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Abstract

Gaseous Bose-Einstein condensates containing up to 3× 106 23Na atoms were loaded
into magnetic microtraps and waveguides on a microfabricated “atom chip” using op-
tical tweezers. Single-mode propagation was observed along the waveguide. Closer to
the microfabricated surface, perturbations to the waveguide potential spatially mod-
ulated the condensate density. The condensate lifetime was ≥ 20 s and independent
of the atom-surface separation, for separations ≥ 70 µm.

Condensates were coherently split by deforming an optical single-well potential
into a double-well potential. The relative phase between the two resulting condensates
was determined from the matter wave interference pattern formed upon releasing the
atoms from the separated potential wells. Coherent phase evolution was observed for
condensates held separated by 13 µm for ≤ 5 ms and was controlled by applying AC
Stark shifts to either condensate. This demonstrated a trapped-atom interferometer.

Vortices and spin textures were imprinted in spinor condensates using topological
phases. The order parameter of condensates held in a Ioffe-Pritchard magnetic trap
was manipulated by adiabatically varying the magnetic bias field along the trap axis.
Fully inverting the axial bias field imprinted vortices in F = 1 and F = 2 condensates
with 2h̄ and 4h̄ of angular momentum per particle, respectively. Reducing the axial
bias field to zero distributed the condensate population across its 2F + 1 spin states,
each with a different phase winding, and created a spin texture.

Partially condensed atomic vapors were confined by a combination of gravita-
tional and magnetic forces. They were adiabatically decompressed, by weakening the
gravito-magnetic trap to a mean frequency of 1 Hz, then evaporatively reduced in size
to 2500 atoms. This lowered the peak condensate density to 5× 1010 atoms/cm3 and
cooled the entire cloud in all three dimensions to a kinetic temperature of 450±80 pK.
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Title: Cecil and Ida Green Professor of Physics

Thesis Supervisor: Wolfgang Ketterle
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Chapter 1

Introduction

The phenomenon of Bose-Einstein condensation (BEC) underlies our understanding

of superfluid liquid helium and superconducting electron pairs. However, the strength

and complexity of particle-particle interactions in these systems makes controlling,

manipulating, and characterizing their condensate phases difficult. It was only after

1995, when the BEC phase transition was observed in dilute atomic vapors [40, 110],

that many fundamental properties of Bose-Einstein condensates were addressed.

In the following years, the field of quantum degenerate gases has grown to include

eight species of atomic Bose-Einstein condensates, 87Rb [6], 23Na [46], 7Li [21, 22],

1H [63], 85Rb [41], 4He∗ [167, 182], 41K [151], 133Cs [217], and 174Yb [207] and two

species of quantum degenerate Fermi gases, 40K [48] and 6Li [213]. The field devel-

oped experimentally and theoretically in parallel, with theoretical predictions leading

to experimental discovery and experimental observations producing theoretical un-

derstanding equally often. Much of this development can be found in the multitude

of review articles, conference proceedings, and textbooks currently available, of which

Refs. [42, 94, 128, 166, 169] are a small subset.

This chapter introduces the concept of Bose-Einstein condensation as relevant

for the experiments presented in this thesis. For clarity, the presentation assumes a

three-dimensional gas in thermal equilibrium.
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1.1 BEC Phase Transition

The Bose-Einstein condensation phase transition corresponds to a macroscopic oc-

cupation of the quantum mechanical ground state of the system1. For N particles

at a temperature T , the critical point for condensation corresponds to all thermally

accessible being occupied, i.e. the number of quantum states with energy E ≤ kBT

equals the number of particles in the system, where kB is Boltzmann’s constant. At

the critical point, the gas is referred to as a quantum saturated thermal vapor.

An alternative, but equivalent, description of the BEC phase transition can be

given in terms of matter wave overlap. For a gas at number density2 n, matter wave

overlap occurs when the interparticle spacing, n−1/3, equals the thermal deBroglie

wavelength, λT , of the atoms. At this point the atoms lose their individual identities

and begin to behave as a unified ensemble. This criteria can be written as nλ3
T ≈ 1,

where nλ3
T is the phase space density of the gas3. Thus, the BEC phase transition

occurs at a phase space density near unity meaning that all thermally accessible states

are occupied.

Once all thermally accessible states are occupied, adding more particles to the

ensemble results in a macroscopic occupation of the ground state (according to Bose

statistics) and Bose-Einstein condensation. Thus, a gas cooled below the BEC phase

transition temperature consists of two components: a thermal (normal) fraction that

occupies many quantum states and a condensed (superfluid) fraction that occupies a

single quantum state.

The number of thermally accessible states below a given temperature depends on

the excitation spectrum of the system. Free particles have a continuum of excitation

energies ε(p) = p2/2m, where p and m are the momentum and mass of the particles,

respectively. Confinement modifies the excitation spectrum. The experiments de-

1More generally, the BEC phase transition can be thought of as the macroscopic occupation of
a single quantum state, often occurring in long-lived metastable states rather than the absolute
ground state of the system.

2All densities described in this thesis are number densities, not mass densities.
3A phase space cell has position and momentum dimensions ∆q = n−1/3 and ∆p = h/λT ,

respectively. The normalized volume of such a cell is (∆q∆p/h)3 = 1/nλ3

T , where h is Planck’s
constant.
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scribed in this thesis were performed with harmonically trapped atoms. Such particles

have excitation energies ε(nx, ny, nz) = (nx+1/2)h̄ωx+(ny +1/2)h̄ωy +(nz +1/2)h̄ωz,

where ωx, ωy, and ωz are the trap frequencies and h̄ = h/2π.

The density, nth, or number, Nth, of thermally excited atoms is found by integrat-

ing or summing the Bose-Einstein distribution,

〈n(ε)〉 =
1

e(ε−µ)/kBT − 1
, (1.1)

where 〈n(ε)〉 gives the number of particles occupying a state of energy ε such that

N =
∫

dε〈n(ε)〉, ε is the appropriate excitation spectrum, and µ is the chemical

potential of the gas. For free particles this results in

nth = ζ(3/2)

√
2πmkBT

h
⇒ kBTc =

h2

2πm

(

n

ζ(3/2)

)2/3

, (1.2)

where Tc is the BEC phase transition temperature and ζ(3/2) ≈ 2.612 is the Riemann

Zeta function.

Likewise, for harmonically confined atoms

Nth = ζ(3)

(

kBT

h̄ω̄

)3

⇒ kBTc = h̄ω̄

(

N

ζ(3)

)1/3

, (1.3)

where ζ(3) ≈ 1.202 and ω̄ = (ωxωyωz)
1/3. Typical experimental parameters fall in

the range 104 < N < 107 and 1 Hz < ω̄/2π < 100 Hz such that 1 nK < Tc < 1 µK

and 1011 atoms/cm3 < n < 1015 atoms/cm3.

1.2 Macroscopic Order Parameter

The above discussion was for an ideal (non-interacting) Bose gas. Atom-atom inter-

actions are essential for thermalization and efficient cooling to quantum degeneracy.

They are manifestly present under typical experimental conditions. While such in-

teractions shift the BEC phase transition temperature by only a few percent, they

typically dominant the ground state properties of the condensate.

13



1.2.1 Density Distribution

The N0 = N − Nth atoms in the condensate are all described by a single order

parameter (wavefunction), Ψ(~r, t), that represents the ground state of the many-

body system. The usual Schrödinger equation is modified to include a nonlinear term

that accounts for atom-atom interactions, and ψ(~r) is an eigenstate of the resulting

Gross-Pitaevskii equation,

(

− h̄2

2m
∇2 + V (~r) +

4πh̄2a

m
|ψ(~r)|2

)

ψ(~r) = µψ(~r), (1.4)

where V (~r) is the external potential, a is the s-wave scattering length for a binary

collision, and the time evolution of the wavefunction is given by the chemical potential,

Ψ(~r, t) = ψ(~r)e−i(µ/h̄)t.

In the Thomas-Fermi limit, the atom-atom interaction energy dominates the ki-

netic energy [(−h̄2/2m)∇2ψ(~r)] associated with the condensate wavefunction, and

the ground state condensate density is

n(~r) = |ψ(~r)|2 =
m

4πh̄2a
[µ − V (~r)]. (1.5)

Since the chemical potential is a constant throughout the gas, the condensate wave-

function has the inverted shape of the trapping potential. For harmonically confined

atoms V (~r) = (1/2)m(ωxx
2 + ωyy

2 + ωzz
2), and the chemical potential can be ex-

pressed as

µ =
1

2
h̄ω̄

(

15N
a

aHO

)2/5

, (1.6)

=
1

2
mω2

i R
2
i , (1.7)

where aHO =
√

h̄/mω̄ and Ri is the Thomas-Fermi size of the condensate along the

i = x, y, z axis.

More generally, taking the trap center to be the zero of energy, the chemical

potential can be expressed as µ = (4πh̄2a/m)n0, where n0 is the condensate density

14



at the trap center. The local mean field interaction energy is often referred to a the

local chemical potential and is written as µ(~r) = (4πh̄2a/m)n(~r). For 23Na atoms in

the |F = 1,mF = −1〉 state, a ≈ 53a0 ≈ 2.8 nm, where a0 is the Bohr radius4. Thus,

µ ≈ kB × 66 × 10−14 nK-cm3 ≈ h × 1.4 × 10−14 kHz-cm3.

Briefly a word about energy units. Throughout this thesis energy will be quoted

in temperature, frequency, and occasionally magnetic field units. The conversions are

kB × 1 µK ≈ h × 21 kHz ≈ (µB/2) × 30 mG, where 1 G = 10−4 T, µB is the Bohr

magneton, and atoms in the |1,−1〉 state have a magnetic moment of µB/2.

The treatment presented in this section is valid provided the gas is sufficiently

dilute, na3 ¿ 1, which is satisfied in all of the experiments presented in this thesis.

Two important energy scales for partially condensed atomic vapors are the thermal

kinetic energy (temperature) and chemical potential of the sample. Quite generally,

µ/kBTc ∝ (na3)x where x = 1/3 for free particles and x = 1/6 for harmonically

confined atoms in the Thomas-Fermi limit. Thus, the mean field interaction energy

experienced by atoms in the condensate fraction is typically less than the kinetic

energy of atoms in the thermal fraction.

1.2.2 Phase Coherence

The condensate order parameter can be written in terms of an amplitude and phase,

ψ(~r) =
√

n(~r)eiS(~r). Associating a single phase with the condensate gives rise to

its laser-like coherence [9, 25, 107, 113] and superfluid [133, 134, 210] properties.

These phase coherence properties can be destroyed in very anisotropic systems at

finite temperature [50, 83, 181] and in the presence of potential corrugations such as

optical lattices [70, 164], where localized regions of the gas have independent phases.

However, the experiments described in this thesis were performed in a regime where

a single phase accurately described the condensate.

4For 23Na atoms in the |F = 2,mF = +2〉 state, a ≈ 63a0 ≈ 3.3 nm. In general, a can be tuned
with an externally applied magnetic field at a Feshbach resonance [95]. The values quoted for a are
those far from any such resonance.

15



1.3 Contributions and Collaborations

My first two years at MIT were divided between contributing to the construction

of a new BEC apparatus5 and collaborating on experiments running on an existing

one. Aside for the usual gamut of tasks given to the youngest graduate student

(electronics assembly, computer programming, etc. . .), my main contribution to the

new BEC apparatus was designing and building a Ioffe-Pritchard, cloverleaf style

magnetic trap [68, 147, 174]. In parallel, I was given the opportunity to collaborate on

two experiments performed on MIT’s original BEC apparatus. The first realized Bose-

Einstein condensates in lower dimensions [67], and the second transferred sodium

condensates between the lower (F = 1) and upper (F = 2) hyperfine levels [66].

While these construction and experimental efforts were invaluable in teaching me

the methods of atom cooling and condensate manipulation, they will not be described

in any detail in this thesis. Instead, I will focus on the scientific results produced in

my final two years at MIT. The title Microtraps and Waveguides for Bose-Einstein

Condensates reflects an ongoing effort in the lab to design and implement new devices

to confine and manipulate Bose-Einstein condensates, and much of the work presented

in this thesis reflects that effort. In addition, the phase coherence properties of the

condensate are emphasized with respect to atom interferometry and superfluidity.

Appendices A-F contain reprints of publications covering the main achievements

of my graduate work. This thesis aims to motivate, contextualize, summarize, and

supplement the content of these publications. General results and trends will be

emphasized and discussed based on the current state of the field.

1.4 Outline

Sodium condensates were produced by a novel BEC apparatus described in Ch. 2,

without which many of the following experiments would not have been possible. This

includes the trapping and guiding of condensates with magnetic potentials generated

by microfabricated current-carrying wires described in Ch. 3. A major long term

5This was MIT’s third BEC apparatus and would become known as the science chamber (Ch. 2).
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goal of this effort is to build a trapped-atom interferometer. To this end, we iden-

tified several limitations of magnetic microtraps and worked in parallel to develop

such an interferometer using optical potentials. Chapter 4 reports on the success-

ful demonstration of trapped-atom interferometry in an optical double-well potential.

Chapter 5 delves into the superfluid nature of Bose-Einstein condensates and describes

vortices and spin textures imprinted onto the condensate wavefunction using topolog-

ical phases. Chapters 4 and 5 are complementary in the sense that Ch. 4 demonstrates

our ability to write and read uniform condensate phases, while in Ch. 5 we imprint

and detect phase windings. Finally, Ch. 6 describes the cooling of partially condensed

atomic vapors to picokelvin temperatures at peak densities < 1011 atoms/cm3. Such

low temperature and low density samples are important for spectroscopy, metrology,

and atom optics. Some concluding remarks and perspective are included in Ch. 7.

Appendices A-F include publications directly related to the chapters of this thesis.
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Chapter 2

Bose-Einstein Condensate

Production and Transport

All of the experiments described in this thesis were performed on MIT’s third gener-

ation sodium BEC apparatus, BEC-III, commonly referred to as the science chamber

for reasons that will be made obvious below. The apparatus is described briefly in

Ref. [74] and thoroughly in Ref. [33]. The aim of this chapter is to fall somewhere in

between.

2.1 The Science Chamber Apparatus

The design goal for this novel apparatus was to separate the job of producing con-

densates from the task of studying them. In short, we wanted to create a condensate

beamline such that every 20 − 30 s a fresh condensate would be delivered to an

experimental platform for examination. Figure 2-1 shows our realization of this goal.

2.1.1 Condensate Production

A thermal atomic beam escapes through a 4 mm aperture in an effusive oven contain-

ing liquid sodium heated to 260 C. The atomic beam is slowed by radiation pressure

in a spin-flip Zeeman slower to a mean velocity ∼ 30 m/s. The slow atom flux exiting
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Figure 2-1: The science chamber apparatus. Gaseous Bose-Einstein condensates of
sodium atoms are created through a combination of laser and evaporative cooling in
the production chamber. Subsequently, they are captured in the focus of an infrared
(IR) optical tweezers beam and transported into the auxiliary science chamber. The
acceleration due to gravity, ~g, points down the page. Drawn to scale.

the Zeeman slower is ∼ 1011 atoms/s. The circularly polarized slowing laser beam

contains ∼ 50 mW of power and is tuned 1000 MHz below the F = 2 → F ′ = 3 cycling

transition (Fig. 2-2). 10% of the slowing laser power is transferred into repumping

sidebands near the F = 1 → F ′ = 2 transition by an electro-optic modulator (EOM)

driven near1 1743 MHz. The Zeeman slower consists of three separately powered

tapered solenoids running currents between 16 A and 105 A and produces magnetic

fields up to 700 G.

The slowed atomic beam is continuously loaded into a dark spontaneous force

optical trap (dark-SPOT [111]) type magneto-optical trap (MOT [177]) for 1 s. The

MOT consists of a spherical quadrupole magnetic field with a maximum gradient

of 11 G/cm and three orthogonal pairs of counter propagating laser beams detuned

20 MHz below the F = 2 → F ′ = 3 cycling transition. The total power in all six MOT

beams is ∼ 100 mW. A ∼ 25 mW repumping beam resonant with the F = 1 → F ′ = 2

1Empirically, this frequency can be varied over tens of megahertz without degrading the Zeeman
slower performance. This is because the magnetic field profile of the Zeeman slower is designed to
keep the F = 2 → F ′ = 3 cycling transition on resonance, but not the F = 1 → F ′ = 2 repumping
transition.
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transition is applied to the edge of the cloud such that the atoms in the center of the

MOT remain in the (dark) F = 1 state, while the hotter atoms near the edge are

cooled and transferred into the central F = 1 cloud.

Weak field seeking |F = 1,mF = −1〉 atoms cooled by the MOT to ∼ 100 µK

are loaded into a Ioffe-Pritchard, cloverleaf style magnetic trap [68, 147, 174]. No

intermediate sub-doppler cooling is performed although some polarization gradient

cooling takes place in the MOT itself2. One half of the magnetic trap is shown in

Ch. 3, Fig. 3-1(a). The two halves are identical and mounted outside the ultrahigh

vacuum chamber, symmetrically about the atoms. The trapping coils generate an

axial magnetic field curvature of 1 G/cm2/A and a radial magnetic field gradient

of 0.6 G/cm/A. The magnetic trap runs currents between 200 A and 500 A and

dissipates 15 kW of power. Typical trapping parameters are an axial bias field of

1.4 G and axial and radial trap frequencies ω|| = 2π × 20 Hz and ω⊥ = 2π × 200 Hz,

respectively.

Forced radio frequency evaporation is used to cool the magnetically trapped atoms

to Bose-Einstein condensation. The radio frequency drive uses ∼ 1 W of power and

its frequency3 is ramped from 30 MHz to ∼ 1 MHz in 20 s. This procedure produces

Bose-Einstein condensates containing > 107 atoms.

2.1.2 Condensate Transport

After production, the condensates are loaded into the focus of an optical tweezers

laser beam. The optical tweezers consist of a 1064 nm laser focused to a 1/e2 radius

of 26 µm, such that ∼ 50 mW of power produces axial and radial trap frequencies

ω|| = 2π×4 Hz and ω⊥ = 2π×440 Hz, respectively, and a trap depth of kB×3 µK. The

focus is generated by passing a collimated beam through a 50 mm diameter, 500 mm

focal length lens mounted on an air bearing translation stage. Translating this lens

moves the position of the focus and hence the atoms as well. Using the optical

tweezers, condensates are transported ∼ 36 cm in 2 s into an auxiliary “science”

2For 23Na, the doppler cooling limit is TD = 240 µK.
31 MHz corresponds to a 1.4 G magnetic field.
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chamber. Upon arrival in the science chamber the condensates contain up to 3× 106

atoms.

The optical power for the tweezers beam is raised by a factor of 5 − 10 during

translation to prevent atom loss, but it is lowered again as the atoms near their final

destination. The 1/e lifetime of condensates in the optical tweezers is 20 s. This is

most likely limited by vibrations, since the background vapor pressure (∼ 10−11 torr)

and photon scattering rate (0.01 Hz) are sufficiently low not to cause problems.

