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Abstract

Bose-Einstein condensation in a dilute vapor of magnetically trapped 8"Rb was
achieved, and the condensed atoms were used to observe de Broglie-wave interfer-
ence due to atom tunneling between the barriers of an array of traps. The condensed
atoms were loaded into a vertically-oriented one-dimensional optical lattice formed
by a retro-reflected laser beam, creating the trap array. In the limit of negligible
interactions between atoms, the energy difference between adjacent array sites was
determined by the gravitational potential energy shift between the sites. This energy
difference initiated an oscillating atom mass current similar to an electric current in
the ac Josephson effect for two coupled superconductors. In the optical lattice, de
Broglie-wave interference occurred between atoms in localized lattice states, and the
interference was observed as a train of falling pulses of atoms.

In a separate experiment, using a dilute vapor of lithium, enhanced loading of
a "Li magneto-optic trap with spectrally-broadened cooling and trapping light was
demonstrated. By placing the Li oven nozzle near the trap, the Li atoms could be
efficiently captured from an atomic beam without using a pre-cooling stage. The
trapped atoms were transferred into a three-dimensional optical lattice, formed by
four intersecting and interfering beams of far-off-resonant laser light, and adiabatic

cooling and velocity selection in three dimensions was demonstrated.

v
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Chapter 1

Introduction

1.1 Contemporary atomic physics

While atomic physics research encompasses theoretical and experimental work in
many diverse areas, the sub-fields of neutral-atom cooling and trapping are specifically
concerned with methods that dissipate kinetic energy from atoms in an atomic gas,
techniques for confining cold atoms to small and well localized spatial volumes, and
investigations into the properties of cold or trapped atoms. Atom cooling and trapping
techniques have advanced considerably not only in the last 15 years, but also quite
significantly in the last 5 years, contributing to many recent notable achievements in
atomic physics.

Laser-cooling techniques encompass methods by which momentum can be removed
from atoms and ions by interaction with photons from laser beams. Doppler cooling,
one aspect of laser cooling that will be discussed in this dissertation, was theoret-
ically described in 1975 by T. Hansch and A. Schawlow [1] and independently by
D. Wineland and H. Dehmelt [2], and was first demonstrated experimentally by a
group led by S. Chu at AT&T Bell Labs in 1985 that achieved temperatures of
~ 240 pK for a dilute sodium vapor [3]. Subsequent experiments led by W. Phillips
at NBS (now NIST)! demonstrated much lower temperatures [4], and further theo-
retical analysis by C. Cohen-Tannoudji [5] and independently by Chu [6] revealed the

!National Bureau of Standards (now National Institute of Standards and Technology)
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mechanisms by which the colder temperatures could result. Building on the ideas of
laser cooling, a trap that could conveniently cool as well as localize atoms was created
in 1987 [7]. This magneto-optic trap, as it was called, was realized with the addition
of a magnetic field gradient to the laser cooling beams.

Laser cooling and magneto-optic trapping techniques have been useful in appli-
cations such as precision measurements of fundamental constants [8], precision mea-
surements of the earth’s rotation [9] and gravity gradients [10], nano-fabrication with
neutral atoms [11], precision frequency standards [12, 13|, and studies of collisions
between atoms [14]. The techniques have allowed atoms to be trapped in periodic
structures formed by laser light [15, 16], trapped in focused beams of laser light
[17], bounced off of light fields [18], guided through hollow fibers [19], and split and
recombined interferometrically [20], to cite just a few examples. Because of the nu-
merous applications and the rapid growth of the techniques, the original experimental
achievements were recognized in 1997 by the awarding of the Nobel prize in Physics
to Chu, Phillips, and Cohen-Tannoudji for their “development of methods to cool
and trap atoms with laser light” [21].

In 1995, a major goal of experimental physics was reached by the achievement of
Bose-Einstein condensation in a dilute gas, a system in which many particles occupy
the quantum-mechanical ground state of an external potential well. The unique state
of matter was first created in a rubidium vapor by the group led by E. Cornell at
JILA [22], followed by condensate creation with lithium by the group of R. Hulet at
Rice University [23], and with sodium under the direction of W. Ketterle at MIT [24].
To date, 17 groups have obtained condensation, including condensation of hydrogen
by D. Kleppner’s group at MIT [25]. With the exception of the hydrogen experiment,
laser cooling techniques were used in each of these experiments.

Current theoretical and experimental investigations of atomic-gas Bose-Einstein
condensation encompass many areas, including the pursuit of quantum many-body
characteristics of dilute gas Bose-Einstein condensates similar to observed properties
of superfluids, superconductors, and lasers. Research pursued in our group, first at

Stanford University and continued at Yale University, has included the search for
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quantum many-body effects in lithium and Bose-Einstein condensation with rubid-
ium. We developed techniques which enabled us to efficiently pursue these goals,
and in 1997 we achieved condensation of 8Rb at Stanford. After relocating at Yale
University, we again achieved condensation of Rb in 1998. We used the condensed
atoms to study effects of de Broglie-wave tunneling upon confinement of condensed
atoms in a periodic potential, drawing links between the observed atom behavior and

mode-locked lasers and Josephson junctions.

1.2 Format of this dissertation

The experiments described in this dissertation represent six years of atomic physics re-
search. While working towards completion of these experiments, we investigated many
new and different experimental techniques. The individual experiments presented
here were focused on (i) increasing the loading efficiency of atoms into magneto-optic
traps, (ii) studying properties of atoms in periodic optical traps, and (iii) studying
characteristics and applications of atomic-gas Bose-Einstein condensation. The goals
of our experimental efforts were to reach high atomic densities and cold temperatures
and observe signatures of bosonic quantum many-body effects.

The first experiments described here were intended as a foundation for detection of
quantum many-body effects between pairs of lithium atoms. Similar to the experiment
of Hanbury Brown and Twiss [26] with photons from star light, the goal of the lithium
work was to observe an enhancement in the detection probability of pairs of (bosonic)
"Li atoms within a small volume of phase-space after their initial release from a
different region in phase-space. The enhancement of the pair-detection probability
for thermal bosons is a purely quantum mechanical phenomenon, and originates in
the facts that the atoms are indistinguishable, and the dual wavefunction describing
the propagation of an atom pair must be symmetric upon interchange of the particle
labels.

While the ongoing search for these effects in lithium is not described in this the-
sis, experiments which demonstrated either an increase in the number and density

of trapped atoms or a decrease in temperature are described. Such conditions are
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necessary for detecting quantum many-body effects in atomic vapors. These accom-
plishments were achieved with two main innovations: (i) a broadening of the fre-
quency spectrum of the light used to load atoms into a magneto-optic trap, described
in Chapter 3 (with excerpts from Ref. [27], copyright 1994 by the American Physical
Society), and (ii) adiabatic cooling of Li atoms trapped in an optical lattice, described
in Chapter 4 (with excerpts from Ref. [28], copyright 1996 by the American Physical
Society). The frequency broadening technique proved very useful, and is currently
in use as the search for Li quantum many-body effects continues in our laboratory.
Although we detected adiabatic cooling in an optical lattice, the loss in number of
trapped atoms outweighed the benefits of colder temperatures. However, the work
was significant for the demonstrations of atom trapping in optical lattices formed with
far-off-resonance laser beams. On its own, this achievement merits discussion. Yet
it is made even more relevant by our subsequent work with Bose-Einstein condensed
Rb atoms in an optical standing wave, and serves as an interesting complement to
the Rb experiments.

The experiments with Rb were focused on achievement of Bose-Einstein conden-
sation in a dilute atomic vapor and on trapping the condensed atoms in an optical
standing wave. Chapter 5 is devoted to a method that we explored with the intent
of increasing the loading efficiency of Rb atoms into a vapor cell magneto-optic trap
[29]. The technique required the use of an external source of white light from a fiber
optic illuminator. When light was directed into the vapor cell and onto an inner wall
of the vacuum chamber, we observed an increase in the vapor pressure of Rb atoms
due to Rb desorption directly from the walls of the chamber. With this method, we
were able to modulate the vapor pressure such that the number of trapped atoms was
increased without shortening the lifetime of atoms in a magnetic trap in the same
vacuum cell.

Our successful route to condensation is described in Chapter 6 (with excerpts from
Ref. [30], copyright 1999 by the American Physical Society), as are techniques used to
measure the characteristics of the condensates in situ. A detailed account is given of
the cooling and trapping techniques used to reach the condensation threshold, and a

dark-ground imaging technique with light tuned to the atomic resonance is described.
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Chapter 7 is focused on a set of experiments in which a Bose-Einstein condensate was
loaded into a standing wave optical trap [31]. The results of the experiment revealed a
connection between the behavior of the degenerate atoms in the vapor and properties

of superfluidity and superconductivity.



Chapter 2

Cooling and trapping neutral

atoms

2.1 Background

This chapter is an introduction to the main topics and experiments discussed in this
dissertation. The focus is on physical concepts, with technical details deferred to the
relevant chapters of this thesis and in Appendix A. Due to the significant advances
in the fields of atom cooling and trapping that have been made in the last decade,

many recent references are available for more detailed information.

2.1.1 Atoms in external fields

Atoms from a thermal beam or vapor have been cooled and trapped in ultra-high
vacuum environments by a variety of methods, including techniques based on elas-
tic collisions between atoms and a cold helium buffer gas [32]. However, the most
prevalent techniques involved in current atom trapping and cooling experiments rely
on the interactions of atoms with external electric and magnetic fields, which can
remove kinetic energy from a sample of atoms and trap atoms by perturbing and

manipulating the internal energy levels of the atoms.
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2.1.2 Laser cooling

Our primary methods to trap and cool a dilute vapor of neutral atoms relied on laser
cooling [1, 3] and the magneto-optic trap (MOT) [7, 33]. With laser cooling, precisely
tuned laser light decreases the velocity of atoms in a vapor or beam via momentum
exchange with laser photons. The cold atoms can be captured and localized within
the vacuum chamber with the addition of a magnetic field gradient. Laser cooling is
discussed in section 2.2. Atom traps, including the MOT, are described in sections 2.3
through 2.5.

2.1.3 Bose-Einstein condensation

Bose-Einstein condensation is a quantum mechanical state of matter that occurs in
trapped samples of bosons at temperatures below a density-dependent critical limit.
Below this threshold, a large number of particles in the sample occupy the ground
state of the system, comprising the Bose-Einstein condensate (BEC). To date, two
experiments have reached the condensation threshold by directly loading atoms into
a magnetic trap without using a magneto-optic trapping stage (the Li [23] and H [25]
experiments). In all other successful BEC experiments with atomic gases, the BEC
is created by first capturing atoms with a MOT, and transferring the atoms into
a magnetic trap prior to further cooling. Other groups are pursuing condensation
through various other means, such as in purely optical traps [34]. Once atoms have
been confined in a magnetic trap, the route to BEC is achieved through evaporative
cooling techniques [35, 36], discussed in section 2.6. The physical principles of Bose-

Einstein condensation are discussed in section 2.7.

2.2 Atom-photon interactions

2.2.1 The two-level atom

A hypothetical two-level atom can exist either in an energy ground state or in an

excited state [37]. With an energy difference hwy between the two states, transitions
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between the states can be induced by radiation at a frequency w near wy, the transition
resonance frequency. If the resonance wy lies near the optical range, such as for alkali
atoms, the electric field of a laser can be used to stimulate a ground state atom into
making a transition to the excited state. The excited atom will subsequently either
spontaneously fall back to the ground state (by spontaneous emission of a photon), or
be stimulated by the external light field to return to the ground state (by stimulated
emission of a photon) [38]. In both processes, the atom emits a photon as it returns to
the ground state, releasing the energy gained in the absorption process into either the
external laser field (via stimulated emission) or an arbitrary mode (via spontaneous
emission).

Because a photon carries momentum hk, where k = 27 /X and A is the wavelength
of the light, an atom receives a momentum kick in the direction of photon propagation
upon photon absorption. A second momentum kick, or photon recoil, is imparted to
the atom as it emits a photon. Conservation of momentum between an atom and the
light field is illustrated in Fig. 2.1. Over many absorption and emission events, an
atom receives numerous momentum kicks in a single direction due to absorption from
a laser beam. If after each photon-absorption event, the atom emits photons due
to stimulated emission, the recoil kicks due to emission will balance the absorption
momentum kicks. In this section, we will consider the cases in which the atom
emits spontaneously, where the direction of the emitted photons is arbitrary and
essentially random, and the associated emission momentum kicks average to zero.
All net momentum transfer is thus due to absorption of the laser light. In this case,
a light beam has a net force - the scattering force fy..; - that acts on the atom. The
rate of photon absorption and emission and the strength of the laser field determine
the strength of the force. The direction of the force is in the direction of laser beam
propagation.

An atom can spend up to half of the time in an excited state, and therefore the
probability p. of detecting the atom in an excited state is at most p, = 1/2. The

mean total time of the atom-photon scattering process, Ty, is then the product of
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3nk

p -7k 21k

(b)

pd 27k

Figure 2.1: (a),(b) An atom of original momentum p receives a momentum kick
of momentum Ak upon absorption of a photon. (c¢) Spontaneous photon emission
imparts a second momentum kick of hk’ to the atom. (Stimulated emission would

induce photon emission into the laser field mode.)
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1/pe and the natural lifetime 7,, of the atom in the excited state:

Tscat = T_n (21)

e

The natural lifetime is the inverse of the Lorentzian linewidth, I', of the atomic
transition: I' = 1/7,,. The scattering rate 1/74.q is thus p.I'. In order to determine
the scattering force, we must determine p, for the given field strength.

The strength of the field is determined by the intensity, I, and the detuning,
A = w — wy, of the light field from the atomic resonance. In very strong fields,
pe = 1/2, and in the absence of all fields, p. = 0. Saturation is defined as the
condition where p, = 1/4. If the driving field is tuned to resonance, the saturation

condition is reached at an intensity of

hwlk?
lyyy = ——. 2.2
T 12r (22)
We can write p, as 5
e - ) 23
Pe= 901+ 39) (2:3)

where the unitless saturation parameter S is defined as

]/Isat

_ et 2.4
1+4(%) 24

so that S < 1 for very weak fields (well below saturation), S = 1 for a saturated
transition, and S > 1 for a very strong driving field well above saturation. Note
that the definition of S incorporates both detuning and intensity, since the intensity
needed to saturate the atom with A # 0 is greater than Iy,;. For A =0, S is simply
I /1. We can rewrite p, as

1 e

P o 14 L + 4 (AT (25)

We are now able to determine the scattering force due atom absorption of photons of
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momentum hk:

hk  hkD I/ Iat
Tscat B 2 1 + I/Isat + 4 (A/F)Q ’

where appropriate substitutions have been made in obtaining this last expression.

(2.6)

fs cat —

2.2.2 Doppler cooling

Doppler cooling utilizes the scattering force to remove kinetic energy from atoms via
momentum transfer with the laser field. For full three-dimensional cooling, the field
consists of three orthogonal pairs of counter-propagating laser beams [39] so that light
is always propagating against the motion of an atom with any given velocity direction.
Of course, light is also propagating with the atom in this configuration. In order to
induce an atom to preferentially absorb light from the opposing beams, the lasers are
tuned to the red of resonance (A < 0). In the rest frame of an atom moving with a
velocity v, the light is then Doppler shifted such that the effective detuning of a light
field with wavevector k becomes (w — wy) — k - v. This velocity dependence enters
into the scattering force equation, resulting in preferential absorption from the laser
beams propagating against the atom motion (where k - v < 0, and thus A becomes
closer to zero). The scattering forces oppose the motion of each atom, moving in any
direction, resulting in lower atomic velocities and hence lower temperatures.

This cooling method produces a cloud of cold atoms, called optical molasses, first
observed by Chu et al. [3]. Atoms are not trapped, due to the absence of a restoring
force that would localize them at a single point in space. However, Doppler cooling is
effective at cooling atoms from room temperatures (or higher) to pK temperatures.
Nevertheless, Doppler cooling has a limit: the balanced damping forces of the optical
molasses laser beams cause each atom to undergo a random walk through the beam
intersection region as the atom scatters photons from the beams, resulting in a lower

temperature limit of Tp ~ Al'/2kp.
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2.2.3 Beyond the two-level atom model

Laser cooling can, however, produce temperatures well below the Doppler tempera-
ture limit, as the NIST laser cooling group originally demonstrated [4]. The lower
temperatures were explained using models that went beyond the two-level atom the-
ory [5, 6]. The cooling mechanism works via spatially varying polarization gradients
obtained with either counter-propagating linearly polarized beams (lin_Llin configu-
ration) or circularly polarized beams (the o — o~ configuration). The details of the
cooling mechanisms will not be given here. For our experiments, the o™ — o~ config-
uration was used. With two oppositely polarized and counter-propagating circularly
polarized laser beams, the total electric field consists of linearly polarized light with
a direction that rotates in space. Although polarization gradient cooling is ineffective
for Li, it is significant for Rb, and allowed us to reach optical molasses temperatures

an order of magnitude below the Doppler limit.

2.2.4 Optical pumping

Atoms can be driven to a particular energy state by optical pumping techniques. In
an excitation process, an atom may be excited and then decay to a state other than
the initial ground state. For example, a Rb atom in the 555, F' = 2 ground statel
may undergo a transition to an excited state and then decay to the 55,5, F' = 1
ground state, where it will no longer scatter light of the same frequency. Because
of a finite probability for this transition, all of the atoms that begin in the F' = 2
level will eventually end up in the F' = 1 level after repeated scattering events. This
process is an example of optical pumping into a dark state, in which an atom has a
negligible interaction with the light field. Although this process is frequently utilized,
it can destroy the efficiency of laser cooling by limiting the number of scattering
events unless a second repumping laser beam is added. This beam is tuned to a

transition between the otherwise dark ground state and an excited state which can

IThe hyperfine level F represents the total angular momentum of the atom, composed of the
electron spin and orbital angular momentum and the nuclear spin. An external magnetic field
breaks these levels into the hyperfine sublevels, designated as mpg. In this thesis, F' represents the
ground-state hyperfine level, and I’ the excited-state level.
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decay to either of the two ground states. The atom then continues to scatter photons
regardless of the ground state.

Atoms may instead be optically pumped into a bright state in which the atoms
continue to scatter light from an optical pumping beam. We use this method after
laser cooling Rb atoms in order to prepare the atoms in a state in which they can be
magnetically trapped. A circularly polarized light beam propagates parallel to a bias
magnetic field. As atom scatters a photon, the angular momentum of the photon is
transferred to the atom. If the atom subsequently spontaneously emits a photon, the
angular momentum of the atom may increase, decrease, or remain unchanged. For
a transition between the ground energy level and an excited state with [/ = F + 1,
repeated photon scattering can push the atom to a swing or stretch state, where the
total angular momenta of the nucleus and electron are aligned (mp = £F). The
atom can then only undergo transitions between the ground state with mp = +F

and the excited state with mp = £ F".

2.2.5 Lithium and Rubidium

Real atoms, of course, have many more than two energy levels. Nevertheless, it is
usually sufficient to just consider a small number of levels when determining the
effects of an external field on an atom. When cooling alkali atoms, a ground state
manifold (n.S/2, where n is the principle quantum number) and an excited state
manifold [(n 4 1)Ps/,] are typically the levels considered. The fine-structure energy
levels of the atom are further split into hyperfine levels due to the coupling of the
nuclear magnetic moment with the electron magnetic moment. Characteristics of Li

and Rb, and the hyperfine structure of the principal optical transitions, are given in
Appendix A.

2.3 Magneto-optic traps

In order to localize cold atoms, a restoring force is needed in addition to the damping

force of the laser beams. The magneto-optic trap (MOT) [7] provides such a restoring
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force, and is useful in obtaining large numbers (~ 10% to 10'%) of ultra-cold atoms. A
MOT is created by adding a magnetic field gradient to the laser cooling beams, with
the minimum of the magnetic field at the intersection of the beams. Due to Zeeman
shifts, the field gradient breaks the degeneracy of the hyperfine magnetic sublevels
and imposes a shift in the energy levels proportional to the distance from the center of
the field. The laser beams are polarized such that an atom in any region preferentially
scatters photons from the laser beam that would provide momentum kicks towards the
magnetic field minimum. Since the magnetic hyperfine sublevels will scatter photons
at different rates (due to different Zeeman shifted transition frequencies), the laser
polarizations are adjusted such that the atom makes transitions into the state with a
resonance frequency nearest the laser frequency. Then, the scattering is preferential
for the transition with the higher scattering rate.

Experimentally, this can be done with counter-propagating pairs of o™ and o~
polarized laser beams along each of the beam axes. The magnetic field gradient is
created by two current-carrying coils with the same symmetry axis but with current
traveling in opposite directions (anti-Helmholtz configuration). The symmetry axis is
aligned along one of the laser beam axes. Figure 2.2 shows a typical configuration of
beams and coils. The beams can have polarizations and spatial configurations other
than described here, but these other methods will not be discussed.

Atoms can be loaded into a MOT using various techniques. The simplest method
is to create a MOT in a vapor cell [40], in which a background thermal vapor of atoms
is present. The coldest atoms in the vapor can be further cooled by the scattering
force and trapped in the MOT. The remaining atoms in the vapor contribute to
scattering processes with the cold, trapped atoms, and thereby limit the number of
atoms that can be captured. A MOT can alternatively be loaded from an atomic
beam [41]. This is most often done by slowing the longitudinal velocity of the atoms
in the beam with a counter-propagating laser through the scattering force. The MOT
is situated such that the pre-cooled atoms can then be captured by the laser cooling

beams and loaded into the trap.
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Figure 2.2: A typical MOT experimental setup. The dark ovals represent the magnetic
field coils. The gray arrows represent 3 orthogonal pairs of laser beams, and the dark
circle represents the trapped atoms at the laser beam intersection region. The electric
current direction in the field coils is labeled.
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2.4 Optical traps

The light forces that have been considered up to this point are dissipative. The atoms
interact with a light field by absorption of a photon in a given mode and subsequent
spontaneous emission of a photon into a continuum of vacuum-field modes. The
atoms dissipate energy by irreversible coupling to modes other than the mode(s) of
the incident light field(s). Although it is the dissipative scattering force which allows
momentum transfer between atoms and photons to reduce the atomic kinetic energy,
these forces alone can not localize atoms. As discussed above, the MOT allows atom
trapping with the addition of a magnetic field to a dissipative light field. However,
dissipative light forces limit reductions in atom momenta to near a photon recoil since
the forces on the atom at the single-photon level are not balanced.

Alternatively, a conservative light field can localize atoms through light-induced
internal atomic energy level shifts [42]. A single traveling wave laser beam, a standing
wave, or other beam configurations can trap cold atoms. For this to occur, dissipative
scattering forces must be small compared to the conservative dipole forces, which may
be viewed as photon exchange between an atom and the laser field modes for both
photon absorption and emission. As a result, light forces may be balanced enough to

permit atoms to be cooled to temperatures below that of a single-photon recoil.

2.4.1 Dipole forces

An electric field E = Ej cos (wt), oscillating at a frequency w near the atomic reso-
nance wy will perturb the internal atomic energy levels. In the limit A > I", where
the ac Stark shift is i ¢, with Q40 ~ Q2/A, the effective dipolar potential for the
atoms is Uy, &~ |d - E|?/RA, where d is the electric dipole moment of the atom?. If
the driving field is due to a laser beam with intensity I and detuning A, the potential

can be rewritten as

AL 11,0
8 AT

(2.7)

Udip ~

For red detunings (A < 0), this potential is attractive, whereas blue detunings

2(), is the Rabi frequency, defined by Q, = d - E/h.
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(A > 0) repel atoms from high-intensity regions. In a red-detuned field, the dipole
moment of the atom oscillates in phase with the light field, and the instantaneous
Stark shift Fg;..x = —d - E is negative. At a node of the time-varying field, the atom’s
energy levels are unperturbed. At an anti-node, they are shifted to lower effective
energy levels. On average, then, in a red-detuned beam, the potential energy of an
atom is decreased. The opposite is true for blue-detuned beams, where d - E < 0 and
the light increases the internal potential energy of the atom.

A red-detuned traveling-wave laser beam pushes atoms towards the center of the
focus of the beam where intensity is highest and the potential energy is minimized.
The force on the atoms is determined by the spatial gradient of the potential, which is
determined by the spatial variation of the beam intensity. Thus, the force transverse
to the beam is governed by the local beam diameter, and the longitudinal force is

determined by the rate of beam divergence or convergence.

2.4.2 Optical lattices

Interference between multiple laser beams can create a trap with a spatially vary-
ing periodic potential, called an optical lattice [15, 16, 28]. A simple retro-reflected
red-detuned laser beam can trap atoms in the standing wave anti-nodes. As in the
traveling-wave case, the transverse force is determined by the beam waist. The lon-
gitudinal force, however, is determined by the periodicity of the potential — in this
case, the wavelength of the trapping light. This is an example of a one-dimensional
optical lattice.

Periodic potentials in multiple dimensions are created by the interference of at
least 3 beams (for a 2-dimensional lattice) or 4 beams (for a 3-dimensional lattice).
The periodicities in the various spatial directions are determined by the spatial con-
figurations, detunings, and polarizations of the beams. A trap can be created by
regions of red-detuned light in a 1-, 2-, or 3-dimensional lattice. To create a trap with
blue-detuned light, the potential wells are formed by pockets of relative darkness
surrounded by light.

