. Assuming a time-changing potential of the form

U(r,t) = Uy(t)g(r), where 0 < g < 1 and a sample of atoms perpetually at kg1 =
Uo(t)/n, it is shown that the total number of atoms in the trap scales with trap depth
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as:

N{(t) (U(t)>2<n'33>

50 (3.3.1)

where 7/ is approximately 4 1. Thus for  ~ 10, N oc U'/®. The phase space density

p scales with number as:

p(t) (N(O))”’_4 (3.3.2)

implying that for n ~ 10, p oc N=7 oc U3, These scaling laws are useful for estimates
of the efficacy of a given attempt at condensation and reveal two points worth men-
tioning. First, a modest decrease in number via ideal evaporative cooling can yield
startling increases in phase space density. Given typical starting values for p of 1074,
changing the trap depth by a factor of 200 suffices to bring the trap near to degener-
acy. Second, as suspected, runaway evaporation is not possible, as the collision rate
v o« NU??/T becomes weaker with evaporation, assuming an energy-independent
elastic cross section; for n = 10, v oc U%7.

Forcing the ratio 7 to remain constant specifies an evaporative path U(t); this is
sensible, as if 7 grows during evaporation, then one is not proceeding as quickly as
one could, and if  becomes smaller, one is evaporating inefficiently. This constraint

yields the path:

U(t) = U(0) (1 + £>_B (3.3.3)

where (3 is a number weakly dependent on n and the timescale 7 is set by:

% oce”"y(0) (3.3.4)

This timescale is intuitively related to the initial collision rate, as well as the like-

lihood of trap escape. This formula also requires modification for the presence of a
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background loss rate; details for this and other calculations are found in Ref. [50]. It
is a function of precisely this form that is found in Fig. [3.10] using # = 1.38 and
7T=.07s.

An additional factor complicating the creation of the evaporative path is that
trap depth in the vertical direction z is affected by the gravitational potential energy
z. The consequence of this is that the control voltage—rf power—laser power—trap
depth mapping needs to be modified, since the final step is no longer linear. To do this
we calculate a correction factor C'(P) that represents the trap depth in the vertical
direction as compared to the horizontal, or, equivalently, the vertical direction in the
absence of gravity. A plot of this ratio is found in Fig. [3.11} Of note is the inability of
the trap to support atoms below a power of about 70 mW, necessitating the discarding
of any path that recommends weaker confinement. This ratio was essentially used
as a lookup table in the conversion of desired trap depth U(t) into laser power. The
simplifying assumption was made that evaporative dynamics would not be affected
by this gravitational shift in any fashion beyond this mapping, an assumption whose
quality will later be shown to be in need of inspection. Evaporative paths made in the
absence of this correction proceeded far too fast, as they presumed tighter confinement
at any given power than was actually present. At any given power and trap depth we
usually desired to calculate the phase space density given an observation of number
and temperature. This requires an input of trap frequencies w;(P), of which the
vertically oriented one presumably changes more drastically as the trap is weakened.
This effect is not significant, however, as the atoms lie far at the bottom of the trap
as implied by a value of n > 10. So while at a laser power P where the trap depth
if half its zero-g value, per Fig. [3.11], the w, is corrected by perhaps ten percent. In
estimates of p this shift was usually taken into account, although as a factor it was

much smaller than any related experimental errors.
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Figure 3.11: Gravity correction for trap depth, represented as a ratio; at a given power,
what the trap depth Uy is versus what it would be without gravity. Thus at high power, the
ratio is approrimately 1, and at some low power (~70 mW), the trap can no longer support
atoms against gravity.

3.3.3 Condensation

Interestingly, free evaporation was available as a tool to judge if a given evaporative
path proceeded too quickly, i.e., outpaced proper thermalization. Intentionally quick
evaporation was used to show this, whereby trap depth was drastically lowered to some
small level in less than a second, and then held at that power while the remaining
atoms equilibrated. Free evaporation down to n = 12 was observed in such cases and
was absent in properly paced evaporation. This was a subtle effect, however, and
cumbersome to employ, and in most cases a path’s worthiness was judged relatively,
as follows: a series of evaporative runs was made using a particular path, with note
made of the typical number and temperature at the end of the run. To adjust the

path, rather than creating an entirely new one with slightly different values of 3 or 7,
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small changes on the mV level were made to the offset control of the AOM driver’s
AM. Such a change would not have a significant effect on U(¢) at high or intermediate
powers, but would effectively make the low-power tail a trifle more or less aggressive.

If a path did not appear promising over a significant range of voltage offsets,
changes were made to  or 7, or, more frequently, to the duration of the evaporative
run. This latter tactic was difficult to express in what it did to the true § or 7 of
the path, but was efficacious in an intuitive manner. Editing of the path itself to
incorporate a larger voltage offset was also used, as doing it too aggressively ‘on the
fly’ technically affected the strength of the trap when it was supposedly turned off
for ballistic expansion. Judgment of what constituted ‘promising’ from run to run
was simply a matter of calculating what the new phase-space density achieved was,
and whether it was consistent with the power-law increase that was necessary to beat
the influences of gravity, background gas, and the inescapable weakening of the trap
itself at lower powers.

Our final approach to condensation is illustrated in Fig. [3.12] Several evapo-
rative paths were used at constant path duration, with attendant temperature and
p calculations. These attempts were followed soon after by our first observation of
condensation, depicted in Fig. [3.14] In a profound illustration of the significance
of the initial conditions, the series of images depicted were taken using the identical
evaporative path, but with significantly drifting initial N. In this case we were lucky
to have an upward-drifting N at the time of a well-chosen path. The path at this
time was chosen to be a little over seven seconds long; all later condensates (including
all work in were achieved using paths around five seconds long.

The emergence of a clear bimodal density distribution was the sign of condensation
that had been sought after. Somewhat disconcerting was the absence of a strong
asymmetry in the aspect of the cloud, as is traditionally expected for the condensate

due to the release of mean-field interactionﬂ. The trap is weak enough at that point,

3This effect was more strikingly observed later, after BEC density and thus mean-field energy
had been increased through compression.
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Figure 3.12: Approaching condensation, with atom number in the range 1.3-2.4x107.

The curves are present for intuitive guidance—they are plots of control voltage, which ap-

proximately mirrors laser power and thus trap depth. The three curves at each time are

linked to the three temperature measurements at each time.

however, that even 17.5 ms of ballistic expansion is only expected to yield a 1:1 aspect

ratio of the cloud, rather than the strong inversion that a tighter trap would produce.
Absolute notions of condensate number and condensate fraction would require

nonlinear fits to the absorption images incorporating both thermal and density pro-

files:

n(r) = TLMB(I‘) -+ TLTF(I‘) (335)

Signal-to-noise issues with our absorption images prevented these fits from being
helpful. Nevertheless, the visually obvious distinction between the behavior of thermal
clouds and condensed clouds allowed for evaporation to situations where it was likely

that the condensate fraction was > 50%.
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Figure 3.13: A figure representing the path to condensation. The circles represent paths
over § s; the stars represent paths taken over 10 s. Error bars on the leftmost point are
representative of statistical spread. The upper line represents p = 3, the lower p=1. None
of the clouds in any of these cases have hints of condensation. The solid dot represents

a cloud that we believe was just on the BEC side of the transition, such that run-to-run
fluctuations would yield significantly bimodal distributions.

3.4 BEC palette

100

Figs. [3.15] [3.16 and [3.17 summarize the various types of dipole-trap BECs available

to us in the current configuration. Typical evaporation yields a condensate with all
three components visible, shown in Fig. [(3.15} the ratio of these three populations
appears to be a constant of the experiment. It has been speculated that this initial
population is set by the particular location of the dipole trap within the MOT reservoir
during trap loading [136]. By convention we label the lower left of these three the
mp = +1 component and the upper right mp = —1. Determining these accurately

would require more knowledge of our MOT coil geometry with respect to trap center
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Figure 3.14: Our first condensate. Total number in each image: (2.0, 1.2, 0.4)x10°;
images were taken after 17 ms of ballistic expansion. The temperature of the thermal cloud
at top is 130 nK. The difference between each image is a slightly deeper cut corresponding
to approximately 20 mW of laser power. Images are 450um square.
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Figure 3.15: The default spinor nature of our formed condensate, showing mp = +1,
mp =0, and mp = —1 from left to right as revealed by Stern-Gerlach spectroscopy. The
field of view is .63%.8 mm, and the total condensate number is 4 x 10%.

than we possess; for all our applications it is nothing more than a labeling convention.