The condensate production chamber and the science chamber are separated by

a gate value. This allows for the science chamber to be vented and reconfigured

while maintaining ultrahigh vacuum in the condensate production region. In addi-

tion, the science chamber is free from the many constraints of producing a condensate

(laser cooling optics, Zeeman slower, magnetic trap, etc. . .) and thus has better ex-

perimental access than the production chamber. Since the first condensates arrived

in the science chamber two years ago, we have used this flexibility to demonstrate

miniaturized magnetic traps [74], a continuous source of Bose-Einstein condensed

atoms [35], microfabricated magnetic traps and waveguides [122, 126], topological

defects such as vortices [123] and spin textures [126], a trapped-atom interferome-

ter [199], and a weakly confining gravito-magnetic trap with picokelvin temperature

condensates [124].

2.2 Magnetic and Optical Confinement

23Na has a 3S1/2 ground state with F = 1 and F = 2 hyperfine levels (Fig. 2-2). At

low magnetic fields (| ~B| < 100 G), F and mF are good quantum numbers and the

atomic states can be described in a basis |F,mF 〉. The interaction energy of these

states with a magnetic field is

VB = gF mF µB| ~B|, (2.1)
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Figure 2-2: 23Na energy levels. (a) The D2 line used for laser cooling and optical
imaging. Relative strength of the (b) F = 2 → F ′ = 3 and (c) F = 1 → F ′ = 2
electric dipole transitions [146].

where gF is the Landé g-factor, µB is the Bohr magneton, and the direction of ~B has

been taken as the quantization axis. For 23Na, gF=1 = −1/2 and gF=2 = 1/2.

Since Maxwell’s equations allow (prohibit) magnetic field minima (maxima) in

free space, only the weak field seeking states |1,−1〉, |2, +1〉, and |2, +2〉 can be

magnetically trapped [148]4. Their magnetic moments are µB/2, µB/2, and µB,

respectively.

In contrast, all spin states may be optically confined and experience the same

4Spin exchange collisions between atoms in the |2,+1〉 state severely limit trap lifetimes such that
magnetically trapped sodium condensates have been realized in the |1,−1〉 [46] and |2,+2〉 [123]
states only. In principle, atoms in the |2, 0〉 can be magnetically trapped due to the quadratic
Zeeman effect. However, they would also suffer from inelastic spin exchange collisions.
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trapping potential5,6. The interaction of a two-level atom with an optical field of

intensity I(~r) and frequency ω can be described by the optical dipole potential [10, 38]

Vop =
h̄∆ω

2
ln

(

1 +
I(~r)

Is

(Γ/2)2

∆ω2 + (Γ/2)2

)

, (2.2)

where ∆ω = ω − ω0 is the detuning from the atomic resonance of width (FWHM) Γ

and Is is the saturation intensity of the transition. In writing Eq. 2.2, the rotating

wave approximation was made and saturation effects were neglected7. From Eq. 2.2 it

is evident that atoms are attracted to high intensity regions of red-detuned radiation

(∆ω < 0). Thus, a focused red-detuned laser beam can trap atoms [38]. Conversely,

atoms are repealed from high intensity regions of blue-detuned radiation (∆ω > 0).

2.3 Optical Imaging

The 23Na D2 line is used for laser cooling and optical imaging. It has wavelength

λ = 589.158 nm and linewidth (FWHM) Γ = 2π × 10 MHz. While non-destructive,

dispersive imaging is possible, all of the data presented in this thesis was acquired

through destructive, absorption imaging. The cross section for scattering photons is

maximal on the F = 2, mF = ±2 → F ′ = 3, m′
F = ±3 cycling transitions and has

the value σ0 = 3λ2/2π on resonance. The relative scattering cross sections for other

transitions are displayed in Figs. 2-2(b) and 2-2(c).

Absorption imaging of condensates in the F = 1 (F = 2) hyperfine level is per-

formed on the F = 1 → F ′ = 2 (F = 2 → F ′ = 3) electric dipole transition.

Condensates in the F = 1 hyperfine level may be optically pumped into the F = 2

hyperfine level and subsequently imaged on the F = 2 → F ′ = 3 transition. The

absorption imaging process integrates the atomic density along the axis of the probe

5Spin exchange collisions between atoms in the |F = 2,mF = +1, 0,−1〉 states severely limit trap
lifetimes such that optically confined sodium condensates have been realized in the |F = 1,mF =
+1, 0,−1〉 [202], |2,−2〉 [66], and |2,+2〉 [123] states only.

6For laser detunings large compared to the fine structure splitting of the electronic excited state,
the multi-level nature of the atom and the polarization of the light field are unimportant.

7For the optical tweezers described above, the counter-rotating term contributes an additional
30% to the trap depth in Eq. 2.2 [74, 202].
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beam allowing only the column density of the cloud to be extracted [112]. Spatial

images are focused onto a CCD camera using pairs of lenses. The effective pixel size

of the camera is typically ≥ 3 µm, and condensate dimensions during the imaging

process range from a few microns to a few millimeters.

Trapped condensates often contain features too small to be optically resolved.

Suddenly switching off the trapping potential allows the mean field energy, µ, to be

converted to kinetic energy, and the condensate wavefunction expands ballistically.

For prolate (cigar-shaped) condensates, the expansion is anisotropic with most of the

mean field energy transferred into radial kinetic energy [28]. As a result, prolate

condensates imaged during ballistic expansion have their radial features magnified

by
√

1 + ω2
⊥τ 2, where ω⊥ is the radial frequency of the trap from which they were

released and τ is the duration of the ballistic expansion process. This allows for small

radial features, such as vortex cores, to be optically imaged. In contrast, negligible

axial expansion occurs leading to unit magnification of axial features.

Since µ/kBTc ¿ 1, when released from the trap the condensate fraction expands

slower than the thermal fraction and the two components can be easily distinguished.
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Chapter 3

Magnetic Microtraps and

Waveguides

The field of atom optics relies on bright sources of matter waves and techniques to co-

herently manipulate them. Pioneering experiments with thermal atomic beams and

vapors have demonstrated precision atom interferometry [73, 219], high resolution

atom lithography [142, 209], quantum reflection from material surfaces [3, 14, 198],

and strong coupling with microwave and optical cavities [15, 136]. Significant improve-

ments to these experiments may be realized with more coherent atomic wavepackets

and advanced control over them. This invites the use of Bose-Einstein condensates,

which are well-established as fully coherent ensembles of matter waves [9, 25, 107, 113].

Likewise, microtraps and waveguides have the fine manipulation capabilities necessary

to build trapped-atom and guided-atom interferometers, bring atoms near material

surfaces for deposition purposes or interaction studies, and couple atoms into high

finesse cavities.

To emphasize the power of miniaturization, the two magnetic traps shown in

Fig. 3-1 are capable of producing harmonic confining potentials with nearly equal

frequencies1. However, the macroscopic cloverleaf trap [Fig. 3-1(a)] requires currents

∼ 500 A to duplicate the performance of the microfabricated trap [Fig. 3-1(b)] running

1The trap depth and trap volume of the macroscopic cloverleaf trap [Fig. 3-1(a)] are substantially
larger than those of the microfabricated trap [Fig. 3-1(b)].
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(a) (b)

5 cm 1 cm

Figure 3-1: (Color) Macroscopic and microscopic magnetic traps. (a) One half of
the cloverleaf trap used for condensate production (Ch. 2). (b) Microtrap used for
waveguiding (Ch. 3). To produce nearly identical harmonic confinement frequencies,
the cloverleaf trap must dissipate ∼ 10, 000 times more power than the microtrap.

∼ 1 A. The difference is that in the microtrap the atoms are only a few hundred

microns away from a 50 µm wide current-carrying wire, while in the macroscopic

cloverleaf trap they are a few centimeters away from ∼ 10 cm diameter coils.

In general terms, given a confining potential with characteristic magnitude V0

and length scale D, dimensional analysis reveals that the force on an atom in this

potential scales as V0/D. Accordingly, reducing D increases the confinement strength

of the potential. For electromagnetic potentials, typically V0 is proportional to the

field generated at the location of the atoms and D is set by the size of the field

generating elements or the distance between them and the atoms, whichever is larger.

Thus, bringing atoms closer to smaller field generating elements inherently increases

the forces acting on them2. To date, microtrap frequencies > 1 MHz have been

demonstrated [58].

Since the first magnetic microtrap proposal [218], several research groups have

been active in the field of miniaturized atom optics (for an overview of the field

see Refs. [61, 89, 194, 208]). Thermal clouds have been trapped [60, 81, 180] and

2In practice, reducing D also increases V0 if the power driving the field generating elements is
kept constant. This further enhances the confinement strength of the potential.

26



guided [47, 154, 155] using atom chips3, and incoherent atomic beam splitters have

been demonstrated [27, 156].

The successful union of Bose-Einstein condensates with microfabricated devices [80,

122, 165, 195] represents a significant advance for the field of atom optics. This chap-

ter describes our contributions to this effort and expands on the work presented in

Refs. [122] (App. A) and [125] (App. B).

We have demonstrated that Bose-Einstein condensates transported with optical

tweezers can be transferred into a magnetic microtrap fabricated on a substrate.

Our condensates contained over five times more atoms than other microchip-based

experiments [80, 165, 195]. Condensates were released from the microtrap into a

single-wire magnetic waveguide and propagated 12 mm before exiting the field of view

of our imaging system. The waveguide center was 450 µm below the microfabricated

surface.

Single-mode (excitation-less) propagation was observed along homogeneous seg-

ments of the waveguide in a regime where the center-of-mass kinetic energy (velocity)

of the condensate exceeded its transverse confinement energy (speed of sound). Trans-

verse excitations were created in condensates that propagated through perturbations

in the guiding potential. These perturbations resulted from geometric deformations

of the current-carrying wires on the substrate.

The behavior of Bose-Einstein condensates near a microfabricated surface was

studied for atom-surface separations in the range 70−500 µm. The condensates were

confined at the same position relative to the surface by either a magnetic microtrap

or an optical dipole trap. Since the two traps operated on different principles and

the electromagnetic fields for each had different sources, this study provided a unique

examination of the interaction between Bose-Einstein condensates and a microfabri-

cated surface. For example, while condensates confined near the surface in a magnetic

microtrap were found to fragment longitudinally [62, 102, 122], the clouds remained

intact under optical confinement. The measured condensate lifetime in either the

3The term “atom chip” generally refers to a microfabricated device used to confine and manipulate
ultracold atoms.
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magnetic microtrap or the optical dipole trap was independent of the atom-surface

separation and ≥ 20 s, an order of magnitude longer than results reported else-

where [62, 80, 195]. Radio frequency technical noise was directly observed to drive

spin-flip transitions in optically confined condensates near the atom chip. The rate

of such transitions increased strongly as the atom-surface separation was reduced.

3.1 Magnetic Micropotentials

Typical magnetic waveguides are cylindrically symmetric, Ioffe-Pritchard style po-

tentials formed by a two-dimensional quadrupole field and a uniform bias field, B||,

along the guide axis [68, 174]. The two fields add in quadrature to produce a waveg-

uide with harmonic radial confinement at a frequency ω⊥ ∝ B′/
√

B||, where B′ is

the radial magnetic field gradient associated with the two-dimensional quadrupole

field. The axial bias field also provides a non-zero magnetic field minimum to prevent

non-adiabatic spin-flip transitions (Majorana flops).

The simplest configuration for generating a magnetic waveguide consists of a single

microfabricated wire carrying current I and a uniform bias field, B⊥, orthogonal to the

path of the wire but parallel to the surface of the microchip (Fig. 3-2). The magnetic

field due to the wire has magnitude Bwire = µ0I/2πr that decays with distance, r,

from its center, where µ0 is the permeability of free space. As a result, close to the

wire Bwire > B⊥ but far from the wire Bwire < B⊥. Directly beneath the wire at

r0 = µ0I/2πB⊥ the two fields exactly cancel and a two-dimensional quadrupole field

is formed along the entire length of the wire. The radial magnetic field gradient

associated with the two-dimensional quadrupole field is B′ = B⊥/r0 = 2πB2
⊥/µ0I =

µ0I/2πr2
0.

The equations and scaling arguments presented thus far have assumed a circu-

lar wire cross section. However, most microfabricated wires have rectangular cross

sections, characterized by a width along the microchip surface, W , and a height per-

pendicular to the microchip surface, H. The geometry of the wire only becomes

relevant for atom-surface separations of order W or H, whichever is larger (Fig. 3-3).
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Figure 3-2: Single-wire magnetic waveguide. The magnetic field generated by a mi-
crofabricated current-carrying wire, Bwire (thin arrows), exactly cancels an exter-
nally applied bias field, B⊥ (thick arrows), at one point in space, about which a
two-dimensional quadrupole field is formed. This creates a magnetic waveguide. The
distance between the waveguide axis and the wire scales as I/B⊥, where I is the
current in the wire. An axial bias field, B||, is applied parallel/antiparallel to the wire
to prevent non-adiabatic spin-flips at the waveguide center and to make the radial
confinement harmonic.

A uniform bias field is added along the waveguide axis to create harmonic con-

finement and prevent non-adiabatic spin-flip transitions as discussed above. To first

order, a uniform bias field applied perpendicular to the surface of the microchip (and

hence orthogonal to both B|| and B⊥) shifts the waveguide axis in a plane parallel to

the surface of the microchip.

Stable three-dimensional confinement is possible by adding a small amount of

curvature to the axial bias field. This can be accomplished by running current in

microfabricated wire segments perpendicular to the waveguide axis (Fig. 3-4). This

style of three-dimensionally confining microtrap is referred to as a Z-wire trap due to

the shape of the three wire segments [180].

Figure 3-5 shows a schematic of the microfabricated atom chip used for the ex-

periments described in this thesis. The microchip was mounted in a horizontal plane

in the science chamber such that the trapped condensates hung vertically below the
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Figure 3-3: Circular vs rectangular wire cross section. The magnetic field gradient
per unit current generated by a circular (solid line) and rectangular (dashed line)
cross section wire is plotted as a function of distance from the wire. The rectangular
wire has a width W = 50 µm and height H = 10 µm, identical to those shown in
Fig. 3-5.

device. The wires were microfabricated on a 600 µm thick silicon substrate mounted

on an aluminum block. They were 50 µm wide and electroplated with copper to a

height of 10 µm. The minimum separation distance between wires was 50 µm (100 µm

center-to-center). See Sec. 3.5 for additional technical details.

Condensates in the |F = 1,mF = −1〉 state containing up to 3 × 106 atoms

were delivered to the atom chip using optical tweezers (Ch. 2) and loaded into the

Z-wire trap formed by currents I1 and I2 along with an orthogonal magnetic bias field

B⊥. An axial bias field, B||, was applied to make the radial confinement harmonic

and prevent non-adiabatic spin-flip transitions as discussed above. Transfer efficiency

from the optical tweezers to the Z-wire trap was near unity.

3.2 Propagation in Magnetic Waveguides

The Z-wire trap was operated with I1 = I2 = 1200 mA, B⊥ = 5.4 G, and 3.0 G ≤
B|| ≤ 3.6 G, corresponding to a separation of 450 µm between the condensate and

the microchip surface. The measured axial trap frequency was ω|| = 2π × 6.0 Hz

and the measured radial trap frequencies were ω⊥ = 2π × (97.0, 91.1, 84.5) Hz for
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Figure 3-4: Z-wire magnetic trap. (a) The axis of the microtrap is horizontal. Radial
confinement is provided by the horizontal wire segment and the external bias field, B⊥
(Fig. 3-2). Axial confinement is provided by the magnetic field curvature created by
the vertical wire segments that adds constructively with the applied axial bias field,
B||. The current, I, flows in the direction of the arrowheads. (b) Axial magnetic field
profile.

B|| = (3.0, 3.3, 3.6) G.

The condensate was transferred into the single-wire magnetic waveguide formed

by I1 and B⊥ by ramping I2 → 0. The atoms were accelerated into the waveguide by

the remaining endcap of the Z-wire trap. Sufficiently far downstream (∼ 4 mm for

I1 = 1200 mA), the effect of this endcap was negligible and the condensate propagated

at a constant velocity of 3.0 cm/s. Further control over its propagation velocity

was possible by applying an external axial magnetic field gradient4. With gradients

of 0 − 0.6 G/cm, the atomic velocity (kinetic energy) was varied over the range

3.0 − 6.6 cm/s [h × (25 − 121) kHz].

Single-mode (excitation-less) propagation was observed along homogeneous seg-

ments of the waveguide [Fig. 3-7(a)]. The condensates propagated with kinetic ener-

gies [h×(25−121) kHz] exceeding their transverse confinement energies (∼ h×100 Hz)

and velocities (3.0−6.6 cm/s) exceeding the speed of sound (c ≈ 7 mm/s) within the

4The uniform axial bias field, B||, was applied with a pair of Helmholz coils co-axial with the
waveguide. The axial field gradient was applied by running extra current through only one of these
coils.

31



25 mm

�

1

�

2

�

rf

Si Substrate

2
 m

m

3˚

6 mm

B||

B⊥

Tweezers

BEC

g

�
1

50 µm

Figure 3-5: Microfabricated atom chip. Optical tweezers loaded Bose-Einstein con-
densates into the Z-wire trap (Fig. 3-4) formed by currents I1 and I2 in conjunction
with the magnetic bias field B⊥. Lowering I2 to zero released the condensates into a
single-wire magnetic waveguide. Atom flow was from left to right. The inset (dashed
box) shows the widening of the waveguide wire in the region where another wire
merges with it at a small angle. The only current flowing in the inset is I1. Spatial
variations in the axial magnetic field were measured by driving radio frequency spin-
flip transitions with Irf . The condensate was trapped above the plane of the page
and the acceleration due to gravity, ~g, points out of the page. All microfabricated
features are drawn to scale.

gas5. Therefore, the atoms had enough kinetic energy to excite radial oscillations, and

perturbations propagating through the condensate above a critical velocity, vc ≤ c,

typically generate excitations [24, 34, 96, 163, 178]. Thus, excitation-less propagation

along the waveguide was a noteworthy achievement.

3.2.1 Origins of Waveguide Perturbations

In a single-wire magnetic waveguide, anything that causes the current path to deviate

from a straight line along the substrate generates perturbations to the waveguide

potential. Possible origins of such deviations include geometric deformations of the

wire, variations in resistivity over the cross section of the wire, current leakage into

5The condensate speed of sound, c, is given by µ = mc2, where µ is the chemical potential and
m is the atomic mass. Typical condensate densities were ∼ 1014 atoms/cm3.
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the substrate, and instabilities due to high current density [121].

The inset to Fig. 3-5 shows a large geometric deformation to the microfabricated

current-carrying wire. To zeroth order, such a deformation causes the waveguide axis

to bend in a plane parallel to the surface of the microchip making an angle, θ, with

respect to its nominal trajectory along which B|| and B⊥ are aligned parallel and

perpendicular, respectively. This bend in the waveguide axis is capable of radially

exciting propagating condensates in a plane parallel to the surface of the microchip.

With respect to the new waveguide axis, effective parallel, B′
||, and perpendicular,

B′
⊥, magnetic fields are found by the rotation

B′
|| = B|| cos θ − B⊥ sin θ, (3.1)

B′
⊥ = B⊥ cos θ + B|| sin θ, (3.2)

where −π/2 ≤ θ ≤ π/2. θ is taken to be a positive (negative) angle for the specific

case of atoms entering (exiting) the waveguide perturbation depicted in the inset to

Fig. 3-5.