The lifetime of atoms trapped in an optical lattice can be limited by photon
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scattering, which adds energy to the system, although it can be limited by other
processes as well. With far-off-resonant light, the scattering rate scales as I /A%, while
the potential depth scales as |I/A|. In order to increase lifetimes of traps without
sacrificing trap depth, the intensity of the beams must be increased in proportion to

the detuning increase.

2.5 Magnetic traps

Atoms can be trapped in a magnetic field gradient due to interactions of the field
with the Zeeman shifted energies of the internal atomic hyperfine sublevels. As in
a MOT, a magnetic trap relies on a minimum in the magnitude of the magnetic
field. The internal states of the atom will increase or decrease in energy as the atom
moves away from the magnetic field minimum. For the field strengths used in our
experiments, the Zeeman energy shift of a state is given by E; = u|B|, where |B|
is the magnetic field strength and y© = gmpup is the magnetic dipole moment of
the electron (proportional to the electron spin). Here, g is the gyromagnetic (Landé)
factor associated with the hyperfine level, mp is the hyperfine sublevel, and up is the
Bohr magneton (up = eh/2m.).

Atomic potential energy increases as an atom moves away from a field minimum
if gmp > 0, and energy will decrease as an atom moves away if it is in an mp state
of the opposite sign. For example, in the *'Rb 55,2, F = 2 level, with g = 1/2,
an atom in the mp = 2 state (with the spin polarization axis determined by the
magnetic field) will experience increasing internal energy as it moves away from the
field minimum. The tendency to favor minimum energy can therefore trap an atom
that is in this quantum state (a weak-field seeking state). The mp = 1 state can also
be trapped, but with a force that is half as strong. The negative mp states of the
F = 2 ground level, however, will be expelled from the field minimum. The mg =0
state is unaffected by the magnetic field in this limit (where higher order corrections

to the Zeeman shift are negligible).
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B(x,y)

Figure 2.3: A representation of the spherical-quadrupole trap field along two orthog-
onal directions. The field increases linearly away from the B = 0 field minimum.

2.5.1 Spherical-quadrupole trap

Several types of magnetic traps have been developed, with different field gradient
shapes near the potential minimum. The simplest trapping configuration is the
spherical-quadrupole trap [43]. The field gradient is created by two current-carrying
coils aligned in an anti-Helmholtz configuration, identical to the coil configuration of
a standard MOT. The minimum of the field has a magnetic field value of zero, and
the gradient is linear with distance. The strength of the trapping potential increases
linearly with current in the coils (Fig. 2.3).

Although this trap is simple to construct, it has a flaw which inhibits (without
additional modifications) the low temperatures needed for reaching Bose-Einstein
condensation: the coldest atoms in the trap have a high probability of escape from
the trap. When an atom passes through a region near the center of the trap (where
B = 0), the field gradient changes too quickly for the atom to maintain the proper
polarization in the spatially varying magnetic field. The atom then has a high prob-
ability of changing states (Majorana spin flips), with the result of possible ejection
from the trap [44]. At other regions in the trap, the field direction changes gradually

enough that the magnetic moment of the atom can follow the changing field direction



CHAPTER 2. COOLING AND TRAPPING NEUTRAL ATOMS 20

and remain polarized. As an atom becomes colder, it spends more time close to the
center of the trap, so loss due to spin-flips occurs primarily for the coldest atoms.
To overcome the Majorana spin flips, other magnetic trap configurations were
developed and used in cooling atoms and achieving BEC. These traps have the general
feature that field gradients are not linear in all dimensions, and that the minimum
of the magnetic field is not zero. These traps include the optical plug trap developed
at MIT [24], where the “hole” in the spherical-quadrupole trap is plugged by a blue-
detuned light beam which repels atoms from the center region, the permanent-magnet
trap used at Rice [45], loffe-type traps used in many other BEC experiments [46], and
the time-averaged orbiting potential (TOP) trap [47], developed at JILA and currently
in use in other experiments. The TOP trap was used in the first demonstration of

BEC, and was the type of trap used in our BEC experiments.

2.5.2 Time-averaged orbiting potential trap

The TOP trap is created by adding a rotating bias magnetic field of constant magni-
tude to the linear gradients of a spherical-quadrupole trap. The bias field shifts the
position of the center of the linear-gradient magnetic trap, and the instantaneous gra-
dient remains linear. However, since the bias field direction rotates, the instantaneous
field minimum also rotates about a point in space [Fig. 2.4(a)].

If the bias field spins fast enough, the motion of the cold atoms can not track the
position of the rotating field zero. The atoms will instead be localized to the region
in space defined by the center of the original spherical-quadrupole gradient, with only
the spins of the atoms tracking the motion of the bias field. In the rotation frequency
ranges used, typically a few kHz, the motion of the atoms in the trap can be described
with a time-average of the superimposed fields. This time-averaged orbiting potential
trap is harmonic to lowest orders at the center of the trap, and the minimum value
of the magnetic field is given by the strength of the rotating bias field [Fig. 2.4(b)].

If the rotating bias field is applied in the (z,y) plane, and the z axis defines the

strong axis of the linear field gradient, the instantaneous TOP trap potential is given
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Figure 2.4: A representation of the magnetic field of the TOP trap. (a) The instan-
taneous magnetic field is a linear gradient rotating in a plane. (b) The time-averaged
magnetic field is harmonic with a non-zero magnetic field minimum.
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in Cartesian coordinates by
Uz, y, 2,t) = pl[x B} + Byoy cos (wpt)|X + [y B, + Broysin (wpt)]y — 22Bz].  (2.8)

Here, B, is the radial linear field gradient (in the (z,y) plane), B, is the strength
of the rotating bias field, and wj is the angular rotation frequency of the bias field.
To first order, a time average of the energy of an atom in the TOP trap potential is
given in cylindrical coordinates by

72

B
Ur ~ uByo + | (r* +827%). (2.9)
4Brot

In these equations, the effect of gravity is neglected. (For weak potentials and weak
bias fields, the effect of gravity can be significant.)

Majorana spin-flip transitions are not eliminated in the TOP trap. However,
instead of occurring at the center of the trap where the cold atoms reside, they occur
in a torus at the outer limits of the trap (in the radial plane) where the zero point of
the spherical-quadrupole field rotates. This toroidal region at the edge of the trap has
been called the “circle of death” since it limits the depth (and size) of the trap. The
radial position of the field zero is given by Ry = B,/ B, and the trap depth is given
by pBye/4. Instead of removing the cold atoms from the trap, the most energetic

atoms will be removed from the system.

2.6 Evaporative cooling

Reaching the BEC threshold with laser-cooled atoms from a MOT requires a sub-
stantial increase in the phase-space density of the trapped atoms. Phase-space in-
corporates the spatial coordinates and momentum-space coordinates of a particle.
Phase-space can be divided into unit cells of volume %, and the phase-space density,
p, is defined as the number of particles per phase-space unit cell. Thus p is a six-

dimensional measure of the spatial density and the temperature of the system, and
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is defined as

where
M\in = \/27h? /mkgT (2.11)

is the mean thermal de Broglie wavelength of a particle in a system at temperature
T. In the above expressions, n is the average spatial density of the particles, m
is the particle mass, and kg is the Boltzmann constant. FEinstein first derived the
degeneracy condition [48], which occurs for p = 2.612, where more than one particle
occupies a phase-space unit cell. This condition, when n ~ )\t_h37 implies that the
thermal wavelengths of the particles are comparable to the spacing between particles.

Typically, p ~ 107¢ for atoms trapped in a MOT, an astounding increase from
p ~ 1071 for a thermal atomic beam or room temperature vapor. In order to reach
atomic degeneracy and BEC, however, p ~ 1 must be achieved. Adiabatic cooling
methods have been shown to be successful in cooling trapped atoms [49, 50]. However,
adiabatic cooling processes conserve phase-space density. A different technique was
needed in order to realize the necessary gain in p of a factor of ~ 10°.

All successful vapor-phase Bose-Einstein condensation experiments to date have
utilized forced evaporative cooling in achieving BEC. With evaporative cooling, the
hottest particles in a system are removed, as illustrated in Fig. 2.5. The remaining
particles reach a new thermal equilibrium through elastic collisions. The new distri-
bution has a lower mean temperature than the original distribution. Although some
particles are lost in the process, the remaining particles are on average colder. This
process occurs naturally in common events such as cooling of a hot beverage, or an
evaporating puddle of water on hot pavement. In these examples, the most energetic
particles leave the system in the vapor phase, and the remaining liquid is left colder
than before. For a cup of coffee, this process continues until the liquid is in thermal
equilibrium with the environment. For the puddle of water, heat is continually enter-
ing the system from the environment. As the water evaporates (the hottest particles
leave the puddle as a vapor), the puddle cools. However, external heat added to the

system from the hot pavement increases the temperature, and hot water molecules
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Figure 2.5: With evaporative cooling, the most energetic particles leave the system,
and the remaining particles rethermalize to an energy distribution with a colder mean
temperature.

continue to escape from the system as vapor. This may occur until the puddle of
water has disappeared.

Forced evaporative cooling relies on identical physical processes, but the maximum
allowed temperature in the thermal distribution, the energy at which the distribution
is truncated, is slowly decreased. A portion of the trapped particles are removed
in order for the remainder to become colder. If heat is added to the system in the
process, as in the puddle example above, all particles may eventually be lost before
degeneracy is achieved.

In a trap where an atom’s distance from the trap center is proportional to its
temperature, a colder sample of atoms may result in a denser population. With
the average density proportional to N/r®, where r is the trap radius and N is the
number of trapped particles, and with temperature proportional to 72, p oc N/T3.
Thus p may increase in the evaporative cooling process even though atom number
decreases, provided that the temperature is lowered at a rate fast enough compared to
the number lost. The rate of thermalization, which governs the speed at which forced
evaporation can be achieved, increases with density as the rate of elastic collisions
increases. So, once evaporative cooling becomes efficient for a given sample of atoms,
it can rapidly increase in efficiency as the temperatures are forced even lower (runaway

evaporative cooling). Under these conditions, BEC can be reached.
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Figure 2.6: An rf field, with frequency tuned to the resonance frequency between two
adjacent hyperfine sublevels, drives transitions from the trapped mp =2 and mp = 1
states to the remaining untrapped states for 8Rb, F' = 2 atoms.

The most common technique for implementing evaporative cooling in a magnetic
trap is through the use of a radio-frequency (rf) magnetic field. The field induces a
transition between hyperfine sublevels so that an atom in a trapped state makes a
transition to an untrapped state, as illustrated in Fig. 2.6, and is lost from the trap.
Because the energy difference between untrapped and trapped states increases with
distance from the trap center, the frequency at which a hot atom (with trajectories
that take it far from the trap center) makes a transition will be well above the rf
resonance frequency of the colder atoms. The hot atoms are selectively ejected from
the trap, the remaining atoms rethermalize, and a subsequent rf field can be applied at
a slightly lower energy. Repeated rf cuts of this nature will produce a cold and dense
trap [36]. In practice, the rf cuts are actually ramps that start at high frequencies

and sweep to lower frequencies.

2.7 Bose-Einstein condensation

Bose-Einstein condensation is a macroscopic occupation of a single quantum state.
The theory for condensation in an ideal gas was formulated by A. Einstein in 1925 [48],
building on statistical analysis by S. Bose of the black-body radiation spectrum [51].
Einstein’s theory and others that followed [52] discussed the relationship between the



CHAPTER 2. COOLING AND TRAPPING NEUTRAL ATOMS 26

temperature of a system and the number of integral-spin particles (bosons) allowed
to occupy the excited-state energy levels of the system. Because temperature, T, is
a measure of the distribution of particles among the excited states of the system,
a given temperature corresponds to a maximum number of atoms that may occupy
the excited energy levels. In a system with this maximum number, a decrease in
temperature can only be accomplished by allowing some of the particles to occupy
the ground state of the system, which does not contribute to the temperature of the
system. In other words, for a fixed number of trapped particles, there is a critical
temperature below which particles will fall into the ground state of the system. This
temperature is called the Bose-Einstein condensation temperature, T, and occurs at
p = 2.612 for an ideal non-interacting gas.

The macroscopic occupation of the ground state is a quantum mechanical feature
unique to bosons, since the Pauli exclusion principle restricts fermions to separate
quantum states. The fraction of atoms in the Bose-Einstein energy distribution that
occupies the ground state is called the Bose-Einstein condensate, with the remaining
distribution usually called the normal fraction. The ratio of the number of atoms
in the BEC, N¢, to the total number of particles in the system, N, is called the
condensate fraction, which increases as the temperature of the system is lowered even

further below T. For a trapped ideal gas below Ty, the condensate fraction follows

the form N -
WC =1- <T_c> . (2.12)
Above T¢, the condensate fraction is zero. The value of T¢ is given by
hw [ N\Y3
To ~ . (ﬁ) , (2.13)

where @ is the geometrical mean of the trap oscillation frequencies.

However, atoms are not ideal, and may interact. Strong interactions between
atoms occur when the density is very high, as in a liquid. This case is far from the
theoretical limits of an ideal gas, and thus difficulties arise in predicting the conden-
sation properties of superfluid He. Weaker interactions are found in dilute atomic

vapors, with atomic densities many orders of magnitude below those of liquids. Thus
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the goal of reaching BEC in a dilute atomic gas was heavily pursued by experimental
physicists and highly anticipated by theoretical physicists in order to more readily
facilitate comparisons with theory. In the ongoing discussion of BEC in this thesis,
we will consider atomic-gas condensates unless otherwise stated.

Interactions can either be repulsive or attractive, depending upon the quantum
states of the interacting atoms and the atomic species. The interactions are char-
acterized by the s-wave scattering length, a, of the atomic interaction. For a < 0,
interactions are attractive, for a > 0, interactions are repulsive, and for a = 0, the
system is non-interacting.

Interactions between atoms in a condensate will shift the total energy of the
occupied ground state. These interactions are typically quantified using a mean-field
approximation in which the total energy (chemical potential) of the atoms consists
of the energy of the single-particle state plus a pseudo-potential that accounts for
the interaction energy [53]. For atoms with repulsive interactions such as 8"Rb, the

atomic energy is raised an amount
Unr = 4nh*an/m, (2.14)

linearly dependent on the local density n of atoms (of mass m) in the trap.

Most atomic species that have been condensed exhibit repulsive interactions in the
quantum states used in the experiments. Lithium, however, is the only gas with at-
tractive interactions that has been condensed so far [23]. With attractive interactions,
the mean-field energy shift is negative, lowering the total energy of the condensate
in proportion to the BEC density. BEC in a gas with a < 0 was initially thought to
be unobtainable, with atoms forming molecular states due to attractive interactions
as the density increased and the total energy decreased. However, BEC was achieved
with 7Li, and refined theories now predict that a finite number of atoms can exist
in the condensate [54] before a collapse occurs. The results of the Li experiments at
Rice agree with these predictions [55].

In the remainder of this thesis, we will consider atoms with repulsive interactions.

Usually, a system above the condensation threshold is at a low enough density or a
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high enough temperature that the kinetic energy dominates the mean-field energy,
which can then be ignored. In the case of a BEC, this is not necessarily a good
approximation, and mean-field effects must be considered. If mean-field energy is
much greater than kinetic energy, the system is in the so-called Thomas-Fermi limit.
In this limit, where most BEC measurements have been made, good approximations
to the condensate characteristics can be obtained, and experiments have verified the
predicted effects due to the mean-field interactions. The interactions tend to decrease
the density of the BEC by increasing the BEC size, shift the condensation temperature
T¢, and modify the dependence of the condensate fraction with temperature. Further
elaboration of the mean-field interactions and effects will be given later in this thesis.

Condensate characteristics are typically measured by imaging the condensate onto
a CCD camera, and digitally recording the image. The images are taken with a probe
beam propagating into the chamber, onto the BEC, and then through imaging optics
which image the condensate onto the camera. The images can be taken in a variety
of different ways, discussed in Chapter 6, and allow measurements of condensate

characteristics.

2.8 Consolidation of techniques

An overview of the entire BEC production sequence that we used, largely following
the procedure in Ref. [22], can now be given to demonstrate the consolidation of
the techniques discussed in this chapter. In our experiment, atoms in a vapor cell
were first laser cooled and loaded into a magneto-optic trap. These atoms were then
prepared in a weak-field seeking state by optical pumping, and trapped in a TOP
trap. We evaporatively cooled the atoms below the BEC critical temperature, and
used imaging methods to measure BEC characteristics. This procedure is described
in detail in Chapter 6. We then loaded the condensed atoms into a one-dimensional
optical lattice, and imaged the atoms to study the effect of the lattice on the atoms.

This experiment is described in Chapter 7.



Chapter 3

Enhanced loading of a ‘Li

magneto-optic trap

3.1 Motivation

Many atomic physics experiments rely on the capture of large numbers of atoms
from either a thermal source or a vapor. Of these experiments, the ones which
depend upon laser-cooled and trapped atomic sources also rely on efficient loading
of large numbers of atoms into the trap. Bose-Einstein condensation, for example,
is more readily achieved by initiating the evaporative cooling process with higher
numbers of atoms, due to the lossy but extremely effective process of evaporative
cooling. Other experiments and techniques depend upon large numbers of atoms in
order to improve resolution in measurements and decrease the times necessary to
perform measurements. Laser-cooled atomic time standards [12, 13|, and precision
atom interferometry experiments [56, 57| fall into this class. The techniques described
in this chapter are primarily relevant to the capture and confinement of large numbers
of atoms in a magneto-optic trap (MOT).

Currently employed methods for atom capture fall into two classes. In the first
class, a thermal atomic beam is slowed by a counter-propagating laser beam [41] via

the spontaneous light scattering force, Eq. 2.6. In order to ensure that the laser

29
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light remains resonant with the Doppler-shifted atomic transition as the atom de-
celerates, either the frequency of the light is altered (with a frequency chirp [58], or
a “white-light” laser source [59] having a large frequency modulation that broadens
the spectrum), or an external magnetic [60] or electric [61] field gradient is applied
to shift the atomic transition into resonance with the light as the atoms propagate.
In the second class, the low-velocity tail of the Maxwell-Boltzmann distribution is
directly captured from a thermal atomic beam or a vapor [40, 62]. Other techniques
for loading atoms into a MOT rely on a pre-cooling MOT and subsequent efficient
transfer of the cold atoms into a trap in another region of the vacuum chamber. While
this technique is certainly very useful, the initial stage of the experiment falls into
the second category described above, where atoms are loaded into the initial MOT
from a vapor.

In the approach described here for 7Li, atoms in the low-velocity tail of the
Maxwell-Boltzmann distribution were captured and loaded directly from an atomic
beam into a MOT. We achieved high loading rates by (i) minimizing the distance
between the atomic oven nozzle and the trapping region and (ii) broadening the fre-

quency spectrum of the trapping light.

3.2 Direct loading from an atomic beam

High loading rates of atoms into magneto-optic traps may be achieved by locating the
nozzle of an atomic beam oven close to the trapping region, giving results comparable
to those obtained by other currently used methods [63]. Although traditional methods
such as Zeeman-slowing techniques efficiently reduce the speed of atoms along the
propagation axis of the slowing light, they do so at the expense of increasing the
divergence (transverse spreading) of the atomic beam. Placing the nozzle close to the

trap, on the other hand, reduces losses due to transverse spreading while diminishing

the potential effectiveness of longitudinal slowing. (AnFanalysisisimilar o that ior
_._ Here, C'is a
constant, v, is the maximum atomic velocity which can be captured by the trap, d is

the diameter of the trapping beams, and [ is the distance from the oven nozzle to the
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Figure 3.1: An illustration of the apparatus used to cool and trap "Li. Atoms are
loaded directly from the oven into the MOT without a precooling (slowing) stage.
The cooling and trapping laser beams, shown as arrows, are taken to lie along the
positive and negative (1,0,0), (0,1,0), and (0,0,1) axes, and the oven is located along
the (1,1,1) axis.

trap center. This expression is strictly valid when d < [ and v, < /kgT/m, where T
is the atomic beam temperature, and m is the atomic mass. The geometric factor of
d?/I? accounts for the spatial localization of the atomic source. As [ — d, the loading
rate becomes comparable with the optimal rates obtained using field-gradient slowing

techniques.

3.2.1 Experimental considerations

The geometry of our experiment is shown in Fig. 3.1. The oven nozzle was set back
[ ~ 20 cm from the trap center and d was ~ 1 cm. An atomic-beam shield, shown in
Fig. 3.1, was located ~ 6 cm from the center of the trapping region between the oven
nozzle and the trap center. The shield was mounted on a continuously adjustable
stage, which allowed it to be translated from a position that completely blocked the
atomic beam to one that fully transmitted the beam. This permitted the shield to
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be adjusted to a mid-range position where it blocked fast atoms from direct collisions
with trapped atoms (which typically accumulated in a 200 to 500-pum diameter ball
near the center of the trapping beams), while sacrificing a factor of ~ 2 in loading
rate.

Two important differences between the above geometry and a vapor cell-loaded
trap [40] can be noted. First, the vapor cell geometry requires the entire vacuum
apparatus to be heated to a temperature high enough to yield a partial vapor pressure
higher than the background gas pressure. This is awkward for elements like Li, for
example, where this temperature is ~ 200 to 300°C. Second, the localization of the
atomic source in the beam geometry permits the trap to be shielded from direct

collisional impact from high-velocity atoms originating in the source.

3.2.2 Trap capture velocity

The trap capture velocity plays an important role in determining the net loading
efficiency. We estimate the capture velocity with the following trap model [64], which
we describe in order to provide a means to assess the relative gains achieved with
spectrally broadened trapping lasers. In the model, an atom of initial velocity v will
be captured if its velocity is reduced to v = 0 by the scattering force during its flight
through the trapping beams. For simplicity, the atom is treated as a two-level system
in counter-propagating light fields, indicated by the two effective propagation vectors

of the light field, defined below. We approximate the scattering force as

o el 109/ Lt ) 1(9)/ L
o~ {1 + 1(x)/Lsar + 4(A4/T)? 14+ 1(x)/ Lsar + 4(A/I‘)2} c (3D

where Ay = Ay =+ |keg - v| is the Doppler-shifted detuning (A, is the detuning of the
laser frequency from the atomic resonance and kg is the effective propagation vector
for the light field), I(x)/ls is the ratio of the laser intensity at position x to the
saturation intensity of the atomic transition, and I' is the natural linewidth of the
transition (see Eq. 2.6). For Li, I'/2m ~ 5.9 MHz. In our experiment the propagation
axes of the trapping beams lie along the £(1,0,0), £(0,1,0), and 4(0,0,1) axes, while
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the mean atomic velocity is approximately along the (1,1,1) direction (the axis of
the oven). We incorporate this geometry into a one-dimensional model by combining
each beam’s contribution to the net scattering force into a mean force acting parallel
and another acting antiparallel to the mean atomic flight path. This amounts to
taking |kez| ~ k/v/3. In making the above approximation, we neglect polarization
gradient-type forces (which are negligible for Li) and stimulated forces. Furthermore,
we neglect the Zeeman shifts due to the presence of the magnetic fields. To find the
capture velocity we integrate the one-dimensional classical equation of motion using
the force law specified in Eq. 3.1.

Two experimentally adjustable parameters significantly influence the magnitude of
the capture velocity v.: laser beam power and laser beam diameter. Using the model
described above, we numerically explored these dependencies within experimentally
accessible limits of laser beam power and diameter. The results are depicted in
Fig. 3.2(a), where we have calculated loading rate R as a function of beam diameter
and power. In obtaining R we have approximated the trapping light fields as being
confined to a cube of volume d? oriented with the entrance face perpendicular to the
mean atomic velocity, and have taken a flat-top intensity distribution for the laser
beams (we found the loading rates for Gaussian beam profiles to be comparable to
those of flat-top profiles). Figure 3.3(a) illustrates the velocity dependence of the

slowing force.

3.3 Experimental setup

Our magneto-optic trap was of a standard design [7]. Two anti-Helmholtz coils gen-
erated a magnetic field gradient of 6 G/cm along the symmetry axis of the coils. The
base pressure of the vacuum system was typically 2 x 1079 torr at an oven temper-
ature of 380°C. The 671-nm output of a dye laser was frequency stabilized to the
Li 2512, F' =2 — 2P;)5, ' = 3 optical resonance with a saturated absorption lock-
ing technique. A resonant electro-optic modulator, driven at 816 MHz, was used to
generate a repumping sideband resonant with the 25,5, F' = 1 — 2P, transitions.
The first-order sidebands each had 30% of the power of the carrier, hence the light
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Loading rate (arb. units)

Power (mW)

Figure 3.2: (a) Loading rate as a function of laser power and beam diameter for single
laser frequency loading using the model described in the text. (b) Loading rate as a
function of power and beam diameter for multiple frequency loading. In both cases,
power specifies the total laser power in three trapping beams (the total available laser
beam power for our retro-reflected laser beam geometry). A saturation intensity of
I0:=5.2 mW /cm? was used for these plots.
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Figure 3.3: Calculation of acceleration wvs. velocity for various laser beam intensi-
ties for (a) single frequency loading and (b) multiple frequency (comb) loading. The
intensities used were I/l = 0.1,1, and 10, where I is the combined intensity for
three laser beams. For our geometry, amax = kel /2m. The inset shows the op-
tical heterodyne between the comb beam and the 816-MHz repumping sideband of
the single-frequency trapping beam. The comb parameters (modulation index and
sideband separation) are those used to obtain the curves shown in Fig. 3.2(b). The
arrow corresponds to the relative frequency of the -5.5-MHz detuned single-frequency
trapping beams.
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in the sideband that was unused was power effectively lost from the experiment. The
1/€? laser beam diameter was fixed at 1.1 cm and the laser frequency was detuned
—5.5+ 0.5 MHz from the 25,9, F' = 2 — 2P3/5, ' = 3 resonance. To measure the
number of atoms we used a ballistic expansion technique: we first simultaneously
turned off the trapping beams and the magnetic field after a preset loading interval,
then waited 2 ms before pulsing on the trapping beams at 40 mW /cm? intensity. (In
this and subsequent references to measured intensity or power in this chapter, we
refer to the intensity or power of the carrier plus both of the 816-MHz sidebands.)
The 2-ms interval for ballistic expansion allowed simultaneous determination of the
trap temperature and number by imaging the spatial profile of the expanding cloud
of atoms. The magnetic field switched off in less than 1 ms. We determined the num-
ber of atoms from the integrated fluorescence imaged onto a charge-coupled-device
(CCD) array during a 100-us exposure.