Application of a magnetic field gradient along the weak axis of the trap during the
first few seconds of evaporation preferentially biases out the mp = +1 components,
resulting in a BEC solely occupying the field-insensitive mpr = 0 projection, as shown
in Fig. [3.16] It should be noted that this process results in nearly the same number of
condensed atoms as the gradient-free process, implying a sympathetic cooling process
whereby the polarized components remove more than their average share of thermal
energy. The ability to create this state is particularly rewarding, as it provides a
useful initial condition for studies of spinor dynamics, as detailed in the next section.

The gradient applied is simply the MOT field at a particular current.
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Figure 3.16: The pure mp = 0 condensate, created by application of a magnetic field
gradient along the weak axis of the trap during evaporative cooling. Total condensate number
is N =3 x 10%.

3.4.1 The supported condensate

It was noticed that when the current of the applied gradient was significantly lower
(and more importantly in a different direction at trap center due to the slightly offset
position of the MOT coils), and this gradient was left on throughout evaporation,
a condensate would form that was significantly different than previously achieved in
our apparatus. As shown in Fig. |3.17] application of a small magnetic field gradient
with a component of order a few G/cm in the vertical direction provides a bias for
the mp = +1 component. If this supportive gradient is only on for the first few
seconds of evaporation, we obtain polarized condensates of number similar to the

other options. However, if this gradient is maintained through condensate formation
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Figure 3.17: The ‘supported’ mp = +1 condensate. A gradient is applied with a significant
component in the vertical direction, supporting the evaporating cloud against gravity. Note
the shift to the upper left (against gravity) caused by slightly weaker downward force during
ballistic expansion. Total number is N = 10°, including a significant thermal fraction.

and through ballistic expansion, we observe significant enhancement in condensate
number of order 100%; we attribute this to the fact that the trap depth is strongly
perturbed by gravity near criticality (up to 90% of its zero-G value), and even a
gradient small with respect to gravity allows for much more efficient near-critical
evaporation. This increased number allows better inspection of the phase transition;
we see nice growth of the condensate fraction from the thermal cloud in Fig. [3.1§
Also of note is the increased aspect ratio of the cloud, indicating higher mean-field

energy as one would expect from increased number.
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Figure 3.18: The growth of the supported condensate. The field of view is .4 mm square;
the top (thermal cloud) image has N = 10°, and the bottom (mostly pure condensate) has
N =2x 10%
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3.4.2 The downward-directed atom laser

We observe a downward-directed atom laser in the case of the aforementioned ‘sup-
ported’ condensate, depicted in Figs. and [3.20] outcoupled simply by removing
the support in the last few ms before ballistic expansion. This effect is unrelated to
the physics of spin mixing or number-correlated dual-beam atom lasers and is essen-
tially analogous to the Tiibingen experiment in which the confining optical potential
was carefully ramped down in order to ‘leak’ out the condensate [13]. This process
is not entirely satisfying in the sense of an atom laser, as there is neither a coherent
process converting atoms into outcoupled states nor a pumping process of any kind.
It is useful, however, to consider the particularly well-collimated nature of the out-
coupled beam and to add this matter-wave manipulation technology to the toolbox

of the optically trapped condensate.
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Figure 3.19: The downward-directed atom laser, part I; at top is 10 ms after outcoupling,
at bottom 15 ms. The field of view is 1.2x 1.7 mm.
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Figure 3.20: The downward-directed atom laser, part II; at top is 20 ms after outcoupling,
at bottom 30 ms. The field of view is 1.2x 1.7 mm.



Chapter 4

Spinor dynamics and the
dual-beam atom laser

“The world was young and I was young and the
experiment was beautiful. . . These atoms in spatially
quantized states—analyze them in one field, turn
your focus back, and there it is. Count them! It was
wonderful. There I really, really believed in the spin.
There are the states—count them!”

ISIDOR IsAAC RABI
John S. Rigden, biographer.

HE CREATION OF AN ALL-OPTICAL CONDENSATE with resulting spinor prop-
erties was the first major goal of the research described in this thesis. The
second, as documented in this chapter, was the exploration of some of the

phenomena made accessible through the liberation of the spin degree of freedom.
The dynamics of this new system are quite rich, and the field is quite fast-moving, as
documented in §1.4] Here we chronicle some of the efforts made in the past year to

illuminate some of the features of the spinor condensate.

4.1 Observations of spin mixing

As detailed in §I.4] an initially out-of-equilibrium spin population will evolve via two-
body spin-relaxation collisions (Eq. [1.4.1)) to some ground state determined by the
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Figure 4.1: The spin-spin energy scale. The horizontal dashed line represents the typical
quadratic Zeeman shift, and the parabolas represent the spin-spin energy scale 2con. The
densities chosen are typical values at a) default power (80 mW) b) 500 mW of adiabatic
compression, and ¢) 1.8 W.

magnetic field and the conserved magnetization M. While we made some cursory
observations of the evolution of a mixed state at low densities, the majority of the
spin-mixing results presented in this thesis were obtained using the technique that

revealed spin mixing most clearly, namely adiabatic compression of a pure mp = 0

condensate.

4.1.1 Magnetic field issues

The quadratic Zeeman shift in 8Rb (F' = 1), 350 Hz/G? 78], plays a strong role in the
expected spin dynamics in that it sets the energy of the mp = +1 states higher than
the planned initial condition for mixing. This implies that if this shift is larger than
the spin-spin energy scale the spin-relaxation collision will be energetically forbidden

and no departure from the mp = 0 intial state will be observed. This concept is

illustrated in more detail in Fig. [£.1]
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The experimental situation is complicated by the fact that a naturally well-zeroed
field was not desirable for the crucial dipole trap-loading phase; in fact, as discussed
in §3] strong fields of at least the size of the earth’s field were required to properly
locate the MOT such that a maximum number of atoms were transferred to the dipole
trap. We thus arranged for the fields to jump from the loading values to new values
after the state-preparation phase of the evaporation had finished, so that the final
stages of evaporation, condensation, and later adiabatic compression could all occur
at a known (low) field.

Given density estimates for our mp = 0 condensates of 4-8x10'3 cm ™3

, a magnetic
field well below 100 mG was desired (2con ~ 4Hz ~ vpg2). Absolute zeroing was not
desired due to reports of rapid (< 100 ms) Zeeman sublevel population redistribution
due to stray AC magnetic fields at main fields of order 10 mG [78].

To measure magnetic fields we implemented a simple radiofrequency spectroscopy
experiment, whereby condensed or near-condensed mpr = 0 clouds were exposed to
radiation from a simple loop antenna placed outside the vacuum chamber; this oc-
curred after the current values in the bucking coils had been shifted away from the
trap-loading values to the low-field values.

The Zeeman resonance of the [F' = 1,mp = 0,£1) manifold is known to be 700
kHz/G [137]; the typical signals sent through the loop through the calibration process
were in the range w,; = 50-500kHz. The measurement itself was a comparison of the
fractional population of the various mp states at the end of runs where w,¢ had been
applied for the duration of the low-field/final evaporation phase; near resonance, the
Stern-Gerlach separation technique would reveal redistribution of the mp states away
from the low-power/off-resonant limit of the pure mp = 0 state. This redistribution
was of course a brute-force approach, as the radiation was present for up to a second
and the resonance appeared quite power-broadened. We used a HP3325A synthesizer
to drive the shorted loop, which while crude by radiofrequency engineering stan-
dards was sufficient for our needs. Typical powers used were 30 dBm, although when

searching for low magnetic fields lower powers were used in an attempt to reduce
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the linewidth of the Zeeman redistribution. The technique yielded final resonance
frequencies around 60 kHz, corresponding to a field of around 85 + 10 mG, with the
spread caused by inherent linewidth and signal-to-noise from low atom number. It
should be noted that while we were satisfied with this range (due to concern that
stray AC magnetic noise would cause trouble at lower fields) further zeroing proved
difficult, as the linewidth of the process combined with possible issues with the an-
tenna efficiency appeared to limit the technique’s calibration potential. An obviously
better path to take would be microwave spectroscopy at 6.8 GHz, which would yield
the same observables [78]. This resonance process was repeated several times between
spin-mixing experiments—in some cases merely for confirmation, and in others to ac-
tively troubleshoot for reasons why spin mixing was not occurring at a particular
time, which usually was the fault of the switching electronics. Regardless, even when

the fields were totally reset, the 60 kHz resonances were readily reachievable.