Since the potential along the waveguide axis is determined by the local axial

magnetic field (due to the Zeeman interaction) and the vertical position of the guide

center (due to the gravitational interaction), changes in the effective parallel and

perpendicular magnetic fields produce variations in the potential experienced by the

propagating atoms. Variations in the effective parallel magnetic field are given by

(for small angles)

∆B′
|| = −B⊥ sin θ. (3.3)

Thus, atoms entering (exiting) the perturbed guiding region will encounter a magnetic

potential well (barrier). Furthermore, changes in the effective perpendicular magnetic

field cause the atom-substrate distance, r, to vary by (for small angles)

∆r = −r
∆B′

⊥
B⊥

= −r
B||
B⊥

sin θ. (3.4)

Thus, the guide center entering (exiting) the perturbed guiding region will shift to-
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Figure 3-6: Scattering from waveguide perturbations. (a) Absorption image after 8 ms
ballistic expansion of a condensate scattered from the waveguide perturbation shown
in the inset to Fig. 3-5. The imaging light propagated parallel to the microchip surface
and perpendicular to the waveguide axis. The incident velocity of the condensate was
5.0 cm/s. (b) The fraction of atoms reflected as a function of incident velocity. The
velocity spread expected due to axial mean field expansion is indicted by the solid
line (Eq. 3.5). Waveguide parameters for all data were I1 = 1200 mA, B⊥ = 5.4 G,
B|| = 3.6 G, and ω⊥ = 2π × 84.5 Hz. The field of view in (a) is 0.35 mm × 4.00 mm.

wards (away from) the surface of the microchip and atoms will encounter a gravita-

tional potential barrier (well).

For 23Na atoms in the |1,−1〉 state, the Zeeman interaction energy is h×700 Hz/mG

and the gravitational interaction energy is h×560 Hz/µm. For the waveguide pertur-

bation depicted in the inset to Fig. 3-5, the change in gravitational potential energy

is negligible compared to the change in Zeeman interaction energy. However, the

shift in atom-surface separation (Eq. 3.4) is capable of radially exciting propagating

condensates in a plane normal to the surface of the microchip.
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3.2.2 Reflections from Waveguide Perturbations

Equation 3.3 indicates that we should expect a large variation in the effective axial

bias field for the waveguide perturbation depicted in the inset to Fig. 3-5. The

local magnetic field in the perturbed guiding region was measured by driving radio

frequency spin-flip transitions that removed atoms from the guide. It was found that

upon entering (exiting) the perturbed region the magnetic bottom of the guiding

potential decreased (increased) by h × (50 ± 10) kHz. The signs of these shifts are

consistent with those predicted by Eq. 3.3. The magnitude of the shift in the Zeeman

energy upon exiting the guide is also consistent with the onset of transmission through

the perturbed guiding region6 [Fig. 3-6(b)]. From Eq. 3.3 with B⊥ = 5.4 G, the

maximum angular deviation, θm, of the waveguide trajectory necessary to produce a

h × 50 kHz perturbation to the Zeeman energy is θm = 13 mrad. The corresponding

vertical displacement of the guide center from Eq. 3.4 with B⊥ = 5.4 G, B|| =

3.6 G, and θm = 13 mrad is 4 µm. This yields a gravitational potential variation of

h × 2.2 kHz, which is small compared to the Zeeman energy shifts associated with

the perturbation.

Figure 3-6(a) shows that the reflected atoms propagated slower than the transmit-

ted atoms, i.e. they are closer the the perturbed guiding region. The center-of-mass

velocity range over which partial reflection/transmission occurred indicates the axial

velocity spread, ∆v, of the propagating condensate. This spread can be accounted for

by axial expansion due to mean field repulsion [173, 205, 214], which is approximately

µ ≈ 1

2
m(∆v)2, (3.5)

where µ is the atomic mean field energy and m is the atomic mass. For our conditions

(µ ≈ kB × 100 nK ≈ h × 2 kHz), ∆v ≈ 0.85 cm/s.

35



E
xc

ita
tio

n
 A

m
p

lit
u

d
e

 (
µ

m
)

Velocity (cm/s)

E
xcita

tio
n

 E
n

e
rg

y / h
 (H

z)

Kinetic Energy / h (kHz)

200

150

100

50

0
6.66.25.85.4

0

100

500

1000

80 95 110 125

(a)

(b)

(c)

(d)

ω⊥ = 2π × 91.1 Hz, B|| = 3.3 G
ω⊥ = 2π × 97.0 Hz, B|| = 3.0 G

Figure 3-7: Propagation in a magnetic waveguide. Absorption images of condensates
(a) entering and (b),(c) exiting the waveguide perturbation depicted in the inset
to Fig. 3-5. The imaging light propagated parallel to the microchip surface and
perpendicular to the waveguide axis. The waveguide potential was turned off and the
condensates were allowed to expand ballistically for (a) 10 ms and (b),(c) 15 ms prior
to imaging. (a) Condensate containing 2 × 106 atoms and accelerated to a velocity
v = 6.3 cm/s. It propagated over 5 mm without excitation in a waveguide with
ω⊥ = 2π × 84.5 Hz and B|| = 3.6 G. Condensates transmitted through the perturbed
guiding region with v = 6.5 cm/s for (b) ω⊥ = 2π × 97.0 Hz and B|| = 3.0 G and
(c) ω⊥ = 2π × 91.1 Hz and B|| = 3.3 G. (d) Peak-to-peak amplitudes of condensate
excitations after 15 ms ballistic expansion vs velocity. For all data I1 = 1200 mA and
B⊥ = 5.4 G. All transmitted condensates propagated 4 mm beyond the perturbed
guiding region before being imaged. The field of view in (a)-(c) is 0.26 mm × 2.00 mm.

3.2.3 Excitations due to Waveguide Perturbations

Condensates transmitted through the waveguide perturbation depicted in the inset to

Fig. 3-5 were radially excited (Fig. 3-7). The imaging axis only provided sensitivity

to transverse excitations in a plane normal to the surface of the microchip. Larger

excitations are expected in a plane parallel to the surface of the microchip.

The nearly sinusoidal nature of the condensate excitations shown in Figs. 3-7(b)

and 3-7(c) indicates that the dipole mode of the condensate was primarily excited

for B|| ≤ 3.6 G. Further evidence for this comes from the fact that little variation

in the excitation amplitude as a function of the propagation time after exiting the

6A 4.2 cm/s atomic velocity corresponds to a kinetic energy shift of h × 50 kHz.
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perturbed guiding region was observed. Conversely, transmitted condensates showed

strong signs of higher order excitations when B|| was increased beyond 3.6 G corre-

sponding to ω⊥ ≤ 2π×84.5 Hz. The absorption images deviated visibly from a smooth

sinusoidal shape. In addition, the measured excitation amplitude depended strongly

on propagation time indicting the phasing and dephasing of several excitation modes.

Figure 3-7(d) shows a clear increase in the excitation amplitude for increasing

velocity at fixed B|| and ω⊥ as well as for increasing B|| (decreasing ω⊥) at fixed

velocity. Both trends are consistent with the expectation of increased excitations for

an increased ratio of atomic center-of-mass kinetic energy to transverse confinement

energy. The latter trend is also consistent with the expectation of increased excita-

tions for an increased perturbation size since, from Eq. 3.4, the vertical displacement

of the guide center is proportional to B||.

3.3 Microfabricated Surface Effects

As emphasized above, bringing atoms closer to smaller current-carrying wires inher-

ently increases the magnetic forces acting on them. This implies that finer coherent

control is possible, but it also means that atoms confined in magnetic microtraps

and waveguides will be more sensitive to perturbations and noise emanating from the

microfabricated surface.

3.3.1 Fragmentation

While single-mode waveguiding was possible 450 µm away from the microfabricated

surface, condensates confined in the Z-wire trap were observed to fragment longitu-

dinally when the atom-surface separation was reduced to < 200 µm (Fig. 3-8). The

axial location of the fragments was reproduced on each realization of the experiment,

and more fragments appeared as the condensates were brought closer to the micro-

fabricated surface. This prevented smooth propagation along the waveguide close

to the microfabricated surface. While perturbations to the waveguide potential are

detrimental for atom optical applications such as interferometry, the disordered po-
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Figure 3-8: Fragmentation in a magnetic microtrap. Absorption images of conden-
sates after 5 ms ballistic expansion from the magnetic microtrap (Fig. 3-5). The
imaging light propagated parallel to the microchip surface and perpendicular to the
microtrap axis. The atom-substrate separation was (a) 190 µm, (b) 145 µm, (c)
100 µm, and (d) 55 µm. For all images, the condensate started in a trap with
I1 = I2 = 540 mA, B⊥ = 5.4 G, and B|| = 0.3 G corresponding to an atom-substrate
separation of 200 µm. The condensate was translated towards the substrate by lower-
ing the wire currents linearly over 500 ms. The atoms were held at their final position
for 100 ms prior to trap shut off. The field of view in (a)-(d) is 0.37 mm × 2.00 mm.

tential along the waveguide axis might be used to study superfluid-insulator (Bose

glass) transitions [45, 59, 64, 216].

As shown above, variations in the current path along the microfabricated wires

led to perturbations in the guiding potential. Finer variations in the current path are

expected to become evident as the microtrap/waveguide center approaches the micro-

fabricated surface. To test if irregular current flow in the microfabricated wires caused

the observed condensate fragmentation, as opposed to magnetic dopants/impurities

for example, condensates were confined in an optical dipole trap at the same location

relative to the microfabricated surface (Fig. 3-9). The magnetic and optical trap-

ping parameters were made nominally identical (same atom-surface separation, axial

bias field, and radial trap frequencies) such that any surface contaminants (magnetic

dopants/impurities, etc. . .) would perturb the clouds identically. No fragmentation

was observed for optically confined condensates. The lack of condensate fragmenta-

tion in the optical dipole trap confirms that the longitudinal potential corrugations

38



(a)

O
p

tic
a

l D
e

n
si

ty

1.00.80.60.40.20.0
Axial Position (mm)

0.0

0.5

1.0

1.5(c)

(b)

microfabricated magnetic trap

optical dipole trap

Figure 3-9: Lack of fragmentation in an optical dipole trap. Absorption images after
10 ms ballistic expansion of condensates containing ∼ 106 atoms held at a distance of
85 µm from the microfabricated surface for 15 s in the (a) magnetic microtrap and (b)
optical dipole trap. The imaging light propagated parallel to the microchip surface
and perpendicular to the microtrap/optical trap axis. (c) Radially averaged optical
density vs axial position for condensates shown above. Longitudinal fragmentation
occurred for condensates held in the magnetic microtrap, but not for those confined
optically at the same location with the magnetic trap off. The magnetic trap was
operated with I = 130 mA, B⊥ = 3.2 G, and B|| = 1.4 G yielding a radial trap
frequency ω⊥ = 2π × 450 Hz. The optical dipole trap had a radial trap frequency
ω⊥ = 2π × 425 Hz and was operated with B|| = 1.8 G. For both condensates, the
chemical potential was µ ≈ kB × 120 nK. The field of view in (a) and (b) is 0.25 mm
× 1.00 mm.

observed in the magnetic microtrap arose due to the presence of irregular current

flow in the microfabricated wires. This is in agreement with conclusions reached in

Refs. [101, 121].

For the data shown in Figs. 3-8 and 3-9, the condensate chemical potential was

µ ≈ kB × 100 nK. This implies that a ∼ 3 mG “bump” in the axial magnetic field

is sufficient to cut the condensate into fragments. It should not be surprising that

milligauss level axial magnetic field variations exist over length scales comparable to

the atom-surface separation. The magnetic field generated by the microfabricated

wires is typically a few gauss (Bwire = B⊥ = 5.4 G in Fig. 3-8 and Bwire = B⊥ =

3.2 G in Fig. 3-9). Thus, 1 mrad angular deviations of the waveguide axis (Eq. 3.3)

will produce axial magnetic field variations capable of breaking the condensate into

fragments.
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Figure 3-8(d) shows that for an atom-surface separation of 55 µm, the trapping

potential developed axial variations with a characteristic length scale of 100−150 µm.

Resoundingly periodic fragmentation has been observed elsewhere with a similar pe-

riod [62, 101]. Theoretical calculations have revealed that aperiodic fluctuations in

the current path along the substrate can produce quasi-periodic perturbations to the

waveguide potential with a length scale set by the atom-surface separation [216].

A microchip similar to that depicted in Fig. 3-5 was fabricated with conductors

50 µm wide and evaporated with gold to a height of 1.25 µm. Condensates confined

near its surface were observed to fragment also. To date, condensate fragmentation

has been observed near copper [62, 122], gold [125], and aluminum [102] conductors.

3.3.2 Trap Lifetimes

Confined atoms with non-zero magnetic moment are sensitive to mechanical and

magnetic field noise at multiples of their trap frequencies and magnetic field noise at

their Zeeman splitting frequency [82, 84, 85, 86, 87, 88, 102, 132]. Noise at the trap

frequency leads to heating and subsequent trap loss after the atoms acquire an energy

greater than the trap depth. Spin-flip transitions driven by radio frequency noise

at the atomic Zeeman splitting frequency distribute the atomic population across

magnetically confinable and unconfinable states. This causes atom loss for clouds

held in magnetic traps. However, all spin states are confined by optical dipole traps

and atoms undergoing spin-flip transitions have been directly observed (Sec. 3.3.3).

The lifetime of condensates confined in either the magnetic microtrap or optical

dipole trap at distances ≥ 70 µm from the microfabricated surface was measured to

be ≥ 20 s and independent of the atom-surface separation (Fig. 3-10).

Several experimental details altered the measured condensate lifetime. Excitations

created during the magnetic microtrap loading were found to shorten the measured

lifetime, and care had to be taken to overlap the optical and magnetic traps during

transfer to minimize such excitations. Translating the condensate either towards or

away from the microfabricated surface by adiabatically varying I1, I2, and B⊥ to

shift the trap center while maintaining a constant radial trap frequency was found to
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Figure 3-10: Lifetime near a microfabricated surface. The 1/e lifetime of condensates
confined in the magnetic microtrap (solid squares) and optical dipole trap (solid cir-
cles) is shown to be independent of distance from the microfabricated surface. I1,
I2, and B⊥ were varied with distance to maintain the radial magnetic trap frequency
at ω⊥ = 2π × 450 Hz with B|| = 1.4 G. The vertical dashed line indicates the onset
of longitudinal condensate fragmentation in the magnetic trap. In the optical dipole
trap, the condensate was held directly below the microfabricated wire used to form
the magnetic trap with B|| = 1.8 G. No external connections were made to the mi-
crochip. The optical dipole trap had axial and radial trap frequencies ωz = 2π×4 Hz
and ω⊥ = 2π × 425 Hz, respectively. Only atoms remaining in the |1,−1〉 state were
resonant with the absorption imaging light. For comparison, the distance dependence
of thermal cloud lifetimes measured in Ref. [62] is shown for atoms confined magnet-
ically by a microstructure (open squares) and copper wire (open diamonds). Error
bars smaller than the symbol size are not included. Also, magnetically confined con-
densate lifetimes reported in Ref. [80] (open triangle) and Ref. [62] (open circle) are
shown for comparison.

decrease the condensate lifetime. This presumably resulted from excitations induced

by irregular current changes due to technical limitations in controlling the power

supplies connected to the microchip. As a result, microfabricated magnetic trap

lifetime data is only presented for atom-surface separations ≥ 70 µm, where the

atoms were loaded into their final position directly from the optical tweezers7.

Occasionally, heating was observed for atoms in both the microfabricated magnetic

trap and optical dipole trap due to technical noise at the trap frequency, even with

care taken to eliminate ground loops and minimize cable lengths8. Connecting a

7The optical tweezers beam began to clip on the support structures for the microchip when placed
within 70 µm of the microfabricated surface.

8The current supply for the microfabricated wire and the wire itself were grounded to the vacuum
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Figure 3-11: Radio frequency spin-flip transitions. Axial absorption images after
22 ms ballistic expansion of condensates held in the optical dipole trap at a distance
of 185 µm from the microfabricated surface for (a) 0 s and (b) 40 s. A magnetic field
gradient was applied during ballistic expansion to separate the different spin states.
(c) Spin-flip transition rate, Γ, vs distance, r, from the microfabricated surface on a
log-log scale. A solid line Γ ∝ 1/r2 is provided as a guide for technical noise driven
spin-flip transitions. A dashed line Γ ∝ 1/r3 gives an upper limit for thermal noise
driven spin-slip transitions (Sec. 3.3.4). The inset shows the fraction of the total
atoms in the mF = 0 state with the transition rate being defined as the initial slope
of the data (before any atoms in the mF = +1 state were detected). For all data,
B|| = 1.8 G yielding a Zeeman splitting frequency of 1.26 MHz. The absorption
imaging light propagated parallel to the optical trap axis and was resonant with the
F = 2 → F ′ = 3 transition. The atoms were optically pumped into the F = 2
hyperfine level with a pulse resonant with the F = 1 → F ′ = 2 transition. This
provided equal imaging sensitivity to each magnetic sublevel. The field of view in (a)
and (b) is 1.0 mm × 2.0 mm.

10 mF capacitor in parallel with the 2 Ω microfabricated wire (1/RC = 2π × 8 Hz)

eliminated such effects. Thereafter, applying radio frequency power to the microchip

at a frequency chosen to limit the trap depth for magnetically confined atoms did not

consistently alter the condensate lifetime.
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3.3.3 Radio Frequency Spin-Flip Transitions

Weak radio-frequency noise in the microfabricated wires was observed to drive spin-

flip transitions. Optically confined condensates initially in the |1,−1〉 state [Fig. 3-

11(a)] were found to make transitions to other magnetic sublevels [Fig. 3-11(b)]. Such

transitions would act as a loss mechanism for magnetically confined clouds. The

transition rate was found to decrease as the square of the atom-surface separation

distance, r. Since the magnetic field of a straight wire decays as 1/r, and the power

scales as the square of the field, the 1/r2 dependence of the spin-flip transition rate

is expected for atoms in the near field (r ¿ λ) of the wire, where λ ≈ 300 m is the

wavelength of ∼ 1 MHz radiation. The transition rate at large r may fall above the

above the 1/r2 decay due to low level radio frequency noise from other sources.

The transition rate vs distance data presented in Fig. 3-11(c) was taken with

all connections necessary to run the microfabricated magnetic trap made to the mi-

crochip, but with no current flowing in the microfabricated wires. The atoms were

exposed to an axial bias field B|| = 1.8 G to simulate the field configuration in the

microfabricated magnetic trap. This also maximized their sensitivity to fluctuating

fields generated by wire currents since ∆mF = ±1 radio frequency transitions are

only driven by magnetic fields oscillating orthogonal to a static bias field. Spin-flip

transitions were suppressed by exposing the optically confined atoms to a bias field,

B⊥, perpendicular (parallel) to the microfabricated wire (surface).

The radio frequency driven spin-flip transition rate depended strongly on experi-

mental details, suggesting that antenna effects coupled radio frequency noise into the

system. The rate was measured to be ∼ 100 times higher if care was not taken to

carefully eliminate ground loops and use minimal cable lengths. Also, with no con-

nections to the microchip, spin-flip transitions were not detectable for condensates

held up to 60 s. The spin-flip rate presented in Fig. 3-11(c) became comparable to the

measured condensate decay rate displayed in Fig. 3-10 for atom-surface separations

< 100 µm. Thus, extending long condensate lifetimes much closer to the surface will

chamber at the location of the electrical feedthrough for the microchip connections. The total length
of all (unshielded) current-carrying cables was ∼ 1 m.
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require further radio frequency shielding and/or filtering.