Our measurements of the loading rate as a function of beam power, shown in
Fig. 3.4(a), are in good agreement with power scaling predicted by the model pre-
sented above. The loading rate was determined by taking the ratio of the number of
captured atoms to the loading time, in a regime where the number loaded was linear

with loading time.

3.4 Spectrally-broadened laser light

Further gains are possible by spectrally tailoring the laser cooling and trapping light.
An increase in spectral width increases the capture velocity by allowing the laser
light to efficiently couple to the Doppler-shifted resonances of faster atoms. For our
experiment an electro-optic modulator was used to broaden the trapping light source.
The electro-optic modulator was resonantly driven at 12.5 MHz to produce a series
of frequency sidebands, ranging nominally in frequency from 134 MHz (minus fifth
order) to 9 MHz (plus fifth order) below the 2S5, F' = 2 — 2P;/,, F' = 3 transition.
We refer to the spectrally broadened light as a frequency comb.

We incorporate the comb into the model for loading efficiency by modifying the

expression for the scattering force to reflect the presence of the additional spectral
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Figure 3.4: Measured loading rates for (a) single-frequency loading and (b) comb
loading. Power refers to the total laser power in three trapping beams.

components in the radiation field. In the low-intensity limit each sideband contributes

a force component given by Eq. 3.1, yielding a net force

f ~ hkeﬂ”F Z { Ii(X)/[sat . [i(x)/[sat }
omb Ty S\ 4+ L(X) [ Lat + A(A /T2 1+ LX)/ Tear + 4(A_,JT)2 [

(3.2)
where the index ¢ ranges over the sidebands in the comb, I;(x) is the intensity in the
ith sideband, and Ay ; = Ay; £ |kes - v| is the Doppler-shifted detuning of the ith
sideband. Figure 3.3(b) shows a plot of Eq. 3.2 for the frequency parameters used in
our experiment at various laser beam powers. The resulting loading rates are shown
in Fig. 3.2(b).

Experimentally we inferred as much as a factor of 22 improvement in loading rate
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over the maximum rate observed with single-frequency loading®. For these observa-
tions a second beam of 1.3 cm 1/e? diameter, having the comb frequency spectrum
described above, was made to co-propagate with the original single-frequency beams.
The six single-frequency beams were detuned from resonance by -5.5 MHz and each
had a peak intensity of 100 yW /cm?. The observed loading rate, shown in Fig. 3.4(b)
as a function of total power in three (of the six) comb beams, was in good agree-
ment with the simple models. These models predicted a factor of ~ 17 improvement
for a power of 64 mW and a 1 cm beam diameter. (For comparison with theory,
the measured powers had to be scaled to account for the fraction of power in the
nonresonant 816 MHz sideband. In this case 64 mW was the power in the carrier
and the resonant repumping sideband corresponding to the measured 80 mW of total
power.) Extrapolating our single-frequency loading data in Fig. 3.4(a) to 80 mW of
power (neglecting the predicted saturation in loading rate), we inferred a factor of 22
improvement. We characterized the frequency spectrum of the comb with an optical
heterodyne between the comb beam and an unmodulated reference beam [see inset
of Fig. 3.3(b)].

The use of two sets of beams gave us independent control over the trap loading
parameters, determined to a large extent by the comb beams, and the trap cooling
parameters, which were set by the single-frequency trapping beams. With two sets of
beams, for example, we were able to load the trap with both sets on, then turn the
comb beams off, leaving the single-frequency beams to cool and compress the loaded
atoms.

The number of atoms loaded into the trap after a fixed time depended not only
on the loading rate, but also on the rate at which atoms were ejected from the
trap. Three important collision-induced ejection mechanisms were background gas
collisions with thermal atoms, fine-structure changing collisions, and radiative-escape

collisions [65]. The net ejection rate depended on the collision rate pertinent to each

!The operating detuning for the single-frequency beam was that used to optimize temperature
and density of trapped atoms. Our model predicts substantial improvements in the single-frequency
loading rate at larger detunings. For example, the loading rate at -6.5 I' detuning with 64 mW power
in three beams of 1 cm diameter is ~ 7 times that for the parameters used to generate Fig. 3.2(a).
This improved loading rate would be at the expense of trap temperature and density. We can,
however, switch to smaller detunings after loading in order to optimize temperature and density.
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mechanism, the kinetics of the collision mechanism, and the depth of the trap. It
has been noted that the fine-structure ejection mechanism for lithium traps can be
suppressed for sufficiently deep traps [66, 67]. In the fine-structure changing collision,
Li(251/2)+Li*(2Ps)2) —Li(251/2)+Li*(2P12) + AEps. The resulting kinetic energy
AFEgg corresponds to a final velocity of vps = 24 m/s for each interacting atom (the
atoms are nearly at rest before the collision), which can be smaller than the capture
velocity of the magneto-optic trap. Thus the collision products may be recaptured.
The situation is different for the heavier alkali metals such as Cs and Rb, where the
fine-structure splitting is much greater than the 10 GHz interval of Li.

We experimentally characterized the collision-induced loss process by observing
the decay in the number of trapped atoms as a function of trap depth. We varied trap
depth by changing the intensity of the trapping beams. For these measurements, we
first loaded the trap with the comb on and a fixed intensity for the single-frequency
trapping beams. After loading ~ 6 x 107 atoms into the trap, the comb beams were
turned off and the single-frequency trapping intensity was switched to the intensity
needed for the decay measurement. By monitoring the decay in fluorescence, we
extracted the normalized number loss rate, (1/N)dN/dt (N is the number of trapped
atoms), for the time interval immediately following the extinction of the comb beams.
At low intensities, the loss rate increases linearly with intensity and the number of
trapped atoms in the 2P3/, state, as shown in Fig. 3.5.

At higher intensities the trap became sufficiently deep to recapture fine-structure-
changing collision products. We made a crude estimate of trap depth using methods
similar to those used above to estimate loading efficiency. In general, the threshold
intensity for recapture depends on the angle of ejection relative to the propagation
axes of the trapping beams. If we considered flight along the (1,1,1) axis, we esti-
mated a recapture intensity of ~ 20 mW /cm? for our trap parameters, in reasonable
agreement with the data.

The success of the comb-loaded Li trap may hinge on its ability to recapture decay
products. In general, the presence of nearly resonant, red-detuned light produces fine-
structure changing collisions by inducing transitions to excited molecular states [65].

For Li this collision rate varies only weakly with detuning for the detuning range
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Figure 3.5: Normalized trap loss rate (1/N)dN/dt as a function of total trap intensity
(i.e., the combined intensity for siz trapping beams). The loss rate was measured in
a ~ 10-ms interval just following the extinction of the comb beams.

used to generate the comb light [68]. If the trap is not deep enough to recapture fine-
structure collision products, the presence of the comb light might induce a trap loss
which could prevent a significant buildup of atoms. These collisions may have been
responsible for the failure of earlier efforts to trap with broadband laser sources, where
the work was done with heavier alkali metals [64, 69]. The comb technique might be
used for other species if the central area of the comb beam profile is blocked, thus
producing a region where trapped atoms can accumulate without suffering additional
comb-induced losses [70, 71]. We note, however, that the excited-state hyperfine
structures of the heavier alkali metals are significantly different from Li. Finally, loss
rates due to background gas collisions and radiative escape should also be reduced
due to the substantial increase in trap depth.

In addition to improving the trap loading rate with the comb scheme, we also
observed improvements in trap density. Under the conditions described above, we
observed densities as high as 277 x 10" atoms/cm?. We determined the density by
measuring the absorption of a weak probe beam at several detunings from the 25, 5 —
2P3) transition. We checked the density measurement with our CCD imaging system
by analyzing the spatial intensity distribution of scattered light during the detection

pulse.
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3.5 Trap images

With certain unusual beam alignments and intensity balances, the multiple frequen-
cies of the comb light could produce interference patterns in the beam intersection
region. This was due to super-lattice-type interference of the various frequencies in
the superimposed comb beams and single-frequency trapping beams. The interfer-
ence produced interesting arrangements of atoms in the MOT. These special traps
were not used in the experiment; however, images of a few of these traps are shown in
Figs. 3.6 and 3.7 for the uniqueness and beauty of their configurations. The images
were recorded on a CCD camera with light that was scattered by the trapped atoms

from the resonant trapping beams. The image widths are ~ 1 cm.

3.6 Summary

By locating the Li oven nozzle near the MOT and by using spectrally broadened laser
trapping light, we increased the capture efficiency of a "Li MOT. The gains obtained
and the techniques developed were beneficial to subsequent and continuing Li exper-

iments in our laboratory, particularly to the experiments described in Chapter 4.
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Figure 3.6: Images of trapped Li atoms (dark regions) in the comb-loaded MOT,
obtained with particular beam alignments and intensity balances.
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Figure 3.7: Images of trapped Li atoms (dark regions) in the comb-loaded MOT,
obtained with unusual beam alignments and intensity balances. The interference
patterns created atoms traps that resembled two-dimensional super-lattice arrange-
ments. In these traps, multiple frequencies interfere to produce a net potential with
a period determined by the beatnote frequency between the beams.



Chapter 4

Trapping Li in an optical lattice

4.1 Motivation

Atom trapping in spatially periodic light-induced potentials and the study of atomic
center-of-mass motion in such optical lattices has been an area of intense interest
in the laser cooling and atom trapping field. Important results have included the
discovery of sub-Doppler laser cooling mechanisms [4, 5, 6], observation of Lamb-
Dicke confinement of atoms [72], quantization of atomic motion [15, 16, 73, 74, 75],
and focusing properties of standing waves on atom trajectories. A feature common to
these studies was that the atom-laser interactions were in a regime where spontaneous
emission damps the atomic motion.

Since the time that the experiment described in this chapter was performed, in-
terest in optical lattices has grown. For example, current lattice work is aimed at
studying the potential use of optical lattices for applications to nano-fabrication with
atoms [76] and the possibility of evaporatively cooling atoms in a lattice with the goal
of reaching Bose-Einstein condensation [77].

The goal of our experiment was to reach ultra-cold temperatures of trapped
lithium atoms. As mentioned previously, ultra-cold atomic sources have important
applications in precision measurements [8, 9, 10, 12, 78| as well as in studies aimed

at observation of quantum many-body effects in dilute vapors [79].

44
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4.2 A far-detuned optical lattice for Li

In this experiment, we studied the motion of lithium atoms in an optical lattice
created by laser light far-detuned from the atomic resonance [42]. In this limit, op-
tical dipole forces dominate non-conservative scattering forces, with important con-
sequences. First, this allows construction of lattices with potential well periodicities
greater than the wavelength of the lattice trapping light. Such lattices are capable
of confining ensembles of atoms with mean kinetic energy less than the photon recoil
limit Er = (hk)?/2m (k = X\/27 is the wavenumber of the lattice laser beam and
m is the atomic mass). Because of the atom’s greater position uncertainty, lower
momentum uncertainty and thus sub-recoil energies may be achieved with large peri-
odicity wells. Second, such lattices only weakly perturb the internal energy levels of
the atom while providing strong spatial confinement. Thus, far-detuned lattices may
provide an excellent environment for high-resolution spectroscopic studies. Finally,
under certain conditions, the time between spontaneous emission events can be much
longer than the time an atom resides in a primitive lattice cell. In that case, quantum
coherence plays a significant role in wavepacket motion through the lattice, enabling
studies of, for example, dynamical localization [80], and more recently, observations
of Bloch oscillations in an optical lattice [81].

In our experiment, 3-dimensional lattices of laser intensity maxima and minima
were formed from the interference of four mutually intersecting laser beams. The
frequency of the lattice laser beams was tuned near the Li 2.5) /5 — 2P3/5 transitions.
The ac Stark shifts of the atomic energy levels due to the lattice laser beams were
comparable to the 140uK initial kinetic energy of the laser-cooled atoms. The detun-
ing of these beams was far enough from the 25 — 2P transitions that weak excitation
to the 2P levels resulted in a spontaneous emission rate of less than 1 photon every
10 ms. Atoms were confined in lattices for times on the order of ~ 100 ms using laser
detunings as large as 10 nm to the red or 1 nm to the blue of the 25 — 2P atomic
resonances. With red-detuned light atoms were trapped near intensity maxima, while
for blue-detuned light atoms were trapped near intensity minima.

Once confined in the lattice, atoms were cooled by adiabatically reducing the
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intensity of the lattice laser light. A reduction in light intensity in the lattice reduces
the depths of the potential wells that comprise the lattice. For a sinusoidal lattice (or
other curved potentials, such as Gaussian wells), this causes the widths of the bound
states to increase and the trapping spring constants to decrease. The kinetic energy
of the states thus decreases, reducing the temperature, while the density increases.
Adiabatic cooling has been used to cool Cs atoms to temperatures of ~ 6 Tg (kgTr =
ER) in three dimensions [49], and previously to cool Li in one dimension to ~ 4 Ty
[50]. In principle, cooling in lattices of periodicity greater than A can produce effective
temperatures below the single photon recoil limit. Final temperatures, however, are
also limited by the initial energy distribution of atoms confined in the lattice. In our
experiments, final effective temperatures were ~ 26 Ty (80 pK), a factor of ~ 2 colder
than the initial temperature in our optical lattice.

We also demonstrated that large periodicity lattices can support rms momentum
spreads of less than a photon recoil. This has been accomplished by reducing the
initial intensity of the lattice light so that only the coldest atoms from the atomic
source are confined by the lattice. Using this technique, we have prepared ensembles

having an effective temperature of 0.6 Tg (1.8 uK).

4.3 Experiment

4.3.1 Apparatus

The experimental details are as follows. The output of a dye laser tuned near the
671-nm 2S5,/ — 2P5/, resonance of lithium was split into four separate beams made
to intersect inside a UHV vacuum chamber with a base pressure of 5 x 1079 torr.
The beams were focused to a 1/e* diameter of 500 pum at the point of intersection
and were aligned to propagate along the [1,0,0], [0,1,0], [0,0,1] and [1,1,1] directions.
Due to the low spontaneous emission rates, lattice propagation vectors need not be
chosen to balance spontaneous scattering forces. For laser detunings to the red of the
2P resonances, the beams were linearly polarized in the [0,1,1], [1,0,-1], [1,-1,0] and

[1,-1,0] directions, respectively. In this geometry, the corresponding primitive lattice
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Figure 4.1: Illustration of the red-detuned optical lattice geometry. The primitive
translation vectors of the periodic lattice are shown with arrows, and the high-
intensity regions by filled circles.

translation vectors are a; = A[v/3 — 2,1,1]/(3 — v/3), a; = A[1,v/3 — 2,1]/(3 — V/3),
and az = A[1,1,v/3 —2]/(3 — v/3). The corresponding nearest-neighbor spacings are
la;| = 1.13X (i = 1,2,3) (Fig. 4.1).

For blue detunings we used orthogonal-linear polarizations for the first three
beams, and chose circular polarization for the beam along the [1,1,1] axis to create
pockets of near-darkness surrounded by regions of high-intensity light. The spatial

3. By defining the lattice with just four

density of potential wells was ~ 102 cm™
beams, time-phase fluctuations in the relative phases of the interfering beams trans-
late the lattice but do not alter the shape of the lattice potential [16]. The potentials
for the red and blue detuned lattices are represented in Figs. 4.2 and 4.3.

Lattices with periodicity much larger than A in 3 dimensions can be created by
reducing the angles subtended by each possible pair of the four lattice beams. For
example, if the beams propagate parallel to the axes defined by the vectors [0,1,0.1],
[0,1,-0.1], [0.2,1,0], and [-0.2,1,0], the magnitudes of the corresponding primitive trans-
lation vectors are |a;| = 5.10, |ay] = 5.63\, and |az| = 34.68\.

The primitive translation vectors have been derived using the following method.
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Intensity

Figure 4.2: Cross-sectional view of the interference pattern for a red detuned lattice.
The 2’ — ' cut is perpendicular to the [1,1,1] axis.
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Figure 4.3: Cross-sectional view of the interference pattern for a blue detuned lattice.
The 2’ — ' cut is perpendicular to the [1,1,1] axis.



CHAPTER 4. TRAPPING "LI IN AN OPTICAL LATTICE 50

First, we form a set of reciprocal lattice vectors

a1 = ki — ko, (4.1)
a2 = ki — ks, (4.2)
qs = ki — ky, (4.3)

where ki, ko, k3, and k4 are the propagation vectors for the lattice laser beams. From

these we derive a set of lattice translation vectors

a; = 27(q2 X q3)/q1 - 92 X qs, (4.4)
ag = 27T(<13 X Oh)/(h ‘g2 X q3, (4-5)
az = 2m(q1 X qa2)/q1 - g2 X q3. (4.6)

We then form the set of translation vectors ia; + ja, + kas (4, j, and k integers) from
which we extract the three primitive translation vectors. This algorithm has been
checked with numerical calculations of the interference patterns.

The periodic potential Uy(x) induced by the ac Stark shift of the ground-state
atomic energy levels is Up(x)/h = 3, Q2 (x)/A;, where Q, ;(x) is the Rabi frequency
for the ith optical transition and A, is the detuning from this transition. This expres-
sion is strictly valid in the limit where the detunings are much larger than the natural
linewidths (5.9 MHz for the Li 2P resonances), and is an excellent approximation for
the detunings in our experiments. In principle the potential strength also depends on
the polarization of the light at position x and the ground-state Zeeman sublevel of the
atom. However, in the limit where the detuning is much larger than the excited-state
fine-structure splitting, these dependencies become negligible. For Li, the 2P/, level
is separated from the 2P/, level by only 10 GHz, so this approximation holds in our
experiments. The power in each of the four beams was 50 mW for the red-detuned
lattice, which gave a peak intensity of 560 W/cm? at each lattice well site. At an
intensity of 560 W /cm? and detuning of 1 nm, the ground state energy shift is 23 Eg.
The lattice potential is conservative in so far as the atom does not spontaneously

scatter lattice photons. Since the scattering rate is 7,0 ~ ['(Q22/A2) in the limit
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A > T, high laser intensities and large detunings are required for deep lattices and
low scattering rates. For 560 W/cm? intensity and 1 nm detuning, the scattering
time is ~ 12 ms. With a blue-detuned lattice, the linearly polarized beams each had
33 mW power, while the circularly polarized beam had 100 mW power, yielding a
peak intensity of ~ 300 W/cm?.

4.3.2 Experimental sequence

We loaded atoms into the lattice from a MOT using the methods described in Chap-
ter 3. Separate dye lasers were used to generate the laser light for the MOT and
for the lattice. We routinely achieved densities of 2 x 10* atoms/cm? at tempera-
tures of 140uK after a 300-ms loading time. The initial 1/e diameter of the MOT
was ~ 200um.

The method for loading atoms from the MOT into the dipole-force lattice (DFL)
depended on the detuning of the lattice laser light. For red lattice detunings, the
lattice light was turned on during the final 6 ms of the MOT loading cycle, after which
the MOT trapping beams and magnetic field gradient were turned off. Figure 4.4 is an
image of Li atoms (bright dot in center) held in a red-detuned dipole trap, scattering
light from the resonant MOT cooling and trapping beams (visible in the image due
to light scattering off of untrapped Li atoms in the chamber). For blue detunings,
the DFL beams were turned on at the instant that the MOT light and magnetic field
were turned off. When the blue-detuned lattice light was on concurrently with the
MOT light, atoms were found to be ejected from the trapping region.

We optimized the loading parameters by maximizing the number of atoms loaded
into the lattice. After confining atoms in the DFL for a fixed holding time following
the turn-off of the MOT, the DFL was switched off (switching time ~ 10 us) and
the optical molasses light was turned back on for ~ 100 us. Light scattered from the
atoms during this interval was imaged onto a calibrated CCD camera. The number
of atoms was then extracted from the digital image of the atomic distribution.

To align the lattice beams, we loaded atoms into traps formed by the intersection

of pairs of the four red-detuned beams. This was done at a detuning where the dipole
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Figure 4.4: A red-detuned Li dipole trap. Li atoms (bright dot in center) are held
in the dipole trapping beams. The trapped atoms, along with untrapped Li atoms,
scatter light from the resonant laser cooling beams (broad light-colored areas).

forces from a single beam were not sufficient to support atoms against gravity, but
where the forces from a pair of beams trapped atoms in the beam intersection region.
By maximizing the number of atoms trapped for each of the 6 possible independent
beam-pair combinations, we were able to optimize the mutual overlap of all four
beams. The alignment was then checked by tuning the lattice laser to the blue of
the atomic resonance, changing the beam polarizations to those for a blue-detuned
lattice, and then verifying that atoms remained confined in the overlap region. In
the blue-detuned lattice configuration, atoms were confined only when all four beams
intersected.

The number of atoms remaining in the lattice as a function of holding time after
the MOT was turned off is shown in Fig. 4.5. For these curves, the lattice laser beams
were detuned 0.5 nm and 1 nm to the red of the 2P resonance, corresponding to max-
imum well depths of 46 Fr and 23 ER respectively. These curves were characterized

by an initial fast decay followed by a longer exponential decay.



CHAPTER 4. TRAPPING "LI IN AN OPTICAL LATTICE 53

105 |®
o..
) O~
E 9512000
S - “~e.
Z 4 R R e
10 SV o Re.e
e S e-
© <><>‘5‘5x‘<>_Q.5
3
10 0 20 40 60 80 100

Time (ms)

Figure 4.5: Number of atoms remaining in lattice vs. confinement time for detunings
of 0.5 nm (circles) and 1.0 nm (diamonds).

4.3.3 Trap loss

Spontaneous emission heats the atoms, taking them from bound states to nearly free
states where they quickly leave the lattice region. The calculated time for an atom to
gain enough kinetic energy to escape agrees well with the measured long exponential
decay time. We verified this interpretation by measuring the loss rate for a lattice of
the same strength, but having twice the spontaneous emission rate. This was done
by reducing both the intensity and detuning by a factor of two. The observed long
exponential decay was twice as fast as that of the original lattice, which is consistent
with the factor of two increase in the heating rate.

Another escape mechanism is diffusion of unbound atoms from the lattice region
to the lattice edges. From Monte Carlo simulations of classical particle motion in the
conservative lattice potential we find that, over the range of energies —0.4 Upax <
E < 0.2 Upay, particle motion is classically chaotic for the red detuned lattices (—Upax
is the lattice potential minimum), as illustrated in Fig. 4.6(a). For energies near

—0.4U .y, diffusion is anomalous, with atomic motion dominated by Levy flights.
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Figure 4.6: (a) Results of a Monte Carlo simulation of classical particle motion in
the lattice. Particles of energy E were initially randomly positioned in a primitive
lattice cell at time ¢ = 0. The subsequent mean-squared displacement (x(¢)?) of the
distribution was parameterized as Ct*. For energies —Upax < F < —0.4Upax, « =0
since particles are confined in potential minima (there is a saddle point in the potential
at —0.4Upax). For a = 1, motion is diffusive, while for o = 2 motion is ballistic. (b)
Energy wvs. quasi-momentum for quasi-momentum q = kq;, where the reciprocal
lattice vector q, = (27/A)(1 —+/3,1,1)/v/3 and 0 < k < 0.5.

Related studies of classically chaotic transport in 2-D periodic lattices were done by
D. Chakovsky and G. Zaslavsky [82] and T. Geisel et al. [83].

From these calculations, we estimate escape times of ~ 10 ms for a 1-nm red-
detuned lattice, in rough agreement with the observed fast decay rate. The fast
decay was too rapid to be consistent with a collisional loss mechanism. Furthermore,
lattice wells are expected to shield collisions for pairs of atoms in adjacent wells, and
the probability of finding two atoms in the same well is small ( ~ 1%).

A third possible loss mechanism is tunneling to the edges of the lattice. We cal-
culated the energy band structure for our lattice through standard application of the
Bloch theorem in order to estimate the importance of this process. Fig. 4.6(b) shows

band energy as a function of quasi-momentum along one of the reciprocal lattice
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vectors for a red-detuned lattice 15 Er deep. For the lowest lying energy bands, a
tight binding approximation produced band energies which were consistent with the
exact calculation. In this limit, atoms are viewed as nearly bound by harmonic po-
tentials near lattice potential minima, with the low-lying band structure arising from
tunneling between nearest neighbor lattice sites. From the calculated dependence of
the nth band energy F,, on quasimomentum q we estimated the effective velocities
Vet = (1/h)VqE,(q) in the lattice. We found that the maximum speeds range from
0.01 cm/s to 0.3 cm/s in the lowest 15 bands. In the ~ 100-ms duration of our exper-
iment, the majority of atoms in these states travel significantly less than the spatial
extent of the lattice. We also expect spontaneous emission to dephase the wavepacket
coherences necessary to ensure ballistic transport. In this case, atomic motion be-
comes diffusive rather than ballistic, and the estimated escape times are substantially
longer. Finally, other perturbations, such as temporal and spatial fluctuations in

lattice strength, may also serve to localize atomic motion.