4.1.2 Density, adiabatic compression, and spin mixing

As shown in §1.1.2] the peak condensate density is determined by the chemical po-
tential, itself found in Eq. [1.1.13] as n.o = pum/4rh%a. This yields an expression of

the peak density in term of the trap frequencies:

152/54/51/5q2/5
Nep = 2m & N2/ (4.1.1)

If we wish to increase this peak density, the parameter we have access to is the mean
trap frequency, controlled via laser power as @ o v/P. Thus, more succinctly, we
have the simple relation that peak condensate density is simply related to condensate
number and trap depth as n.g o N3/5U§/5.

Visually pure mp = 0 states were first created using techniques described in

g3l Adiabatic compression was then performed using power-vs.-time paths such as

shown in Fig. Adiabaticity was ensured through the use of a gentle quadratic
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Figure 4.2: Representative adiabatic compression paths, showing compression to 520 mW
and 1.8 W. The times illustrated are representative and are correlated with the data points

in Fig. [{.4)

300 ns 1000 ns 1500 ns
200 ns 400 ns 800 ns

Figure 4.3: Spin mizing as driven by adiabatic compression. The top row has absorption
images of an uncompressed mp = 0 BEC evolving for over a second and only barely showing
hints of spin mizing. The bottom row is performed at a compression of 520 mW; mizing
occurs quite quickly, settling to a steady (fractional) state after several hundred ms.
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Figure 4.4: Quantitative information about the spin mizing process is depicted here. For
three paths (depicted, e.g., in Fig. the relative fraction of condensate population in the
mp = +1 states at the end of the path is shown. Circles o represent the evolution of an
uncompressed trap; no evolution occurs at all for at least a second, and when it finally does
it is slow to occur. The large shot-to-shot variation was typical for uncompressed traps.
Stars * represent the evolution of a trap compressed to 520 mW and show evolution to a
50% steady state in ~ 250 ms. Triangles /\ show a high-power compression of 1.8 W; steady
state is reached very quickly, sometimes as quickly as 100ms. Powers much higher than this
suffered from losses caused by three-body recombination.
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Figure 4.5: Measured spin-mizing rate vs. density. Rates are simple inverses of crudely
measured times from Fig.[[.4, picking the approzimate time for the cloud to proceed halfway
to a steady state. Density measurements represent the average and statistical spread of
Thomas-Fermi peak density in all the runs at each compression power in Fig. [{.f} The
slope is a direct measurement of the spin-spin energy scale ca, and the z-intercept a direct
measurement of the quadratic Zeeman shift, which inhibits spin mizing; at that particular
density, the spin-spin energy will be insufficient to overcome the quadratic Zeeman shift,
and the condensate remains in its initial state of mp = 0. The data are insufficient to
firmly establish this intercept, however.
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increase in power to the desired value over times up to 100 ms, such that at all times
dw,/dt < w?. Once at full power, the trap was held for a variable time up to two
seconds before adiabatic decompression and ballistic expansion. The rampdown was
necessary mostly as a cosmetic device, as ballistic expansion of the compressed traps
yielded violent asymmetric mean-field expansion, which we wished to avoid. The mpg
population was determined as before via an applied Stern-Gerlach gradient during
ballistic expansion; individual populations were simply determined via the total op-
tical depth in that specific region of the image. The effects of adiabatic compression
(and images of mixed condensates) are depicted in Fig. 4.3) which shows relevant
absorption images, and Fig. [4.4] which shows the relative fraction of the mp = +1
populations as a function of compression strength and mixing time. Of particular
interest is the saturation of the mixing at a fraction of ny; = ng = 50%, as predicted
in for a situation such as this where M = 0. Disappointingly, the oscillations
in spin population that we expected to see are not present—the signal-to-noise issues
presented by the low condensate number obscure whatever oscillation might be oc-
curring. These issues also obscure the expected correlation effects first observed in
2004 that are so evocative of the entangled nature of the evolved components.

The limits placed on using the compression process to drive spin mixing are placed
by three-body recombination. The lifetime of any high-density trap will switch over
to a regime dominated by three-body collisions once the density passes a point such
that the parameter K3n2 becomes significant compared to the background-vapor trap
loss rate. K3 is known for both thermal and condensed clouds—we use the values
K3, =43x107% cm®/s and K? = 5.8 x 1073 cm®/s, the latter being approximately a
factor of 3! smaller due to the higher-order coherence of Bose-condensed vapor [142].
At a fixed compression time of 100 ms (in addition to the 100 ms taken to adiabatically
ramp up) we observe significant loss (> 50%) at powers above 3.5 W, which for typical
condensate numbers of 2 x 10* we infer densities of 7 x 10'* em ™2 and three-body
loss rates greater than 2 x 10* atoms/s. At normal hold powers of ~100 mW the

corresponding loss rate is around 10% atoms/s. In addition, a spin-mixing experiment
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reported in the literature that was performed at 4 x 10%cm™3

in a single optical
lattice site made no report of three-body losses; we observe these densities at powers
near 1.8 W with no significant loss. At three-body-‘safe’ powers we see a condensate
lifetime of greater than 2 s, which, while much less than the background gas lifetime
of > 10 s is still more than sufficient to perform any number of experiments.

If we plot estimated values of the spin evolution rate (obtained via crude inspection
of Fig. 4.4) versus estimates of peak condensate density, as seen in Fig. |4.5] we
observe a slope of (1.9 & .2) x 107 c¢m?/s, giving only the barest of credence to
the high-power point. This slope is an independent measurement of the spin-spin
interaction energy scale co, although exactly quantifying the proportionality constant
between the essentially arbitrary inverse ‘time’ from Fig. 4.4} and con would require
a detailed understanding of the evolution. Given, though, that the energy of the
scale of the system is con, it is satisfying to note that the slope is indeed of order
¢y = 3.6 x 1071 cm?3/s. The x-intercept of this graph should reflect the density below
which the spin-spin energy is insufficiently strong to overcome the quadratic Zeeman
effect at the given field of (80 £ 10) mG, and where no mixing should be observed
no matter how long the trap is held. The fit x-intercept is (5 4+ 2) x 10 cm™3,
corresponding to a field of (70 4+ 20) mG, which is again satisfactory given our efforts
at calibration. The data are obviously insufficient at this point to firmly establish
this intercept, however.

These spin-mixing data were taken in order to confirm that the system behaved
as expected from the experience of the few other similar experiments. Repeatability
issues presumably stemming from high variance in shot-to-shot atom number obscured
any oscillations in spin population, yet the general behavior of the system—a tendency
to a spin-population equilibrium—was observed. We believe this relatively crude
technique is nevertheless a direct measurement of the spin-spin energy scale, which
along with coherence measurements in [84] confirm the indirect measurements of ¢,

presented elsewhere via studies of the relevant scattering lengths [74}75].
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4.2 The dual-beam atom laser

As discussed in §I.4] the creation of spinor condensates and the prediction of co-
herent spin mixing stimulated further theoretical discussion regarding the possibility
of creating a dual-beam atom laser whereby the mp = +1 components coherently
evolved from an mp = 0 initial state are outcouple into ballistic flight. Using the
BEC apparatus described here, we implemented a version of this proposal, depicted
in Fig. [£.6] and explained here.