3.3.4 Thermal Noise

Confining and manipulating ultracold atomic vapors with electromagnetic fields al-

lows for the microkelvin [37, 39, 172], nanokelvin [40, 110], and even picokelvin [124]

temperature clouds to remain thermally isolated from their 300 K laboratory envi-

ronment. Such thermal isolation is noteworthy in microtrap configurations where

ultracold atoms are confined within a few microns of room temperature material

surfaces, establishing temperature gradients > 108 K/m.

For neutral atoms with a non-zero magnetic moment, limitations to this temper-

ature gradient arise from fluctuating magnetic fields generated by thermal noise in

the material surfaces. These fluctuating magnetic fields may cause heating, spin-flip

transitions, and decoherence in condensates trapped near conducting surfaces [82, 84,

85, 86, 87, 88, 102]. Spin-flip transitions driven by thermally induced radio frequency

magnetic field noise have been observed in atomic vapors confined within ∼ 100 µm

of from macroscopic structures well approximated by conducting planes of infinite

thickness [82, 102] and within ∼ 10 µm of thinner conducting planes [132]. Typical

microfabricated devices (Fig. 3-5) have feature sizes smaller than the skin depth of

radio frequency radiation. This reduces the power of emitted radiation and suppresses

spin-flip transitions as compared to macroscopic conductors.

Near a conducting plane of infinite thickness, thermally induced radio frequency

noise drives the |1,−1〉 → |1, 0〉 transition at a rate [82, 87]

Γ =
9

256π

µ2
BkBT

ε2
0h̄

2c2ρ

1

r

δ3

3δ3 + 2r3
, (3.6)

where the conducting material has resistivity ρ and temperature T , r is the atom-

surface separation, ε0 is the permittivity of free space, c is the speed of light, and

δ =

√

2ε0c2ρ

ωL

(3.7)
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is the skin depth for radiation at the Zeeman splitting (Larmor) frequency ωL.

For r ¿ δ, Eq. 3.6 can be approximated by

Γ =
3

256π

µ2
BkBT

ε2
0h̄

2c2ρ

1

r
. (3.8)

In comparison, the spin-flip transition rate near a conducting plane of finite thickness

H is [86]

Γ =
3

256π

µ2
BkBT

ε2
0h̄

2c2ρ

1

r

H

r + H
, (3.9)

and near a circular wire of radius R is [86]

Γ =
3

512

µ2
BkBT

ε2
0h̄

2c2ρ

R2

r3
. (3.10)

Typical Zeeman splitting frequencies are ωL ≈ 2π × 1 MHz corresponding to a

skin depth δ = 66 µm for ρ = 1.7 × 10−6 Ω-cm (the bulk resistivity of copper9).

Using Eqs. 3.8-3.10 for r ≈ δ gives an upper limit for the thermally induced spin-flip

transition rate near a conducting surface. At a distance r = δ = 66 µm from room

temperature (T = 300 K) copper conductors, Eqs. 3.8-3.10 predict Γ ≈ 200 mHz,

Γ ≈ 20 mHz, and Γ ≈ 2 mHz for an infinitely thick plane, a plane of thickness

H = 10 µm, and a wire of radius R = 5 µm, respectively. This demonstrates the

strong suppression of thermal noise radiated from microfabricated devices due to ge-

ometrical considerations. The thermally induced spin-flip transition rate is expected

to approach Γ = 1 Hz at distances ∼ 10 µm away from microfabricated devices with

∼ 10 µm features.

3.4 Waveguide Beam Splitters

Section 3.1 described a single magnetic waveguide created by a single current-carrying

wire and bias field. A pair of waveguides can be generated by running parallel currents

in two microfabricated wires with the same bias field still applied. The separation

9Often microfabricated conductors have resistivities up to a factor of ten higher than the bulk
resistivity of the material.
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Figure 3-12: Waveguide beam splitter. Contours of constant magnetic field for two
wires running current I separated by a distance 2d with (a) B⊥ = 0.990 × µ0I/2πd,
(b) B⊥ = 1.000 × µ0I/2πd, and (c) B⊥ = 1.010 × µ0I/2πd. Adding a central wire
running current βI, β = (

√
2 − 1)/2 ≈ 0.207 symmetrizes the potential wells split

perpendicular to the surface [(c) compared to (f)]. It also creates an extraneous
third well. (d) B⊥ = 1.226 × µ0I/2πd, (e) B⊥ = 1.236 × µ0I/2πd, and (f) B⊥ =
1.246 × µ0I/2πd. In (a)-(f), B|| = 0.1 × µ0I/2πd and the magnetic field contours
are spaced in increments of 10−4 × µ0I/2πd above B||. In (b) and (e), the merged
potential is quartic because the radial magnetic field profile has a hexapole symmetry.

between the guide centers is a function of the applied bias field, B⊥, wire separation,

2d, and wire currents, I (Fig. 3-12). Merging and splitting guide centers is possible

by varying these parameters and can act as a beam splitter for atomic wavepackets.

Such beam splitters form the basis of existing microchip-based atom interferometry

proposals [8, 81, 90].

Condensates split by varying I and/or B⊥ in a double waveguide geometry (Fig. 3-

12) were heated into thermal clouds due to technical limitations (Fig. 3-13). As an

alternative, we have demonstrated coherent condensate beam splitting using optical

potentials (Ch. 4).
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Figure 3-13: Atomic wavepacket division. Axial absorption images of thermal
clouds split (a) horizontally and (b) vertically in a magnetic double-well potential.
I = 300 mA, B|| = 1 G, 2d = 600 µm, and (a) B⊥ < 2 G and (b) B⊥ > 2 G.
The acceleration due to gravity, ~g, points down the page. The field of view for the
absorption images is 650 µm × 650 µm.

3.5 Microfabrication Procedures

The microchip in Fig. 3-5 was fabricated by MIT’s Microsystems Technology Labo-

ratories. Their fabrication procedure is outlined here.

A 600 µm thick silicon wafer was used as a substrate to support the microfabri-

cated wires. A ∼ 200 nm thick SiO2 layer was deposited on top of the silicon wafer to

electrically isolate the microfabricated wires from the substrate. Next a photoresist

layer was added. The microfabricated wire pattern was imaged onto the photoresist

with ultraviolet light. The photoresist was then developed such that the photoresist

was removed from the surface of the chip only where the wires were to be fabricated.

The remainder of the chip remained coated in photoresist. A ∼ 20 nm chrome adhe-

sion layer was deposited over the wafer followed by a ∼ 200 nm copper layer. These

metal layers coated the entire wafer, but only reached the Si/SiO2 substrate where

the photoresist had been removed in the pattern of the microfabricated wires. Next,

the remaining photoresist was removed leaving a bare Si/SiO2 wafer with Cr/Cu mi-

crofabricated wires. These wires were electroplated with copper to a thickness of

10 µm.

The 50 µm × 10 µm cross section wires were ∼ 35 mm long and had a resistance

of ∼ 2 Ω. The wires could withstand currents of 1.2 A steady-state, but burnt out
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instantly when we tried to run 1.4 A through them. The microfabricated wires were

connected to macroscopic copper leads with a thin gold ribbon. The gold ribbon was

bonded to the microchip and macroscopic copper leads by gap welding with a short

current pulse. The microchip was clamped to an aluminium block by overhanging

screw heads.

Once installed in the science chamber, the microchip was baked at 150 C for five

days in order to achieve the necessary ultrahigh vacuum pressure (∼ 10−11 torr).

After baking, several of the microfabricated wires were no longer connected to their

leads. After removing the microchip from the chamber, many of the gold ribbons

were found to be broken.

Other fabrication techniques are currently being tested. We are testing wires up

to 2 µm thick made from evaporated gold rather than electroplated copper. Also,

we are connecting the microchip to macroscopic leads with mechanical clamps. How-

ever, the electrical isolation provided by the silicon substrate seems to degrade under

mechanical stress after baking.
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Chapter 4

Trapped-Atom Interferometry in

an Optical Double-Well Potential

Demonstrating atom interferometry [16] with particles confined by magnetic [80, 122,

165, 195] and optical [52, 53] microtraps and waveguides would realize the matter

wave analog of optical interferometry using fiber-optic devices. Current proposals

for confined-atom interferometers rely on the merger and separation of two potential

wells to coherently divide atomic wavepackets [8, 81, 90]. This type of division differs

from previously demonstrated atomic beam splitters. To date, atomic beams and

vapors have been coherently diffracted into different momentum states by mechani-

cal [26, 72, 109] and optical [72, 105] gratings, and Bose-Einstein condensates have

been coherently delocalized over multiple sites in optical lattices [5, 30, 69, 70, 138,

164]. Atom interferometers utilizing these beam splitting elements have been used to

sense accelerations [5, 105, 168] and rotations [73, 129], monitor quantum decoher-

ence [31], characterize atomic and molecular properties [56], and measure fundamental

constants [71, 168, 219].

It is difficult to compare atom interferometers and optical interferometers because

they are typically sensitive to different forces and potentials. However, one common

comparison is their rotation sensitivity. For this purpose, atom interferometers have

an inherent advantage over their optical counterparts. The Sagnac phase shift of a
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gyroscope enclosing an area ~A and undergoing rotation at a rate ~Ω is

∆φrot =
4π

λv
~Ω · ~A, (4.1)

where λ and v are the wavelength and velocity of the interfering particles, respectively.

For atoms of mass m and photons of frequency ω, matter wave interferometers [73,

129] can outperform optical gyroscopes [36] by a factor of mc2/h̄ω ∼ 1010, where

c is the speed of light. This is provided that both devices enclose the same area,

which at present is not possible. Current atom interferometers enclose far less area

than optical gyroscopes such that in practice their rotation sensitivities are nearly

equal [73]. Guided-atom interferometers have the potential to enclose large areas and

therefore to increase the ultimate rotation sensitivity of matter wave gyroscopes.

The work presented in Ch. 3 was largely motivated by the goal of creating a

miniaturized atom interferometer. However, technical limitations have currently pre-

vented us from coherently splitting condensates with our magnetic microtraps and

waveguides (Ch. 3, Fig. 3-13). This chapter describes our parallel efforts to imple-

ment a trapped-atom interferometer using optical potentials and expands on the work

presented in Ref. [199] (App. C).

We have demonstrated a trapped-atom interferometer with gaseous Bose-Einstein

condensates confined in an optical double-well potential. Condensates were coherently

split by deforming an initially single-well potential into two wells separated by 13 µm.

The relative phase between the two condensates was determined from the spatial

phase of the matter wave interference pattern formed upon releasing the atoms from

the separated potential wells [9, 138]. This recombination method avoids deleterious

mean field effects [201, 206] and yields an accurate measurement of applied phase shifts

on a single realization of the experiment, unlike in-trap recombination schemes [8, 81,

90].

The large separation between the split potential wells allowed the phase of each

condensate to evolve independently and either condensate to be addressed individu-

ally. An ac Stark phase shift was applied to either condensate by temporarily turning

50



off the optical fields generating its potential well. The spatial phase of the resulting

matter wave interference pattern shifted linearly with the applied phase shift and

was independent of the time of its application. This verified the phase sensitivity of

the interferometer and the independent phase evolution of the separated condensates.

The measured coherence time of the separated condensates was 5 ms.

This chapter describes a trapped-atom interferometer with two interfering paths.

The two-path geometry has the flexibility to measure either highly localized potentials

or uniform potential gradients, such as those arising from atom-surface interactions or

the Earth’s gravitational field, respectively. In contrast, multiple-path interferometers

demonstrated in optical lattice systems are restricted to measurements of the latter [5,

138].

4.1 Optical Double-Well Potential

Condensates in the |F = 1,mF = −1〉 state containing up to 3 × 106 atoms were

delivered to the science chamber using optical tweezers (Ch. 2) and loaded into a sec-

ondary optical trap formed by a counter-propagating, orthogonally-polarized 1064 nm

laser beam shifted in frequency from the tweezers by ∼ 100 MHz to avoid interference

effects.

The secondary optical trap was formed by a collimated laser beam that passed

through an acousto-optic modulator (AOM) and was focused onto the condensate

with a lens [Fig. 4-1(a)]. The AOM was driven simultaneously by two radio frequency

(rf) signals to tailor the shape the potential from single-well [Fig. 4-1(b)] to double-

well [Fig. 4-1(c)]. The separation between the potential wells was controlled by the

frequency difference between the rf drives. The 1/e2 radius of each focused beam

was 5 µm. For typical optical powers, this resulted in a single beam trap depth

U0 = h×5 kHz and a radial (axial) trap frequency ωr = 2π×615 Hz (ωz = 2π×30 Hz).
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Figure 4-1: Optical double-well potential. (a) Schematic diagram of the optical setup
for the double-well potential. An acousto-optic modulator (AOM) was driven simul-
taneously by two frequencies, f1 and f2, and diffracted a collimated beam into two
beams. The AOM was placed in the focal plane of a lens of focal length F so that the
two beams propagated parallel to each other. The radial separation of the potential
wells, d, was controlled by the frequency difference, ∆f = |f1 − f2|. The acceleration
due to gravity, ~g, points into the page. The absorption image shows two well-separated
condensates confined in the double-well potential diagramed in (c). The field of view
is 70 µm × 300 µm. Energy diagrams for (b) initial single-well trap with d = 6 µm
and (c) final double-well trap with d = 13 µm. In both (b) and (c), U0 = h × 5 kHz
and the peak atomic mean field energy was ∼ h × 3 kHz. The potential “dimple” in
(b) was < h × 500 Hz which was much less than the peak atomic mean field energy
allowing the trap to be characterized as a single-well. The potential “barrier” in (c)
was h × 4.7 kHz which was larger than the peak atomic mean field energy allowing
the resulting split condensates to be characterized as independent.

4.2 Matter Wave Interference

Condensates were initially loaded from the tweezers into a single-well trap [Fig. 4-

1(b)]. After holding the cloud in this trap for 15 s to damp excitations, the condensate

contained ∼ 105 atoms with a peak atomic mean field energy µ ≈ h × 3 kHz. The

single-well trap was deformed into a double-well potential [Fig. 4-1(c)] by linearly

increasing the frequency difference between the rf signals driving the AOM over 5 ms.

The amplitude of the rf signals were tailored during the splitting process to guarantee

an even division of the condensate atoms and nearly equal trap depths after splitting.

Releasing the condensates from the double-well potential allowed them to ballis-

tically expand, overlap, and interfere (Fig. 4-2). Each realization of the experiment
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Figure 4-2: Matter wave interference. (a) Absorption image of condensates released
from the double-well potential in Fig. 4-1(c) and allowed to overlap during 30 ms
ballistic expansion. The imaging axis was parallel to the direction of gravitational
acceleration, ~g. The field of view is 600 µm × 350 µm. (b) Radial density profiles
were obtained by integrating the absorption signal between the dashed lines. Typical
images gave > 60% contrast. The solid line is a fit to a sinusoidally-modulated
Gaussian curve from which the phase of the interference pattern was extracted (see
text). This figure presents data acquired in a single realization of the experiment, i.e.
a single shot.

produced a matter wave interference pattern with the same spatial phase. This re-

producibility demonstrated that deforming the optical potential from a single-well

into a double-well coherently split the condensate into two clouds with deterministic

relative phase, i.e. the relative phase between the two condensates was the same from

shot-to-shot.

This experiment derived its double-well potential from a single laser beam passing

through an AOM. Thus, vibrations and fluctuations of the laser beam were common

mode to both wells, and a clean and rapid trap turn off was achieved by switching off

the rf power driving the AOM. In contrast, past experiments created a double-well

potential by splitting a magnetically trapped condensate with a blue-detuned laser

beam [9]. This previous work was unable to observe a reproducible relative phase

between the split condensates. This was attributed to an unstable potential barrier

separating the two condensates due to pointing fluctuations in the blue-detuned laser

beam and irreproducible turn off of the high current magnetic trap that initiated
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ballistic expansion.

4.2.1 Relative Phase

The relative phase between the two separated condensates was determined by the

spatial phase of their matter wave interference pattern. For a ballistic expansion time

t À 1/ωr, each condensate had a quadratic phase profile [42],

ψ±(~r, t) =
√

n±(~r, t) ei m
2h̄t

|~r±~d/2|2+φ± , (4.2)

where ± denotes one well or the other, n± is the condensate density, m is the atomic

mass, ~d is a vector connecting the two wells, and φ± is the condensate phase. Inter-

actions between the two condensates during ballistic expansion have been neglected.

The total density profile for the matter wave interference pattern takes the form

n(~r, t) =

[

n+ + n− + 2
√

n+n− cos

(

md

h̄t
x + φr

)]

, (4.3)

where φr = φ+ − φ− is the relative phase between the two condensates and ~d = dx̂.

To extract φr, an integrated cross section of the matter wave interference pattern

[Fig. 4-2(b)] was fit with a sinusoidally-modulated Gaussian curve,

G(x) = Ae−(x−xc)2/σ2
[

1 + B cos
(

2π

λ
(x − x0) + φf

)]

, (4.4)

where φf is the phase of the interference pattern with respect to a chosen fixed x0. Ide-

ally, if x0 was set at the center of the two wells, then φr = φf . However, misalignment

of the imaging axis with the direction of gravitational acceleration created a constant

offset, φf = φr + δφ. With t = 30 ms the measured fringe period, λ = 41.5 µm, was

within 4% of the point source formula prediction (Eq. 4.3), ht/md = 39.8 µm.
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Figure 4-3: Phase coherence of separated condensates. (a) The spatial phase of the
matter wave interference pattern is plotted vs hold time after splitting. Each data
point represents the average of eight measurements. The phase evolution was due to
unequal trap depths for the two wells, which was determined from the linear fit to
be h × 70 Hz or ∼ 1% of the trap depth. (b) The standard deviation of the eight
measurements averaged in (a) is plotted vs hold time after splitting. This represents
the uncertainty in a single phase measurement. The error bars in (a) are

√
8 times

smaller. A random distribution of phases between −180 and +180 degrees would
have a standard deviation of ∼ 104 degrees (dashed line).

4.2.2 Phase Coherence

The relative phase between the separated condensates was observed to evolve linearly

in time [Fig. 4-3(a)]. This evolution was mainly caused by a difference in trap depths

between the two wells, although a slight mean field energy difference between the two

condensates contributed also.

The standard deviation of eight measurements of φr was < 90 degrees for con-

densates split then held separated for up to 5 ms [Fig. 4-3(b)]. Furthermore, for hold

times up to 1 ms, the standard deviation was substantially smaller, < 40 degrees.

Since a random distribution of phases between −180 and +180 degrees would have

a standard deviation of ∼ 104 degrees, the measured results quantitatively confirm

the reproducible nature of the splitting process and the coherent evolution of the

separated condensates.