4.4 Velocity selection and adiabatic cooling

We measured the velocity distribution of the trapped atoms using a time-of-flight
technique. By imaging the size of the cloud a fixed delay (typically 2 ms) after
the DFL beams were turned off, we were able to infer the initial atomic velocity
distribution from the ballistic expansion of the ensemble. The optical axis of the
imaging system was in the [-1,-1,1] direction in the coordinate system used above to
define the lattice propagation vectors. For strong red-detuned lattice potentials the
measured velocity spreads were nearly as large as those of the atoms in the MOT.
For weaker lattice potentials, only the coldest atoms in the MOT could be confined,
and the measured velocity spreads were lower. For example, ~ 4000 atoms were
confined with an rms velocity spread corresponding to an effective temperature of
1.8uK, nearly a factor of 2 below the single photon recoil temperature of 3K. These
measurements were made after a 10 ms holding time in the lattice, and the lattice
beams were detuned 10 nm red of the 2P transition. The velocity distributions were

observed to be nearly isotropic and nearly Gaussian. We checked for anisotropy in
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the third dimension by viewing the cloud from the [-1,-1,-1] direction.

Atoms confined in the optical lattice were adiabatically cooled by slowly lower-
ing the lattice potential. Atoms are cooled when the change in potential depth is
slow enough that atomic population in a given energy band does not make non-
adiabatic transitions to adjacent bands during the cooling period. In this limit, the
atomic quasi-momentum adiabatically maps onto real momentum as the potential
is extinguished. Using this adiabatic approximation and knowing the initial distri-
bution of atomic population in the energy bands allows the final momentum dis-
tribution to be calculated. For example, in a 1-D lattice of periodicity a, atoms
initially residing in the nth energy band have a final momentum p; in the range
2rh(n —1)/a < |p;| < 27hn/a [49]. In principle, lattices with large periodicities are
capable of yielding extremely low final momentum spreads. However, attaining such
low effective temperatures requires a mechanism for loading atoms into the lowest
energy bands.

Optimum adiabatic cooling results were obtained in a lattice configuration of tight,
deep potential wells, where atoms were efficiently loaded into the lowest energy bands.
By focusing the red-detuned beams to a 140-um 1/e? diameter we achieved a factor
of 13 increase in laser intensity. The propagation direction of the [1,1,1] beam was
reversed to reduce the lattice periodicity and the laser was detuned ~ 200 GHz to the
red of resonance, resulting in an ~ 20 ER energy splitting between the lowest lying
bands. By lowering the potential depth exponentially with a 1/e time constant of
400 ps just after turning off the MOT, the temperature of the ensemble was reduced
by a factor of 2, to 80 uK. We note that cooling performance might be significantly
enhanced by using other cooling methods (sideband cooling, for example) to initially

prepare atoms in the low-lying energy bands.

4.5 Summary

In this experiment, we demonstrated atomic confinement in far-detuned optical lat-
tices. The decreased scattering rate from far-detuned light enabled the construction

of lattices with periodicity greater than A in three dimensions. Atoms were cooled
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by adiabatically reducing the intensity of the lattice light, and velocity selected en-
sembles were prepared by trapping with weak lattices. While the lattices were not
practical for quantum many-body experiments, the experiment was a significant step

in optical lattice confinement research for cold atoms.



Chapter 5

Light-induced atom desorption

5.1 Motivation: BEC

The evaporative cooling techniques used to achieve Bose-Einstein condensation [22,
23, 24] rely on loading large numbers of atoms into atom traps with long trap lifetimes.
The approach originally taken by Anderson et al. [22] was to load Rb atoms into a
vapor cell [40] magneto-optic trap and to subsequently transfer atoms into a magnetic
trap located in the same cell. Large numbers of atoms and long lifetimes were achieved
by optimizing the Rb vapor pressure and by working with long loading times.

We found a simple way to improve such a setup by modulating the vapor pressure
such that it is high for initial trap loading and then low again in order to achieve
long lifetimes in a magnetic trap. Low-intensity white light was used to increase the
loading rate of 8"Rb atoms into a vapor cell MOT by inducing non-thermal desorption
of Rb atoms from the stainless steel walls of the vapor cell. An increase in Rb partial
pressure reached a new equilibrium value in less than 10 seconds after switching on
the broadband light source. After the source was turned off, the partial pressure
returned to its previous value in 1/e times as short as 10 seconds.

The technique requires the use of a white light source (WLS) with radiation in-
cident upon the inner walls of the vapor cell. When such a light source is turned
on, Rb atoms that coat the inner walls of the stainless steel vacuum chamber are

quickly desorbed and the Rb vapor pressure suddenly increases. The vapor pressure
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soon returns to equilibrium after the WLS is turned off. This enables loading large
numbers of atoms into the MOT in a relatively short amount of time, while preserving
the low pressures required for long magnetic trap lifetimes. The WLS method that
we describe here is a possible alternative to the double-chamber techniques [84] and
Zeeman-slowing techniques [24, 23] currently used to capture atoms before evapora-
tive cooling in a magnetic trap.

We performed this experiment before obtaining BEC, and the technique was not
used in our initial BEC experiments. Our vacuum system was redesigned and rebuilt
after completing this experiment. However, the results show how an interesting and
little-known phenomenon can be used to increase the number of atoms loaded into
a vapor cell MOT, with the main advantage of creating a more favorable situation
for reaching BEC. The experiment also elucidates the main principles of concern in
trying to reach BEC in a vapor cell, namely the tradeoff between atom number and
trap lifetime.

Light-induced atom desorption (LIAD) has previously been used to obtain opti-
cally thick Na and Rb vapors in cells made of glass, pyrex, and sapphire [85, 86].
In most of these experiments, the inner walls of the vapor cells were coated with
paraffin or silane in order to enhance the LIAD efficiency by reducing the alkali atom
adsorption energy [87]. In our work, an optically thick vapor was not required. Since
we did not need desorption rates characteristic of coated cells, we could desorb atoms

directly from stainless steel.

5.2 Vapor cell magneto-optic traps

We first review the basic mechanisms involved in the operation of a vapor cell MOT,
lucidly described in Ref. [40], in order to understand the gains available with the
LIAD method. In a vapor cell MOT, atoms are loaded into the MOT at a rate R.
This rate depends upon the size and intensity of the laser cooling and trapping beams
and the Rb partial pressure. Atoms with velocities below a critical velocity will be
captured by the trap. Atoms are also lost from the trap due to collisions with other

atoms, limiting the number that can be loaded into the MOT. The rate equation for
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the number, N, of trapped atoms is given by

%-R—N(%Jr%)—ﬂ/n%ﬂ/, (5.1)
where 1/7, is the trap loss rate due to collisions with background gas atoms and
1/7rp is the loss rate determined by collisions with untrapped Rb atoms. The trap
density, n in the volume integral, contributes to density-dependent losses within the
trap with a loss coefficient of 5. The loss rate 1/7, is proportional to the pressure of
the background gas, and like R, 1/7gy, is proportional to the Rb partial pressure. In
the absence of density-dependent collisional losses (5 = 0) [14], and with a Rb partial
pressure that is much higher than the background pressure (1/7gp > 1/7,), the rate
equation becomes N N

= R — - (5.2)
The limiting number, Ny, that can be loaded into the MOT is obtained when the
increase in number due to loading balances the loss due to collisions. At this point,

N = Ny, and dN/dt = 0, yielding
th == RTRb, (53)

independent of the Rb partial pressure [40].
Frequently, the background-gas collisions can not be neglected, and the total num-
ber reached will be less than Nj;,. The maximum number N, that can be captured

for a given Rb partial pressure will then be given by

T™MOT
Nmax - Nlim

= RTMQT, (54)
TRb

where
1 1 1
= — 4+ —. (5.5)

™OT Th TRb

If the trap starts filling at time ¢t = 0, the number of atoms in the MOT at any point

in time is given by

N(t) = Nmax [1 — exp (— t ) . (5.6)

™OT
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Because of the appearance of myoT as the time constant in the exponential, we define
mvot as the MOT loading time constant.

The lifetime of a magnetic trap in the same chamber also depends upon the colli-
sion rate of trapped atoms with background atoms. Thus the magnetic trap lifetime
7 is proportional to myor. We express this proportionality as 7 = myor/«, where for
our traps, a ~ 4. For evaporative cooling experiments, where large numbers of atoms
and long magnetic trap lifetimes are both necessary, the product of total number N,
and magnetic trap lifetime is the critical parameter to maximize [88]. Because of the
relationship between 7 and myor, we can alternatively view this requirement as maxi-
mizing the product of N.« and Tyior, and we must then find the optimum Rb partial
pressure for a given background pressure. Multiplying Eq. 5.4 by myor leads us to
maximization of 7y /7, (remembering that Ny, is independent of vapor pressure).
Under optimal conditions, with constant Rb partial pressure, Ny.xTvoT is maximized
for 1, = TRy = Tmo1/2 and hence Nyax = Nim /2 and Nypaxmvor = NimTh/4-

However, we can further improve the number-lifetime product (which from now
on we will generally designate as N7) by permitting a modulation of the Rb vapor
pressure. If the Rb partial pressure is temporarily increased until the trap contains
the maximum possible number of atoms (N = Ny.x = Nim), at which point the Rb
vapor is suddenly reduced to a negligible level (nyor ~ 7,), an increase of a factor of 4
in N7 will be realized. Furthermore, the time needed to load the MOT is significantly
shortened when 7, < 7, during the loading interval, increasing the repetition rate
of the experiment.

The goal of our experiment was to realize gains in N7 by modulating the Rb
vapor pressure in the described manner with the white light source, thus improving

conditions for evaporative cooling and reaching the BEC threshold.

5.3 Experiment
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Figure 5.1: An illustration of our apparatus. The MOT was formed in the atom
trapping chamber, and the WLS light entered into the chamber through a window.

5.3.1 Lasers

The lasers used in the experiment were Silicon Diode Labs diode lasers, with a spec-
ified output of 50 mW each. The lasers were operated in an external-cavity Littrow
configuration, with a reflective grating acting as an output coupler. Two of the lasers
were locked to Rb transitions using saturated absorption techniques; the third laser
was injection locked with light from one of the grating-stabilized lasers. More details

on the lasers and the laser lock are provided in Chapter 6.

5.3.2 Rb vapor cell

Our stainless steel vacuum chamber consisted of a vapor cell atom trapping chamber
with indium-sealed windows, a liquid nitrogen-filled cold finger which protruded into
the chamber, and a Rb cold finger at 0°C, as shown in Fig. 5.1. The vacuum in the
chamber was maintained by a Ti-sublimation pump and an ion pump. We maintained
a Rb vapor in the chamber by occasionally opening a valve between the chamber and
a Rb cold finger. This replenished Rb that had been pumped out of the chamber.
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5.3.3 Light-assisted losses

The analysis of section 5.2 assumed that § in Eq. 5.2 (the light-assisted, density-
dependent loss coefficient) was zero. In practice, these light-assisted losses limit the
number of atoms loaded into a bright MOT. One solution to this problem, first
demonstrated by Ketterle et al. with sodium [71], was the dark spontaneous-force
optical trap (SPOT) technique. In this scheme, resonant laser light is eliminated from
the center of the MOT trapping beams, but light at the edges of the trap continues
to capture and cool atoms. The atoms are pushed towards the center of the trap,
where they are optically pumped into a dark ground state (for us, this was the F' =1
level) and refrain from scattering light from the trapping beams. Consequently, this
is referred to as a dark MO'T, or dark SPOT.

The dark MOT is created by eliminating the central area of the repumping light,
leaving the molasses beams intact. The trapping light at the center of the trap thus
pumps atoms out of the bright state. This method was further modified by Anderson
et al. at JILA for Rb [88]. In rubidium, the probability of excited state decay into
the upper ground state compared to the lower ground state is much higher than for
sodium. For this reason, the JILA group used an additional optical pumping beam

to force the trapped atoms into the dark state.

5.3.4 The Rb MOT

Our MOT was constructed using a forced dark SPOT technique [71, 88]: a 4-mm
opaque spot was placed in the center of the path of the repumping laser light, and
was imaged onto the region in the chamber where the trap was formed. Another
laser beam filled the hole in the repumping beam, and was used to optically pump
trapped atoms into a dark state. This technique reduced the trap loss rate due to
light assisted, density-dependent collisions between trapped atoms. The Rb trapping
light was tuned 13 MHz below the 5S;,2, FF = 2 — 5P, [’ = 3 transition, and
was provided by six 23-mW /cm?, 1.2-cm diameter laser beams (see Appendix A for
the 8"Rb energy level structure). The 2.7-mW /cm? repumping laser beam was tuned

15 MHz below the FF = 1 — F’ = 2 transition, and the 9-mW /cm? forced optical
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pumping light was tuned to the F' = 2 — F’ = 2 transition. The number of atoms in
the trap was measured by detecting light scattered by the trapped atoms. This was
done by turning off the F' = 2 — F’ = 2 light for ~ 50 ms and filling the hole in
the repumping beam with a separate bypass repumping beam such that the trapped
atoms were made bright by scattering light from the trapping beams. A fraction of
the light scattered by the trapped atoms was collected and focused onto a calibrated
photomultiplier tube. Loading rates (R) and MOT loading time constants (mvor)
were measured by detecting the number of atoms at sequential points in time as the
trap filled.

5.3.5 White light source

The white light used to enhance trap loading was provided by a fiber optic illuminator,
consisting of a halogen bulb with variable power and a fiber bundle which pointed
the light into the vapor cell. The coupling of the light from the bulb into the fiber
gave a maximum intensity onto the inner vapor cell wall of ~ 10 W/cm?. The WLS

was switched on and off electronically.

5.3.6 Measurements

To measure myioT, we measured the number of atoms loaded into the trap as a function
of time both with and without the WLS. The loading curves were exponential in time,
as expected for a trap without light-assisted losses. Typical filling curves are shown in
Fig. 5.2(a) for various WLS intensities. In the figure, the curve representing the fastest
filling rate, with a WLS intensity of ~ 10 W/cm?, shows a loading time constant of
mvor = 67 s and a maximum number of ~ 1.3 x 10® atoms as determined by the
exponential fit. Without the WLS, the loading time constant was myor = 538 s and
the maximum number was ~ 2 x 107 atoms. Values of number loaded and loading
time constants for the curves shown in Fig. 5.2(a) are given in the second and third
columns of table 5.1.

A key factor to consider in optimizing N7 using the WLS scheme is the time for

the vapor pressure to return to lower equilibrium values once the WLS is switched off.
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Figure 5.2: (a) Comparison of trap loading with and without the additional external
white light source. (b) Trend of the loading rate as a function of time after the
WLS is turned off. The lower dashed line shows the loading rate before the WLS
was turned on. For both (a) and (b), open triangles represent a WLS intensity of
~ 10 W/cm?, closed triangles represent a WLS intensity of ~ 5 W/cm?, and the open
circles represent a WLS intensity of ~ 2 W/ecm?. The closed circles in (a) represent
loading without the WLS. See Table 5.1 for numerical results of the data shown in
these plots.



CHAPTER 5. LIGHT-INDUCED ATOM DESORPTION 66

WLS inteDSity NO T™MOT | Tree,1 | Trec,2
(W/cm?) (107 atoms) | (s) | (s) | (s)

10 13.3 67 6.5 | 113

) 9.3 120 | 8.2 | 167

2 5.2 267 9 162

0 1.9 538 — —

Table 5.1: Loading and recovery characteristics of the MOT for various WLS
strengths. N, indicates the maximum number of atoms that can be loaded into the
trap for the corresponding Rb partial pressure. The MOT loading time constant is
given by mvor and the fast recovery time constant is listed as 7ec,1. The time 7.2
is the longer time constant in the exponential fits to the data shown in Fig. 5.2(b).

We define this time as the vapor pressure recovery time. A liquid nitrogen cold finger
in the main chamber was used to decrease the Rb vapor pressure and shorten the
recovery time after the WLS was switched off. In our cell, the cold finger had little
effect on the background gas pressure, but shortened the recovery time by a factor
of ~ 2. Furthermore, our experimental timing sequence consisted of a MOT loading
phase with the WLS switched on, followed by a MOT holding phase, during which
the atoms were held in a MOT with the WLS switched off. This enabled us to keep
a large number of atoms trapped while waiting for the vapor pressure to decrease
before extinguishing the trapping light.

In order to evaluate vapor pressure recovery times, we measured loading rates
(proportional to the vapor pressure) as a function of time just after the WLS was
switched off. For the data shown in Fig. 5.2(b), the WLS was left on until the Rb
partial pressure reached a saturated level. The WLS light was then turned off, and
the number of atoms loaded into a MOT in 5 seconds was repeatedly measured. After
each measurement, the MOT light was kept off for 5 s, and then the MOT started
filling again for the subsequent 5 s filling rate measurement. This set of measure-
ments indicated the speed at which myor and the Rb vapor pressure could recover
after the WLS was turned off, and demonstrated that the recovery time was roughly
independent of the WLS intensity. The fastest loading rate shown with the WLS on
was ~ 8 x 10° atoms/s, and with the light off was ~ 2.7 x 10* atoms/s. Each loading
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rate vs. time curve in Fig. 5.2(b) was fit with a sum of two decaying exponential
curves. The time constants for the loading rate to return to lower equilibrium values
were ~ 8 s for the fast recovery time (7,e.1), and between 113 s and 167 s for the
slower recovery time (7,..2). Table 5.1 contains a list of recovery times.

To help evaluate the vapor cell performance, the values for Ny, and 7, were
estimated by measuring N and 1ot for various Rb partial pressures. Experimentally,
we varied the Rb partial pressure by adjusting the intensity of the WLS. We estimated

Ty, ~ 700 s and Ny, = 1.9 x 10% atoms for our operating parameters.

5.4 Modeling the effects of the white light source

We now describe a detailed model for determining the number and lifetime of traps
loaded with the WLS to demonstrate the possibility of increasing N7 under realistic
experimental conditions. Specifically, this model includes the effects of finite vapor
pressure recovery times and finite loading times. Without the use of the WLS, and
with long loading times, N7 in a magnetic trap can obtain a maximum optimal value
of

(NT)opt = NiimTh/4cx (5.7)

with gy, = 7,. We will compare the performance of a WLS-loaded MOT to (NT)pt
to demonstrate the effectiveness of a WLS-loaded MOT.

For a trap loaded with the WLS, calculating N7 is more complicated. We divide
the experimental cycle into three time periods. During the first period, the MOT is
loaded, and the WLS remains on for the duration of this period. We call this period
the MOT loading phase, which has a duration of time ¢;. The cycle then enters the
MOT holding phase, which has a duration of time ¢5. In the holding phase, the WLS
remains off, allowing the vapor pressure to recover while continuing to hold a large
fraction of the trapped atoms in the MOT. In the third period of the cycle, the MOT
beams are also turned off and the atoms are trapped in a magnetic trap. This period
begins at time tp = t; + 1.

Variables for the number of atoms in the trap can be defined at the boundaries
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Figure 5.3: The timing sequence used in the experiment and in the calculations. The
plot is a representation of the number of trapped atoms as a function of time. The
dashed lines separate the different stages of trap loading and holding. The number of
trapped atoms at the end of the MOT loading and holding phases is given above the
N ws. time curve. The states of the MOT and the WLS are also listed for the time
intervals t; and 5. After the MOT holding phase, at time t1 = t; + t5, Nwrs atoms
are assumed to be loaded from the MOT into a magnetic trap.

of the time periods. At the beginning of the loading phase, N = 0. By the end of
the loading phase at time ¢;, N; atoms are in the MOT. The cycle then enters the
holding phase, during which some atoms are lost from the trap due to a decreasing
Rb partial pressure. We define Nwrs to be the number of trapped atoms remaining
at the end of this period. The “WLS” subscript emphasizes that this number was
obtained using the WLS. The cycle then enters the magnetic trap phase, and Nwrs
atoms are loaded into the magnetic trap. Because of the continually decreasing vapor
pressure (from having used the WLS), the number of atoms in the magnetic trap
decays faster than exponentially. Since we desire to maximize the number-lifetime
product for the magnetic trap, we define an effective lifetime Twrs as the time at
which the number of atoms in the magnetic trap has reached (1/e) Nwrs. The entire
cycle as described is illustrated in Fig. 5.3.

Our intent in this analysis is to compare NwisTwrs with both N7 for unmodulated

Rb pressures at varying loading times and with (IN7),p, as defined in Eq. 5.7. First,
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we calculate the number of atoms Ny in the MOT at t;. At the beginning of the
MOT loading phase, the WLS is turned on, and the loading time constant associated
with the Rb partial pressure quickly drops to a value of 7. We thus obtain

Nlim

Ny = —"m
! 1+7'1/Tb

[1—exp(—t;[1/m1 4+ 1/7))] (5.8)
from the use of Eqgs. 5.6 and 5.4.

We then enter the holding phase. The WLS is turned off, and the number of
atoms in the MOT is governed by the rate equation dN/dt = R(t) — N/1y(t) — N/,
where 7, is the loading time constant associated with the decaying Rb vapor pressure.
The time dependence of R and 75 is made explicit, since these values depend upon
the decreasing Rb vapor pressure. The loading rate R(t) and the loss rate 1/m(t) are
assumed to decay exponentially (with a time constant of the vapor pressure recovery
time) to the steady-state values R(t) — 0 and 1/m(t) — 0 (negligible Rb vapor
pressures) as the vapor pressure recovers. The rate equation is numerically integrated
to determine the number of atoms, Nwris, left in the MOT at time ¢, the point at
which the MOT is turned off.

We finally enter the magnetic trap phase of the cycle, where we must determine
the effective magnetic trap lifetime 7wps by numerically solving the rate equation
dN/dt = —a - (N/73(t) — N/7,). Here, 1/73(t) has an initial value of 1/7(t) and
decays exponentially in time to 0 as the vapor pressure continues to recover. Finally,
we can write the number-lifetime product of the WLS-loaded MOT, designated by
(NT)wrs, as (NT)wrs = NwrsTwrs-

We numerically investigated the performance of the MOT loaded with the WLS
by comparing (N7)wrs with N7 for unmodulated pressures (Fig. 5.4). Figure 5.4(a)
shows the number-lifetime product due to trapping atoms in a MOT for a time t = 7,
as a function of the fraction of the loading cycle that the WLS is used. We assume
that Npax = Nim/2 for unmodulated partial pressures, and an arbitrary value of
Niax = Nim/(1 4+ 71/7) = (0.9) Nim (see Eq. 5.8), or equivalently 7 = (0.1)mn,, for
the modulated partial pressures. Here, the chosen value of N,., can not be set to

Njim due to limitations in the numerical calculations. Fig. 5.4(b) shows the same
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conditions as Fig. 5.4(a), but here we have plotted the ratio of (N7)wrs to N7 with
unmodulated pressures after a total MOT trapping time of tr = 7,. Figures 5.4(c,d)
illustrate the enhancements due to WLS-loading for a total loading time of t1 = 27,.

The optimum time to leave on the WLS is determined by the maximum point of a
given curve. In the calculations, the gain in N7 after using the WLS is less than the
maximum possible value of 4 due to the need to allow the vapor pressure to recover
before loading into a magnetic trap. The highest values that can be achieved for N7
with and without the WLS are plotted against total loading time ¢1 in Fig. 5.5 for
the same conditions as in Fig. 5.4. The gain in using the WLS is again less than the
ideal maximum factor of 4 for long loading times. However, for short loading times,
N7 for unmodulated pressures is much lower than (N7).p as demonstrated by the
gray curve in Fig. 5.5(a), so modulated vapor pressures can give substantial benefits
in this regime. This is shown by the larger N7 ratios in Fig. 5.5(b).