Given an mp = 0 condensate, we drove spin mixing using a long pulse (typically
800ms) of 520 mW compression—long enough such that saturation of the spin-mixing
process into the approximate ground state ng = 0.5 would have occurred. We then
adiabatically decompressed and held the trap at constant (low) power, such that
all three components coexisted in a very shallow optical potential; at this point the
spin populations were ‘frozen’ at their new values. We then implemented magnetic
outcoupling, similar in principle to the downward-directed atom laser, but applied
to a multi-state condensate in a state-selective fashion. Field gradients were applied
nonadiabatically in order to distort the trapping potential and provide a velocity kick
for spin-polarized atoms to escape. The gradient alone in some cases was tilted enough
such that escape would have happened regardless of turn-on speed, but quick turn-
on allowed us to ensure escape over a wide range of gradients. Fig. illustrates
a typical run; here, a magnetic field gradient dominantly directed along the weak
axis of the optical trap (toward the upper right) is turned on quickly (over several
ms) at a variable delay (5-50 ms) before the optical trap is turned off. In this case
ballistic expansion is limited to a minimum time of 100 us (nonzero so as to allow
for optical pumping) and is thus effectively in situ. This outcoupling is not quite as
ambitious as that of the original proposals [102,|103], but is an important first step.
What one has, then, is two samples of Bose-condensed atoms correlated to each other
propagating separately of one another, a situation we refer to as the dual-beam spinor

dynamics-driven atom laser.
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Figure 4.6: The proposed scheme for a novel atom laser. We begin with a properly pre-
pared initial condition of a pure mp = 0 condensate. We then adiabatically compress to
drive coherent spin mixing, settling at a ground state of approximately ng = 0.5. Qutcou-
pling gradients are then applied, resulting in the mp = £1 components being released from
the optical potential along the long axis of the trap. These number-correlated beams then
propagate oppositely away from the trap due to the opposite sign of their respective magnetic
moments.

4.2.1 Varieties

Using slightly different velocity kicks (implemented through magnitude of the turn-on
gradients) we observe several variants of the dual-beam atom laser. Most commonly,
we observe immediate outcoupling and ballistic flight of the mr = —1 component
while the mr = +1 component first propagates in the opposite direction (as ex-
pected), reverses its motion, passes through the parent mp = 0 condensate, and
finally escapes, as depicted in Fig. [4.7} Tt is this asymmetry between m-state behav-
ior that prevents usage of the perhaps more tantalizing phrase ‘twin-beam.” With

greater velocity kicks, we also observe the more intuitive case of both polarized com-
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Figure 4.7: A typical outcoupling run of the spinor dynamics-driven dual beam atom laser.
a) 0 ms: the full condensate, in situ. b)+ 20 ms: soon after outcoupling. The mp = —1
component (at right) immediately passes beyond the reach of the dipole trap and experiences
ballistic flight and mean-field expansion. The mp = +1 component remains confined in
an effective guide and travels in the opposite direction. c) +25 ms: the mp = —1 beam
continues to propagate while the mp = +1 beam is turned around and returned toward
the origin. d) +45 ms: the mp = +1 beam now falls freely and experiences mean-field
expansion, like the mp = —1 component before it. Note a slightly different path than
mp = —1. e) +50 ms: continued mp = +1 propagation; note that the mp = —1 component
has traveled out of the field of view by this point. Images are .38 X .88 mm; gravity is directed
toward the lower right, and the trapping laser is directed toward the upper right.
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Figure 4.8: Several other varieties of the dual-beam atom laser. In all three of the above
pictures the mp = —1 component has departed to the right already. At top we observe the
mp = +1 component traveling relatively far from trap center. At middle we observe the
same component making a sharp turn and propagating downwards. At bottom we observe the
interesting phenomenon of partial outcoupling; one can think of the gradient as being only
partially sufficient to tilt the potential enough such that the entire condensate escapes—the
energy scale of the condensate being the chemical potential . The field of view is .38 x .88
mm.
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ponents escaping into ballistic flight from opposite ends of the cigar-shaped trap.
Rarely, we observe partial exit of an evolved fraction due to insufficient magnetic
field tilt compared to the condensate chemical potential p, which illustrates the fine
control of output coupling possible using this scheme. Both of these variants are
depicted in Fig. 1.8 Slight deviation from true horizontal of the trap itself is also

assumed to bias the exit paths of the evolved components.

4.2.2 Modeling

The immediate broadening of the outcoupled spinor atom laser pulse compared to
the downward-directed one is perhaps counterintuitive, but can be explained in terms
of the nature of the condensate and the path it takes via the long axis of the trap,
rather than the more traditional transverse outcoupling. The horizontally outcoupled
beam experiences preferred mean-field expansion perpendicular to the direction of
travel, and thus does not exhibit the tight collimation characteristic of our downward-
directed mp = +1 pulse, which is also characteristic of other typical atom lasers. We
have duplicated this new behavior using simple simulations combining center-of-mass
motion and standard mean-field expansion theory. Fig. shows a simple simulation
combining mean-field expansion and center-of-mass motion of an outcoupled conden-
sate. Notable is the preservation of condensate tightness until it escapes the optical
trap. It then begins to expand radially, perpendicular to the direction of its motion.
This is similar to the behavior of the outcoupled fractions in the observation runs.
Of course, in the experiment the condensate is not expelled all at once; ideally there
is a finite time gradient ramping that results in an atom laser ‘beam,” hints of which
were indeed seen, rather than a single cloud. The turnoff of trap tightness that the
expelled BEC ‘sees’ is quite quick and is approximated in the simulation as adiabatic
only down to about half the initial trap frequency. Fig. shows the center-of-mass
motion taken in the outcoupling potential seen by the mpr = +£1 states. Counterintu-
itive behavior is explained by initial velocity kicks provided by nonadiabatic turn-on

of the fields; we select arbitrary initial velocity kicks (of order a few cm/s) to du-
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plicate the observed behavior in the simulation. These pictures are not intended as
exact replicas of the physical situation; rather, they should help provide a guide to
what is going on in the experiment. The similarities between Figs. and and
the simulation pictures are quite promising, in that the broadening behavior and the

occasional sharp turn are duplicated.
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Figure 4.9: Modeling outcoupling and mean-field expansion. The displayed clouds show the
asymmetric mean-field expansion of an outcoupled condensate component. The top picture
is 28 ms after the application of outcoupling gradients, the bottom after 34ms. What is
notable is the relatively slow escape from the optical trap region compared to the rapid flight
away, once out. Nevertheless, mean-field energy causes significant spread perpendicular to
the motion, duplicating the spreads seen in Fig. [{.7.
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Figure 4.10: The motion of mr = £1 condensates in the outcoupling potential. At top,
an initial velocity kick propels the cloud up the local potential and over the hill, out of the
optical trap region and then down. At bottom, the velocity kick (in the opposite direction)
results in a reversal of motion. These velocity kicks were chosen to qualitatively match
Fig.[{.7; of note are the sharp turn taken by the top cloud and the significantly different exit
path taken by the bottom cloud. The potential was taken with applied gradients of 5 G/cm
in the vertical (z) direction and 2.2 G/cm in the horizontal/beam direction x. The velocity
kicks chosen were of order 2 cm/s, and the colormap represents an energy change of 6 ukK,
with red being high.



Concluding Remarks

When they were thus met, happy was the Man that
could find out a new Star in the Firmament; discover
a wry Step in the Sun’s Progress; assign a new Reason
for the Spots of the Moon. .. or, indeed, impart any
crooked Secret to the learned Society, that might
puzzle their Brains, and disturb their Rest for a
Month afterwards, in consulting upon their Pillows
how to straiten the Project, that it might appear
upright to the Eye of Reason, and the knotty
Difficulty to be rectify’d, as to bring Honour to
themselves, and Advantage to the Public.

EDWARD ‘NED’ WARD
The Vertuoso’s Club.