Fundamental limits on the phase coherence between isolated condensates arise

due to Poissonian number fluctuations associated with the splitting process and the
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Figure 4-4: Decoherence. Absorption images of condensates released from the double-
well potential and allowed to overlap during 30 ms ballistic expansion. After splitting,
the condensates were held separated for (a) 0 ms [Fig. 4-2(a)] and (b) 8 ms. The
spatial phase of the matter wave interference pattern could be reliably extracted
from (a) but not (b). The imaging axis was parallel to the direction of gravitational
acceleration, ~g. The field of view in (a) and (b) is 600 µm × 350 µm.

coherent state description of the condensate [100, 131, 143]. For condensate number

fluctuations ∆N =
√

N , the corresponding variation in the atomic mean field energy

is

∆µ =
2

5

µ√
N

(4.5)

where µ ∝ N2/5 in the Thomas-Fermi limit (Ch. 1, Eq. 1.6). For our parameters

(N ≈ 105 and µ ≈ h × 3 kHz), ∆µ ≈ h × 4 Hz. This sets the times scale for phase

diffusion to be ∼ 250 ms.

Repulsive atom-atom interactions may lead to relative number squeezing between

the condensates in the two wells and extend the phase diffusion time [222, 223].

Also, weak Josephson coupling between the two wells may counteract phase diffusion

(Sec. 4.4).

The uncertainty in determining φr at hold times > 5 ms was attributed to axial and

breathing-mode excitations created during the splitting process. These excitations led

to interference fringes that were angled and had substantial curvature, rendering a

determination of φr impossible (Fig. 4-4). Splitting the condensate more slowly in

an effort to minimize excitations, but still fast compared to the phase diffusion time,

56



splitting expansion

τp

150 µs

S
p

a
tia

l P
h

a
se

 (
d

e
g

)

-120

-60

0

60

120

8006004002000

-540

-360

-180

0

180

360

540

806040200

S
p

a
tia

l P
h

a
se

 (
d

e
g

)

(a) (b)

τp (µs) τd (µs)

splitting 1 ms expansion

50 µsτd

Figure 4-5: Trapped-atom interferometry. (a) ac Stark phase shifts were applied to
either well exclusively (solid circles and open circles) or both wells simultaneously
(crosses) by turning off the corresponding rf signal(s) driving the AOM for a duration
τp. The resulting spatial phase of the matter wave interference pattern scaled linearly
with τp and hence the applied phase shift. Applying the ac Stark shift to the opposite
well (solid vs open circles) resulted in an interference pattern phase shift with opposite
sign. Applying ac Stark shifts to both wells (crosses) resulted in no phase shift for
the interference pattern. This data was taken with a slightly modified experimental
setup such that the trap depth of the individual potential wells was U0 = h× 17 kHz.
(b) A 50 µs pulse induced a ∼ 70 degree shift independent of the pulse position. The
experimental setup was as described in Fig. 4-1. Solid and open circles have the same
meaning as in (a). The insets show the time sequence of the optical intensity for the
well(s) temporarily turned off.

did not improve the measured stability of φr. Since controlling axial excitations

appears critical for maintaining phase coherence, splitting condensates that are freely

propagating in a waveguide potential may be more promising (Ch. 3). In addition,

propagating the separated condensates along a waveguide prior to phase readout

would create an atom interferometer with an enclosed area, and hence with rotation

sensitivity.

4.3 Trapped-Atom Interferometry

The phase sensitivity of the trapped-atom interferometer was demonstrated by ap-

plying ac Stark phase shifts to either (or both) of the two separated condensates.

Phase shifts were applied to individual condensates by pulsing off the optical power
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generating the corresponding potential well for a duration τp ¿ 1/ωr. The spatial

phase of the matter wave interference pattern shifted linearly with the pulse dura-

tion [Fig. 4-5(a)]. Due to the inhomogeneous optical potential, U(~r), the applied ac

Stark phase shifts varied across the condensate as ∆φ(~r) = −U(~r)τp/h̄. Averaging

this phase shift over the inhomogeneous condensate density, n(~r), approximates the

expected spatial phase shift of the matter wave interference pattern as

∆φ̄ =
1

N

∫

d3~r n(~r)∆φ(~r), (4.6)

=
(

U0 −
2

7
µ

)

τp/h̄, (4.7)

where N =
∫

d3~r n(~r) is the number of condensate atoms, U0 is the potential well

depth, and µ is the atomic mean field energy. The measured phase shifts yielded

U0 = h × 5 kHz [Fig. 4-5(b)], which was consistent with calculations based on the

measured trap frequencies.

4.4 Josephson Coupling

The condensates were sufficiently separated that their phases evolved independently

of each other to the extent that no coupling between the potential wells could be

detected. This claim is supported qualitatively by our ability to cleanly resolve the

separated, trapped condensates with absorption imaging techniques [Fig. 4-1(a)] and

by the observation of high-contrast matter wave interference patterns that penetrated

the full atomic density profile with uniform spatial period and no thick central fringe

[Fig. 4-2(a)] [183].

Estimating the expected Josephson coupling between the two separated wells is

difficult because tunnelling depends exponentially on the barrier height and well sep-

aration [44]. In the weak coupling limit, we expect a small population imbalance be-

tween the two wells to oscillate at the Josephson plasma frequency ωJP =
√

ωJµ/h̄,

where ωJ is the single particle tunnelling rate and µ is the atomic mean field en-

ergy [201, 220]. The maximum population imbalance can be estimated as the total
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number of particles that tunnel between the two wells in one Josephson period [220]:

∆N ≈ NωJ

ωJP

≈ N

√

ωJ

µ/h̄
. (4.8)

The single particle tunnelling rate is given by

ωJ = ωre
−

∫

dx

√

2m[U(x)−µ]

h̄2 , (4.9)

where ωr is the radial trap frequency, U(x) is the double-well potential [Fig. 4-1(c)],

and the integration is over the classically forbidden region.

For our parameters, ωJ ≈ ωre
−14 ≈ 2π × 5 × 10−4 Hz. For N = 105 atoms in

each well at an atomic mean field energy µ = h× 3 kHz, we expect ∆N ≈ 400 atoms

(∆N/N = 4×10−3) to oscillate between the two wells at a frequency ωJP ≈ 2π×1 Hz.

Thus, on the time scale of our experiment (a few milliseconds), we do not expect to

observe the effects of Josephson coupling.

Quantitatively, the lack of coupling between the two separated condensates was

verified by measuring the evolution of their relative phase (Figs. 4-3 and 4-5). The

measured phase shifts of the matter wave interference depended only on the time-

integral of the applied ac Stark phase shifts [Fig. 4-5(b)]. This is expected for uncou-

pled condensates since the final relative phase, φr, should be the same on different

phase trajectories because the history of phase accumulation does not affect the total

amount of accumulated phase. In constrast, in the presence of Josephson coupling the

small population imbalance oscillating between the two wells would cause the relative

phase between the two condensates to oscillate and produce a time dependent signal

in Fig. 4-5(b).

59



Chapter 5

Vortices and Spin Textures

Shortly after the 1938 discovery of superfluidity in liquid 4He [2, 103], the phenomenon

of Bose-Einstein condensation was resurrected from its fate as an obscure theoreti-

cal subtlety and used to explain the experimental findings [133, 134, 210]. In this

treatment, the superfluid (condensate) fraction was distinguished from the normal

(thermal) fraction by a macroscopic, scalar order parameter, |ψ(~r)〉 =
√

n(~r)eiS(~r),

where n(~r) is the superfluid density.

In such a system, the superfluid velocity can be expressed as ~vs(~r) = −(h̄/m)∇S(~r),

where m is the atomic mass. Due to the single-valued nature of the condensate order

parameter, circulation in a superfluid is quantized:

∮

~vs · d~̀ = κ
h

m
, κ = 0, ±1, ±2 . . . (5.1)

One ramification of Eq. 5.1 is that when a superfluid is rotated, angular momentum

enters the system through quantized vortices. In spin-less or spin-polarized conden-

sates, line defects such as vortices have cores where the density of condensed particles

is necessarily zero to keep the order parameter single-valued [1, 78, 92, 123, 137, 224].

In Eq. 5.1, κ is known as the “winding number” or “charge” of the vortex state and

represents the angular momentum per particle in units of h̄.

Topological defects in superfluid systems described by vector order parameters can

be more complex. In condensates with a spin degree of freedom, coreless vortices exist
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as spin textures [18, 126, 141]. Such structures are referred to as skyrmions (Anderson-

Toulouse vortices [7]) or merons (half-skyrmions, Mermin-Ho vortices [145]) depend-

ing on the boundary conditions of the system1. Spin textures play a central role in

describing the physics of elementary particles [200], liquid 3He-A [7, 18, 145], the quan-

tum Hall effect [127], and gaseous Bose-Einstein condensates [91, 114, 115, 160, 225].

Superfluid phenomena become apparent when phase gradients and windings are

established. In contrast to liquid helium systems, experimental control over gaseous

Bose-Einstein condensates allows vortex and spin texture phase factors to be directly

written onto the condensate wavefunction [123, 126, 141]. Such phase windings can

be imprinted onto the condensate wavefunction either dynamically or topologically.

Dynamically, the phase of the condensate evolves according to the time integral of

its energy, which can be tailored locally with a spatially varying external potential.

Topologically, the phase of the condensate advances through adiabatic variations

in the parameters of the Hamiltonian governing the system. This phase, which is

solely a function of the path traversed by the system in the parameter space of the

Hamiltonian, is known as Berry’s phase [17].

Vortices have been generated in single-component condensates by rotating the

cloud with an anisotropic potential [1, 78, 92, 137], by slicing through the cloud with

a perturbation above the critical velocity of the condensate [1, 96], and through the

decay of solitons [4, 55]. Engineering topological states in a Bose-Einstein condensate

has received much theoretical attention [98, 130, 140, 176, 186, 187, 221]. In spinor

condensates, vortices and spin textures have been phase-imprinted by driving spatially

selective spin-flip transitions [141] and adiabatic magnetic field variations [123, 126].

This chapter describes vortices and spin textures imprinted in spinor condensates

using topological phases and expands on the work presented in Refs. [123] (App. D)

and [126] (App. E).

23Na condensates were prepared in either the lower, |1,−1〉, or upper, |2, +2〉,
hyperfine state and confined in a Ioffe-Pritchard magnetic trap. We created vor-

1Originally, the term “skyrmion” referred to three-dimensional point-like topological defects [114,
115, 200]. However, it is common to use this term when describing two-dimensional line defects as
well [91].
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tices by adiabatically inverting the magnetic bias field along the trap axis and could

remove them by returning the bias field to its original direction. Using surface

wave spectroscopy [32, 77, 226], the axial angular momentum per particle of the

|1,−1〉 and |2, +2〉 vortex states was measured to be consistent with −2mF h̄, as

predicted [98, 152, 157, 159].

The field inversion process can be decomposed into two steps. First, the axial

bias field is adiabatically reduced to zero. Then second, it is adiabatically increased

in the opposite direction. While the axial bias field was zero, spin textures with

Mermin-Ho [145] boundary conditions were produced. These spin textures were de-

tected as coreless vortices in F = 1 spinor condensates. Reducing the axial bias

field to zero continuously transformed the initially spin-polarized condensate into a

coherent superposition of three spin states, each with a different phase winding. The

resulting angular momentum per particle varied between spin states, and the conden-

sate evolved such that states with more angular momentum per particle circulated

around (i.e. at a larger radius than) states with less angular momentum per particle.

Thus, the condensate had a net axial magnetization that varied with radial position.

5.1 Phase Imprinting

The spin-F condensate wavefunction can be written as |ψ(~r)〉 =
√

n(~r)|ζ(~r)〉, where

n(~r) is the atomic number density and the 2F + 1 component spinor

|ζ(~r)〉 =
F

∑

mz=−F

ζmz
(~r)|F,mz〉, |〈ζ(~r)|ζ(~r)〉|2 = 1 (5.2)

describes a spin texture.

A Ioffe-Pritchard magnetic trap consists of an axial bias field (with curvature)

and a two-dimensional quadrupole field in the orthogonal plane [68, 174]. Taking the

z axis as the symmetry axis, the magnetic field profile of a Ioffe-Pritchard trap has
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the form

~B(~r) = Bz ẑ + B′ (xx̂ − yŷ) , (5.3)

= Bz ẑ + B′r
[

cos(2φ)r̂ − sin(2φ)φ̂
]

, (5.4)

in Cartesian and cylindrical coordinates, respectively. B′ > 0 is the radial magnetic

field gradient and quadratic terms have been neglected. The local magnetic field is

nearly parallel to the z axis throughout a condensate of radial extent R confined in

a Ioffe-Pritchard magnetic trap with Bz À B′R > 0. Accordingly, the condensate

spinor in the lab frame can be approximated by |ζ(~r)〉 = |F,mz = +mF 〉, where mz

and mF are the projection of the atomic spin, ~F , along the z axis and local magnetic

field direction, respectively.

Adiabatically varying Bz rotates the local magnetic field direction and hence the

atomic spins. This establishes a spatially dependent phase across the condensate

because the spins rotate about a unit vector n̂(φ) = sin(φ)x̂ + cos(φ)ŷ that depends

on the azimuthal angle, φ, describing the atomic position [Fig. 5-1(a)]. The position

dependent phase imprinted onto the condensate wavefunction can be calculated by

applying the quantum mechanical rotation operator

|ζ(~r)〉 = e−i( ~F/h̄)·n̂(φ)β(r)|F,mz = +mF 〉, (5.5)

where ~F is the spin operator such that ~F = 〈ζ(~r)| ~F|ζ(~r)〉 and β(r) is the angle

through which ~F rotated about the n̂(φ) axis.

This chapter considers two limiting cases for the variation of Bz: Bz → −Bz

(Sec. 5.2) and Bz → 0 (Sec. 5.3).

5.2 Vortex Formation and Detection

Inverting Bz → −Bz rotates all atomic spins by π radians and produces spin-polarized

condensates with vortices. From Eq. 5.5 with β(r) = π, the condensate spinor in the
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Figure 5-1: Spin rotation and Berry’s phase. (a) The unit vectors b̂(φ) (filled arrows)
point in the direction of the two-dimensional quadrupole field providing the radial
confinement of a Ioffe-Pritchard magnetic trap. The atomic spins rotate about the
unit vectors n̂(φ) (open arrows) as the axial bias field, Bz, is ramped from positive

to negative values. (b) The spin, ~F , for an atom in state |F,mF 〉 traverses a path
on a sphere of radius |mF |h̄ as it adiabatically follows its local magnetic field. The
primed coordinate system is centered on the atomic position and has axes parallel to
those of the unprimed coordinate system in (a). For an atomic position described by

the azimuthal angle φ, ~F rotates in a half-plane defined by φ′ = −φ for mF > 0 and
φ′ = −φ+π for mF < 0 as Bz is inverted. After inverting Bz, the relative topological
phase acquired between atoms located at positions 1 and 2 in (a) is proportional to
the solid angle subtended by the shaded surface, bounded by the contour marked
with arrowheads (see text).

lab frame after inverting Bz is

|ζ(~r)〉 = e−i( ~F/h̄)·n̂(φ)π|F,mz = +mF 〉, (5.6)

= (−1)F−mF e−i2mF φ|F,mz = −mF 〉. (5.7)

The topological phase factor e−i2mF φ describes a vortex of winding number 2|mF | with

the sense of rotation dependent on the sign of mF . The phase singularity (angular

momentum barrier) at r = 0 requires n(0) = 0. The minimum length scale over which
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the condensate density can vary is the healing length2,3, ξ = 1/
√

8πna, where a is the

s-wave scattering length for a binary collision. Accordingly, the density depletion at

the vortex core has a radius of order ξ = 750 nm for a background condensate density

n = 1014 atoms/cm3. The vortex core size also scales with the winding number of the

vortex state [29].

5.2.1 Berry’s Phase

The result in Eq. 5.7 can be interpreted in terms of Berry’s phase [159]. Figure 5-1(b)

shows the orientation of ~F in the lab frame for mF > 0. Atoms located at position

k = 1, 2 in Fig. 5-1(a) have azimuthal angle φk and angular momentum ~Fk. As Bz

is inverted, ~Fk traces path k from top to bottom on the sphere in Fig. 5-1(b). The

topological phase acquired by an atom in this process is solely a function of the path

traversed by its angular momentum vector. Since this path depends on the azimuthal

angle describing the atomic position, a relative phase is established between spatially

separated atoms. The condensate spinor after inverting Bz is given by

|ζ(~r)〉 = eiγ(φ)|F,mF 〉, (5.8)

where γ(φ) is the topological phase acquired by atoms with azimuthal angle φ.

For an atom in state |F,mF 〉, Berry’s phase, γ(C), acquired as its angular momen-

tum vector traverses a closed contour, C, on the surface of the sphere in Fig. 5-1(b)

is given by [17]

γ(C) = −mF Ω(C), (5.9)

where Ω(C) is the solid angle subtended by a surface bounded by the contour C.

Calculating the relative phase, γ(φ1)− γ(φ2), with the aid of Eq. 5.9 requires closing

the contours traced by each ~Fk along an identical path. For clarity, we choose to

close each contour along path 2 itself and hence γ(φ1)−γ(φ2) = γ(C), where C is the

2In the liquid helium community, this length scale is referred to as the coherence length. However,
in the BEC community, the coherence length is typically reserved to describe the length scale over
which the condensate can be described by a single phase [9, 50, 76, 83, 181, 203].

3Refs. [42, 128, 166, 169] define ξ = 1/
√

8πna while Refs. [67, 170, 171] define ξ = 1/
√

4πna.
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contour formed by path 1 traversed from top to bottom and path 2 traversed from

bottom to top, as indicated with arrowheads in Fig. 5-1(b).

A surface bounded by this contour subtends a solid angle Ω(C) = 2(φ1 − φ2),

yielding a relative phase γ(φ1)− γ(φ2) = −2mF (φ1 −φ2). Thus, we make the assign-

ment

γ(φ) = −2mF φ, (5.10)

up to an additive term independent of position. This is the same phase as in Eq. 5.7

reinterpreted in terms of Berry’s phase.

5.2.2 F = 1 and F = 2 23Na Condensates

Condensates in the |F = 1,mF = −1〉 state containing up to 3 × 106 atoms were

delivered to the science chamber using optical tweezers (Ch. 2). While optically con-

fined by the tweezers, condensates were prepared in the |2, +2〉 state by sweeping

through the |1,−1〉 ↔ |1, 0〉 ↔ |1, +1〉 radio-frequency transition with 100% effi-

ciency, then sweeping through the |1, +1〉 ↔ |2, +2〉 microwave transition with 80%

efficiency [66]. In the science chamber, the condensate was loaded into a microfab-

ricated Ioffe-Pritchard magnetic trap formed by a Z-shaped wire carrying current I

and an external magnetic bias field, B⊥ (Ch. 3, Figs. 3-4 and 3-5). An axial bias

field, Bz = B||, was applied to make the radial confinement harmonic and prevent

non-adiabatic spin-flip transitions.