As a concrete example of interpreting the plots given here, we assume that we have
a system that has a vapor pressure recovery time of 0.107,. Thus we are concerned
with the top curves in Figs. 5.4(a-d) and 5.5(a,b). If we load the vapor cell MOT
without modulating the Rb partial pressure, we can achieve a value of N7 ~ 1 (in
units of (N7)ept = NimTb/4c) after loading the trap for a total time of t1 = 27, as
shown in the lower curve of Fig. 5.5(a). However, if we modulate the Rb pressure with
the WLS, we can triple the value of N7 for the same total MOT trapping time. To
determine the proper time to remove the WLS light, Fig. 5.4(c) indicates beginning
the MOT holding phase at an optimum time of ~ 0.37, before loading the magnetic
trap. Alternatively, we can shorten the loading time to ~ 0.57,, as demonstrated in
Fig. 5.5(a), and maintain the same gain in N7. In doing so, we would not only gain
a factor of 3 in N7, but we would also increase the repetition rate of the experiment
by as much as a factor of 4. If instead we load the experiment for a fixed amount
of time in either case (with or without the WLS), we should look at Fig. 5.5(b) to
compare the N7 products. For a total MOT trapping time of tt = 0.47,, we would
achieve over a five-fold gain in N7 by modulating the WLS.
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Figure 5.4: (a) The calculated products (N7)wrs/(NT)opt, after a total MOT trap-
ping time of ¢tv = m,. The Rb-limited lifetime is assumed to quickly decrease to
71 = 7,/10 when the WLS is turned on. The curves show (N7)wrs at varying times
t1 (as a fraction of ¢r), the point in the MOT loading cycle at which the WLS is
turned off, with the remaining time in the cycle ({1 — ¢;) permitting recovery of the
Rb partial pressure with a time constant of 0.0357, (black line), 0.057, (dotted), 0.17,
(short dashed), 0.157, (dashed-dotted), and 0.27, (long dashed). N7 for unmodulated
vapor pressure is shown as a solid gray line, after a loading time of 7 = 7,. (b) The
ratios of the upper curves in (a) to the value of N7 for unmodulated vapor pressure
after a MOT trapping time of 70 = 7,. (c,d) Same as for (a) and (b), with a total
loading time of t1 = 27,,. These plots demonstrate that for a given recovery time and
MOT trapping time (tr), there is an optimal WLS duration (¢;) the maximum point
on the plotted curves.
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Figure 5.5: (a) Values of (N7)wrs for WLS loading as a function of ¢r (as a fraction
of 7,). The limiting number of atoms that can possibly be loaded into the WLS trap
is assumed to be (0.9) Ny, (top curves), or equivalently 71 = 7,/10 when the WLS is
turned on. The curves represent recovery times 0.0357, (black line), 0.057, (dotted),
0.17, (short dashed), 0.157, (dashed-dotted), and 0.27, (long dashed). The variation
of the non-WLS-loaded number-lifetime product with time (solid gray line) is shown.
The calculations assume that for any particular value of ¢, the WLS is turned off at
the optimal ¢; (see Fig. 5.4). The vertical axis is scaled to (N7)ept. (b) The ratios
of the upper curves in (a) to the value of N7 for unmodulated vapor pressure at any

given total MOT trapping time tr.
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5.5 Assessing the gains of LIAD

5.5.1 Observations

Experimentally, we were able to obtain an increase in N7 of a factor of ~ 2.2 using the
WLS technique. This was achieved with a MOT loading phase of duration ¢; = 100 s
and a MOT holding phase of duration ¢, = 50 s compared to a total loading time
of 470 s without the WLS. Note that in addition to the gain in N7, the total MOT
loading time with the WLS was 3.1 times faster than without the WLS, tripling
the repetition rate of experiments. The WLS experimental technique would be even
more beneficial by shortening the recovery time of the vapor pressure. This might
be accomplished by keeping a larger fraction of the inner surface of the vapor cell at

cryogenic temperatures or through optimization of the surface adsorption chemistry.

5.5.2 Extension of the technique to other atomic species

The use of LIAD to enhance loading of vapor cell MOTs may be applicable to other
atomic species. Lithium vapor cells, for instance, are difficult to work with due to
the high temperatures needed to create a substantial Li vapor. Yet if LIAD were to
work well with Li adsorbed on stainless steel, or between co-adsorbed Li atoms on a
surface, a Li vapor cell MOT would be practical. Although the effect has not yet been
quantitatively explored as it has been for Rb, we observed a LIAD induced increase

in the loading rate into a cesium MOT in a Cs vapor cell with aluminum walls.

5.5.3 Caution

Caution is necessary when using this technique with light intensities that are sub-
stantially higher (more than an order of magnitude) than the levels given here. In
exploring the effects of white light on the loading rates, we tried using a high-intensity
arc lamp for atom desorption. The light from the lamp was directed into the chamber
for ~ 5 seconds. The light did not thermally heat up the chamber in this amount
of time. However, the LIAD effect was extremely quick, producing a partial pressure

so high that we had the unfortunate experience of finding visible clusters of atoms
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re-adsorbed onto the inner surfaces of the windows of our vacuum chamber. This
drastically reduced the quality of our windows to the point where they were no longer
usable.

To recover from this problem, we built a new vacuum chamber. The new system
did not reveal LIAD effects for many months, during which time a Rb layer very
slowly built up on the inner chamber walls. This aspect is discussed at the end of
Chapter 6 in section 6.9. After two years of working with the newer system, however,
enough Rb had accumulated on the walls that the LIAD effect was very strong and

beneficial in enhancing our BEC creation technique.

5.6 Summary

In summary, we demonstrated that non-thermal light-induced atom desorption can
be used to effectively increase the number of atoms that can be loaded into a vapor
cell MOT. This technique benefits atom trapping experiments where large numbers

of atoms and long trap lifetimes are crucial.



Chapter 6

Bose-Einstein condensation of 5'Rb

6.1 Motivation

The original ground-breaking achievements of Bose-Einstein condensation (BEC) in
dilute atomic vapors have enabled new tests of theory for weakly interacting de-
generate Bose gases [22, 23, 24]. Since these achievements were announced, many
theoretical studies have been published regarding various aspects of BEC offering
complementary support to experimental efforts and providing motivation for further
research. Most experimental studies such as measurements of condensate fraction
and the mean-field interaction energy [89, 90] have been based on momentum distri-
bution measurements extracted from images of initially condensed samples following
an interval of free-space ballistic expansion.

In this chapter, we discuss complementary measurements of BEC characteristics
based on quantitative analysis of direct images of a ’Rb condensate. Our measure-
ments were made in a regime where the number of condensed atoms was small enough
that the kinetic energy of the trapped atoms could not be ignored in comparison with
the mean-field interaction energy. We have also explored various in situ imaging tech-
niques at the resolution limits of our imaging system in order to image low-number

condensates.
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6.2 Experimental approach to BEC

Our experimental approach to BEC production paralleled that of the first JILA exper-
iment [22]. In our experiment, atoms were initially captured from a dilute Rb vapor
into a MOT [7] operating in a modified dark-spot configuration [71, 88]. Atoms were
subsequently compressed [91] and cooled, optically pumped into the F' = 2, mp = 2
state, then loaded into a purely magnetic TOP trap [47]. Atoms were further com-
pressed by changing the TOP field parameters, and then evaporatively cooled [35]
to condensation. The condensates and thermal clouds were imaged using absorptive
and dark-ground [92] techniques.

Our approach deviated from prior work in the following respects. First, we
achieved a performance enhancement during the MOT loading period by captur-
ing atoms into a hybrid trap consisting of a MOT plus a weak rotating magnetic bias
field. Second, the bulk of the evaporation was done by reducing the strength of the
rotating component of the TOP magnetic field, while maintaining a fixed quadrupole
field gradient, rather than by rf-induced evaporation. Third, we carefully tailored
the TOP-induced evaporation sequence through a piecewise optimization of evapora-
tion parameters. This allowed us to obtain efficient evaporation with relatively small
numbers of atoms. Finally, we directly imaged the trap with an f/2.5 optical sys-
tem through high quality optical viewports, allowing comparison of characteristics of

low-number condensates in the TOP trap with theory.

6.3 Apparatus

6.3.1 Lasers

To cool, trap, and image the Rb atoms, we used three 780-nm Silicon Diode Labs
diode lasers which could operate at continuous power levels up to ~ 80 mW. The
lasers were mounted in homemade temperature-stabilized aluminum housings, with
a window in each housing to permit the laser light to escape. Two of the diodes
were installed in an external-cavity Littrow configuration: the highly divergent light

emitted from the laser was first collimated, and a reflective grating was used as an
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output coupler to reflect a portion of the light back onto the diode, inducing gain
in the cavity at the frequency of the reflected light. Because this frequency was
determined by the angle of incidence of the light on the grating, the laser frequency
was coarsely tuned by adjusting the grating angle.

The lasers were further temperature-stabilized by mounting each laser in direct
thermal contact with a thermo-electric cooler maintained at temperatures close to
room temperature. In order to operate the lasers in a single mode and lock the fre-
quency to a Rb optical transition, we used a standard saturated absorption technique
for the two grating-stabilized lasers. By frequency modulating the laser light and
detecting the modulated levels of laser absorption after passing through a Rb vapor
cell, we locked the frequencies of the lasers with a lock-in detection method.

The third laser in our setup was injection locked. Instead of using light reflected
from a grating to induce laser amplification, a small portion of seed light (typically less
than 1 mW) from one of the grating-stabilized lasers was directed into the trapping
laser, inducing amplification at the frequency of the injected light.

In order to adjust the laser frequencies and enable active control of the frequencies
while operating the experiment, we used the frequency shifts available with standard
acousto-optic modulators (AOMs). The AOMs were also useful in quickly modulating
the amplitude of the light for the experiment. However, because of the sensitivity of
evaporative cooling to stray light (which can cause heating), we also used mechanical
shutters in the beam paths to completely extinguish the light during the magnetic

trapping phase of the experiment.

6.3.2 Vacuum system

The vacuum chamber consisted of the atom trapping chamber, the vacuum pumps,
and a Rb source. The atom trapping chamber was a 2.5-cm thick stainless steel
octagon, electropolished to reduce the surface area within the chamber. The chamber
had viewport holes in six of the eight ~ 4.2-cm long sides, and on the top and bottom.
One-inch diameter anti-reflection coated optical viewports were attached over the

holes in the sides, with 2-inch diameter viewports on the top and bottom. A seventh
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Figure 6.1: A top view of the Rb atom trapping chamber

side was sealed with a blank stainless steel flange, and the eighth side was attached
to the vacuum pump section of the chamber.

The viewports, used to admit the laser light for imaging the condensate and for
the laser cooling and trapping, were vacuum-sealed to the chamber with indium, a
soft metal with a low vapor pressure. To seal a window to the chamber, a clean
loop of ~ 1 or 2 mm diameter indium wire was placed between the chamber and the
window. A flange, which screwed directly into the chamber around the window, was
then placed on top of each window (separated from the window by a thin piece of
mylar to relieve window stress). When the flange was slowly tightened, the pressure
of the flange on the window caused the indium to flatten and seal the gap between
the window and the chamber. A top view of the chamber with windows attached is
shown in Fig. 6.1.

Indium seals have many benefits. First, the seals are inexpensive and convenient
to use for simple custom-built vacuum chambers and for small systems with small
windows. One major advantage of the seals is the ability to attach high quality

optics to the chamber, without relying on commercially available vacuum viewports,
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typically of much lower quality than other available optics. Indium seals can also be
used reliably for very low pressures. Our system has obtained pressures in the 10712
torr range, inferred from MOT loading time measurements.

Indium seals also have drawbacks. For large windows, the probability of cracking
a window while increasing the flange pressure to form the seal can be a problem (this
was not the case with our 1 and 2-inch diameter, 1/4 and 3/8-inch thick windows).
The main drawback, however, is a low melting point of 157°C for indium. When
our vacuum system was initially baked out, the trapping chamber had to remain
at temperatures lower than desired. The vacuum chamber thus could not often be
opened since long times were needed to reach low background pressures. For these
reasons, it was helpful to have a small chamber with low surface area.

The system was pumped with a Varian 20-1/s ion pump and a Ti-sublimation
pump. The pumps were attached to the main trapping chamber with a 6-way cross.
A Rb partial pressure was maintained in the main chamber with a Rb coated cold
finger, also attached to the 6-way cross on the port opposite the main chamber. A
valve between the cross and the cold finger regulated the Rb flux into the chamber.
The cold finger was typically operated at room temperature, where the ratio of Rb to
background gas was highest (without additional heating). The picture of the vacuum
chamber shown in Fig. 6.2, taken during the move from Stanford to Yale, shows the

sections of the chamber.

6.3.3 DC magnetic-field bias coils

The magnets used on the ion pump created a bias magnetic field of ~ 1.5 G at the
center of the trapping chamber. The field due to the earth was ~ 0.5 G. In order
to eliminate these and other weaker stray magnetic fields, we used three pairs of
Helmholtz-configured coils to zero the magnetic field at the chamber center. Un-

wanted magnetic fields were cancelled by adjusting the currents in each bias coil.
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Figure 6.2: The vacuum chamber, before being loaded into a crate for transportation.
The atom trapping chamber is shown here covered in protective padding.

6.3.4 Spherical-quadrupole field coils

The two spherical-quadrupole magnetic field coils that produced the field gradient
for the MOT and the magnetic trap were created from insulated copper tubing with
a 0.25 inch x 0.25 inch square cross section. To dissipate the heat produced by the
coils while they were in operation, we cooled the coils by pumping water through the
tubing. Each cylindrically symmetric coil was wound with a radial depth of 8 turns
and a cylindrical height of 20 layers. The inner diameters of the coils were 4.5 cm.
High temperature epoxy was applied in order to maintain the shape of each of the
coils.

The coils were mounted with their symmetry axis parallel to gravity, one above the
trapping chamber and one below, with ~ 3 cm between the center of the chamber and
the inner layer of each coil. We were able to achieve linear magnetic field gradients
of 750 G/cm in the axial (vertical) direction by running 350 A through the coils,
supplied by a 40 V, 350 A EMI power supply.
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We used a high-current MOSFET circuit to switch off the current in the magnets.
Two MOSFETSs were connected in parallel, and inserted in series with the coils.
In order to quench damaging voltage spikes (> 100 V) across the MOSFETSs when
turning off the current, we placed an 80 V Zener diode array across the MOSFET
terminals, providing protection by conducting at voltage levels higher than 80 V. The
time to switch off the circuit at 30 A was ~ 0.5 ms.

In order to efficiently load atoms into a magnetic trap, the magnets also had to
be turned on quickly. The inductance, L, of the coils limited the turn-on time to
~ 20 ms when the MOSFET circuit was simply closed. We built an additional circuit
to circumvent this limitation. This second circuit consisted of a 1000 V capacitor,
with a capacitance of C' = 15 uF, connected across the magnetic field coils. A silicon-
controlled rectifier (SCR) was inserted into the loop formed by the capacitor and the
coils, and was normally non-conducting. A separate high-voltage, low-current power
supply and resistor were used to slowly charge up the capacitor to ~ 740 V in 30 s
during the MOT loading period. Just before transferring the atoms into the magnetic
trap, the magnetic field was switched off (see below for the experimental sequence),
and the MOSFETSs were non-conducting. To turn on the spherical-quadrupole coils
quickly, a TTL signal (4 V or 0 V, representing on or off logic states) was sent to an
opto-isolator which turned on the SCR, closing the coil-capacitor loop. Simultane-
ously, the MOSFETSs were returned to the conducting state. The capacitance C' was
chosen so that the LC' time constant of the capacitor and coils had an oscillation pe-
riod of ~ 1 ms. When the switch was opened, the energy stored in the capacitor was
resonantly transferred into the coils in times of ~ 0.5 ms, as expected from the time
constant. The SCR then returned to its non-conducting state and the conducting
MOSFETSs enabled the main power supply to drive the desired current through the
coils (the maximum current in the coils supplied by the capacitor matched the driv-
ing current from the power supply). With this configuration, we achieved a switch-on
time for the magnets of ~ 0.5 ms at currents of ~ 65 A. A circuit diagram for the

coils and switching circuits is shown in Fig. 6.3.
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Figure 6.3: The circuit diagram for the spherical-quadrupole magnetic field coils and
associated switching components

6.3.5 TOP field coils

We used a TOP magnetic trap to confine atoms during the evaporative cooling pro-
cess. The trap was created by adding a horizontal rotating bias field to the linear
magnetic field gradient produced by the spherical-quadrupole magnetic field coils.
The rotating bias field was produced by two orthogonal pairs of Helmholtz coils en-
circling the atom trapping chamber, as shown in Fig. 6.4. Each coil was made from
~ 20 turns of 1-mm thick insulated magnet wire, and wound in a ~ 5-cm X 12-cm
rectangular shape.

Each coil pair was driven with a 10.5-kHz ac current, with a 7/2-rad phase shift
between the currents in the two pairs to produce the bias field rotation. The phase-
shifted ac currents were generated by a single function generator with output divided
into two channels and then given the 7/2-rad phase difference. Each signal was routed
through a differential amplifier, then through a channel in a 500-W audio amplifier.
The coils were capacitively coupled to the amplifier output, with the capacitances
chosen to match the inductance of the TOP coils at the 10.5-kHz resonance.

The coils produced peak rotating magnetic fields of 80 G at the center of the
chamber. The strength of the field was controlled with the output from a triggerable
arbitrary waveform generator (AWG) that modulated the amplitude of the 10.5-kHz
function generator output. When the TOP field was near its maximum values, it

induced inductive heating in the stainless steel chamber. This had the detrimental
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Figure 6.4: The top coils, shown wrapped around the atom trapping chamber.
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effect of increasing the pressure in the chamber and shortening the magnetic trap
lifetime. In order to maintain long lifetimes and efficient evaporative cooling, we
actively water cooled the chamber with copper tubing wound around sections of the

chamber.

6.3.6 RF coil

The rf magnetic field was produced by two identical 2.5-cm diameter coils with 3
turns on each coil. The coils were wound from magnet wire, and rested against the
two 2-inch chamber windows, one above the chamber and one below. The light for
the vertically oriented trapping laser beams passed through the center of the coils.
The coils were driven at frequencies of ~ 0.5 MHz up to ~ 5 MHz. These frequencies
were produced by a triggerable HP frequency synthesizer, whose output was amplified
before driving the two coils connected in parallel. The variation of the rf frequency
with time was controlled by a linear frequency sweep produced by the synthesizer.

An illustration of our apparatus in Fig. 6.5 shows the positions of the field coils.

6.3.7 Timing system

The timing sequence of the experiment was controlled with a computer program
written by Todd Gustavson. The program controlled digital-to-analog boards with
outputs that could be varied independently between -10 and 10 V at times specified
by the user. The program provided convenient control of the timing of most of the
electronics used in the experiment, whether through TTL triggers or through analog

voltage levels.

6.4 Sequence

The BEC production sequence can be divided into two separate stages: the laser
cooling stage and the evaporative cooling stage. The inherent goal of each stage was
to constantly increase phase-space density, p. The ~ 150-s laser cooling stage of the

experiment was oriented towards beginning evaporation with the highest phase-space
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Figure 6.5: Schematic view of the experimental apparatus, showing the vacuum cham-

ber (octagon) and imaging optics (not to scale). The straight lines overlapping the

octagon represent the TOP coils that surround the chamber, and the overlapping
circles within the TOP coils represent the rf evaporation coils. The four dark arrows
represent the four MOT beams that lie in the horizontal plane. The beam paths of the

probe beam (dark lines) and the light diffracted/refracted by the atoms (gray filled
area) are also shown. The lens at position (1) collected the diffracted /refracted light,

which was imaged onto the CCD by the lens at position (3). Position (2) indicates
the focus of the unscattered probe light, which was the position of the dark-ground

imaging beam block.
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density possible, obtained by increasing the number of trapped atoms by first loading
the MOT. The evaporative cooling stage was designed to constantly increase p and

reach BEC while minimizing the number of atoms lost from the trap.

6.4.1 Dark MOT

The most effective method of increasing initial phase-space density was to cool and
collect atoms from the background vapor and load them into a MOT. Each of the
MOT laser beams had a 1/e? diameter of ~ 1.2 ¢cm, an intensity of ~ 10 I,,; and was
tuned 9 MHz to the red of the *Rb 555, F = 2 — 5Py5, F' = 3 transition (s is
the saturation intensity for the F' = 2, mpr = 2 — F' = 3, mpr = 3 transition, as given
in Appendix A). Another laser beam of intensity I, tuned ~ 5 MHz below the F' = 1
to F’ = 2 transition was used to repump atoms as they decayed into the F' = 1 ground
state. A 4-mm diameter dark spot in the center of this beam, filled with a second
beam tuned to the F' = 2 — [’ = 2 transition, was used to mitigate light-assisted,
density-dependent collisional losses, as described in Chapter 5. These losses were
further reduced by loading the MOT with a weak (~ 5 G) rotating magnetic field
component, created with the TOP coils, in addition to a quadrupole field gradient
of 5 G/cm. We found that this rotating bias field lowered the atomic density in
the central region of the trap. This was most likely due to a weaker curvature of
the magnetic potential at the bottom of the potential well. Operating with a vapor
pressure-limited 1/e loading time constant of ~ 90 s, we typically loaded ~ 10® atoms

into the MOT in a ~ 150-s time interval.

6.4.2 Transfer to magnetic trap

The next crucial pre-evaporation step was the transfer of atoms from the MOT into
the magnetic trap. Following the MOT loading stage, the atoms were compressed
in the MOT, then further cooled, before being transferred into the TOP trap. To
compress the atoms, the rotating bias field was turned off, the hole in the center of
the repumping beam was filled with repumping light tuned to the F =1 — F' = 2

transition, the trapping frequency was detuned to 42 MHz below resonance and the
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strength of the spherical-quadrupole field was ramped to ~ 8 G/cm. The MOT
compression stage [91], originally used at JILA, was designed to increase the density
of the trapped atoms, and thereby increase efficiency in loading into a magnetic trap.
The quadrupole field was turned off after the 100-ms compression stage so that the
atoms could be cooled in the ot — o~ optical molasses. We found that we were unable
to load atoms efficiently into the magnetic trap if the residual bias magnetic fields
during this stage were not cancelled properly with the fields from the dc Helmholtz
bias coils.

Following the 1-ms cooling interval the molasses beams were extinguished and
the atoms were optically pumped into the F' = 2,mprp = 2 Zeeman sub-level. The
optical pumping was accomplished by turning on a ~ 7-G rotating bias field and
subjecting the atoms to 5 resonant, circularly polarized, optical pulses of intensity
I =0.1 I, each pulse having a 16-us duration. The pulses were synchronized with
the rotation rate of the field, and occurred when the bias field direction was co-linear
with the propagation direction of the pumping beam. We found that using this optical
pumping technique was comparable to using a single 0.4-ms pulse of light with a dc
magnetic bias field concurrently pulsed on. Either case produced transfer efficiencies
of ~ 25% into the magnetic trap. Higher percentages could easily be achieved, but
at the expense of temperature and an overall decrease in phase-space density of the
magnetically trapped atoms.

The efficiency of the transfer into the TOP trap was also sensitive to the parame-
ters of the magnetic field during the transfer, and to the timing of the events during
this short period. Slight changes in parameters resulted in initial phase-space densities
that were too low to create a BEC. The optically pumped atoms were transferred into
the TOP trap using the following sequence. At the end of the optical pumping cycle,
the spherical-quadrupole field was snapped on to a radial gradient of B; = 55 G/cm
while the TOP field was simultaneously established at a strength of B, = 10 G
(500-us switching time for each field). The field strengths were then linearly ramped
over a 900-ms interval to B; = 275 G/cm and B,, = 36 G. The number of atoms in
the magnetic trap at this point was ~ 107 and the phase-space density of the cloud
was ~ 2 x 1070, Again, phase-space density is n\3,, where Ay, = \/27h*/mkgT is the
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thermal de Broglie wavelength, and n is the atomic density. The parameters used for
the transfer were optimized to maximize the phase-space density of the magnetically
trapped atoms.

The 900-ms period used to ramp up the field strengths provided adiabatic com-
pression. Although adiabatic changes do not increase the phase-space density, this
ramp was designed to increase the spatial density while sacrificing cold tempera-
tures. This was beneficial in initiating forced evaporation, which depends on the
re-thermalization rate after an evaporation cut. This rate is proportional to the col-
lision rate, which is inversely proportional to the density. The benefit of increasing
temperature and density adiabatically by compressing the trap was thus a decrease

in the total evaporation time needed to reach BEC.

6.4.3 TOP-induced evaporative cooling

Atoms were further compressed and evaporatively cooled after the initial TOP trap
compression stage by reducing the strength of the rotating field. For a TOP trap, the
trap curvature is B:]Q /B,ot. Reduction in B,,; increases the curvature, and hence com-
presses atoms. The trap depth, on the other hand, scales with B,..;, and thus decreases
with decreasing B,.;. The combination of these two effects enables efficient evapora-
tive cooling by reducing B,.;. The compression not only enhances the two-particle
collision rate and speeds up the ensemble thermalization time, but simultaneously
ejects the most energetic atoms from the trap.

Following Ketterle et al. [36], we define efficiency of evaporation as

In Pfinal/ Pinitial
- (Pinal/ Pinitiat)

_ ’ 6.1
In (Nfinat /Ninitial) o

where p is the phase-space density. In order to tune the efficiency of the evaporation
sequence, the rotating TOP field strength was ramped down in multiple stages [93].
To maximize v throughout the evaporation process, the duration and change in mag-
netic field strength of each segment of the TOP ramp were optimized for maximum
phase-space density increase, with the smallest possible loss in number of atoms. The

result of our optimization procedure is illustrated in Fig. 6.6. We measured phase-
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Figure 6.6: Evaporation characteristics vs. time for the TOP evaporative cooling
ramp. The horizontal axes indicate the time of a measurement, referenced to the
beginning of the TOP field evaporation ramp.
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space density using standard absorptive imaging techniques, as described below. Over
the course of the 24-s TOP-induced evaporation sequence, the loss in number of atoms
was a factor of ~ 100, while the phase-space density increased nearly six orders of

magnitude to ~ 1071, Our overall efficiency was ~ 2.8.