PINOR DYNAMICS IN OPTICALLY TRAPPED BEC is a very young field of in-
quiry. When the research described in this thesis was initiated, the only
relevant experimental work was the study of spinor dynamics in sodium at
MIT and the creation of the first all-optical condensate in rubidium at Georgia Tech.
Now, five years later, there are ~ 10 groups worldwide explicitly studying spinor dy-
namics or (more generally) BEC in optical traps, and even more just now switching
or developing the capability. Given the fast growth of the field and the current ex-
citement about the future, in this section I would like to discuss the current status of
our experiment and what possibly lies ahead.
In many respects the work on this experiment has just begun. A major mile-
stone was reached in the creation of the condensate itself; all-optical condensation

was completely novel at the inception of this thesis work, and we were among the
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first few to achieve it. We have accomplished a proof-of-principle of dual atom lasers
generated by spinor dynamics and shown that we have precise control over the rate
of spin dynamics. These results are tantalizing in that they represent the first sig-
nificant steps to the realization of long-standing proposals—the generation of twin
number-correlated /massively entangled/squeezed atom lasers. Given that we have
shown that we can not only control the coherent conversion of pairs of mz = 0 into
the correlated pair mp = =£1, the next step is to measure this correlation. Hints
of this behavior were observed in [78], whereby the fluctuations in the relative pop-
ulations n4 were suppressed compared to the shot-to-shot individual species jitter.
Doing this with significantly propagated atom lasers would be the next logical step.
One could also imagine capturing the outcoupled atoms using adjacent dipole traps,
or performing the experiment with a dipole trap at 1560 nm, where the Rayleigh
range for a given trap depth would be much longer, allowing waveguide-like prop-
agation. An obvious difference between our setup and the 2000 proposals is that
our outcoupling is state-dependent; the mp = 41 beam propagates differently than
the mp = —1 beam. The original proposal suggested an outcoupling scheme that
sent the atoms in opposite (but unknown) directions through the use of a not-so-
far off-resonant dipole trap that lowered the energy of the mp = +1 states equally
such that conservation of energy forced them to escape the (quasi-one-dimensional)
trap. Current magnetic-gradient outcoupling will preserve the number correlations
between the two outcoupled populations, but creation of a true massive matter-wave
EPR pair will require a state-ignorant process. Given this abundance of possibilities
and apparent routes, it should be made clear that this thesis is presented at a logical
pause in the development of this line of research, as the limits of the first-generation
apparatus in terms of condensate number and repeatability have become apparent.
The central challenge emerging from the original creation of all-optical BEC was
that of increasing condensate size from N ~ 10* to levels that permitted more flexibil-
ity and experimental ambition. What has become clear over the last several years is

that a single- or crossed-beam setup, static in the sense of a fixed beam waist and trap
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depth and directly loaded from a dark MOT, has a maximum loading capability in the
several millions, which is too low if large condensates are to be obtained. While large
numbers are not absolutely necessary for the study of condensate physics (as demon-
strated in this thesis), they make it much easier to observe more delicate effects with
an imaging system of particular signal-to-noise (also a path of improvement). This
large-number barrier has been breached by several groups, and the author hopes that
the next generation of this experiment will incorporate some version of these ideas.
The general idea is that of dynamic trap volume. The trap-loading period requires as
large a trap volume as possible consistent with the ability of the loading process to
cool atoms into the conservative potential, yet efficient evaporation and the eventual
onset of degeneracy require much tighter traps. The best of both worlds can simply
be achieved through the use of a ‘zoom’ lens—moving the external telescope in real
time such that the waist of the focused CO; laser becomes significantly smaller [7§].
Trap depth scales as the square of this waist, so this process obviously cannot be
used to generate arbitrarily large volumes; the limiting factor again is the trap depth
into which the precooling stage (in our case, a detuned dark SPOT) would be able
to place atoms. A more complicated path involving dynamic trap volume involves
a crossed-beam trap. ‘Zooming’ is efficiently accomplished by starting the trap with
the two beams overlapped, but not at their individual waists. Overlap of the beams
is effected at up to several Rayleigh lengths away from center, providing a large trap
volume for loading. The beams are then translated perpendicularly to their pointing
direction such that the trap center becomes waist-on-waist; this provides the requisite
tightening. Techniques such as this can be complemented by more exotic precooling
stages, such as far-off resonant optical lattices [14]. It is also possible to generate
large trap volume by using a so-called optical TOP trap, whereby a rapidly orbit-
ing optical potential is created through the frequency modulation of the controlling
AOM-—angle deviations in the trapping beam before focusing yield a quickly oscillat-
ing spatial profile of the trap itself. High-amplitude modulation, then, is correlated
with large trap volume [143].
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Other avenues of investigation have recently become apparent. First, the so-
called ‘clock transition’ in 8Rb, |F = 1,mp = 0) — |F = 2, mp = 0), is available in
all-optical condensates due to the spin-independent nature of the trapping potential.
Atomic clocks operating on this transition are limited by the velocity spread of the test
sample, namely laser-cooled clouds in atomic fountains. The extremely low residual
energy of a BEC makes it seemingly an ideal testbed. However, this is made difficult
by the high density of BEC; atomic clocks using laser-cooled atoms prefer to operate in
as low a density regime as possible, due to a shift in resonance frequency proportional
to density. Nevertheless, the possibility suggests the need for at least preliminary
investigation, which to the author’s knowledge has only been performed using a 8'Rb
clock-like transition in a magnetic trap. The clock-transition collision shift in a sodium
BEC was measured in sodium in 2003 [144]; such an experiment should be within the
reach of our present capabilities.

Secondly, the ability to control the interactions between individual atoms has
become easily variable in recent years due to the tuning capability of Feshbach res-
onances in the interatomic collision channels. While magnetically trapped 8"Rb has
not been found to possess any resonances, optical traps have opened up a new set of
resonances: over 40 were measured in the |F' = 1,mp = +1) spin channel [145], and a
low-field resonance in the mixed spin channel |[FF = 1,mp = —1) — |F =2, mp = —1)
[146] was found in 2004. The use of these resonances to tune the ®Rb interaction
energy in real time is an interesting tool that bears exploration.

A notable feature of our dual-beam correlated atom laser scheme that in principle
it can be turned into a quasi-continuous source of correlated matter waves. Since not
all of the initial reservoir of mpr = 0 condensate fraction is used up in the creation
of the dual-beam atom laser (the ground state of the system is helpfully ny ~ 1/2),
the compression and outcoupling process could be repeated as long as a population
of mrp = 0 remained. We envision a compression cycle, tuned to produce a dual-
beam atom laser of particular size, followed by outcoupling, followed by a second

compression cycle (at higher power or for longer time to achieve equivalent coherent
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mixing), then a second outcoupling, ad infinitum. In the limit of extremely large
condensate numbers, this process could reach the limit of 50% duty cycle, where the
output laser pulse is as long as the coherent mixing process between pulses.

Finally, it is worth noting the potential of the scheme for precision measurement
applications. One somewhat exotic notion suggests that if a measurement is made
on only one of the outcoupled beams, the number squeezing inherent to the system
results in the possibility of the second (untouched) atom laser beam being forced into
an undisturbed number state. Normally such a number state would be created by the
direct interaction of destructive absorption imaging, or less destructive but imperfect
phase-contrast imaging. Such a state would be useful for Heisenberg-limited precision
phase measurements, as suggested elsewhere [147].

The next few years should see the continual rapid development of optically trapped
condensate experiments focusing on the attendant spinor order parameter; such appa-
ratus might become as commonplace as magnetic traps and (in the author’s opinion)
more straightforwardly accomplished. The complexity added to an already rich sys-
tem should result in exciting many-body physics for years to come, as the properties

of the spinor condensate are more fully explored.
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Rubidium energy levels
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Offset lock circuit diagram
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Appendix C

Two-species cold atomic beam

RIOR TO BEGINNING CONSTRUCTION IN EARNEST on the all-optical BEC

effort, the author participated in a project utilizing an extant LVIS apparatus
(depicted in Fig. to study two-species atomic beams and cold collisions. A

cold atomic beam of 8Rb and 33Cs was created and used to load a dual-species UHV
MOT. The associated trap-loss and trap-loading curves lent insight into Rb-Cs in-
elastic collisions. The paper resulting from these efforts is duplicated in the following

pages; the LVIS apparatus itself is described in more detail elsewhere [118].