Typical magnetic microtrap parameters were I = 1200 mA, B⊥ = 5.4 G, and

Bz ≈ 1 G, resulting in a radial magnetic field gradient of B′ = 120 G/cm. For

atoms in the |1,−1〉 state, the axial and radial trap frequencies were ωz = 2π × 6 Hz

and ω⊥ = 2π × 210 Hz, respectively. For atoms in the |2, +2〉 state, the microtrap

frequencies (for identical magnetic field parameters) were larger by a factor of
√

2 due

to the larger magnetic moment. After transfer into the microtrap, condensates in the

|1,−1〉 (|2, +2〉) state contained ∼ 2×106 atoms (∼ 1×106 atoms) and had a lifetime

> 10 s (> 3 s). This represented the first magnetic trapping of 23Na condensates in the

upper hyperfine level, with previous work done exclusively in optical dipole traps [66].
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Figure 5-2: Vortices in F = 1 and F = 2 condensates. Axial absorption images of
condensates in the |1,−1〉 state after 18 ms ballistic expansion (a) prior to inverting
Bz, after inverting Bz and holding the trapped condensate for (b) 5 ms and (c)
20 ms, and (d) after inverting Bz and then returning it to its original direction. Axial
absorption images of condensates in the |2, +2〉 state after 7 ms ballistic expansion
(e) prior to inverting Bz, after inverting Bz and holding the trapped condensate for
(f) 0 ms and (g) 5 ms, and (h) after inverting Bz and then returning it to its original
direction. The field of view is (a)-(d) 570 µm × 570 µm and (e)-(h) 285 µm × 285 µm.

Subsequently, 23Na condensates have been created by direct evaporation in the |2, +2〉
state [75].

5.2.3 Observation of Vortex Cores

Vortices were created in condensates held in a Ioffe-Pritchard magnetic trap by in-

verting Bz and could be removed by returning Bz to its original direction (Fig. 5-2).

The vortices were observed by releasing the trapped condensate and allowing the

atoms to expand ballistically. They were identified by central density depletions due

to the angular momentum barrier associated with a rotating cloud. In the trapped

condensate, the vortex core size was too small (∼ ξ) to be resolved optically. How-

ever, ballistic expansion for a time τ from a trap with frequencies ωz ¿ ω⊥ radially

magnified the condensate wavefunction, including the vortex core size, by a factor
√

1 + ω2
⊥τ 2 [28, 43, 135]. This made the vortex cores large enough to be unambigu-

ously detected with standard absorption imaging techniques.

For condensates in the |1,−1〉 state, the best results were achieved by inverting

the axial bias field linearly from Bz = 860 mG to −630 mG in 11 ms. For atoms in

the |2, +2〉 state, the optimum ramp time over the same range was 4 ms. The field
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Figure 5-3: Axial magnetic field. The Z-wire (Ch. 3, Fig. 3-4) trapping potential
along the z axis is proportional to the magnitude of the axial magnetic field shown
(a) before inverting Bz and (b) after inverting Bz.

inversion process caused an atom loss of ∼ 50% due to non-adiabatic spin flips as Bz

passed through zero, in reasonable agreement with calculations in Refs. [152, 159].

The density depletions shown in Figs. 5-2(b), 5-2(c), and 5-2(g) were observed after

inverting the axial bias field and holding the trapped condensate for longer than a

radial trap period. Thus, the atom loss from the center of the cloud during the field

inversion process could not be responsible for the observed density depletions. Typical

|1,−1〉 (|2, +2〉) condensates after inverting the axial bias field contained up to 1×106

atoms (0.5 × 106 atoms) with a Thomas-Fermi radius RTF = 5.4 ± 0.2 µm (RTF =

4.5± 0.2 µm) in a trap with radial frequency ω⊥ = 2π × 250 Hz (ω⊥ = 2π × 350 Hz).

The magnetic field along the microtrap axis was

~B(r = 0, z) =
(

Bz +
1

2
B′′z2

)

ẑ, (5.11)

where quadratic terms neglected in Eqs. 5.3 and 5.4 have been included. The axial

magnetic field curvature, B′′, which arose from the geometry of the Z-wire, was held

constant throughout the experiment. Bz was inverted by reversing an external axial

magnetic field. Changing the sign of Bz, but not B′′, resulted in a magnetic field

saddle point at the center of the cloud and axial anti-trapping of weak-field seeking

atoms (Fig. 5-3). This limited the condensate lifetime after inverting Bz to < 50 ms.

Radial excitations caused by the field inversion process may also have limited the
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condensate lifetime.

5.2.4 Angular Momentum Measurements

The axial angular momentum per particle of the vortex states was measured using

surface wave spectroscopy [32, 77, 226]. A superposition of counter-rotating (m` =

±2) quadrupolar (` = 2) surface waves was excited in the condensate4, where ` and

m` characterize the angular momentum and its projection along the z axis of the

quadrupole modes, respectively. This created an elliptical condensate cross section

with time dependent eccentricity. In the absence of a vortex, the m` = ±2 quadrupole

modes are degenerate and the axes of the elliptical condensate cross section remain

fixed in time. This degeneracy is lifted by the presence of a vortex, causing the axes to

precess in the direction of fluid flow. The precession rate, Θ̇, is given by [32, 77, 226]

Θ̇ =
〈Lz〉

2m〈r2
⊥〉

, (5.12)

where 〈Lz〉 is the axial angular momentum per particle characterizing the vortex state,

m is the atomic mass, and 〈r2
⊥〉 = 〈x2 + y2〉 is the mean-squared trapped condensate

radius with vortices present.

By measuring the precession rate of the quadrupole axes and the mean-squared

radius of the condensate in the trap, the axial angular momentum per particle was

determined. After exciting the quadrupolar modes, the condensate evolved in the

trap for variable times in the range 0.2 − 7.4 ms. The condensate was then released

from the trap and imaged with resonant laser light after ballistic expansion [Figs. 5-

4(a)-5-4(l)]. The resulting images were fit to an elliptical Thomas-Fermi profile to

determine the orientation of the quadrupole axes as a function of time [Fig. 5-4(m)].

To determine the mean-squared trapped condensate radius, vortices were im-

printed in the condensate but quadrupolar modes were not excited. Images of bal-

listically expanded condensates similar to those in Figs. 5-2(b), 5-2(c), 5-2(f), and

4The surface waves were excited by vertically displacing the magnetic trap center for 200 µs.
This compressed the condensate vertically due to anharmonic terms in the microtrap potential and
created an elliptical condensate cross section.

69



(m)

P
re

ce
ss

io
n
 A

n
g
le

 (
ra

d
)

Time (in units of 2m〈r⊥
2
〉 / h)

π

0

-π

-2π
0 π/8 π/4 3π/8 π/2

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

3.8 ms

1.0 ms

0.8 ms

5.0 ms 6.2 ms 7.4 ms

2.4 ms 3.8 ms 5.2 ms

1.0 ms 1.2 ms 1.4 ms

Figure 5-4: Surface wave spectroscopy. Axial absorption images after 18 ms ballistic
expansion of |1,−1〉 condensates undergoing a quadrupole oscillation (a)-(d) in the
presence of a vortex and (e)-(h) in the absence of a vortex. Successive images were
taken during successive half periods of the quadrupole oscillation such that the short
and long axes of the elliptical cross section were exchanged. Images (a)-(d) show
counter-clockwise (positive) precession of the quadrupole axes, while images (e)-(h)
show no precession. (i)-(l) Axial absorption images after 7 ms ballistic expansion of
|2, +2〉 condensates undergoing a quadrupole oscillation in the presence of a vortex.
The images were taken during a single half period of the quadrupole oscillation.
Images (i)-(l) show clockwise (negative) precession of the quadrupole axes. The field
of view is (a)-(h) 570 µm × 570 µm and (i)-(l) 285 µm × 285 µm. (m) Precession
angle vs time in the presence of a vortex for |1,−1〉 condensates measured after a
delay of 0 ms (open circles), 5 ms (open squares), and 20 ms (open triangles) from the
completion of the inversion of the axial bias field, in the absence of a vortex for |1,−1〉
(open diamonds) and |2, +2〉 (filled diamonds) condensates, and in the presence of
a vortex for |2, +2〉 condensates measured immediately upon the completion of the
inversion of the axial bias field (filled circles).

5-2(g) were fit to a Thomas-Fermi profile with a circular cross section. The fitting

routine ignored the central region of the cloud where the density was depleted due to

the vortex core. The mean-squared trapped condensate radius was derived through

the relation

〈r2
⊥〉 =

2

7

R2
⊥

1 + ω2
⊥τ 2

, (5.13)

where R⊥ is the Thomas-Fermi radius of the condensate after ballistically expanding

for a time τ from a trap with radial frequency ω⊥. The factor 1 + ω2
⊥τ 2 accounts for

the change in Thomas-Fermi radius during the expansion process [28] and the factor
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2/7 results from averaging over the inhomogeneous condensate density distribution

assuming no vortices are present. For low angular momentum vortex states, the den-

sity depletion at the vortex core does not significantly modify the density distribution

of the condensate and we expect the 2/7 factor to still be accurate [42].

For condensates in the |1,−1〉 state, the quadrupole oscillation was excited after

a delay of 0 ms, 5 ms, and 20 ms from the completion of the inversion of the axial

bias field. The measured axial angular momenta per particle were (+1.9 ± 0.3)h̄,

(+2.1±0.3)h̄, and (+1.9±0.2)h̄, respectively. For condensates in the |2, +2〉 state, the

quadrupole oscillation was excited immediately upon the completion of the inversion

of the axial bias field. The measured axial angular momentum per particle was

(−4.4 ± 0.4)h̄. For both internal states, the measurements were consistent with the

predicted axial angular momentum per particle of −2mF h̄ [98, 152, 157, 159]. The

uncertainty in the measurements arises from the linear fit to the precession angle and

the determination of 〈r2
⊥〉.

5.2.5 Multiply Charged Vortices

Multiply charged vortices are unstable against decay into multiple, singly charged

vortices [29, 153, 158, 184]. From our experiments, we cannot determine if the con-

densate contained one multiply charged vortex or multiple, singly charged vortices.

If multiple vortices were present, they must be closely spaced since they were not

resolved after ballistic expansion. Furthermore, if the singly charged vortices had

moved apart considerably, it would have lowered the extracted value of 〈Lz〉 [32],

which was not observed even with delayed probing.

It is predicted that doubly charged vortices should decay into two singly charged

vortices that are intertwined [153]. Imaging along the vortex axis and/or measuring

the angular momentum per particle of the vortex states does not efficiently differ-

entiate between a doubly charged vortex and a pair of intertwined, singly charged

vortices. However, imaging perpendicular to the vortex axis may reveal such a decay

(Fig. 5-5).

Our work represented the first observation of vortices with a single density deple-
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Figure 5-5: Vortex line. Absorption images of a condensates in the |2, +2〉 state
after ballistic expansion (a) before and (b) after imprinting a vortex as described in
Sec. 5.2. The imaging light propagated perpendicular to the condensate/vortex axis
such that the vortex core appears as a line defect running along the entire length of the
condensate. Ballistic expansion was initiated immediately after creating the vortex
state. A magnetic field gradient was applied during ballistic expansion to spatially
separate the remaining spin states. Spin-flip transitions to untrapped states during
the phase imprinting process led to trap loss. Spin-flip transitions to the |2, +1〉 state,
which is weak field seeking and remained radially confined by the magnetic trap, were
directly observed as predicted in Ref. [152].

tion, but multiple (2 or 4) phase windings. Subsequently, long-lived vortex aggregates

with a single density depletion and 7−60 phase singularities have been observed [57].

Multiply charged vortices are stable in a multiply connected geometry such as

a torus. This geometry can be realized by applying a repulsive potential along the

vortex line with a blue-detuned laser beam [46, 98].

5.3 Coreless Vortex Formation and Detection

Section 5.2 described the formation of vortices in condensates confined in a Ioffe-

Pritchard magnetic trap by inverting Bz → −Bz. During this process, the axial

bias field passed through zero. This section considers the nature of the system when

Bz ≈ 0.

For condensates confined in a Ioffe-Pritchard magnetic trap, adiabatically ramping
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Figure 5-6: Planar spin textures. Spins aligned with two-dimensional (a) quadrupole
and (b) hexapole magnetic fields produce textures with winding numbers −1 and −2,
respectively. Counter-clockwise traversal of the dashed contours in (a) and (b) leads
to clockwise (negative) spin rotation, with the winding number defined as the integer
number of revolutions made by the spin vector while circumnavigating the singularity
at the origin [144].

Bz → 0 drives the transition [98]

|F,mz = +mF 〉 →
|mF |
∑

mz=−|mF |
ζmz

(r)e[i(mz−mF )φ]|F,mz〉. (5.14)

The condensate population is distributed across 2|mF |+1 spin states (in the lab frame)

with each acquiring a different topological phase factor and angular momentum per

particle due to the variation of Berry’s phase with magnetic quantum number [17]. At

this point, the atomic spins are no longer polarized in the lab frame and a spin texture

has been created. Fully inverting Bz repolarizes the atomic spins and generates

vortices (Sec. 5.2).

5.3.1 Spin Textures

As Bz is varied, the condensate remains in the state |F,mF 〉 with respect to the local

magnetic field provided the local Zeeman energy, ∼ µB[B2
z + (B′r)2]1/2, dominates

the local kinetic energy associated with the spin texture, ∼ h̄2/mr2, where µB is the

Bohr magneton and m is the atomic mass. For Bz = 0, atomic spins aligned with the
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quadrupole magnetic field produce a planar spin texture [Fig. 5-6(a)]. However, the

infinite kinetic energy associated with the wavefunction singularity at r = 0 creates

a nonplanar spin texture over a disc of radius ∼ (h̄2/mµBB′)1/3, with higher angular

momentum spin states residing outside those with lower angular momentum. Thus,

ramping Bz → 0 rotates the atomic spins by an amount that depends on radial

position.

For condensates initially in the |1,−1〉 state, adiabatically ramping Bz → 0 creates

a spin texture in the lab frame described by (Eq. 5.5)

|ζ(~r)〉 =

cos2[β(r)/2] |1,−1〉 +

−1√
2
sin[β(r)] e+iφ |1, 0〉 +

sin2[β(r)/2] e+i2φ |1, +1〉,

(5.15)

while for condensates initially in the |1, +1〉 state, adiabatically ramping Bz → 0

creates a spin texture in the lab frame described by (Eq. 5.5)

|ζ(~r)〉 =

cos2[β(r)/2] |1, +1〉 +

+1√
2
sin[β(r)] e−iφ |1, 0〉 +

sin2[β(r)/2] e−i2φ |1,−1〉.

(5.16)

These spin textures are classified as a skyrmions (merons) for the boundary conditions

β(0) = 0 and β(∞) = π [β(∞) = π/2].

By symmetry, we contend that the radial dependence of β(r) should be the same

for both spin textures (Eq. 5.15 and Eq. 5.16). However, since condensates initially in

the |1, +1〉 state are in the absolute ground state of the system5, the radial dependence

of β(r) can be found most easily by minimizing the Gross-Pitaevskii energy functional,

E(β) =
∫

d3~r n





h̄2

2m
〈∇ζ|∇ζ〉 + V +





c0

2
+

c2

2

|~F |2
h̄2



 n



 , (5.17)

respect to variations in β using Eq. 5.16 as a trial spinor. Equation 5.17 uses the

5Atoms in the |1,+1〉 (|1,−1〉) state are strong (weak) magnetic field seeking, such that in the
presence of a magnetic field the |1,+1〉 state is the absolute ground state of the system.
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Figure 5-7: Radial dependence of the spin rotation angle. β(r) is plotted for Bz = 0.
For our radial magnetic field gradient, B′ = 180 G/cm, (h̄2/mµBB′)1/3 ≈ 260 nm.

Thomas-Fermi approximation, and 〈∇ζ|∇ζ〉 =
∑F

mz=−F ∇ζ†
mz

· ∇ζmz
, V = gF µB

~F ·
~B/h̄, ~F = 〈ζ| ~F|ζ〉, c0 = 4πh̄2ā/m, and c2 = 4πh̄2∆a/m. Here ā = (2a0 + a2)/3 and

∆a = (a2 − a0)/3 characterize two-body interactions, where a0 and a2 are scattering

lengths for binary collisions with total angular momentum F = 0 and F = 2, respec-

tively [91]. For c2 > 0 the atomic interactions are anti-ferromagnetic (polar), as in

23Na [204], while for c2 < 0 they are ferromagnetic, as in 87Rb [117, 193].

Using Eq. 5.16 as a trial spinor, β(r) satisfies the meron boundary conditions and

varies from β(0) = 0, due to the kinetic energy of the spin texture, to β(∞) = π/2, due

to the atomic Zeeman energy, over a characteristic length scale given by the larger of

(h̄2/mµBB′)1/3 and |Bz|/B′ (Fig. 5-7). Terms proportional to (dβ/dr)2 were neglected

while varying Eq. 5.17. The trial spinor in Eq. 5.16 does not have the most general

form since it was derived by rotating a polarized spinor (Eq. 5.5) and is inherently

ferromagnetic, |~F | = h̄. Accordingly, the spin dependent interaction term in Eq. 5.17

does not vary with β(r) and therefore does not contribute to the determination of

β(r). This restriction is not severe since the Zeeman energy dominates the spin

dependent interaction energy in our experiment.
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5.3.2 Observation of Coreless Vortices

The experimental setup and conditions for producing spin textures were similar to

those for producing vortices (Sec. 5.2.2). Condensates containing ∼ 2 × 106 atoms

in the |1,−1〉 state were confined in a Ioffe-Pritchard Z-wire trap (Ch. 3, Figs. 3-4

and 3-5) with I = 720 mA, B⊥ = 5.3 G, and Bz = B|| = 1.3 G, resulting in a radial

magnetic field gradient B′ = 180 G/cm. The axial and radial trap frequencies were

ωz = 2π × 4 Hz and ω⊥ = 2π × 250 Hz, respectively.

Coreless vortices were imprinted in F = 1 spinor condensates by adiabatically

ramping Bz → 0 (Fig. 5-8). To observe the nature of the spin texture, an axial bias

field was switched on non-adiabatically along either the negative [Figs. 5-8(a)-5-8(d)]

or positive [Figs. 5-8(e)-5-8(h)] z axis. Switching the axial bias field on suddenly

“froze” the atomic spins and effectively “projected” the condensate wavefunction

onto a basis quantized with respect to the local (axial) magnetic field. This allowed

the spin states to be separated by a magnetic field gradient applied during ballistic

expansion. Switching the direction of the axial projection field exchanged the roles of

the |1,−1〉 and |1, +1〉 states. With Bz ≈ 0 the condensate lifetime was ∼ 1 ms due

to non-adiabatic spin-flips (Majorana flops) at the trap center. Therefore, the axial

projection field was applied immediately after ramping Bz → 0.

Figures 5-8(a) and 5-8(e) show the coreless nature of the vortices, while Figs. 5-

8(b) and 5-8(f) show the concentric cylinder structure resulting from the competi-

tion between the atomic Zeeman energy and the kinetic energy of the rotating spin

states. The boundary condition β(0) = 0 was maintained regardless of the sign of

Bz, i.e. atomic spins along the trap axis always remained in the initial state. If

the atomic spins had simply followed the local magnetic field, β(r) would satisfy

tan[β(r)] = B′r/Bz. Thus, scanning Bz from slightly positive to slightly negative

would instantaneously change the boundary condition at the origin from β(0) = 0 to

β(0) = π and flip the atomic spins along the trap axis. In interpreting the absorption

images shown in Figs. 5-8(a), 5-8(b), 5-8(e), and 5-8(f), we have assumed that the

two-dimensional (ωz ¿ ω⊥) ballistic expansion process radially magnifies the conden-
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Figure 5-8: Coreless vortices in F = 1 spinor condensates. Coreless vortices were im-
printed by ramping Bz → 0 and diagnosed by suddenly switching (a)-(d) Bz ¿ 0 and
(e)-(h) Bz À 0. Axial absorption images display the optical density of condensates
after 20 ms ballistic expansion (a,e) without and (b,f) with a magnetic field gradient
applied to separate the different spin states. (c) and (g) Azimuthally averaged optical
density vs radial position for spin components shown in (b) and (f), respectively. The
radial separation of the spin states resulted from their relative phase windings and is
a clear signature of the skyrmion/meron wavefunction (Eq. 5.15). (d,h) Axial magne-
tization per particle, M/N = (µB/2) × (ñmF =+1 − ñmF =−1)/ñtotal, vs radial position.
The absorption imaging light was resonant with the F = 2 → F ′ = 3 transition. The
atoms were optically pumped into the F = 2 hyperfine level with a pulse resonant
with the F = 1 → F ′ = 2 transition. This provided equal imaging sensitivity to each
spin state. The field of view in (a), (b), (e), and (f) is 1.0 mm × 3.0 mm.

sate wavefunction, as it does in the expansion of a single-component condensate with

vortices [28, 43, 135].