6.4.4 Magnetic trap imaging

To image an atom cloud, a collimated probe laser beam with electric field E,,ope (2, y)

is sent through the cloud. The transmitted field is given by

Etrans(2,Y) = Eprobe (2, y) exp [iB(z, y)], (6.2)

where B(x,y) = ¢(x,y) + ia(x,y)/2 is the phase of the transmitted light. Here,

alz,y) = /n(r)odz (6.3)

is the optical depth of the atom cloud, where n(r) is the cloud density at position
r, and o is the optical scattering cross-section. The dispersive phase shift ¢(z,y)
is determined through the relation ¢ = —(A/I')a. The object plane, where the
atoms and the incident probe laser interact, is imaged onto a camera that records the
intensity distribution of the transmitted intensity distribution as a digital image.
Neglecting aberrations of the field in the imaging process, an absorptive image

has an intensity distribution at the image plane of
I(2',y") = L(«', y Yexp[—ad/ (2, y)], (6.4)

where [ is the intensity of the unperturbed probe beam at the image plane, and the
variables (2/,y’) represent image plane coordinates. The function o/ (2',y’) is equal to
alx - M,y - M), where M is the magnification of the imaging system. In the image
plane, areas with high relative intensity correspond to weak or no absorption. The
area of the image that corresponds to the atomic cloud will display a shadow, a dark

region where the cloud has absorbed light from the incident beam. After absorption,
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the atoms re-radiate photons, whereupon the induced momentum kicks add kinetic
energy to the system. The absorptive image is independent of the dispersive phase
shift of the light.

We determined the density and temperature of the trapped atoms through absorp-
tion imaging. Our imaging geometry is illustrated in Fig. 6.5. To make an absorptive
image, trapped atoms were irradiated with low-intensity (~ 1072 I,,;) pulses of light
resonant (or nearly resonant) with the optical transition. Each 16-us circularly po-
larized pulse was flashed on synchronously with the TOP field when the rotating
bias field direction was parallel with the probe propagation axis. The shadow cast
by absorption from the atomic cloud was imaged onto a cooled CCD camera. The
magnification of our imaging system was 7.0 +0.3. The calculated diffraction-limited
resolution was ~ 2.6 um (1/e radius), while the measured resolution was 3.94+0.3 pm.
This measurement was made by imaging small ensembles of atoms in tight trapping
potentials, and independently by imaging test targets.

We analyzed the images by first extracting o/(2’,y’) from the images, scaling the
coordinates to obtain a(xz,y), then fitting a(x,y) to a Gaussian distribution. In the
harmonic trap, the 1/e size of the trap (r; in the radial direction and r, in the
axial direction) were directly related to the temperature, T', of the thermal atoms.

Assuming a 3-dimensional Gaussian atom distribution,

2.2
_ me Bt

= 6.5
4]{IB Brot ( )

Cloud temperatures were thus extracted from the fitted widths of a(z,y). Densities
were inferred from optical depths and widths through Eq. 6.3. Total atom number

was obtained from the density and size measurements via

N = no(/mrir.)?, (6.6)

where ng is the peak number density, and independently from a calibrated photo-
multiplier tube using light scattered from a separate laser beam. This beam was

pulsed on just after each absorption measurement had been completed.
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One of the main drawbacks to absorptive imaging was the limited dynamic range
in measuring optical depth (the other problem, already mentioned, being the heat
added to the system due to photon scattering). As « increases, the absorption ex-
ponentially approaches values near 100%. Small changes in the absorption in this
range (above av ~ 2) were not detectable, and quantitative information about o was
difficult to determine. For the highest phase-space densities in our experiment, the
trapping potential was thus adiabatically relaxed before taking an image, ensuring
that the peak optical depth was on the order of unity. The phase-space density in the
unrelaxed potential was inferred by scaling from those obtained in the relaxed poten-
tials (adiabatic changes in the trap potential by a factor x change the trap density

3/4 and temperature by x!/2, for a harmonic 3-dimensional trapping potential

by
[36]). The densities were low enough that collective optical excitation effects (such as

superradiance) could be ignored.

6.4.5 RF evaporative cooling: reaching the BEC threshold

The final stage of evaporative cooling was accomplished with rf magnetic fields, en-
abling precise control of the energy of the evaporative cut. The rf field was established
using the rf coils described in section 6.3.6. As the rotating bias field magnitude was
held at a constant value, the rf frequency was linearly ramped down in a 2 to 4-s
cooling interval. The final temperature depended on the rf frequency at the end of
the ramp. The threshold rf frequency for condensate formation depended on the mag-
nitude of the rotating field and the number of atoms in the trap, and was measured
by changing the final frequency of the sweep.

In order to obtain reliable images of the condensate, the magnetic trapping poten-
tial was adiabatically relaxed following the rf sweep, as described in section 6.4.4. This
reduced the optical depth of the cloud and increased its size. We typically reduced
the trap spring constants by a factor of 103 over a 0.4-s interval. The elastic collision
rates were high enough that the condensate was expected to maintain thermodynamic
equilibrium with the normal fraction over the duration of this expansion.

The entire BEC production and measurement sequence is illustrated in Fig. 6.7.
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Figure 6.7: The BEC production sequence. Amplitudes of various parameters (not
to scale) are shown to the left of the diagrams that they represent. The dashed
lines separate the production sequence into time intervals (not to scale), labeled with
capital letters at the bottom of the figure. The main events occurring during each
time interval are listed in the following table.
interval | event

A dark MOT loading
bright MOT
MOT compression
cooling in molasses
optical pumping
adiabatic compression in TOP trap
TOP-induced evaporative cooling
rf-induced evaporative cooling
adiabatic relaxation
hold in weak trap
BEC imaging
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Figure 6.8: Absorption images and corresponding optical density cross sections show-
ing the BEC phase transition for final rf frequencies of (a) 1.80 MHz, (b) 1.75 MHz,
and (c¢) 1.68 MHz. In (a), a single Gaussian distribution fits the data well. For (b),
the fit of a Gaussian distribution to the normal fraction is shown.

6.5 BEC measurements and images

Figures 6.8 and 6.9 show images of trapped atoms above and below the condensation
threshold.  Three different final rf values of the rf evaporative cooling ramp are
represented in Fig. 6.8: a frequency of 1.80 MHz, which was just above the condensa-
tion threshold; 1.75 MHz, which was just below the threshold; and 1.68 MHz, which
was far enough below the threshold to produce a nearly pure condensate (the normal
fraction was not resolvable). Images were acquired with up to four pulses of light.
We observed no change in the condensate images with an increasing number of detec-
tion pulses, indicating negligible heating during the measurement. The images were
analyzed by fitting two 2-dimensional Gaussian distributions to a(z,y). These Gaus-

sians fit a wide distribution, corresponding to the normal (uncondensed) fraction at
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Figure 6.9: Images of the BEC transition for final rf sweep frequencies of (a) No
rf applied, (b) 2.10 MHz, (c¢) 1.90 MHz, (d) 1.65 MHz, and (e) 1.60 MHz. The
condensate transition for this sequence occurred near 1.75 MHz. (f) An image of a
condensate in a strong magnetic trap, with low numbers of atoms. This image was
used as a test of the resolution of the imaging system.
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the wings of the observed atom cloud, and a narrow distribution, corresponding to
condensed atoms at the center of the atom cloud. We extracted the optical depth
and size for both the normal and condensed fractions of the cloud from these fits. We
then corrected the measured widths for the finite resolution of our imaging system.
The temperature (7') was determined from the size of the normal cloud. The num-
ber of atoms in the condensate (N¢o) and in the normal fraction were inferred from
the optical depth and size of each component. The total number of atoms (V) was
determined by summing the number in each component.

We were also able to achieve condensation solely through manipulation of the
TOP field strength, without the use of an rf cooling ramp. Figure 6.10 illustrates
evaporative cooling with a final TOP ramp compared to a final stage of rf cooling.
The rotating bias field of the TOP was first ramped down to ~ 1.1 G. An image
of the trapped atoms at this point is represented in Fig. 6.10(a). The sequence of
images shown in Fig. 6.10(b-e) demonstrates the effects of an additional 4-s TOP
evaporation ramp to various lower field strengths. In Fig. 6.10(e), for example, the
TOP field is ramped to ~ 0.25 G, creating a nearly-pure BEC with ~ 4000 atoms.
As a comparison, the rotating bias field strength was left at ~ 1.1 G, and a 4 s rf
ramp from 2.4 MHz down to various lower frequencies was applied. The images in
Fig. 6.10(f-i) demonstrate this rf cooling method. Figure 6.10(i), for example, was
obtained after ramping the rf field down to 1.50 MHz, producing a nearly-pure BEC
containing ~ 1.2 x 10* atoms. Our results indicated that evaporative cooling solely
with TOP-induced evaporation was not as efficient as the hybrid sequence described
previously, and resulted in condensates with fewer atoms than could be obtained
through the use of rf evaporative cooling.

As an independent check on our imaging we also observed the transition using
the dispersive dark-ground imaging technique [92]. In this case, the image forms as
a result of the lensing of the light as it refracts on passage through the atomic cloud.
The image is observed by blocking the non-refracted beam at its focus in the imaging

system, as described in Refs. [94] and [92]. The intensity of the probe beam at the
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Figure 6.10: Images of trapped atoms after TOP-induced evaporative cooling com-
pared to rf-induced cooling. Background subtraction of absorptive images in a weak
trap was used to obtain these images. (a) The TOP field is initially ramped to
~ 1.1 G before RF-induced cooling or further TOP-induced cooling. This condition
is the starting point for all further images in this figure. Images (b)-(e) represent
TOP-induced cooling to the BEC threshold. Images (f)-(i) represent rf-induced cool-
ing to the BEC threshold. Top ramps: a final TOP ramp from 1.1 G to (b) 0.60
G, (c) 0.45 G, (c) 0.30 G, (e) 0.25 G. RF-induced cooling: a final rf ramp from 2.40
MHz to (f) 1.80 MHz, (g) 1.55 MHz, (h) 1.50 MHz, (i) 1.45 MHz. All images have
identical intensity scales, and represent an area of 370 x 180um.
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image plane in this case is given by

I(2',y) = In(a', 3/ )expliB(«', )] — 1]*. (6.7)

For the conditions a@ < ¢ < 1, the image intensity scales as I(2/,y') o< ¢*(z', /).
For dark-ground imaging, we blocked the non-refracted probe light by inserting a
180-pum diameter wire in the focus of the probe beam (position 2 in Fig. 6.5) after
the beam exited the chamber. For the conditions of our images, the maximum values
for ¢ approach 1 rad. We analyzed these images by fitting Gaussians to ¢(x,y), then

extracted temperature, number, and condensate fraction as described above.

6.6 BEC results

As described in Chapter 2, for a non-interacting trapped Bose gas in the thermo-
dynamic limit (N — o), the condensate fraction is No/N = 1 — (T/T¢)? with a
transition temperature of kgTe = hw (N/C(3))"%, where @ is the geometric mean
of the trap oscillation frequencies [52]. Figure 6.11 shows N¢/N ws. T'//T¢ for three
data sets. The first and second sets were taken using absorptive imaging, while the
third set was taken using the dispersive dark-ground technique. The trap strength
(as characterized by the radial oscillation frequency w, ) was w; = 27 -8 rad/s for the
first set, and w; = 27 - 13 rad/s for the second and third sets (these frequencies were
inferred from the measured magnetic field strengths). In this analysis, No/N, T¢,
and T" were extracted from the images. To determine the dependence of N (and thus
Tc) on T for the data of Fig. 6.11, we first fit a line to N vs. T' data extracted directly
from our images and then use the fitted functional form to compute the normalized
condensate temperature T/T¢. In order to avoid potential systematic biases in the
absorption data, we captured these images at several probe detunings (ranging from
-50 MHz to -10 MHz).

Although the data were in good agreement with ideal gas theory, we expect cor-
rections in the transition temperature due to finite number and interaction effects.

For our parameters, the interaction correction is ~ 1% [96] and the finite number
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Figure 6.11: Condensate fraction as a function of T'/T¢(N). The filled circles rep-
resent data taken with absorption imaging at a trap strength of w; = 27 - 8 rad/s,
the open circles represent data taken with absorption imaging at a trap strength of
w, = 2w-13 rad/s, and the triangles represent data taken with dispersive dark-ground
imaging at a trap strength of w; = 27 -13 rad/s. Each data point represents a single
image. The shot-to-shot variance of the total number N was approximately 30%.
The solid curve is the expected behavior of the condensate fraction with temperature
in the semi-ideal gas limit (see Ref. [95]), and is not a fit to the data. The dashed
curve illustrates the expected behavior of a non-interacting gas.
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shift is ~ 2% [97, 98], well below the resolution of our measurements. The solid line
shown in the figure is the theoretical curve for our trap parameters (not a fit to the
data), and shows the expected behavior of the condensate fraction with temperature
for a semi-ideal gas.

Mean-field effects arise due to the interactions between atoms in the condensate.
For atoms with repulsive interactions, such as 8’Rb, a dense condensate will raise the
energy (chemical potential) of each atom in the BEC by an amount that is propor-
tional to the local density. The interactions tend to increase the size of the condensate
over that expected for a non-interacting gas. The resulting atomic density distribu-
tion in the condensate is parabolic for a system in the Thomas-Fermi limit, where the
condensate kinetic energy is small compared with the mean-field energy. The aspect
ratio of the BEC also changes as a result of the interactions.

By varying the strength of the trapping potential, the density can be varied, and
the role of the mean-field interactions on condensate characteristics can be studied.
In our system, the BEC in the stronger trapping potentials was well into the Thomas-
Fermi limit. The trap was optically thick, and the trap radius was below the resolution
of our imaging system. We were thus unable to study the BEC characteristics in the
tight traps.

We characterized the effects of the mean-field interaction in the weak traps, where
the condensates were not well into the Thomas-Fermi limit [53], through direct ob-
servation of the size and shape of the condensate. In the Thomas-Fermi limit, the
condensate aspect ratio is 8/2 and the density profile is parabolic. For smaller num-
bers of atoms, where kinetic energy is no longer negligible, a variational solution of
the non-linear Schrodinger equation, which includes the mean-field potential energy
term, can be used to predict the size and shape of the condensed cloud. A simple
variational ansatz for the ground state is a Gaussian wavefunction [53]. With this
assumption, the aspect ratio varies continuously between that of a harmonic oscilla-
tor ground state, 8"/%, and the Thomas-Fermi value of 8/2 as the number of atoms
increases. For the data shown in Fig. 6.8(c), the observed condensate aspect ratio
is 2.340.3, significantly less than the Thomas-Fermi prediction of 2.82. The error is

dominated by uncertainty in the resolution of the imaging system. With a measured
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value of No = 341 x 10% atoms and w; = 27-13 rad/s, the aspect ratio predicted by
a variational calculation using a Gaussian trial function is 2.7, 17% larger than the
observed value. The predicted radial size of 7.8 um is slightly less than our observed
radial size of 9.2+0.6 pm. Note that the observed shift in aspect ratio between the
condensed and normal cloud is an independent signature of condensation, analogous
to the anisotropic momentum distributions observed in the initial BEC studies. For
comparison, the normal fraction aspect ratios of the images shown in Figs. 6.8(a)
and 6.8(b) are ~ 2.8. (The expected normal fraction aspect ratio, determined by the

trap equipotential surfaces, is 8'/2).

6.7 On-resonance dark-ground imaging

For imaging the condensates, we found higher signal-to-noise and more flexibility with
an on-resonance dark-ground imaging (ODI) technique than with either of the two
previously mentioned imaging methods. With ODI, we used the same experimental
setup and procedure for imaging a condensate as for dispersive dark-ground imaging,
but we tuned the probe frequency to the atomic resonance. In this case, Eq. 6.7 is

reduced to
I, y) = Io(a', y)[exp[—a(a’,y') /2] = 1]%, (6.8)

since the phase shift ¢ is zero for resonant light. An analysis of the transmitted
intensity vs. « for the absorptive imaging and ODI cases reveals a wider dynamic
range for ODI, indicating that the technique is more flexible than absorptive imaging.
However, as with absorptive imaging, ODI adds energy to the system, destroying the
BEC.

This new technique enabled us to achieve higher signal-to-noise ratios (SNR) than
with the other imaging techniques. Although the images appeared similar to the
dark-ground dispersive images, the ODI method provided a more intense signal for
relatively low-number condensates such as ours. Also, the ODI technique was free of
the background subtractions necessary with absorptive imaging, which we found to

increase the noise level of our images.
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We observed the BEC transition with the ODI technique by imaging the trapped
atoms after rf ramps of steadily decreasing final frequencies. For each image, a new
BEC was created. We began imaging the atoms well above the BEC threshold, and
continued producing condensates and acquiring images for steadily fewer and fewer
atoms. This sequence of images is shown in Fig. 6.12. Optical density cross sections
for these images are shown in Fig. 6.13.

The increased SNR allowed us to image condensates with very small numbers.
Figure 6.14 is an image and optical depth cross section of a condensate measured
to consist of ~ 100 atoms. The cross section, an integration of the spatial density
over three rows of pixels, shows the SNR, and indicates that the ability to resolve
condensates with even lower numbers of atoms is likely without further modifications
to the system. In other work with small-number condensates, phase-contrast imaging
has been shown to be very sensitive to atom number in ‘Li BEC experiments at Rice
University [55, 99, 100].

6.8 Calibrations, systematic errors, and measure-

ment uncertainties

We estimated our measurement errors and uncertainties using standard error anal-
ysis techniques. Because the results of many of our measurements originated in the
absorption images of the condensates, the source of much of our measurement uncer-

tainty was in the image analysis.

6.8.1 Imaging system

The inferred temperature, phase-space density, number, and number density distri-
bution all relied on the measured size of the condensate (or thermal cloud). The
inferred size of the condensate depended upon the measured size of the image, the
magnification of the imaging system, and the resolution of the imaging system.

We calibrated the magnification of the imaging system in situ, without removing

the lenses in the beam path. We added a lens of focal length f to the probe-beam
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Figure 6.12: The BEC transition, using on-resonance dark-ground imaging. The final

value of the rf ramp (in MHz) is listed above each image. Each image represents a
width of 171 pm.
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Figure 6.13: Optical density cross sections of the images of Fig. 6.12, showing the
BEC transition with on-resonance dark-ground imaging. The final value of the rf
ramp (in MHz) is listed above each plot. Each plot represents a width of 171 pm.
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Figure 6.14: (a) An image of a BEC with ~ 100 atoms, taken with on-resonance

dark-ground imaging. (b) A horizontal cross section of the optical depth of the image
in (a).
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input side of the chamber at a distance of ~ 2f from the center of the chamber. On
the input side of the lens, we installed a slit directly in the probe beam path on a
translation stage that could move in a direction transverse to the beam. The slit was
placed ~ 2f from the lens, precisely where its image was projected at the center of
the chamber and then onto the camera. The thin lens approximation was used to
help judge the accuracy of the distances measured. As the slit was scanned through
the beam, we recorded the positions of the images with the CCD. The magnification
of the modified imaging system was then the ratio of the separation of the images on
the camera to the steps of the translation stage. The magnification calibration was
further modified by taking into account the shifts produced by the input window of
the optical system (the polarizing cube was removed) and the initial magnification
produced by the temporary lens. The result was a magnification calibration of the
imaging system with 5% uncertainty.

The resolution of the system was tested in two independent ways, also in situ.
The first method used the same optical path as the magnification calibration. We
imaged the slit and various sized pinholes onto the CCD. From the images and the
magnification of the system, we were able to estimate a resolution limit. In an in-
dependent resolution check, we imaged a nearly-pure small-number condensate in a
tight magnetic trap. We assumed that the actual size of the condensate was smaller
than the measured size indicated (we were in a regime where this assumption was
justified). These two resolution measurements gave an ~ 8% resolution uncertainty
to our measurements.

In order to extract a 1/e radius from the images, we used a data analysis routine
which fit Gaussian distributions to the data cross sections, after extracting the optical
depth from the image intensity distribution. The appropriateness of Gaussian fits
can be justified by realizing that our data were taken in a regime far from the strong
Thomas-Fermi limit. We further analyzed the image of a test target with sharp edges
of a size near the diffraction limit. The resulting distribution was largely Gaussian.
Thus, at our resolution, we would not be able to distinguish between a trap with
a Gaussian distribution and one with a parabolic distribution, as predicted for the

Thomas-Fermi limit. We thus estimated a random error of ~ 5% in extracting the
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size of the distributions of the images, taking into account the finite size of the pixels
of the camera.

For highly optically dense images, we observed fringes around the condensates
(in off-resonant absorption imaging) due to the limiting apertures in the system and
light scattered at wide angles from the condensate. Also under these severe conditions,
the lensing of the light upon passing through the condensate could potentially shift
the focus of the imaging system, ruining the calibrations for the image. Thus the
uncertainties quoted above are for the cases of images of atoms in adiabatically relaxed
traps, or for images that were not optically thick.

Lens aberrations in the system were not problematic, due to using only the central
portion of the lenses. The limiting aperture in the system was the wall of the vacuum
chamber, and the emerging light passed through the center of the lenses.

Our measured maximum absorption of the probe light upon passing through a
trap depended upon a background image with probe light and without atoms. We
subtracted the atom image from the background image. Thus, fluctuations of the
light levels in the time between taking the two images would effect the measurement

of the trap absorption. We estimated this fluctuation level to be ~ 10%.

6.8.2 Magnetic fields

The strengths of the rotating magnetic field, B,,, and the linear field gradient, B,
also entered into the calculations used to infer condensate characteristics.

The gradient was calibrated against current in the field coils in multiple ways.
First, the coil geometry was well defined, and because we trapped atoms along the axis
of the coils, B, was easily calculated from the known geometry of the coils and their
distances from the trap center. We also measured the trap position as current in the
coils (trap potential strength) was varied. Because of the changing relative strengths
of the field and the gravitational potential, the position of the trap shifted along the
axis of the coils. We determined the strength of the magnetic field from various trap
positions and measured spatial shifts. Finally, we checked the field calibration with

a magnetometer. The results of these calibrations led to an uncertainty of the field
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gradient of ~ 10%.

We also calibrated the strength of the rotating field using various methods. First,
as we did for B, we calculated the expected field. Second, with the coils removed from
the chamber, we measured the field strength for each coil pair with a magnetometer
and a dc driving current. Then we placed the coils around a second chamber identical
to the one used in the experiment. With an ac current driving the coils, we used a
magnetic field pick-up loop placed inside this chamber to measure the attenuation
of the field due to inductive losses in the metal walls. We chose a field rotation
frequency (10.5 kHz) where these losses (~ 30%) appeared minimal for our chamber.
With an ac current probe, we were easily able to monitor the current in the coils
at our rotation frequencies. We could then infer the strength of the field from the
measured current and the measured attenuation and field strength calibration. As
an independent measurement of B,.,, we trapped atoms in the TOP trap at large
B,ot. The trap was thus shallow and large. With the coils used for rf evaporative
cooling, we swept through the rf frequencies corresponding to the Zeeman shifts of
the magnetic sublevels. In a manner identical to rf-induced evaporative cooling,
we ejected a certain percentage of atoms from the trap as a function of frequency.
By measuring the number of atoms lost (with resonant laser light and a PMT), we
determined the depth of the potential. The frequency at which all of the atoms had
been ejected from the trap corresponded to the bottom of the trap, and the Zeeman
shift corresponding to that frequency was induced by the magnitude of the rotating

field. These calibration methods gave an uncertainty of ~ 10% to our determination
of BTOt'

6.8.3 Laser light

In our absorption imaging measurements, the value of the detuning of the low-
intensity probe light contributed uncertainty to the determination of the atom-photon
scattering cross section, . We could determine relative frequencies with high accu-
racy and resolution with frequency counters attached to the modulators which shifted

the laser’s frequency. Absolute frequencies were calibrated by observations of trapped
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atoms. Maximum light scattering of trapped atoms occurred near the resonance of
the Rb optical transition for very weak magnetic fields. With absorption imaging, the
frequency determined the observed size and absorption of atoms trapped in the TOP
trap and in a spherical-quadrupole trap. By observing traps over a wide frequency

range, we could calibrate our detunings to ~ 3 MHz.

6.8.4 Random noise and fluctuations

The random noise and shot-to-shot fluctuations of the experiment were difficult to
assess, due to variations in the fluctuations depending upon the measurement tech-
nique used, the stability of the apparatus, environmental variables, and many other
factors. For example, a fluctuating room temperature would vary the pressure within
the chamber and the stability of the lasers (even with the temperature feedback
loops). Occasionally a loud noise would affect the laser stability, though other vibra-
tions were also troublesome (such as a door quickly closing or a falling object from
a nearby room). Some of these problems were eliminated by working with a table
which rested on a cushion of air between the table and the table legs. This certainly
improved the stability of our lasers. Typical shot-to-shot variations were ~ 30%.
Some data runs had more fluctuations for various reasons, which could sometimes be
tracked down and corrected, while scatter in other data runs was minimal throughout

the run.

6.8.5 Error analysis

With the calibrations and uncertainties described above, we used simple propagation
of errors to estimate the systematic uncertainties in our measurement of trap and

condensate characteristics. Table 6.1 lists relative uncertainties for various quantities.