(a)

Figure C.1: (a) The pyramidal LVIS mirror. Diameter is ~15 cm. Note gap for retro-
optic at center. (b) The LVIS chamber. Note particularly large input window and mask to
control scattered light from pyramid segment edges.
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Nathan Lundblad,* David C. Aveline, Robert J. Thompson, James M. Kohel, Jaime Ramirez-Serrano,
William M. Klipstein, Daphna G. Enzer, Nan Yu, and Lute Maleki

Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive,
Pasadena, California 91109-8099

Received February 27, 2003; revised manuscript received August 8, 2003; accepted September 2, 2003

We generate a bright atomic beam containing laser-cooled rubidium and cesium, and we use this beam to load

a mixed-species ultrahigh-vacuum (UHV) magneto-optical trap.
atomic beam over a range of operating conditions, and we obtain similar atom fluxes for each species.

We have characterized our two-species
Within

the UHV trap, interspecies inelastic collisions are observed in the form of enhanced decay rates of a given

species in the presence of a second trapped species.

We analyze the trap decays to obtain a loss rate due to

heteronuclear cold collisions, and we compare our result to similar measurements in vapor-cell traps [Phys.
Rev. A 63, 033406 (2001)]. © 2004 Optical Society of America

OCIS codes: 140.3320, 020.7010, 020.2070.

1. INTRODUCTION

In recent years there has been increasing interest in the
physics of ultracold gases composed of two or more dis-
tinct atomic species. Cold collisions in mixed-species
magneto-optical traps (MOTs) have been studied for a
number of alkali gases.!® Sympathetic cooling in two-
species magnetic traps has allowed exploration of quan-
tum degeneracy in a number of fermionic species,® ! as
well as studies of mixtures of quantum degenerate
fluids.'>!®  In addition, colocating cold atomic samples of
two species under nearly identical conditions is desirable
for a number of precision measurements, including elec-
tric dipole moment searches'® and tests of local Lorentz
invariance'® and the equivalence principle.

Many of these experiments could be enhanced with a
bright two-species cold atomic beam (CAB) source. For
studies of quantum degenerate systems, such an appara-
tus is useful simply as a beam source of cold atoms, allow-
ing high numbers of atoms to be trapped under ultrahigh
vacuum (UHV) with a relatively compact apparatus. For
studies of heteronuclear cold collisions in a UHV MOT,
such a source offers capabilities that are not possible in a
vapor-cell apparatus, which all other investigations to
date have employed. Most importantly, the two-species
beam allows the loading of each individual species to be
independently controlled. Furthermore, as studies can
be carried out in a UHV environment, the effects of back-
ground collisions can be effectively neglected. A bright
two-species cold atomic beam would also open the door to
studies of light-assisted cold heteronuclear collisions
within the beam itself. Such an experiment allows one to
control both the polarization of the light and the orienta-
tion of the atoms with respect to the collision axis, infor-
mation that cannot be obtained from experiments con-
ducted within a MOT.'6

In this paper, we present a novel and simple two-
species (133Cs + 87Rb) atomic beam source, and we utilize
this beam source to perform a preliminary study of cold
collisions in a separate mixed-species trap under UHV

0740-3224/2004/010003-04$15.00

conditions. The present experiment allows independent
control of the cesium and rubidium traps; in this way we
observe trap loading and decay rates for each species with
and without the presence of the second species. Simple
modeling of these observed differences allows measure-
ments of the heteronuclear cold collision rate, which we
compare to results from recent experiments in vapor-cell
traps.7

2. EXPERIMENTAL DESCRIPTION

Our cold atomic beam is generated with a modified pyra-
midal MOT'7; this apparatus has been described in a re-
cent report.'® In brief, our pyramidal trap consists of a
large four-sided pyramidal mirror assembly that is trun-
cated just before the apex. At the truncated apex, a sepa-
rate retro-optic (consisting of a N4 plate with a high-
reflectance gold coating on the second surface) contains a
1-mm aperture. A slow beam of cold atoms is extracted
through this aperture via the resulting radiation pressure
imbalance.’® A detailed characterization of the single-
species cesium CAB can be found in Ref. 18.

To operate our pyramidal trap as a two-species CAB
source, four optical frequencies are required for laser
trapping and cooling the two alkali species, as illustrated
in Fig. 1. The Cs and Rb trapping lasers are combined on
a nonpolarizing beam splitter (NBS). One-half the power
in each beam is directed to the pyramidal MOT, and a por-
tion of the remaining half is directed to a UHV (P
< 107 Torr) MOT located 36 cm downstream from the
center of the pyramidal trap in an uncoated glass cuvette.
Circular polarization is approximated in the 852-nm and
780-nm trapping lasers by sending the linearly polarized
beams through a single wave plate (QWP). This wave
plate, with a nominal retardance of M4 at 850 nm, is ro-
tated to simultaneously optimize the flux in the Cs and
Rb atomic beams. Similarly, a single wave plate creates
near-circular polarization in the overlapped trap ping
beams for the UHV MOT. The combined beams for the
pyramidal MOT are expanded by a factor of 30 to ap-

© 2004 Optical Society of America
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Fig. 1. Schematic diagram of the experimental apparatus, in-
cluding the two-species cold atomic beam source and UHV MOT.
The distance from the source to the UHV MOT is 36 cm.
proximately 15 cm in diameter and aligned into the pyra-
midal trap along the longitudinal (z) axis.

The lasers used for the two-species traps include a
Ti:sapphire ring laser and three diode-laser systems.
The trapping light for 8Rb is generated by the Ti:sap-
phire laser, which delivers up to 200 mW of power at 780
nm to each of the two Rb traps. The repumping fre-
quency for Rb is provided by an external-cavity diode la-
ser (ECDL) that produces up to 15 mW at 780 nm. The
trapping frequency for Cs is generated via an ECDL,
which is further amplified by a tapered-cavity diode am-
plifier. The amplified output is coupled to the experi-
ment via a polarization-maintaining optical fiber, so that
the total Cs trapping power available to the experiment is
300-350 mW at 852 nm. Another ECDL serves as the Cs
repumping laser. The Rb repumping laser is combined
with the trapping lasers, while the Cs repumping laser is
delivered separately via optical fibers to the source and
UHV trap regions. By shuttering the repumping beams
to either trap, the loading of the Cs source and UHV
MOTs can be independently controlled.

3. CHARACTERIZING THE DUAL-BEAM
SOURCE

We detect the atomic beams via resonance fluorescence
detection with a pair of overlapping frequency-modulated

Table 1. Typical Parameters for the Cold
Atomic Beam (CAB) Source and UHV MOT

CAB Source UHV MOT

Cs 8TRb Cs 8"Rb Notes
To/T gy 0.9 0.7 18 15 @
AT -2.1 -2.3 -2.1 -2.3 b
F (atoms/s) 2 x 10® 1 x 10® ¢
N (atoms) 6 X 108 2 X 108

“The laser intensities I, are specified for each trapping beam, so that
the total laser intensity incident on atoms in the UHV MOT is given by
It = 6I;. These intensities are normalized by I, , the saturation inten-
sity of the cycling transitions, where Iy, = 1.1 mW/em? (1.7 mW/em?) for
Cs (*Rb).

®The laser detunings A are normalized by the natural linewidths T,
where I' = 5.2 MHz (6.1 MHz) for Cs (¥’Rb).