Non-zero axial magnetic field curvature, B′′ ≈ 5 G/cm2 (Eq. 5.11), along the

microtrap axis implies that the spin texture had a slight axial dependence. The axial
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bias field was ramped linearly from Bz = 1.3 G to Bz ≈ 0 in 10 ms to imprint

the coreless vortices. This compressed the condensate radially and increased the

condensate chemical potential from µ ≈ (µB/2) × 3 mG to µ ≈ (µB/2) × 27 mG.

Ramping Bz → 0 fast compared to the axial trap period (250 ms), but slow compared

to the initial radial trap period (4 ms), guaranteed that the axial magnetic field

variation remained constant throughout the experiment at ∆Bz ≈ 3 mG, while at

Bz ≈ 0 the radial magnetic field variation was ∆Br ≈ 27 mG. The images shown in

Fig. 5-8 integrated the atomic number density along the z axis and therefore averaged

over the minor (∆Bz ¿ ∆Br) axial variation to the spin texture.

To project the condensate wavefunction onto a basis quantized with respect to

the local magnetic field, a ∼ 10 G axial bias field was switched on at a rate of Ḃz =

2×105 G/s along either the negative or positive z axis. 100 µs later the magnetic trap

was switched off allowing the atoms to expand ballistically. For 0 ≤ Br ≤ ∆Br, the

Landau-Zener non-adiabatic transition probability [185], exp(−πµBB2
r/h̄Ḃz) ≥ 0.9,

was sufficiently close to unity that the atomic spins remained “frozen” during the

sudden application of the axial bias field and the spin texture could be accurately

diagnosed. While the total condensate density monotonically decreased as a function

of radial position [Figs. 5-8(a) and 5-8(e)], the density of each spin component peaked

at a different radius signifying a variation in the angular momentum per particle

between spin states [Figs. 5-8(b) and 5-8(f)].

Applying the projection field along the positive z axis generated additional rings

of atoms in the |1,−1〉 and |1, 0〉 states [Fig. 5-8(f)]. Ramping Bz → 0 in 10 ms caused

non-adiabatic spin-flips for atoms near r = 0 resulting in an atom loss of ∼ 50% [123].

If these atoms had not left the condensate before the projection field was applied, they

may have contributed to the images displayed in Fig. 5-8(f). The additional rings

of atoms may also correspond to a low energy, radial spin-wave excitation [91, 160].

However, we could not identify any asymmetry between applying the projection field

along the positive z axis as compared to the negative z axis that would account for

the presence of the extra rings in Fig. 5-8(f), but not in Fig. 5-8(b).

The stability of the spin textures could not be characterized on time scales > 1 ms
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mF = -1 mF = 0

Figure 5-9: Vortices in an optical trap. Optically confined condensates were prepared
in a coherent superposition of the |1,−1〉 and |1, 0〉 states by a ∼ π/2 radio frequency
pulse. An overlapping Ioffe-Pritchard magnetic trapping potential (Eqs. 5.3 and 5.4)
was turn on such that inverting the axial bias field imprinted vortices in the |1,−1〉
state (Eq. 5.6). No vortices were imprinted in the |1, 0〉 state (Eq. 5.6). The axial
absorption image was taken during ballistic expansion. The absorption imaging light
was resonant with the F = 2 → F ′ = 3 transition. The atoms were optically pumped
into the F = 2 hyperfine level with a pulse resonant with the F = 1 → F ′ = 2
transition. This provided equal imaging sensitivity to each spin state. The field of
view is 1.0 mm × 2.0 mm.

due to non-adiabatic spin-flip transitions while Bz ≈ 0 and excitations created by sud-

denly applying the axial projection field. It is predicted that skyrmions/merons in

condensates with anti-ferromagnetic (ferromagnetic) interactions are unstable (sta-

ble) [13, 97, 114, 115, 139, 149, 150, 227, 228].

5.4 Vortices and Spin Textures in Optical Traps

Bose-Einstein condensates under optical confinement, as opposed to magnetic confine-

ment, have their atomic spins decoupled from the trapping potential. For non-rotating

condensates, spin dependent [193, 204] and magnetic field dependent [95] atom-atom

interactions have been investigated. It is natural to extend these studies to rotating

condensates where the ground state properties are predicted to depend strongly on

spin composition and atom-atom interactions [13, 23, 97, 104, 114, 115, 116, 139, 149,

150, 176, 189, 190, 192, 225, 227, 228].

By overlapping a Ioffe-Pritchard magnetic trapping potential with an optical
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dipole trap6, vortices and spin textures were imprinted in condensates with arbitrary

initial spin (Fig. 5-9). It was technically challenging to keep both traps overlapped

while varying the axial bias field because the current-carrying coils that produced the

axial field also produced a slight radial field. Thus, varying the axial bias field caused

a variation in the radial bias field and shifted the radial position of the Ioffe-Pritchard

magnetic trap.

5.5 Higher Order Vortices and Spin Textures

The phase imprinting technique described in this chapter can be extended to generate

vortices and spin textures with higher winding numbers and angular momentum per

particle by using higher-order, axisymmetric multipole magnetic fields and/or con-

densates with different spin. In general, a two-dimensional axisymmetric multipole

magnetic field can be expressed as

~B(~r) = Arα−1
[

cos(αφ)r̂ − sin(αφ)φ̂
]

, α > 0, (5.18)

where α = 2 describes a quadrupole field [Fig. 5-6(a)] and α = 3 describes a hexapole

field [Fig. 5-6(a)]. The topological phase factor in Eq. 5.7 is generalized to e−i2(α−1)mF φ

for inverting the axial bias field in the presence of an arbitary radial multipole mag-

netic field. A similar generalization is applicable for Eqs. 5.15 and 5.16.

Two-dimensional magnetic multiple fields for order α (Eq. 5.18) can be generated

by α−1 wires and an orthogonal bias field, B⊥. For example, a single-wire waveguide

(Ch. 3, Fig. 3-2) generates a quadrupole magnetic field, while a two-wire waveguide

can generate a hexapole magnetic field for appropriate parameters [Ch. 3, Fig. 3-

12(b)].

Additionally, vortices may be repeatedly imprinted in condensates to increase

the angular momentum per particle. Vortices were imprinted by inverting the axial

bias field in the presence of a radial multipole magnetic field, and were removed by

6The radial confinement frequency of the optical dipole trap was approximately two times higher
than that of the magnetic trap.
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returning the axial bias field to its original direction. If the magnetic multipole field is

turned off before returning the axial bias field to its original direction, the vortices will

remain in the condensate. Then, by turning back on the radial magnetic multipole

field and subsequently inverting the axial bias field additional vortices are added to

the condensate. In principle, this process can be cycled indefinitely to increase the

vorticity of a condensate.
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Chapter 6

Picokelvin Temperature Atomic

Vapors

Low temperature and low density atomic vapors are used extensively for spectroscopy,

metrology, atomic clocks, and atom optics. Extending the accessible temperature and

density ranges to even lower values can reveal phase transitions, such as Bose-Einstein

condensation [40, 110], the Kosterlitz-Thouless transition [118, 119, 120, 170, 175],

and the Tonks-Girardeau transition [54, 65, 162, 171, 211] for Bosons and BCS pairing

for Fermions [12, 19, 20], transitions to reduced dimensionality [67, 69, 188, 196], and

quantum reflection from material surfaces [3, 14, 198].

Temperature is a quantity that parameterizes how energy is distributed across the

available states of a system, and effective temperatures can be defined for decoupled

degrees of freedom or subsets of particles. For example, nuclear spins isolated from

the kinetic motion of their respective atoms have been cooled by adiabatic demag-

netization to an effective temperature of 280 pK [161]. Spin ensembles have a finite

number of available states so that a spin-polarized sample, such as a magnetically

trapped condensate, would be characterized by zero effective temperature. In con-

trast, the motion of free particles is subject to a continuum of states, and the kinetic

temperature of an ensemble can only asymptotically approach absolute zero.

Effective temperatures in atomic vapors are defined by the widths of velocity dis-

tributions, which can be much smaller than the mean velocity of the sample. Raman
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cooling [106, 179] and velocity-selective coherent population trapping (VSCPT) [191]

have generated velocity distributions with very narrow peaks, corresponding to nanokelvin

and picokelvin effective temperatures. However, these temperatures were associated

with the motion of only a subset of the atoms in the cloud and/or with atomic motion

in only one dimension.

For trapped, partially condensed atomic vapors, the condensate fraction has zero

entropy, and the kinetic temperature of the sample is determined by the velocity dis-

tribution of the thermal (noncondensed) component. When released, the condensate

fraction expands slower than the thermal component and has been characterized by

picokelvin effective temperatures for anisotropic [147] and non-interacting [217] gases.

Cooling the atomic motion of entire ensembles in all three dimensions has proven

difficult. To date, kinetic temperatures of a few hundred nanokelvin have been

achieved with adiabatic and optical cooling [108, 212], and evaporative cooling tech-

niques have produced condensates with temperatures of 3 nK [51]. This chapter de-

scribes our efforts to adiabatically and evaporatively cool partially condensed atomic

vapors to picokelvin kinetic temperatures and expands on the work presented in

Ref. [124] (App. F).

Spin-polarized gaseous Bose-Einstein condensates were confined by a combination

of gravitational and magnetic forces. The partially condensed atomic vapors were

decompressed, by weakening the gravito-magnetic trap to a mean frequency of 1 Hz,

then evaporatively reduced in size to 2500 atoms. This lowered the peak condensate

density to 5 × 1010 atoms/cm3 and cooled the entire cloud in all three dimensions to

a kinetic temperature of 450±80 pK. These samples were characterized by a thermal

velocity ∼ 1 mm/s, a speed of sound ∼ 100 µm/s, and a healing length limited by

the ∼ 20 µm harmonic oscillator length of the trapping potential. The 1/e lifetime

of condensates in the gravito-magnetic trap was 80 ± 5 s.
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6.1 Thermometry

An upper limit for the temperature of a partially condensed atomic vapor is the Bose-

Einstein condensation phase transition temperature, Tc, which in the thermodynamic

limit for a harmonically-trapped ideal Bose gas is (Ch. 1, Eq. 1.3)

kBTc = h̄ω̄

(

N

ζ(3)

)1/3

≈ 0.94h̄ω̄N1/3, (6.1)

where kB is Boltzmann’s constant, ζ(n) is the Riemann Zeta function, ω̄ = (ωxωyωz)
1/3

is the geometric mean of the harmonic trap frequencies, and N is the total num-

ber of atoms, both condensed and noncondensed. Thus, picokelvin temperatures

(Tc ≤ 1 nK) are guaranteed for partially condensed atomic vapors with N ≤ 104

atoms confined at a mean frequency ω̄ ≤ 2π × 1 Hz.

Corrections to Eq. 6.1 arise due to the finite size of the system and atom-atom

interactions [42]. The finite size correction always reduces the BEC transition tem-

perature whereas repulsive (attractive) atom-atom interactions reduce (increase) it.

23Na in the |1,−1〉 state has a positive s-wave scattering length, a ≈ +2.8 nm, and

hence repulsive atom-atom interactions, such that for a given number of atoms and

mean trap frequency Eq. 6.1 still provides an upper limit for the temperature of

a partially condensed atomic vapor. For spherically symmetric systems, the finite

size corrections scale as ∆Tc/Tc ∝ −N−1/3 and the correction due to atom-atom in-

teractions scales as ∆Tc/Tc ∝ −(a/aHO)N1/6, where aHO =
√

h̄/mω̄ and m is the

atomic mass. For atomic vapors with N = 104 atoms confined at a mean frequency

of ω̄ = 2π × 1 Hz, ∆Tc/Tc = −3 × 10−2 and ∆Tc/Tc = −3 × 10−5 due to finite size

and interaction effects, respectively. Both of these corrections are negligible for the

experiments discussed below.

Partially condensed atomic vapors contain two components, a thermal (noncon-

densed) component and a condensate component. The number of atoms in the ther-

mal component, Nth, and their gaussian width in the trap, wth, as well as the number

of atoms in the condensate, N0, are completely determined by the temperature, T ,
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and total number of atoms, N = N0 + Nth, characterizing the sample. Provided that

the thermal energy is much larger than the trap level spacing, kBT À h̄ω̄, and the

cloud is in thermal equilibrium, the following relations hold:

Nth = ζ(3) ×
(

kBT

h̄ω̄

)3

, (6.2)

wth =

√

2kBT

mω2
, (6.3)

N0

N
= 1 −

(

T

Tc

)3

, (6.4)

where ω is the trap frequency for the axis along which wth is measured. Equation 6.2

arises due to the population of all thermally accessible states, and Eq. 6.3 is a result

of the equipartition theorem. Thermometry can be performed by examining the

distribution of trapped thermal atoms (number and width) subject to the constraints

in Eqs. 6.2 and 6.3. The presence of a condensate component leads to additional

constraints on the total distribution of atoms.

6.2 Gravito-Magnetic Trap

Condensates in the |F = 1,mF = −1〉 state containing up to 3 × 106 atoms were

delivered to the science chamber using optical tweezers (Ch. 2) and loaded into the

gravito-magnetic trap [Fig. 6-1]. A small coil carrying current IS located vertically

below the atoms generated a vertical bias field, Bz, and supported the weak field

seeking condensates against gravity with a vertical magnetic field gradient, B′
z =

2mg/µB ≈ 8 G/cm, where m is the atomic mass, g is the gravitational acceleration,

and µB is the Bohr magneton. Additional control over Bz and B′
z was provided by

two external coils carrying independent currents IU and IL. Weak curvature, B′′
z ,

to the vertical bias field created stable vertical confinement such that a harmonic

restoring force was provided magnetically (gravitationally) for downward (upward)

vertical displacements [Fig. 6-1(b)]. A radial field gradient B′
r = ∂Br/∂r = −B′

z/2

(∇ · ~B = 0) was also present and added in quadrature with Bz to provide harmonic
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Figure 6-1: Gravito-magnetic trap. (a) Bose-Einstein condensates were levitated
against gravity ∼ 5 mm above a 1 cm diameter, 25-turn coil mounted inside the
ultrahigh vacuum chamber running current IS. Two 10 cm diameter, 20-turn coils
were mounted outside the vacuum chamber, and were supplied individually with
currents IU and IL. The vertical separation between the large coils was 10 cm. The
1 cm diameter coil was mounted radially off-axis with respect to the pair of 10 cm
diameter coils by ∼ 1 cm. This broke the cylindrical symmetry of the trapping
potential. Additional bias fields ∼ 1 G were applied in the horizontal plane to cancel
the radial magnetic fields generated by IU and IL on the axis of the small coil and
maintain a stable trapping potential. The acceleration due to gravity, ~g, points down
the page. (b) Magnetic potential due to IS (short dashed line), gravitation potential
(long dashed line), and joint vertical potential of the gravito-magnetic trap (solid
line). (c) A radially repulsive potential magnetic potential was generated by running
IS alone (dashed line), however applying a slight anti-bias field with IU modified the
radial energy profile and created a magnetic field minimum at r = 0 (solid line). In
(a)-(c), the solid oval denotes the trapped condensate.

radial confinement with a restoring force proportional to (B′
r)

2/Bz [Fig. 6-1(c)].
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6.2.1 Stable Confinement

The magnetic field on axis of a single coil of radius R carrying current I is

Bz(z) =
1

2
µ0IR2 1

(z2 + R2)3/2
, (6.5)

where µ0 is the permeability of free space. Neglecting terms O(r3), the off axis

magnetic field takes the form (in cylindrical coordinates) [99]

~B(r, z) ≈
[

Bz(z) − r2

4
B′′

z (z)

]

ẑ − r

2
B′

z(z)r̂, (6.6)

where the derivatives are given by

B′
z(z) =

∂Bz(z)

∂z
= −3

2
µ0IR2 z

(z2 + R2)5/2
, (6.7)

B′′
z (z) =

∂2Bz(z)

∂z2
=

3

2
µ0IR2 4z2 − R2

(z2 + R2)7/2
. (6.8)

Atom are levitated against gravity where B′
z = 2mg/µB. Stable three-dimenational

confinement about this point is only possible for vertical positions within a certain

range. From Eq. 6.8 B′′
z > 0 for |z| > R/2, thus stable vertical confinement is only

possible at distances greater than R/2 above the single coil. Stable radial confinement

is possible only if ∂| ~B(r, z)|/∂r > 0, i.e. the magnitude of the magnetic field increases

off axis. ∂| ~B(r, z)|/∂r > 0 for (B′
z)

2 − 2BzB
′′
z > 0 or equivalently for |z| <

√

2/5R,

thus stable radial confinement is only possible at distances less than
√

2/5R ≈ 0.63R

above the single coil.

Combining these two results, we see that a stable, three-dimensional confinement

potential is achieved for weak field seeking atoms at a distance 0.50R < |z| < 0.63R

above a single current-carrying coil of radius R. For our parameters (R ≈ 5 mm),

stable three-dimensional confinement is only expected over a range ∆z = 0.13R =

650 µm centered 2.825 mm above the single coil.

The criterion for stable vertical confinement is not flexible and atoms may only be

trapped at distances greater than R/2 above the single coil. The criterion for stable
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radial confinement, (B′
z)

2−2BzB
′′
z > 0, is flexible since Bz in this inequality is the net

bias field along the trap axis. Bz can be lowered by applying a vertical bias field that

partially cancels the vertical field due to the single coil, and stable radial confinement

is possible farther above the single coil than
√

2/5R ≈ 0.63R [Fig. 6-1(c)].

6.2.2 Radial Symmetry

The single coil gravito-magnetic trap has perfect radial symmetry. This is in contrast

to traditional Ioffe-Pritchard magnetic traps formed by a two-dimensional quadrupole

field and an axial bias field with curvature [68, 174]. The two-dimensional quadrupole

field can be written as

~B(x, y, z) = B′
r(xx̂ − yŷ), (6.9)

while the axial bias field and curvature have components

~B(x, y, z) =
[

Bz +
1

2
B′′

z z2 − 1

4
B′′

z (x2 + y2)
]

ẑ − 1

2
B′′

z z(xx̂ + yŷ). (6.10)

The terms −(B′′
z z/2)(xx̂ + yŷ) in Eq. 6.10 are necessary in order to satisfy Maxwell’s

equations and interfere with the two-dimensional quadrupole field (Eq. 6.9) to produce

effective magnetic field gradients B′
x = B′

r − B′′
z z/2 and B′

y = B′
r + B′′

z z/2 along the

x and y axis, respectively. Thus, the radial symmetry of traditional Ioffe-Pritchard

magnetic trapping potentials is broken for planes z 6= 0.