6.8.6 Limitations

The numbers of atoms in our condensates were limited by the number transferred into

the magnetic trap from the MOT. We do not perceive this as a drawback, as there are
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Property Relative uncertainty
(approximate)

M (magnification) 5%

resolution 10%
r (trap radius) 10%
B} (linear field gradient) 10%
B, o (rotating field strength) 10%
A/2r  (laser detuning) 3 MHz
o (photon scattering cross section) 10 to 25%
w (trap frequencies) 10%
a (optical depth) 8 to 25%
o (peak density) 15 to 40%
T (temperature) 30%
p (phase-space density) 50%
N (number) 30%
Tc (condensation temperature) 15%
Nc /N (condensate fraction) 40%

aspect ratio 12%

Table 6.1: Relative uncertainties of trap characteristics. In some cases, a range is
given when the parameter’s uncertainty is highly variable.
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many interesting potential experiments associated with small condensates. However,
in order to increase the number of atoms in the condensate, we must increase the
number of atoms loaded into our MOT, and possibly improve transfer efficiency.
The lifetimes of our condensates in the weak trap were probably limited by back-
ground gas collisions instead of heating or collisions between trapped condensate
atoms. In the stronger traps, as mentioned, the lifetimes were very short, and our
estimated densities suggested that 3-body losses were a likely limiting factor for these
condensate lifetimes. In the weaker traps, this did not seem to be a problem. We

measured lifetimes of condensates of at least 15 s.

6.9 Apparatus improvements

One of the main drawbacks of using a single-chamber vapor cell system such as ours
was the long cycle times needed to load atoms into the MOT before evaporative
cooling in the TOP trap. The repetition rate could probably be increased by using
the LIAD techniques described in the previous chapter. While we currently use the
LIAD loading method in the BEC production cycle, it initially offered relatively little
gain. This was probably due a low adsorption rate on the walls of the chamber. When
the valve between the Rb source and the trapping chamber was closed, the Rb in the
system was pumped out of the chamber in a short amount of time (about 2 days),
indicating that the Rb vapor in the vapor cell needed continuous replenishment from
the source. Over time, this condition has become less noticeable. Enough Rb now
adheres to the walls of the chamber so that LIAD is effectively used and our current
BEC production cycle includes a WLS-loaded MOT phase.

Other modifications to the existing apparatus could be made to decrease the
loading time, without constructing a system with a Zeeman slower or a double-MOT
system. An atomic-beam Rb source, with a nozzle near the trap, would substantially
decrease the loading time. As described earlier in this thesis with lithium, pre-cooling
an atomic beam is not a necessary requirement for effective loading into a MOT. Such
an atomic beam could be relatively easily installed in our system. One additional

requirement with this technique would be the ability to shutter the atomic beam or
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turn it off completely for the magnetic trap portion of the cycle (where long loading
times and low background collision rates are crucial).

A similar limitation is the low number of atoms loaded into the MOT. While
low-number condensates have properties of interest and will continue to be studied,
a higher number of initial atoms would make evaporation easier. And of course, it
would allow for larger numbers of atoms in the condensate if that is desired. The
solutions presented above for decreasing the loading time would also increase the
number. Yet another way of increasing the number would be to increase the intensity
of the laser cooling and trapping beams. We are currently in the process of such
an upgrade. A final technique that could potentially improve the MOT capture rate
would be a spectrally broadened source similar to the one described for Li earlier in
this thesis. In this case, the center region of the beams should be blocked so that
the atoms would not suffer comb induced losses as described earlier. However, due
to loading a dark MOT, this problem might already be solved by trapping atoms in
a dark state, and we would only need to add the spectrally broadened light to try to
increase the number of atoms loaded.

A different limitation in the apparatus is the inductive heating of the stainless-steel
chamber when the TOP is run at its maximum strength. We water cool the chamber
to combat this heating, but an increase in background pressure after running the
TOP is still noticeable. This shortens the lifetime of the magnetic trap. The problem
could be addressed by more efficient cooling of the chamber. Alternatively, with
modifications to the system as described above, the TOP would not need to remain
at full power levels as long, since the evaporation rate could be increased.

The final major improvement to the apparatus that is currently planned is to
enhance the quality of our imaging system. The main improvements planned are
the purchase of higher quality imaging lenses and a camera with higher signal-to-
noise than the one that we currently use. This upgrade would allow us to image
smaller-number condensates with better resolution. Implementing a phase-contrast
imaging technique may also improve our atom-number resolution. Another improve-
ment gained with the purchase of a better imaging camera would be the ability to

re-trigger the camera during a single cycle, taking multiple images of the same BEC.
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This process would require the implementation of non-destructive imaging, a tech-

nique that is currently in use in other experimental groups studying condensates.

6.10 Summary

First, we demonstrated efficient evaporative cooling by ramping the magnetic fields
of the confining potential. We produced Bose-Einstein condensation of 8"Rb and
used direct imaging techniques to obtain quantitative comparisons with theory for
relativity small numbers of atoms. Finally, we showed that on-resonance probe light
can be used with dark-ground imaging to obtain high signal-to-noise images of trapped

atoms.



Chapter 7

Atomic tunnel arrays

7.1 Introduction

The demonstration of Bose-Einstein condensation in atomic gases [22, 23, 24] has
raised the possibility of exploring relationships between coherence properties of atom
vapor Bose-Einstein condensation [101, 102, 103, 104], superfluid He [105], and super-
conductivity [106]. These quantum systems share common theoretical framework and
exhibit similar observable characteristics. In this chapter, we discuss observed behav-
ior [31] of an optically trapped Bose-Einstein condensate analogous to the Josephson

effect of superconducting systems.

7.2 Josephson effects in superconductors

Josephson effects [106] are a range of phenomena exhibited by two superconductors
separated by a thin insulating barrier (a Josephson junction). For thin enough barri-
ers, electron tunneling through the barrier couples the dynamics of the two macroscop-
ically occupied quantum states. Under appropriate conditions [107], the wavefunction

of each superconductor can be approximated as

v, = Tbé/?ei(bq(t)7 (7.1)

114
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where ¢ represents either superconductor 1 or 2, n is the electron number density of
the ground state system, and ¢ is the relative macroscopic phase. In the absence of
coupling, the electron number density of each superconductor remains constant with
time, and the phase evolves at a rate of u/h, where p is the chemical potential.

For weakly coupled superconductors, the equations of motion are [108]:

ov

Zha—tl = ILLl\Ifl -+ K\IJQ, (72)
ov

Zha—; = IUQ\DQ -+ qula (73)

where K represents the strength of the coupling. By inserting Eq. 7.1 for ¥, and ¥,
into Egs. 7.2 and 7.3, one obtains

8n1

T 2(K /Ry *ny’? sin(¢y — ¢1), (7.4)
877/2 B anl
5 = o (7.5)
s —
X090 (i~ )/ (7.6)

The first two of these equations describe the rate of change of electron densities, while
the third describes the evolution of the phase difference between the two wavefunc-
tions, valid for large n, and no, with ny ~ n..

When a dc voltage V' is applied across the tunnel junction, the chemical potential
difference is given by pus—py = 2eV, resulting in linear evolution of the phase difference
(phase slip). The flux of particles through the barrier can be written as an oscillating

current:

where the amplitude [, is proportional to the strength of the coupling, and A¢(0)
is the initial relative phase difference. This ac current modulation, resulting from
the application of a dc voltage, is the basic ac Josephson effect. The modulation
frequency, wy = 2eV/h, is determined only by the chemical potential difference.

The voltage-frequency relation has enabled the Josephson effect to contribute to
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the determination of 2e/h and the volt [109]. High accuracy is achieved through the
conversion of voltages into frequency measurements. The Josephson effect has also
played a role in the understanding of BCS transitions, phases of macroscopic quantum
systems, and the dynamics of vortex states [110].

Josephson effects may have impact in other quantum systems as well. For example,
by measuring a mass current oscillating at a mass-dependent frequency, Josephson
effects in atomic gases may aid in efforts aimed at detecting a BCS transition in Fermi
systems [111]. The measured frequency might be observed to change at the transition

point due to a doubling of the effective particle mass through atom pairing.

7.3 General approach

Our experiment involved the creation of a 8"Rb BEC in a TOP trap [47] and the
subsequent transfer of the BEC to a one-dimensional periodic potential formed by a
vertically oriented standing wave of far-detuned laser light [28, 77, 112]. To create
the standing wave, we used a retro-reflected laser beam, hence the potential had a
periodicity of half of the laser wavelength \.

The depths of the potential wells were determined by the intensity in the laser
beam. We loaded a subset of the potential wells with atoms from the BEC, forming
an array of atom traps with initially identical relative macroscopic phases. Because
the standing wave had a vertical orientation, the gravitational potential energy dif-
ference between adjacent potential wells created a difference in chemical potentials.
In our experiments, the depths of the wells had maximum values of ~ 2.1Fg, where
Fr = h%k? /2m is the photon recoil energy, with & = 2w /). For potential depths of
this magnitude, only one bound state existed in each potential well.

Our configuration was similar to a superconducting Josephson junction. The main
differences were that we used macroscopic quantum states composed of neutral atoms
instead of Cooper pairs of electrons, and that we had an array of such states separated
by potential barriers, instead of just two states. The goal of our experiment was to
observe a periodic atom current due to the temporal interference of the macroscopi-

cally filled states in the trap array. Additional discussion of the relationship between
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our experiment and the Josephson effect is given in Appendix B.

7.4 Atomic tunnel array: theory

As was the case for superconductors, we begin our theoretical analysis by writing the
macroscopic wavefunction for a BEC as U = n!/2e*®  In this case, n is the number
density of atoms in the condensate. With a vertically oriented array of such quantum
states, the wavefunction that describes the ¢ lattice state is given by W, = nl/2e*¢a(®).
Again, n, is determined by the single particle wavefunction and the number of atoms
in the ¢ lattice state. Now, however, the macroscopic phase ¢,(t) depends upon the
initial relative phase at time t = 0 and the gravitational potential energy at the ¢

lattice site.

7.4.1 Model system

The array of atom traps can be modeled as an array of emitters of de Broglie waves

0

p emit waves which then travel

when tunneling is considered. The traps at positions z
in a continuum, accelerating with the pull of gravity (the effect of the lattice is
neglected after tunneling) out of trapped states. The rate of emission is proportional
to the tunneling probability of atoms out of the lattice array potential wells, and
depends upon the potential depths of the traps. The energy hw, of each wave depends
upon the lattice site from which it was emitted, with a chemical potential difference
of hwy = mgA/2 between adjacent wells (m is the mass of an atom). The momentum
gained by each wave depends upon the distance over which it has traveled, and is
given by hk, = m\/m , where z is the spatial coordinate. The relative phase
of each wave depends upon the initial phase gbg of the emitter at time ¢t = 0.

The wavefunction of the total array output can then be written as a sum of the

output of N emitters:

U(z,t) =Y A,(t)expli /(kqdz — wedt + ¢y)]. (7.8)

q=1
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Figure 7.1: The effective optical plus gravitational potential U/Eg for our experi-
mental parameters, where Eg is the photon recoil energy. De Broglie-wave output
is represented by horizontal waves. The output constructively interferes in region
(a). Bound states of the potential are represented by heavy lines. Excerpted with
permission from B. Anderson and M. Kasevich, Science 282, 1686 (1998). Copyright
1998 American Association for the Advancement of Science.

Here, A,(t) parameterizes both the initial wavefunction amplitude (number of atoms)
and depletion of the ¢ lattice state due to tunneling. Because the chemical potential
differences of the lattice states in this model are discretized in units of Awj, the
probability of atom detection at a point below the array will be periodic in time. In
other words, this model predicts the periodic detection of groups of atoms due to
periodic constructive interference of the emitted de Broglie waves. Figure 7.1 depicts
a sloping periodic potential with de Broglie wave emission from a set of the emitters
in the lattice array. At points where the waves are in phase, a pulse is formed.

In this respect, the output of the atomic tunnel array is analogous to the output
of a mode-locked laser [113], in which a set of frequencies spaced at regular frequency
intervals is generated within a laser cavity. The emitted frequency modes have a
definite linear phase relationship. At points where the emitted waves are in phase,
constructive interference causes the formation of a pulse of light, similar to the model
presented above for the atomic tunnel array. However, if a random phase relationship
exists between the modes, pulses will not form. Rather, a semi-continuous output is
obtained due to the inability of the modes to properly add coherently. Similarly, in

the atomic tunnel array model, random initial phases for qbg prohibit the formation
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Figure 7.2: (a) Output from the tunnel array model (Eq. 7.8), evaluated at 10 ms.
Initial phases are identical. The tunnel array source, not shown in the plot, is located
immediately to the left of the z = 0 point. (b) Model output for random initial phases.
(¢) Numerical solution to the Schrodinger equation showing the confined wavefunction
and three output pulses. (d) Numerical solution for random initial phases. Excerpted
from Ref. [31].

of periodic atom pulses at the expected frequency.

Sample computed output from the tunnel array model is shown in Fig. 7.2(a),
calculated for a set of 30 traps, or emitters. Although depletion of the traps is
neglected in the calculation, the initial amplitudes of the wells are given a Gaussian
envelope distribution. The amplitude of each pulse increases with time as the spatial
pulse width narrows. The widths of the pulses depend upon the number of wells used
in the calculation — more lattice sites produce narrower pulses. If random initial

phases are used in the calculation, pulses no longer form, as shown in Fig. 7.2(Db).
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7.4.2 Quantum calculation

A quantum-mechanical calculation to determine the tunnel array behavior at tem-
peratures close to zero would involve finding the solutions to the Gross-Pitaevskii
equation [114]. However, in a periodic potential of the geometry described above,
and for low enough atomic densities (~ 10'® cm™), mean-field interaction energies
are much smaller than the bound state energies of atoms in the potential wells. To a
good approximation, the behavior of the atomic tunnel array can then be calculated
with the time-dependent Schrodinger equation (TDSE), neglecting mean-field effects.
We solve the TDSE using standard numerical methods [115]. We take the initial
wavefunction to be the sum of individual wavefunctions, each with a Gaussian den-
sity distribution and a specified initial relative phase. The individual wavefunctions
are initially centered at the lattice sites. The width of each state is determined by
the ground state energy of a harmonic oscillator which best approximates the shape
of an individual potential well in the array. The depths of the wells are ~ 1.4FER. At
this potential depth, only a single bound state exists in each well, as depicted by the
heavy lines in Fig. 7.1.

The total probability distribution from a sample calculation is shown in Fig. 7.2(c)
for 30 populated wells. The initial phases of the lattice states are identical, and the
initial amplitudes correspond to a Gaussian envelope distribution. Three pulses are
shown falling from the oscillating source. Figure 7.2(d) shows the result of a similar
calculation with random initial phases. The calculations confirm the validity of the
tunnel array model, displaying the same behavior that the model predicts. With
these calculations, we verified the accuracy of the assumption that the lattice has a
negligible effect on the pulses in the continuum.

The calculations also graphically show a link between the Bloch oscillations [116,
117] of the confined wavefunctions and the formation of pulses, shown in detail in
Fig. 7.3. Upon numerically solving the Schrodinger equation, the center of mass of
the total wavefunction is observed to undergo longitudinal spatial oscillations with a
frequency of wy. At the turning point of each oscillation, a fraction of the wavefunction

continues to propagate in the direction of gravity, forming a pulse.
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Figure 7.3: Time development of the wavefunction in the periodic potential. (a)
The initial wavefunction is shown in gray. The oscillating wavefunction, in black, is
shown at times (b) T3/4, (c) Ty/2, (d) 3Ty/4, (e) Ty, (f) 5Ty/4, and (g) 3Ty/2. Ty
is the Josephson oscillation period, Ty = 27 /wy. For reference, the position of the
initial wavefunction in shown in gray in all plots. The plots show the oscillations and
depletion of the total wavefunction and pulse formation.
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7.4.3 Interband tunneling

The formation of pulses can be viewed as interband tunneling at the turning point of a
Bloch oscillation, as described by Zener for dielectric breakdown in metals [117]. Zener
considered a multiple energy band lattice with a linear potential gradient created
by an external field. The field induces oscillations of the confined energy states of
the periodic potential, and the highest probability of tunneling to the next higher
lying energy band occurs at the diffraction point of a Bloch cycle. In our case,
atoms confined to the lowest energy band (the trapped atoms) will oscillate at the
Bloch frequency mg\/2h, identical to the Josephson frequency wy. The gravitational
field induces tunneling into the next higher lying state (the unbound continuum).

Analogous to the calculations of Zener, the tunneling probability per oscillation for

P =exp <— A ) : (7.9)

our lattice is given by

8h’g
where € is the energy gap between the ground state energy band and the continuum
states. Not only is this picture consistent with the solution of the Schrédinger equation
as described above, but it suggests that atom pulses are a direct indication of an
oscillating atom current flowing between the lattice sites, and thus that pulses are a
signature of a type of Josephson effect.

For the parameters used in our experiment, the assumption that atoms are con-
fined to single wells is not entirely accurate. In a periodic potential without an exter-
nal force, the energy eigenstates of the system are the Bloch states. When a potential
gradient is applied, the Bloch states undergo coherent oscillations, with wavepackets
remaining confined to a single energy band. Such oscillations have been previously
observed for non-degenerate atoms trapped in an optical standing wave [81]. The
Wannier-Stark states 1, [118, 119] form an alternative but equivalent basis to the
Bloch states. Each state is a superposition of localized Wannier (tight-binding) states
wy: Yy = 3 Jyp(4T/mg\)w,, where J, is the n'* order Bessel function and T is the
tunneling fnatrix element between lattice sites. For our parameters, each lattice state
has a spatial extent that covers a small cluster of potential wells, with most of the

atoms of each state concentrated at the central lattice site. Pulsed atom output is still
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expected; however, for simplicity in our calculations and in the physical descriptions,

states were assumed to localize to single lattice sites.

7.5 Trapping a BEC in an optical lattice

To create a BEC, we used the methods described in Chapter 6. After loading ~ 108
atoms into a magneto-optic trap, the trapped atoms were optically pumped into the
F =2 mpr =2 Rb ground state, loaded into a TOP trap, and evaporatively cooled
to create a condensate using ramping rf and confining magnetic fields. We typically
created nearly pure condensates of ~ 10* atoms with radial sizes of ~ 8um [30].

To create the 1-D optical potential, we retro-reflected a vertically oriented
A = 850-nm laser beam, as depicted in Fig. 7.4. The beam created a series of
potential wells centered at the anti-nodes of the standing wave with a spacing of \/2,
as illustrated in Fig. 7.5. The beam was focused to a 1/e? beam waist of ~ 80um

2. The maximum depths of the

(radius), with maximum intensities of ~ 80 W/cm
wells were ~ 2.1 ER, only enough to support a single bound state. The large detun-
ing of the beam (70 nm red-detuned from the 780-nm Rb transitions) gave a photon
scattering rate of less than 0.01 s~ 1.

To load the condensed atoms into the potential wells, the spring constants of
the magnetic trap first had to be relaxed, as they were before imaging a BEC. The
control of density and size of the BEC allowed for adjustment of the number of wells
loaded and the densities (and hence mean-field interactions) of the atoms in the wells.
After the adiabatic relaxation, the standing wave potential was ramped on (using an
acousto-optic modulator) in ~ 20 ms. At this point, the standing wave overlapped
the magnetically trapped BEC. The dc component of the TOP trap was then turned
off, while the rotating component remained on to maintain the spin polarization of

the atoms, completing the transfer of atoms into the optical lattice.
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Figure 7.4: The experimental setup, showing the retro-reflected trapping laser prop-
agating through the vacuum chamber. Excerpted from Ref. [31].

7.6 Atomic tunnel array: observations

In this section, we describe observations of the dynamics of the atomic tunnel arrays.
The distributions of atoms were observed with absorption imaging. For observations
that were made as a function of time, a new BEC and tunnel array were created for
each time step due to the destructive process of absorption imaging. In the following
descriptions, a high-intensity lattice refers to trap depths of ~ 2.1FR, and a low-
intensity lattice refers to trap depths of ~ 1.4FERr. We typically loaded about 30

potential wells, with up to ~ 1000 atoms per potential well.

7.6.1 Low Intensity lattice

When we turned on the optical trap at a low intensity, we observed pulses of atoms
falling from the trap, as shown in Fig. 7.6 for various time delays. Images (b)-(e),
with identical intensity scales, show saturated images of the lattice array in order to
highlight the pulses. For comparison, Fig. 7.6(a) shows an unsaturated image of a

magnetically trapped BEC. Due to limits in optical resolution, individual lattice sites
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Figure 7.5: An illustration of the vertical periodic potential (oscillating lines) formed
by the ac Stark shifts of the retro-reflected optical trapping beams (arrows).
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Figure 7.6: (a) Absorption image of a BEC in a weak TOP trap. (b)-(e): Absorption
images taken after transferring the atoms into the optical lattice and allowing (b) 3
ms, (¢) 5 ms, (d) 7 ms, and (e) 10 ms of tunneling. Excerpted from Ref. [31].

490 um

(b)

are not resolvable. In each of images (b)-(e), the pulse at the lowest part of the image
was the first emitted pulse. The last emitted pulse was not resolvable from the image
of the trap array.

The measurement of Fig. 7.6(e) was made 10 ms after the atoms were loaded into
the optical trap. FEach pulse contained ~ 1000 atoms. The output of the tunnel
array was similar to the output expected based on our model and calculations. We
measured the spatial separations of the pulses in the images, and with a value of

9.8 m/s? for g, we inferred the time intervals between the pulses. The measured period
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Figure 7.7: Atom pulses were observed for trap depths of ~ ER, where bound states
are not well defined.

of 1.10 £ 0.05 ms agreed well with the expected value of Ty = 27 /wy = 1.09 ms. The
uncertainty in the measurement was limited by the uncertainty in the calibration of
the imaging system. Pulses were also observed for less intense optical traps of ~ 1 Ej,
as shown in Fig. 7.7. In these cases, the tunnel array was depleted more quickly, with
more atoms per pulse but fewer pulses. The pulse frequency however remained the
same. Because well defined bound states should not exist at this trap depth, the
pulses were possibly the result of above-barrier quantum reflections.

We integrated over the transverse absorption profile of Fig. 7.6(e) to produce
the cross section shown in Fig. 7.8. We fit the cross section with a series of Gaus-
sian distributions constrained to be periodic in time, resulting in a measurement of
9.6 + 0.4 m/s? for g, with the error again dominated by imaging calibration uncer-
tainty. The measurement resolution was dg ~ 10~%g, or dg ~ 10~°g//Hz for the

10-ms measurement. The accuracy of the measurement might be improved by using
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Figure 7.8: The integrated absorption cross section for Fig. 7.6(e), obtained by sum-
ming over the horizontal profile. The circles are the data. The solid line is a non-linear
least squares fit to a series of Gaussian pulses, constrained to be separated by a fixed
time interval, with ¢ as a fitting parameter. Excerpted from Ref. [31].

a resonant probe laser beam and fluorescence detector to determine the temporal
distribution of the atom pulses, thereby eliminating uncertainties due to the imag-
ing system. The resolution of the measurement may also be enhanced by generating
pulses at higher frequencies. This could be accomplished by increasing the trapping
laser wavelength, using a different laser beam geometry, or by combining standing

waves of different frequencies to form a super-lattice.

7.6.2 High-intensity lattice

When we loaded the atoms into the high-intensity lattice, we measured trap lifetimes
of ~ 50 ms, much shorter than would be expected due to 3-body recombination [120]
or to off-resonant photon scattering. However, the lifetime is consistent with tunneling
time estimates based on our numerical calculations and the tunneling probability
formula of Eq. 7.9 for € ~ Fgr. Pulses of atoms were not observed in this case,

possibly due to a relatively low number of atoms per pulse.
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7.6.3 Hold and Release

In this experiment, the BEC was loaded into a high-intensity lattice and held for
a variable time (~ 5 ms) before the lattice was suddenly turned off. The atom
distribution was measured after a subsequent 5-ms of ballistic expansion. Because
of the Fourier relationship between the spatial and momentum distributions of a
ground state wavefunction, the ballistic expansion images provided a measurement
of the momentum distribution of the trapped atoms as well as information about
the initial spatial confinement of the atoms. To model the ballistically expanding
atom wavepackets, we assumed an initial set of traps with the distribution of atoms
localized to ~ \/4 within each well (minimal coupling). The number of atoms in each
well was determined by the position of the well in a Gaussian envelope distribution
encompassing all of the wells. The Fourier transform of this spatial distribution is a
set of wavepackets distributed over momentum-space. The 2hk spacing between the
momentum-space wavepackets is determined by the A/2 spatial separation between
the traps. The widths of the wavepackets are identical, and are determined by the
number of traps in the spatial distribution.

For the case where the macroscopic phases of the released traps are identical, the
number of momentum-space wavepackets that can be observed is determined by the
initial spatial localization of the individual traps. For our experimental parameters
(trap localization of ~ A/2), this corresponds to a single peak in the momentum
distribution. Tighter confinement within each well, with the same periodicity, would
produce more visible momentum peaks (via the Heisenberg uncertainty relations).
Weaker confinement would produce a single momentum peak, but the width of the
peak would broaden. If the initial phase differences between adjacent traps are -
rad, then two peaks will be observed with a separation of 2hk. Figure 7.9 shows the
expected velocity distributions for atoms released from an optical trap with ~ 30
wells loaded, with spatial localization of A/4. The relative phase difference between
adjacent wells is listed for each plot. Figure 7.10 shows the velocity distributions for
various confinements and numbers of wells loaded, with 7-rad phase shifts between
adjacent wells.