¢The atom flux § is a lower bound derived from the UHV MOT loading
rates and assuming a unit capture efficiency.
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probe beams tuned to the 8’Rb5S;,, F = 2 — 5Py,
F' = 3and Cs68Sy, F = 4 — 6Pgy, F' = 5 transitions.
A detuning of -—-11 MHz (-2.1I'c,, where [I'¢

5.2 MHz) for the Cs trapping laser was found to opti-
mize the flux of the Cs beam; for Rb, the optimum detun-
ing was found at A ~ —14 MHz (—2.3T'g,, where Ty,
6.1 MHz). A magnetic-field gradient of approximately
3 G/cm was found to simultaneously optimize the flux of
the Cs and Rb atomic beams. By varying the angle of the
probe with respect to the atomic beams, we determine the
mean velocity of each atomic species from the resulting
Doppler shift. The mean velocity of the Rb beam was
measured to be 10 m/s for typical operating conditions (cf.
Table 1); the Cs beam velocity, measured at a much
higher laser intensity (I = 3I,,), was 15 m/s.'® The di-
vergence of the CAB is geometrically limited, and this di-
vergence was previously measured to be 15 mrad for the
Cs beam in the current apparatus.'®

The UHV MOT was characterized by employing two
calibrated CCD cameras with narrow-band optical filters
to selectively image the trapped Cs and Rb atom clouds.
The calibrated imaging system allows us to determine the
atom number as well as the loading and decay rates for
the UHV trap. Our reported values for the atom flux (cf.
Table 1) are determined from the loading rates observed
in the UHV MOT and assuming a capture efficiency of
unity?’; these values should be taken as lower bounds on
the atomic beam flux. We note, however, that the fluxes
reported here are still an order of magnitude lower than
what we have measured previously in the single-species
Cs CAB generated in this same apparatus.'® Much of
this difference can be attributed to the lower optical pow-
ers (one third to one fourth) available to the pyramidal
source MOT in the present study. This dual-species
beam performance could be enhanced, however, by simply
employing the appropriate dichroic beam splitter and
wave plates to allow a greater fraction of the available la-
ser powers at 780 nm and 852 nm to be simultaneously
directed to the source MOT. The current experimental
parameters and performance figures for the CAB and
UHV MOT are summarized in Table 1.

Typical loading curves for the Rb and Cs UHV MOTs
are shown in Fig. 2, where both species are present in the
CAB but not in the UHV MOT. Here we are suddenly
switching (<2 ms) on the repumper light for one species
in both the source and UHV MOT regions, allowing us to
study the dynamics of the combined system of source
MOT, propagating beam, and UHV MOT. The gradual
onset of the MOT loading curves in Fig. 2 results from the
time of formation of the CAB, including the time of flight
of atoms from the source to the UHV trap. We attribute
the faster onset for loading into the Cs UHV MOT to the
higher Cs vapor pressure in the source region, and thus a
faster time of formation for the Cs beam.

4. STUDYING HETERONUCLEAR COLD
COLLISIONS WITH THE TWO-SPECIES
BEAM

We observe no measurable change in the flux of the Rb
beam when the Cs beam is present, and vice versa; from
this we conclude that heteronuclear cold collisions are not
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Fig. 2. Loading curves for the Cs (dots) and Rb (diamonds) UHV
traps after switching on the cold atomic beam source.

a significant loss mechanism in the pyramidal trap or
within the freely propagating beam. This is not unex-
pected, as the loss rate due to trapped atoms being ex-
tracted into the CAB dominates over all other loss mecha-
nisms within the pyramidal MOT, and the densities
within the atomic beam (<2 X 107 atom/cm?®) are still an
order of magnitude too low for these cold collisions to be
observed. 161,22

The effect of heteronuclear cold collisions is readily ap-
parent within the mixed-species UHV MOT, however.
We observe decreased trap lifetimes for the Cs MOT in
the presence of simultaneously trapped Rb, and vice
versa. This behavior is illustrated in Fig. 3. From
analysis of the observed Cs MOT decay rates with and
without the cold Rb background, we obtain a measure of
the loss rate due to heteronuclear cold collisions as de-
tailed below.

Following the approach of Telles et al.,” we describe the
general time dependence of our Cs UHV MOT using the
rate equation'®

dNCs
dt

=L~ yNg, - ﬁf ngdr — ﬁ'f nengpdr, (1)
v v

where L is the loading rate (from the atomic beam), y is
the loss rate due to collisions between the trapped cesium
atoms and the thermal background gas, 3 is the loss rate
due to cold collisions among trapped cesium atoms, g’ is
the cesium loss rate due to cold collisions with trapped ru-
bidium atoms, N is the number of trapped cesium at-
oms, and n¢g and ng;, are the density profiles of cesium
and rubidium atoms in the UHV MOT. We observe the
decay of the Cs MOT by switching off the Cs loading beam
(L — 0) while leaving the Rb beam and MOT in steady
state. All of our data were taken in the density-limited
regime, where both ng, and ng are constant within the
trap. In this regime, Eq. (1) can be expressed as the de-
cay rate equation
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dN g ,
T —(Bncs + B'nppF)Nes, (2)

where the loading rate L is zero and we have also taken
the loss rate vy to be zero for the UHV trap. The factor F
represents the relative overlap of the Rb and Cs trapped
atoms; from fluorescence images of the UHV MOT, we es-
timate F' ~ 0.8 immediately after Cs loading is switched
off, and this factor approaches unity within 0.5 s of decay.
We fit the MOT decay curves with single exponential
functions, as in Fig. 3. The initial points in which the
overlap F between the two trapped species may be vary-
ing are not included in fits to the “two-species” decays (al-
though these points typically affect the result by less than
one percent). From fits to the single-species Cs MOT de-
cays and using the measured trap density nc,, we deter-
mine a collisional loss rate 8 = 5 X 107 em?®/s. This
result is consistent with previous work,?® although we
note that the current measurement is at a significantly
higher laser intensity. The cross-species collisional loss
rate ' is determined from the difference in decay rates
for the Cs MOT with and without the cold Rb atom back-
ground, yielding a value of

Bésry = 7(0.7 = 0.2) X 10711 em?¥/s, (3)
where the uncertainty results from the scatter in the
single exponential fits to six pairs of decays (each similar
to those in Fig. 3), and the factor » = 1.0 = 0.2 repre-
sents the error due to uncertainties in the atomic densi-
ties. This loss rate is comparable to the rates measured
by Telles et al.” for Rb trap losses due to collisions with
cold Cs atoms (Bpp.cs) at similar laser intensities, al-
though, as noted by these authors, there is no a priori rea-
son to expect the reciprocal loss rates to be equal.?*
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Fig. 3. Typical decay of the Cs UHV MOT with (dots) and with-
out (diamonds) the presence of cold Rb atoms. The solid and
dotted curves are least-squares fits of the data to single exponen-
tial decays with and without the cold Rb background, respec-
tively. The fit to the “two-species” decay (solid curve) omits the
first three data points, as discussed in the text.
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5. SUMMARY AND CONCLUSIONS

To our best knowledge, this is the first demonstration of a
two-species continuous cold atomic beam based on three-
dimensional laser cooling. Recently, a high-flux two-
species Zeeman-slowed atomic beam was demonstrated
by Hadzibabic et al.'> The relative advantages and dis-
advantages of MOT-based atomic beam sources versus
other beam sources have been discussed previously.!®1°

We have utilized our two-species beam to load a mixed-
species UHV MOT, and cross-species interaction effects
were observed via the measured decay rates in the UHV
trap. The current experiment allows independent con-
trol of the loading and decay of each species within the
UHV trap, and the effects of cold collisions in the UHV
MOT are isolated from the usual losses due to thermal
gas backgrounds. These initial measurements hint at
the broad utility of this two-species atomic beam plus
UHV MOT system in the nascent field of heteronuclear
cold-collision studies.