Experimentally, when we let the trapped atoms ballistically expand after a fixed
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Figure 7.9: (a) The simulated spatial distribution of atoms in the optical trap be-
fore release. The plot shows a spatial localization of A/4 for the traps, which are
separated by A/2. Plots (b)-(j) show the velocity distribution for the relative phase
differences listed by each plot. The broad Gaussian distribution in these plots is a
relative momentum peak envelope distribution, which grows in width with tighter
initial confinement, revealing more velocity peaks separated by 2vg (vg = hk/m).
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Figure 7.10: The calculated velocity distribution for traps with (a) \/2 spatial local-
ization of the wells, and 30 wells loaded, (b) /20 localization and 30 wells loaded,
and (c) A/20 localization and 2 wells loaded with 7 rad phase shifts between wells
(dark line) and O rad shifts (gray line). This last case is similar to the case of usual
2 slit diffraction.
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Figure 7.11: Time of flight absorption images, after 5 ms of ballistic expansion. The
atoms were held in a high-intensity lattice for the times shown, then released.

holding time in a high-intensity lattice, we observed a single prominent momen-
tum peak and a single minor peak after 5 ms of expansion. The distribution of
atoms among momentum components varied with the relative phases of the atoms
as they were released from the traps. The relative phases evolved with time due
to the differences in gravitational potential energy. As we increased the time that
the atoms were held in the optical trap and then observed the time of flight pat-
tern, one of the peaks grew in amplitude while the other decreased until one peak
remained. As holding time increased further, two peaks were observed in the distribu-
tion. The separation was ~ 54 4+ 4um, agreeing well with the expected separation of
2vg - (5ms) = 54 um. This process was a signature of the time-domain interference
of the macroscopic states of the source. Figure 7.11 shows the observed time of flight

patterns for three hold times.

7.6.4 Dephasing and loss of coherence

We expected the phase coherence of the lattice array states to be lost due to the mean-
field interaction of the atoms. At potential well depths of 1.4FER, we calculated a mean-
field energy of ~ 4kg-nK for our peak densities (~ 10'® ¢cm™3), much less than the

~ Er = 157 kg-nK kinetic energy of atoms in the traps. Nevertheless, the mean-field
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Figure 7.12: Tunnel array output, imaged after 5 ms of tunneling, showing the loss
of phase coherence of the trapped atoms. Before inducing tunneling by dropping the
intensity of the lattice, the atoms were held at high intensity for the times shown.

133 um

interaction will shift the chemical potentials of the trapped atoms by an amount that
depends upon the density of atoms in each well. For our parameters, this corresponds
to a maximum frequency shift of 80 Hz for the ground state energies. The maximum
relative frequency shift is 4 Hz between adjacent wells. The result of a frequency shift
is a dephasing of the array output due to slight variations in the oscillation frequencies
of the tunneling currents. The timescale over which this dephasing happens should be
proportional to the density of the traps. For our densities in the low-intensity traps,
we did not expect to see signs of dephasing in the 10-ms measurements described
above. For higher densities and longer measurement times, we expected dephasing to
occur.

We observed dephasing of the tunnel array output by first holding the atoms in
a high-intensity trap for a variable amount of time, then by decreasing the potential
depths to 1.4FR in order to induce tunneling. We then imaged the atoms after 5 ms
of tunneling in the low-intensity traps. By holding the atoms in a high-intensity
trap, the densities of the wells were increased and the timescale for dephasing was

shortened, compared to that of the low-intensity traps. The images in Fig. 7.12 show
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Figure 7.13: Images of multiple-traps in the optical lattice. The lattice split during
the optical trap loading procedure, and the separate trap sections independently
displayed output pulses.

a comparison of pulsed output and dephased output showing a loss of coherence,
observed after various holding times in a strong lattice. The dephased output was
qualitatively similar to the model output for random initial phases of the lattice

states.

7.6.5 Multiple traps

We occasionally obtained multiple transverse traps visible in the absorption images
during the alignment procedure due to intensity variations in the transverse beam
profile on top of a smooth Gaussian distribution. These variations were due to back-
reflected light from the vacuum chamber viewport surfaces. These multiple-traps
would also undergo pulsing. Examples of such images are shown in Fig. 7.13.
Perhaps these traps can be thought of as a type of 2-dimensional lattice, or a
transverse array of atomic tunnel arrays. These images suggest ideas of future ex-
periments, where interference of pulses from adjacent arrays may be observed. When

we observed the traps created with a particular beam alignment, we observed a time
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Figure 7.14: A sequence of images showing the formation of multiple transverse traps.
The magnetic trap turns off at t = 0 ms.The lattice starts ramping on at ¢ = —20 ms.
Note that in the final image at ¢ = 8 ms, the trap section on the left side of the image
has been nearly depleted due to tunneling (as in Fig. 7.13).
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dependence in the number of horizontally distributed traps, shown in Fig. 7.14.

7.6.6 Launching pulses upwards

Figure 7.15 shows an example of a force other than gravity used to create the atom
interference in the tunnel array. For this image, a BEC held in a magnetic trap
was overlapped with the optical standing wave at low intensities. However, instead
of turning off the harmonic trapping potential, the bottom of the potential well was
shifted vertically upward to a strength that applied a force approximately equal to the
force of gravity but in the opposite direction. The energy gradient was approximately
equal over the length of the tunnel array.

The potential well was shifted by reducing the strength of the rotating TOP bias
field by a factor of 2, thereby increasing the trap spring constants and shifting the
center of the oscillator. For the trap strengths used, the minimum of the potential

well was shifted upwards by 137 pm.

Figure 7.15: Atom pulses launched upwards due to the force of a magnetic field
gradient instead of gravity. Image dimensions: 200 ym horizontal by 500 pm vertical.
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Figure 7.16: Atom pulse train in the harmonic potential well of a magnetic trap. (a)
Pulse train on initial fall upwards in harmonic trap. (b) Pulse train with all pulses
near upper turning point. (c) Pulse train returning to lower turning point in trap.
All images 200 gm horizontal by 500 pum vertical.

7.6.7 Pulses in a harmonic potential

Using the same technique as used to launch pulses upwards, atom pulses were also
observed oscillating in a harmonic potential. After the minimum of the magnetic
potential well was shifted upwards, the trapped atoms were held for 5 to 10 ms while
atom pulses “fell” (upwards) in the harmonic potential. Then the optical standing
wave was removed, and the entire pulse train oscillated in the magnetic trap at the
trap frequency. Figure 7.16(a) is an image showing the pulse train as it is initially
falling upwards in the trap. Figure 7.16(c) shows the pulse train after ~ 30 ms, as
it is approaching the lower turning point of the trap, where each pulse originated.
Note that the upper groups of atoms in Fig. 7.16(a) have turned around first and are
the lower groups on atoms in Fig. 7.16(c), indicating that these groups of atoms have
passed through each other near the upper turning point. Figure 7.16(b) shows the

pulse train near this point in time.
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7.7 Atomic tunnel array: applications

7.7.1 Measurements of weak forces

One application of tunnel arrays might be realized in the measurements of weak
forces. As we demonstrated with a measurement of g, the tunnel array can be used
to make an ac measurement of a dc force, thereby increasing measurement resolution.
For example, a tunnel array near a surface may provide a means of measurement of
Van der Waals/Casimir forces.

We can also estimate the potential resolution that could be obtained in a mea-
surement of g, under ideal conditions. Assuming two condensates separated by 1 cm,
an observation of a 1 rad phase shift after 100 s of tunneling between the traps would
give an acceleration resolution of 7 x 10~ g. With 10® atoms in the array, the resolu-
tion is increased by a factor of v/108, giving a measurement resolution of 7 x 10719,
or 7x 107*g/v/Hz. The best commercial accelerometers currently have a resolution
of 10~"'g/\/Hz. If instead we have a tunnel array with a spatial extent of 1 cm, the
analysis is complicated by the spatial structure of the array. We can estimate that the
accuracy of a measurement of g will nevertheless be comparable to the above analysis,
due to an equivalent total gravitational energy (phase) shift across the extent of the
array. Phase-spreading due to mean-field interactions would degrade these resolution

estimates, and would need to be considered in a more rigorous analysis.

7.7.2 BEC optical trapping experiments

Tunneling dynamics of an array should be considered in experiments aimed at trap-
ping a BEC in an optical lattice with a force (such as gravity) present. At trap
depths such as the ones described here, tunneling is certainly important. However,
even deeper traps may have interesting tunneling resonances for certain configura-
tions: tunneling might for example proceed from the lowest bound state of one well
to the second bound state, at the same energy, of another well. In this manner, it is
conceivable that atoms may be quickly lost from the trap, or may undergo oscillation

dynamics.
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The atom arrays might also be an interesting test of Cooper pairing in a super-
fluid Fermi system, when such a system is produced. A superfluid Fermi system may
undergo pulsing tunnel dynamics (Josephson type effects for particle pairs) as men-
tioned at the end of section 7.2. However, above the BCS transition, the tunneling

dynamics should be quite different.

7.7.3 Atom laser

The atomic tunnel array can be considered a source of coherent matter-wave or “atom
laser” [102] output. As we have discussed, atom pulses from an array can be modeled
similarly to pulses of a mode-locked laser. In this respect, the pulsed output that we

> The initial mode-

have observed is a demonstration of a “mode-locked atom laser.’
locking is manifested by loading the entire array of traps from a single BEC, ensuring
a definite phase relationship between the array of states. Estimates of the phase-space
densities of the pulses that we observed, based on number of atoms per pulse and
pulse velocity spread, indicate that the pulses are in the quantum degenerate regime.
Additionally, the observation of periodic pulses is an indication of the coherence
length of the array output. We conclude that the coherence length of the atom laser
is > 500um, much larger than the dimensions of the resonator (the array). The output
of the atom laser may be envisioned as playing a role in the transport of degenerate

groups of atoms for use in applications such as nano-fabrication or possibly in loading

a steady-state BEC confined to a trap in a different region in space.

7.8 Future improvements

The experiments of atoms trapped in optical lattices can be enhanced with improve-
ments to the condensate creation methods described at the end of the previous chap-
ter. Some planned improvements however are specific to the optical trapping experi-
ments.

The most obvious improvement to the system is to obtain the ability to use deeper

potential wells. This would be beneficial for experiments with the goals of observing
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long holding times in the lattice, and for studies of mean-field interactions where
densities are higher and atoms more localized in stronger traps. Deeper traps would
be needed to reach the higher precision measurements of g mentioned in section 7.7.1,
where long holding times would be needed to make observations of many periods of
the tunnel output (thereby increasing resolution).

Another improvement would be the use of a resonant probe beam situated below
the trap. Falling pulses of atoms would scatter light from the beam at they fell
through the beam. The scattered light would be collected and focused onto a detector,
recording the arrival times of the atoms in the pulses. Such a probe beam setup would
allow possible quantum statistical measurements by measuring the arrival times and
positions of individual atoms in the pulses as they fell through the beam. This could
also enable unique measurements of collective radiation effects of degenerate atoms,
such as superradiance.

Although the optical trapping beam was spatially filtered, the quality of the wave-
front should be further improved. The vacuum chamber windows that the light
passed through reflected ~ 15% of the light, possibly contributing to difficulties in
alignment of the retro-reflected beam to positions where high-quality traps were ob-
served. By improving the beam quality, possibly by replacing the windows with ones

anti-reflection coated at 850 nm, the multiple-trap images should also disappear.

7.9 Summary

We observed periodic pulsed atom output from atoms trapped in an optical lattice.
The pulsed output from our atomic tunnel array can be described using the principles
of the Josephson effect, and are additionally a demonstration of a mode-locked atom
laser. For further elaboration and clarification of our interpretation of Josephson
effects, refer to Appendix B. The subject of Bose-Einstein condensates trapped in
optical lattices is rich with possible experiments and potentially useful applications.
The observation of pulses in this experiment is yet another link between the physics
of superfluids and superconductors and Bose-Einstein condensation in a dilute atomic

gas.



Chapter 8
Conclusions

We have demonstrated that Bose-Einstein condensed atoms can display unique and
interesting characteristics when trapped in a periodic external potential. In our ex-
periment, a Bose-Einstein condensate of 8"Rb atoms was transferred from a magnetic
trap into a standing-wave optical trap. The optically trapped atoms filled ~ 30
sites in the vertically oriented periodic potential. Because of the acceleration due to
gravity and the weak trapping potential, tunneling occurred between the barriers of
the optical potential. As a result of the tunneling, the gravitational energy differ-
ence between the lattice sites, and the phase coherence of the trapped atoms, pulses
containing ~ 1000 atoms were observed falling from the trap at periodic time inter-
vals. The occurrence of atom pulses was due to an interference between the atoms in
different potential wells, similar to the ac Josephson effect observed with supercon-
ductors. A careful measurement of the pulse period, determined by the gravitational
energy difference between the wells, produced a high resolution measurement of the
gravitational acceleration of 6g/g ~ 107°/v/Hz.

Many additional experimental investigations may be developed using similar
atomic tunnel arrays. For example, tunnel arrays and periodic potentials might be
used in creating Fock states of large numbers of atoms or in applications of high-
resolution measurements of the strength of gravity and gravity gradients. Tunnel
arrays may possibly have applications in nano-fabrication, cold-atom transport, op-

tical cooling, experiments where a BEC is constantly replenished from a separate
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source, or as a test of BCS pairing in fermionic gases (where a pulse frequency would
depend upon the mass of a pair of atoms). The arrays could be used in studies of
relative pulse coherence for further development of atom-laser concepts, or in studies
of collisions between condensates. Precision measurement techniques could be ex-
tended to measurements of h/m or van der Waals forces, for example. Tunnel arrays
certainly merit further study in future investigations.

With our images of condensed atoms in a weak TOP trap, quantitative analysis
of condensate parameters could be made with in situ imaging techniques. With a
high enough imaging resolution, the measured parameters may be compared with
developing theories. The techniques we used to reach condensation included two ad-
ditional uses for the rotating bias magnetic field of the TOP trap. First, we used a
low-amplitude rotating field to increase the number of atoms in a dark MOT. Second,
we used the rotating field as our primary method of evaporative cooling. Although
TOP-induced evaporative cooling had been previously demonstrated, we showed that
it was efficient at cooling atoms to the BEC threshold. We additionally demonstrated
the technique of on-resonance dark-ground imaging. Similar high-resolution imaging
techniques may contribute to future studies of small-number condensates, and pos-
sibly lead to the ability to spatially resolve and detect atoms near the single-atom
limit. Such achievements would open up possible experiments with condensates such
as measurements of atom-number fluctuations and quantum optics-type experiments
with condensates.

In developing the 3"Rb experiment, we found that atom desorption from the inner
walls of the stainless steel vacuum chamber could be induced when the walls were
illuminated with white light. The process was used to modulate the vapor pressure
in the cell. This allowed us to increase the number of atoms in our magneto-optic
trap while maintaining long trap lifetimes. The method is applicable to evaporative
cooling experiments and possibly to other atomic species. The techniques might, for
example, be modified in such a way that atomic beam sources might be replaced with
simpler systems using light-induced desorption.

Prior to our Rb studies, we developed techniques for use in studying quantum
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many-body effects in lithium. We demonstrated the ability to trap Li atoms in far-
off-resonant optical lattices tuned to the red or blue of resonance. We measured
adiabatic cooling of the trapped atoms when the trapping spring constants of the
optical wells were slowly reduced, and we used the lattice to select atoms with energies
slightly below the photon recoil energy. We also measured the loading rate of Li
atoms into a MOT with a Li source located near the MOT. Atoms were directly
loaded into the trap without a precooling stage. We showed that this method was
comparable to other loading methods. We also demonstrated an increase in the
number of atoms loaded into the trap by frequency modulating the laser light used
for the trapping beams. The spectrally broadened light let us capture atoms of
energies higher than single-frequency trapping light would allow. The result of these
two techniques was a relatively simple Li trapping apparatus, with the ability to
quickly load large numbers of atoms into a MOT. A modification of these techniques
might improve trap loading with species other than Li. Further theoretical study is
needed regarding these possibilities.

The methods and experiments mentioned above were a result of our efforts to
observe quantum many-body effects in Li and Rb. The experiments that we have
discussed can be viewed as successful steps forward along the path towards observation
of various quantum many-body effects and a better understanding of Bose-Einstein
condensation, superfluidity, and the possible development of applications of these

physical phenomena.



Appendix A

Characteristics of "Li and 5’'Rb

Property "Li 8 Rb
cooling transition | 2510, F ' =2 — 2P3)9, F' =3 | 5519, F' =2 — 5Py, F' =3
A (nm) 671 780

m (kg) 12x10° % 15x105
I'/2m (MHz) 5.9 5.9

T, (ns) 27 27

Lot (mW/cm?) 2.4 (swing transition) 1.6 (swing transition)
Tp (uK) 146 146

Egr at 671 nm kg -3.2uK

ER at 780 nm ]{ZB : 019,MK

ER at 850 nm kg -0.16uK
Oscar (1077 cm?) 2.1 (at 671 nm) 2.9 (at 780 nm)

Table A.1: Properties of Li and Rb.
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Figure A.1: The energy level structure of Li.
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Appendix B

Josephson effects and Bloch

osclllations

The distinction between the Josephson effect and Bloch oscillations, especially in
regard to our atomic tunnel array experiment, is an issue that must be addressed.
Confusion also arises in the interpretation of what has been referred to in this the-
sis as macroscopic interference, as well as which phenomena may be described as
macroscopic interference. This appendix is meant to be a clarification of our views
regarding these issues.

As a brief overview of the following discussion, we first note that the physics
behind the Josephson effect and Bloch oscillations can be explained by considering
single-particle states. Second, in certain configurations, the ac Josephson effect and
Bloch oscillations are different labels for the same process, explained using different
language and different equations.

We first consider the ground state of a split potential well, with an energy offset
between the two segments of the well (we imagine a potential-energy gradient applied
to a split potential well. If the barrier between the two sections is high enough, the
tunneling rate through the barrier will be low. The energetically lowest two basis
states for the entire potential well can then be approximated as one that localizes a
particle on the left of the barrier, and one that localizes a particle on the right of

the barrier. The energy difference between the sides of the potential determines the
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energy difference between the left (L) and right (R) basis states.

With a large (but non-infinite) barrier between the sections, L and R overlap
slightly and interfere. With different energies, differences in the phase-evolution rate
(E/h) between L and R will produce time-dependent interference. This is equivalent
to a probability current oscillating between the two sides of the potential well. This
explanation also describes the oscillations in the ac Josephson effect. So far, we have
not explicitly assumed any restrictions on the number of particles in state L or R,
although we have assumed that (i) we can write localized basis states, and (ii) we can
speak about a relative phase between the states. These assumptions are valid if the
potential wells are separated by a high-enough barrier.

In common usage, the term “Josephson Effect” implies interference between
macroscopically occupied quantum states. The physics behind the effect is the same
as the effect described above for single-particle states, but the language is different. To
extend the equations describing the single-particle effect to describing the Josephson
effect, we must assume that we can write a macroscopically occupied state as having
an amplitude (corresponding to the number of particles in the state) and a relative
phase (corresponding to the relative energy of the quantum states). Then there is
no difference between the mathematical descriptions of the Josephson effect with a
macroscopic wavefunction and the oscillating probability currents of a single-particle
state. The difference is in terminology.

However, if interactions between particles are considered, the physics becomes
more complicated. The energy of each interfering state can be altered by the number
of particles in each state. For example, for the L and R single-particle states in a sym-
metric double-well potential, there is no oscillating current (this may be interpreted
as an oscillation of zero frequency). But with a large difference in particle number be-
tween L and R, even in a symmetric split potential, the mean-field energy differences
would supply the necessary chemical potential differences for Josephson oscillations.
This mean-field-induced chemical-potential difference can lead to many interesting
experiments. But since this case is not necessary to the discussion here (and it was
negligible for short times in our experiment), it well not be further considered here.

Now consider a confining potential that is split into a few segments instead of



APPENDIX B. JOSEPHSON EFFECTS AND BLOCH OSCILLATIONS 149

just two, with high (but non-infinite) barriers, and a linear potential-energy gradient
that is applied to the potential well. We can choose to consider basis states that
describe particles that are localized in individual potential-well segments. We then
return to the physics described above: localized basis states, and relative energy
differences leading to oscillating probability currents. If the states are macroscopically
occupied, we would call these oscillations a Josephson effect, even though there are
more than two wells. (The Josephson effect is usually thought of in terms of a
Josephson junction of two superconductors joined by a weak link.) Since the applied
potential-energy gradient is linear, the oscillation frequencies between adjacent trap
segments are identical. For all of the currents to be in-phase, the relative phases of
the individual states must all be identical at some point in time.

We finally consider an infinitely long, tilted, periodic potential. What basis states
should be used for determining the dynamics of the particles trapped in the potential?
As in the above example, we can choose a basis where particles are approximately
localized in individual wells. For this potential, this basis is the Wannier-Stark basis.
An alternative basis would be the Bloch states, which describe de-localized particles,
quantized in momentum. Depending on the energy gradient applied to the periodic
potential, one basis might be more convenient than the other. In our experiment, the
gravitational energy shift was strong enough that we used the Wannier-Stark basis,
with particles in each state localizing in a small region around a corresponding lattice
site. A weaker potential-energy gradient in this basis would lead to states that were
localized to a lesser extent. Conversely, if the gradient were stronger, or if the barriers
between the wells were higher, the states would be even more localized in individual
potential-well segments.

The concepts of the two-well Josephson effect can be easily extended to the peri-
odic potential to determine the dynamics of the system. This is a justified approach
in our experiment because we are loading the trap from a single BEC, so the relative
phases among the lattice sites are initially identical. One additional point may now be
mentioned: there is a probability of atoms jumping into a higher-lying energy band,
which for our configuration is a continuum of untrapped states. The probability of

such a transition occurring is highest at the lower turning point of each oscillation, so
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atom “pulses” are formed and fall at the Josephson oscillation frequency. The pulses,
then, occur at points in time when the macroscopic wavefunctions of the lattice states
are properly phased to constructively interfere in the continuum. An image of falling
pulses is thus a single direct measurement of macroscopic interference.

A similar measurement could also be made with a single particle, without requiring
a BEC. For this, we imagine a single particle in the ground state of the harmonic
magnetic potential. We adiabatically apply the lattice, and then remove the magnetic
field. The atom is trapped in the lattice for an undetermined time, and eventually
falls from the lattice. We would take a picture to determine the position of the
atom at a fixed time delay after putting the atom in the lattice. We could then do
the identical experiment 10,000 times, add all of the images together, and the result
should look like our single image of macroscopic interference. The physics in the
two cases is the same, but the measurement is very different. This case would not
be called a Josephson effect measurement since it does not involve macroscopically
occupied states. However, the underlying physics (oscillations of probability currents
due to time-domain interference resulting from energy differences) is the same.

The Josephson oscillations in our experiment can equivalently be called Bloch
oscillations, as would be described by using the Bloch basis instead of the Wannier-
Stark basis. The equations that describe the Josephson effect in a lattice map on
to the equations that produce the Wannier-Stark wavefunctions. These in turn are
an alternative (but equivalent) way of describing in an energy basis the physics that
gives rise to Bloch oscillations in the Bloch (or momentum) basis.

The term “Bloch oscillation” does not imply (nor exclude) macroscopically oc-
cupied single-particle quantum states. The desired condition for observing Bloch
oscillations is particles confined to the lowest energy band of a lattice. Bloch oscilla-
tions reveal the distribution of particles in momentum space, and are single-particle
effects which can be observed without having a BEC. The observation of Bloch os-
cillations can not be considered a Josephson effect measurement, not because the
physical principles are different, but because the terminology is applied to different
conditions.

As an analogy, we point out that photon interference can be achieved with an
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incoherent light source (a light bulb) if the interfering modes are sufficiently restricted.
We do not need the concept of a laser in order to discuss interference and diffraction,
which are single-photon effects. The light is not called a laser beam unless a large
number of photons exist in a single cavity mode (generated, of course, by means quite
different than the light of an ordinary light bulb). On one level, the difference is a
matter of intensity. With the proper filters and mode selection, an ordinary light-bulb
source can be made to emit the same frequency, bandwidth, and directionality as the
output of a laser, but with much less intensity.

Similarly, the atomic tunnel arrays would still produce atom pulses if the periodic
potential could be loaded from a trap above the BEC threshold. However, differences
should be noticeable. First, the atoms would need to be loaded into the (longitudinal)
ground states of the lattice. This would be more difficult to do with atoms above
the BEC threshold. Second, atom pulses would probably be less-well defined. With
a BEC, the coherence length of the trapped atoms extends over the entire trapped
lattice states (at least), and destructive and constructive interference in the array
output is expected. With the shorter coherence lengths that would exist in a non-
BEC (but still very cold) sample, interference should not be as complete. Finally,
experiments just above the BEC threshold may be difficult (and interesting) to inter-
pret. Depending on the parameters of the magnetic and optical trapping potentials
and the characteristics of the trapped atoms, the non-BEC atoms in the magnetic
trap might undergo condensation by adiabatic application of the lattice [121].

Other confusing aspects arise due to terminology. For example, even with macro-
scopic wavefunctions, the “Josephson effect” term is usually only applied in situations
where the degree of coupling between wavefunctions is within a certain range (placing
the tunneling rates in a particular range) [104]. Also, the “Bloch oscillations” term
is not applied to a single particle in a double well (where Bloch states are not rele-
vant, though “delocalized” states can be considered). In our experiment, the term
Josephson Effect is appropriate (by virtue of energy differences between macroscopic
wavefunctions), as is the term Bloch Oscillation (by virtue of a tilted periodic po-
tential). But in general, while the physical principles are extended to one limit or

another, the terminology is not, leading to some confusion.
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