This simple and robust two-species atomic beam source
may also prove useful in future experiments requiring
comparison between two or more atomic species, includ-
ing a proposed test of the equivalence principle that has
been selected for development as a future National Aero-
nautics and Space Administration Microgravity Research
Program flight experiment.?> Further work is underway
to optimize performance of this source while minimizing
the size and power requirements for flight applications.
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Appendix D

High power frequency doubling

A publication regarding the doubled 1560 nm fiber laser is attached as this Appendix,

as is a photograph of the doubling apparatus in its current state.
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Figure D.1: Photograph of the doubling setup. The displayed area is usually enclosed to
keep dust out and the 5 W of 1560 nm laser light in.
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High power single frequency 780nm laser source
generated from frequency doubling of a seeded
fiber amplifier in a cascade of PPLN crystals

R. J. Thompson, M. Tu, D. C. Aveline, N. Lundblad, L. Maleki

Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, California 91109
Robert.J.Thompson@JPL.nasa.gov

Abstract: We report on the generation of over 900 mW of tunable cw light
at 780 nm by single pass frequency doubling of a high power fiber amplifier
in a cascade of two periodically poled Lithium Niobate (PPLN) crystals.
Over 500 mW is generated in the first crystal. In the limit of low pump
power, we observe an efficiency of 4.6 mW/W>-cm for a single crystal, and
5.6 mW/W?-cm for a combination of two crystals, with an enhancement of
the doubling efficiency observed with two crystals due to the presence of
second harmonic light from the first crystal acting as a seed for the second.
We have frequency locked this laser source relative to a rubidium D2
hyperfine line and demonstrated its utility in a sophisticated laser cooling
apparatus.
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1. Introduction

Rubidium has rapidly become the workhorse of atomic vapor based instruments used for
sensing and metrology. The unique properties of this atom at cold temperatures also make it a
favorite species for laser cooling, and in particular for Bose-Einstein condensation
experiments. Most of these applications, nevertheless, require as much as a Watt of laser
power at 780 nm (the resonance frequency of the D2 line of rubidium) for cooling and internal
state preparation. In particular, NASA is interested in performing a series of laser cooling
experiments on the International Space Station over the coming decade which will involve
rubidium atoms. A significant technical challenge for such missions is developing a robust,
efficient, high power laser system. There have, however, been no convenient means for
generating this much power with a single source, with the required narrow linewidths. The
recent commercial availability of very high power (over 10 watt) fiber amplifiers at a wide
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variety of wavelengths in the near infrared, coupled with highly efficient frequency doubling
using periodically poled nonlinear crystals [1,2], has the potential of dramatically altering the
landscape of laser sources for atomic physics.

In this letter, we report on a 780 nm source suitable for atomic physics experiments
involving rubidium employing an Er doped fiber amplifier (EDFA), which is confocally
focused into a succession of two periodically poled Lithium Niobate (PPLN) crystals. This
configuration acts as a “lens waveguide”, and for ideal focusing, no insertion loss, and no
saturation, increases the SHG output of two crystals by a factor of four relative to that of one
crystal [3]. We have characterized the performance of this laser system and demonstrated its
utility in a laser cooling apparatus consisting of a 2-D magneto-optical trap (MOT) [4] loading
a downstream ultra high vacuum MOT.

2. Experimental methods

A schematic of the apparatus is shown in Fig. 1. A commercial Yb/Er doped fiber amplifier
(IPG Photonics model EAD-5-C-LP-JL) is seeded by a external cavity diode laser (New
Focus Vortex model 6029), producing up to 5 W of cw power at 1560 nm. We have also
used a distributed feedback (DFB) laser as a seed laser, and obtained similar results. Output
from the fiber amplifier is collimated, and confocally focused into the first PPLN crystal
(crystal-1), recollimated, and then again confocally focused into the second crystal (crystal-2).
Each of the PPLN crystals (manufactured by Deltronics, Inc.) are 50 mm long, 0.5 mm thick,
with a 19 um domain period chosen for quasi-phase matching at 100° C. They are anti-
reflection coated at both 1560 nm and 780 nm. The two mirrors after the first crystal are
mounted on a rail, allowing the relative phase between the fundamental and the second
harmonic to be varied by adjusting the path length between the two crystals. The difference of
the index of refraction of air between the fundamental and the SH is about 1.6 ppm, so that a
path length difference of about 49 cm corresponds to a full wave retardation of the 780 nm
light with respect to the 1560 nm light.

A dichroic beam splitter (DBS) is used to separate the second harmonic (transmitted)
from the fundamental (reflected). At low powers, each crystal had an insertion loss of
approximately 4% for the fundamental. The SH power is measured on a NIST traceable
photodiode (PD).

———  EDF
A =1560 nm
S ==

Crystal-1

DBS PD

A =780 nm

Crystal-2

A=1560 nm

Fig. 1. Schematic diagram of experimental apparatus.
3. Results and discussion

A plot of second harmonic power versus fundamental power is shown in Fig. 2. Here we
show the SHG power from the cascade of two crystals, along with the power from each of the
crystals individually. The latter plots are obtained by replacing the second mirror in the set-up
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shown in Fig. 1 with a dichroic beamsplitter, so that we may monitor the SH power after the
first crystal and direct only the fundamental to the second crystal. The power incident on the
second crystal is of course reduced relative to that incident on the first, due to the insertion
loss of the first crystal and the intervening optics, and, at higher powers, due to pump
depletion. At low powers we achieve efficiencies of 4.6 mW/W>-cm for crystal one and two
separately, and 5.6 mW/W?-cm for the two crystal cascade. The larger value for the cascade
than for the single crystal results is a clear indication that the SH light from the first crystal is
acting as a seed for the second. Insertion losses of the crystals and intervening optics, along
with a non-ideal overlap of the fundamental and SH in the second crystal (simple plano-
convex lenses are used to collimate the light from the first crystal and focus it into the second)
prevent us from observing the doubling of the normalized efficiency that we would expect
ideally. No evidence of photo-refractive damage is observed after many hours of operation at
the highest pump powers.

1000

Second Harmonic Power (mW)

0 1000 2000 3000 4000 5000
Input power (mW)

Fig. 2. Measured second harmonic power versus fundamental power after: a cascade of two
crystals (diamonds), crystal-1 alone (squares), and after crystal-2, with the SH from crystal-1
removed by replacing the second of the two mirrors in Fig. 1 with a dichroic beamsplitter. For
the first two cases the input power is measured at the entrance of crystal-1, for the third case it
is measured at the entrance to crystal-2.
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Fig. 3. (a) Saturated absorption spectrum of three of the rubidium D2 lines; (b) error signal
derived from the *’Rb F=2 spectrum by lock-in detection of the frequency modulated laser.

The laser system is readily tunable by adjusting the piezo voltage input of the seed laser.
We can scan 50 GHz without adjusting the temperatures of the crystal ovens, and observe a
50% loss of power over that range (with a single crystal, we were able to scan 80 GHz before
observing a comparable loss of power). We have servo-locked the seed laser frequency
relative to the rubidium D2 hyperfine line using a standard atomic saturated absorption setup
[5]. Figure 3(a) shows a saturated absorption spectrum of three of the rubidium D2 lines,
while Fig. 3(b) shows an error signal generated by frequency modulating the laser output
(using an acousto-optic modulator), and employing lock-in detection.
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4. Conclusion

In conclusion, we have demonstrated the generation of over 900 mW of tunable cw light at
780 nm, by single pass frequency doubling in a cascade of two PPLN crystals. Over 500 mW
is generated in a single crystal, corresponding to an absolute SHG efficiency of 10%. We
believe this to be the highest cw SHG efficiency reported for bulk PPLN crystals in
the ~1.5 um wavelength range [6], and is comparable to the best cw results reported at any
wavelength [1], with appropriate wavelength scaling.

The laser system we have described is remarkably easy to align and operate. To
demonstrate its utility for atomic physics experiments, we have employed the laser system in a
sophisticated laser cooling experiment in which a 2-D magneto-optical trap (MOT) [4] is used
to load an ultra-high vacuum MOT. In terms of loading rates, the performance is comparable
to a Ti:Sapphire based system.

We note that this system allows us to take advantage of the many sophisticated opto-
electronic and micro-electro-mechanical devices that have been developed for the
telecommunications industry and are designed to operate near 1560 nm. Finally, we also note
that high power fiber lasers are available at a wide range of wavelengths, so that the
techniques discussed in this letter may be applicable for other atomic wavelengths. In
particular, high power Raman fiber lasers are available at 1178 nm, and could be doubled to
produce the 589 nm sodium D2 line. This wavelength is of considerable interest for high
power laser guide star applications, as well as for atomic physics experiments.
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