6.3 Cooling Stages

For typical loading parameters (IS = 340 mA, IU = 5.5 A, and IL = 0) the gravito-

magnetic trap was spherically symmetric with trap frequencies ωx ≈ ωy ≈ ωz ≈ 2π ×
8 Hz. Condensates loaded into the gravito-magnetic trap from the optical tweezers

were held for 5 s to allow for the damping of excitations. The resulting partially

condensed clouds had ∼ 5×105 atoms and a BEC transition temperature Tc = 30 nK.

At all times, the atomic vapor maintained a temperature T such that 0.5 < T/Tc < 1.
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6.4 Adiabatic Decompression

Further cooling was accomplished by adiabatically decompressing the trapping po-

tential in two 5 s stages, with a 5 s delay in between to allow excitations to damp.

In the first stage, the vertical frequency was reduced to ωz = 2π × (1.81 ± 0.05) Hz

by simultaneously raising currents IL and IU by identical amounts and lowering the

current IS by a factor of 10. This kept the magnetic field gradient, B′
z, constant,

but transferred its dominant source from the small coil to the external coils. The

external coils produced very little magnetic field curvature due to their large diame-

ters (Eq. 6.8), thus the net magnetic field curvature was reduced by lowering IS. In

the second stage, the radial frequencies were reduced to ωx = 2π × (0.65 ± 0.05) Hz

and ωy = 2π × (1.2 ± 0.1) Hz by raising IL and lowering IU by identical amounts.

The vertical magnetic field gradient and curvature remained constant, but the verti-

cal bias field, Bz, increased. This reduced the radial confinement due to the scaling

ωr ∝ B′
r/B

1/2
z [68, 174]. The radial asymmetry (ωx 6= ωy) arose because the small

coil and the large external coils were not coaxial [Fig. 6-1(a)].

For currents IS = 34 mA, IU = 14 A, and IL = 44 A, the final gravito-magnetic

trap had a mean frequency ω̄ = 2π×(1.12±0.08) Hz and an axial bias field Bz = 17 G.

The trap frequencies were measured by observing the condensate oscillate in the trap,

and the axial bias field was measured by driving the microwave transitions |1,−1〉 →
|2, 0〉, |2,−1〉, |2,−2〉. The residual anharmonicities of the trapping potential were

small, with ∆ω/ω = 0.1 for 500 µm displacements from the trap center. Further

radial decompression was not possible due to a finite trap depth [Fig. 6-1(c)] and

sensitivity of trap stability to milligauss level radial bias fields.

6.4.1 Evaporative Atom Number Reduction

After decompression, the partially condensed atomic vapors had ∼ 2×105 atoms and

a BEC transition temperature Tc = 3 nK. Tc was lowered further by reducing the

number of atoms in the cloud (Eq. 6.1), while maintaining a substantial condensate

fraction at all times (0.5 < T/Tc < 1). The atom number was reduced by holding the
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atoms in the gravito-magnetic trap for up to 200 s. Often, microwave radiation near

the |1,−1〉 → |2, 0〉 transition was applied to shorten the hold time required to arrive

at lower atom number to 10 s. The atom number reduction was accompanied by

cooling, during which the elastic collision rate (between thermal atoms and the con-

densate) dropped from 0.25 Hz to 0.01 Hz. Therefore, a few collisions were sufficient

to cause evaporation out of the finite depth trap. This cooling was not efficient in the

sense of providing a gain in phase-space density, but still was capable of maintaining

thermal equilibrium and lowering the absolute temperature of the vapor (see below).

6.5 Picokelvin Temperatures

Using this technique, we cooled partially condensed vapors containing up to 30000

atoms to temperatures below 1 nK (Figs. 6-2 and 6-3). Our lowest measured three-

dimensional kinetic temperature was 450±80 pK for 2500 atoms at a peak condensate

density of 5 × 1010 atoms/cm3. Under these conditions, the peak atom-atom inter-

action energy was µ = kB × 33 pK = h × 0.7 Hz, while the zero point energy of the

harmonic trapping potential was (1/2)h̄ω̄ = kB × 27 pK. Condensates released from

the gravito-magnetic trap would expand with energies of this order, and therefore

could be characterized by effective temperatures ∼ 30 pK.

Additional cooling would require lowering the trap frequencies further or reducing

the atom number more. However, weakly confining traps have proven technically

difficult to control such that lowering ω̄/2π substantially below 1 Hz is challenging.

Likewise, because Tc ∝ N1/3, atom number reduction by an order of magnitude only

results in temperature reduction by a factor of two. Furthermore, lower temperatures

and lower densities are accompanied by collisional equilibrium times approaching

100 s.

The temperature of the atomic vapors was extracted by fitting integrated, one-

dimensional atomic density cross-sections by a bimodal distribution (Fig. 6-2)

n(x) = N0Ψ
2
0 +

Nth√
πwth

e−x2/w2
th , (6.11)
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Figure 6-2: (Color) Picokelvin temperature thermometry. Partially condensed atomic
vapors confined in the gravito-magnetic trap with (a) 28000, (b) 16000, and (c) 2500
atoms. The one-dimensional cross sections (red solid line) were obtained by integrat-
ing the two-dimensional absorption images of the trapped clouds along the y axis.
Bimodal fits to Eq. 6.11 (blue dashed line) yielded temperatures of (a) 1.05±0.08 nK,
(b) 780±50 pK, and (c) 450±80 pK, where the uncertainty is due to the fit of an in-
dividual image. The absorption imaging light was resonant with the F = 2 → F ′ = 3
cycling transition for the trapped atoms, and was aligned with the vertical (z) axis.
The atoms were optically pumped into the F = 2 hyperfine level with a pulse resonant
with the F = 1 → F ′ = 2 transition. The field of view for the absorption images in
(a)-(c) is 460 µm × 460 µm.

where Nth, wth, and N0 are given in Eqs. 6.2, 6.3, and 6.4, respectively, and Ψ2
0 is a

bell-shaped function with width w0 that describes the condensate peak. The fitted

parameters were T , N , and w0.
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Figure 6-3: Partially condensed atomic vapors at picokelvin temperatures. The tem-
perature of over 60 partially condensed atomic vapors is plotted vs total number of
condensed and noncondensed atoms. A solid line at the Bose-Einstein condensation
phase transition temperature (Eq. 6.1) and a dashed line at 1 nK are provided as
a guides. Condensate temperatures were determined from one-dimensional fits to
atomic density cross sections integrated along either the x (closed circles) or y (open
circles) axis (Fig. 6-2). Differences in the two measured temperatures for a single con-
densate reflect the true uncertainty of the measurement. Plotted error bars represent
the statistical uncertainty of the fit. The inset shows that the 1/e condensate lifetime
in the gravito-magnetic trap was limited by one-body processes to 80 ± 5 s.

Because µ ≈ h̄ω̄, the condensates in the gravito-magnetic trap were in a den-

sity regime intermediate between the Thomas-Fermi (µ À h̄ω̄) and ideal (µ ¿
h̄ω̄) gas limits. Data fit using either the Thomas-Fermi condensate wavefunction

[Ψ2
0 = (15/16)w−1

0 max(1 − x2/w2
0, 0)2] or the ideal gas condensate wavefunction

[Ψ2
0 = w−1

0 π−1/2 exp(−x2/w2
0)] yielded the same atom number and temperature. Also,

the fitted atom number and temperature were independent of the use of microwave

radiation to reduce the atom number.

All atomic vapors represented in Fig. 6-3 had a clear bimodal density distribution

from which a temperature was reproducibly extracted. The temperatures extracted

from one dimensional fits along both radial axis were nominally the same, empirically

indicating that the atomic vapors remained close to thermal equilibrium at all times.
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Chapter 7

Conclusion

As emphasized by its title, Microtraps and Waveguides for Bose-Einstein Conden-

sates, this thesis has focused on the design and implementation of devices to advance

the field of atom optics. Connections between atom optics and photon optics are

made frequently. For example, the magnetic waveguides demonstrated in Ch. 3 are

the matter wave analog to fiber optic cables. However, matter wave theory is typi-

cally nonlinear due to atom-atom interactions (Ch. 1, Eq. 1.4). While this nonlinearity

gives rise to interesting atom optical phenomena, such as four wave mixing [49, 215],

it often plagues devices such as beam splitters [8, 81, 90, 201, 206] and produces

systematic uncertainties in precision interferometry [71].

Bose-Einstein condensates are a fully coherent source of matter waves [9, 25, 107,

113], however exploiting this coherence for atom interferometric purposes has been

limited by their nonlinear interactions. The trapped-atom interferometer demon-

strated in Ch. 4 successfully utilized the phase coherence associated with the conden-

sate wavefunction, while avoiding complications arising due to wavepacket recombina-

tion in the presence of atom-atom interactions. Likewise, Ch. 6 demonstrated partially

condensed atomic vapors at picokelvin temperatures and densities two or three orders

of magnitude lower than typical condensates. At these low densities, the atom-atom

interaction energy may be low enough to pursue precision atom interferometry with

Bose-Einstein condensates [71]. An alternative approach to lowering the mean field

energy of the condensate is through the use of a Feshbach resonance where atom-

93



atom interactions can be tuned to zero with an external magnetic field [41, 95, 217].

However, performing precision interferometer with the aid of a Feshbach resonance

would require excellent magnetic field control since the atom-atom interactions vary

rapidly with the applied field.

7.1 Superfluid Gyroscope

Placing Ch. 5 (Vortices and Spin Textures) in the context of atom optics is more

subtle. Rotation sensing is a major application of atom interferometers, and the

inherent rotation associated with a vortex state can be used as a superfluid gyro-

scope [11, 93, 197].

Consider the superposition of two spin states

|ψ〉 =
1√
2
(|1,−1〉 + |2, +1〉), (7.1)

held in a Ioffe-Pritchard magnetic trap. The superposition |ψ〉 was chosen because

both the |1,−1〉 and |2, +1〉 state are weak field seeking and have the same magnetic

moment. This allows for long spin coherence times even in the presence of the mag-

netic field gradients. The superposition |ψ〉 has been created in 87Rb condensates

with coherence times > 100 ms [79]. Inelastic spin-exchange collisions between atoms

in different hyperfine states are suppressed in 87Rb as compared to 23Na such that the

condensate lifetime in the state |ψ〉 is a few seconds for 87Rb [79] while it is expected

to be a few milliseconds for 23Na [66].

Vortices created by the topological phase imprinting technique demonstrated in

Ch. 5 were shown to have a winding number that depended on the magnitude and

sign of the magnetic quantum number, mF , describing the atomic state. Hence,

imprinting vortices in state |ψ〉 produces counter rotating spin states

|ψ〉 → 1√
2

(

ei2φ|1,−1〉 + e−i2φ|2, +1〉
)

, (7.2)

where φ is the azimuthal angle with respect to the vortex line. We have taken
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|〈1,-1|ψ〉|2 = sin2[2(φ - Ωτ)] |〈2,+1|ψ〉|2 = cos2[2(φ - Ωτ)]

(a) (b)

Figure 7-1: Vortex phase interferogram. Density distribution for atoms in the (a)
|1,−1〉 and (b) |2, +1〉 states for the wavefunction in Eq. 7.5. In the presence of
external rotation, these patterns rotate as τ is varied (see text).

quadrupolar radial confinement for the Ioffe-Pritchard magnetic trap [Ch. 5, Fig. 5-

6(a)]. Higher order phase windings can be imprinted using higher order mulitpole

magnetic fields. This will increase the rotation sensitivity of the gyroscope.

To account for the presence of external rotation, the azimuthal angle φ is replaced

by φ → φ − Ωt, where Ω is the rotation rate projected along the vortex line and

t is time. The time dependent offset angle, Ωt, can be derived from the standard

expression for the Sagnac phase shift due to rotation (Ch. 4, Eq. 4.1)

∆φrot =
2m

h̄
ΩA, (7.3)

where m is the atomic mass and A is the area enclosed by the rotating atoms. For the

vortex states in Eq. 7.2, the superfluid velocity is |vs| = 2h̄/mr, where r is the radial

displacement from the vortex line. The total area enclosed by the rotating atoms is

πr2 × t/(2πr/|vs|) = (h̄/m)t, where πr2 is the area enclosed while making one loop

around the condensate in a time 2πr/|vs|. Substituting this result into Eq. 7.3, we see

that ∆φrot = 2Ωt, where the factor of 2 is due to the winding number of the vortex

state.

In the presence of external rotation, the counter-rotating vortex superposition
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state evolves as

|ψ〉 → 1√
2

(

ei2(φ−Ωt)|1,−1〉 + e−i2(φ−Ωt)|2, +1〉
)

. (7.4)

Driving a π/2 transition between the states |1,−1〉 ↔ |2, +1〉 at a time τ after creating

the vortex superposition yields the wavefunction

|ψ〉 → i sin[2(φ − Ωτ)]|1,−1〉 + cos[2(φ − Ωτ)]|2, +1〉, (7.5)

The angular dependence of the |1,−1〉 and |2, +1〉 state densities varies with τ accord-

ing to the external rotation rate. Thus, the external rotation rate can be extracted

from the measured phase of the density distributions (vortex interferogram) as a

function of τ (Fig. 7-1).

For τ = 1 s, a rotation rate of 103×Ω⊕, where Ω⊕ is the rotation rate of the Earth,

would cause a phase shift of ∼ 8 degrees to the vortex interferogram. This is far from

the rotation sensitivity achievable with other atom interferometry techniques [73, 129]

and liquid helium superfluid gyroscopes [11, 197], but demonstrates the principle of

rotation sensing with superfluids.

7.2 Last Man Standing

The science chamber apparatus (Ch. 2) has performed well over its two year life. I

am the last member of its construction team still working on the apparatus and will

take away the last memories its infancy when I depart. This includes nervous times,

like when we mistakenly vented the BEC production chamber, when the magnetic

trap sprung a water leak, when we first tried to evaporatively cool to BEC but found

the magnetic trap bottom to be ∼ 6 G too high, and joyous times, like when we made

our first condensate and when we were finally able to translate condensates into the

science chamber.

I wish all future users the best of luck in creating their own fond memories.
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Appendix A

Propagation of Bose-Einstein

Condensates in a Magnetic

Waveguide

This appendix contains a reprint of Ref. [122]: A.E. Leanhardt, A.P. Chikkatur, D.

Kielpinski, Y. Shin, W. Ketterle, and D.E. Pritchard, Propagation of Bose-Einstein

Condensates in a Magnetic Waveguide, Phys. Rev. Lett. 89, 040401 (2002).
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Propagation of Bose-Einstein Condensates in a Magnetic Waveguide
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Gaseous Bose-Einstein condensates of 2 3 3 106 23Na atoms were loaded into a microfabricated

magnetic trap using optical tweezers. Subsequently, the condensates were released into a magnetic

waveguide and propagated 12 mm. Single-mode propagation was observed along homogeneous seg-

ments of the waveguide. Inhomogeneities in the guiding potential arose from geometric deformations of

the microfabricated wires and caused strong transverse excitations. Such deformations may restrict the

waveguide physics that can be explored with propagating condensates. Finer perturbations to the guiding

potential fragmented the condensate when it was brought closer to the surface.

DOI: 10.1103/PhysRevLett.89.040401 PACS numbers: 03.75.Fi, 03.75.Be, 39.20.+q

Progress in the field of atom optics depends on devel-

oping improved sources of matter waves and advances in

their coherent manipulation. Bose-Einstein condensates of
dilute alkali vapors [1] are now used as sources of coher-

ent atoms. Miniaturizing the current carrying structures

used to confine condensates offers prospects for finer con-

trol over the clouds [2,3]. Following the successful trap-

ping and guiding of thermal atoms using self-supported
miniature wires [4–8] and substrate-supported microfabri-

cated wire arrays [9–12], recent experiments merged wire

traps on the millimeter scale [13] and microfabricated elec-

tronic devices [14,15] with Bose-Einstein condensation.

This has opened up a front on which further techniques
for coherent condensate transport and manipulation can

be explored. While condensate guiding with optical po-

tentials may be limited fundamentally by diffraction [16],

fundamental limitations to guiding condensates with mi-

crofabricated surfaces are not expected for an atom-surface
separation in excess of 1 mm [17].

In this Letter, we demonstrate that a Bose-Einstein con-

densate (BEC) transported with optical tweezers can be

transferred into a microtrap on a substrate. Such conden-

sates contained 5 times more atoms than those created in
a similar microtrap [14]. We released the BEC from the

microfabricated magnetic trap into a single-wire magnetic

waveguide and studied its propagation. Condensates were

observed to propagate 12 mm before exiting the field of

view of our imaging system. We observed single-mode

(excitationless) BEC propagation along homogeneous seg-
ments of the waveguide in a regime where the longitudinal

kinetic energy of the condensate exceeded its transverse

confinement energy. Transverse excitations were created in

condensates propagating through perturbations in the guid-

ing potential. These perturbations resulted from geometric
deformations of the current carrying wires on the substrate.

Finer imperfections were observed when trapped conden-

sates were brought closer to the microchip as evidenced by

the longitudinal fragmentation of the cloud.

Condensates containing over 107 23Na atoms were cre-

ated in the jF, mF � � j1, 21� state in a macroscopic Ioffe-

Pritchard magnetic trap [18], loaded into the focus of

an optical tweezers beam, and transported over 30 cm in

1250 ms into an auxiliary “science” chamber as described
in Ref. [13]. Condensates containing 2 3 3 106 atoms

arrived less than 500 mm below the microfabricated struc-

tures mounted in the science chamber. The optical tweez-

ers consisted of 50 mW of 1064 nm laser light focused to

a 1�e2 radius of 26 mm. This resulted in axial and radial
trap frequencies of 4 and 440 Hz, respectively, and a trap

depth of 2.7 mK.

A schematic of the microchip onto which the BEC was

loaded is shown in Fig. 1. The microfabricated wires lie on

a 600 mm thick silicon substrate mounted on an aluminum
block. They are 50 mm wide and electroplated with cop-

per to a thickness of 10 mm. The minimum separation dis-

tance between wires is 50 mm (100 mm center-to-center).

Macroscopic leads that extended to a vacuum feedthrough

were attached to the wafer using a gap welding tech-

nique. The BEC was initially loaded into a Z-wire trap
[9] formed by currents I1 and I2 along with an orthogonal

magnetic bias field B�. Typical loading conditions were
I1 � I2 � 1200 mA and B� � 5.4 G, corresponding to a
separation of 450 mm between the BEC and the microchip.
The longitudinal trap frequency was vjj � 2p 3 6.0 Hz
and, for a longitudinal bias field Bjj � 3.0 G, the trans-
verse trap frequency was v� � 2p 3 97.0 Hz. Transfer
efficiency from the optical tweezers to the Z-wire trap was
near unity, and BEC lifetimes over 10 s were observed with
the application of a radio frequency (rf) shield [18] which
limited the trap depth to �1 mK and was produced by the
current Irf on an auxiliary wire, as shown in Fig. 1.

The BEC was transferred into the waveguide by linearly
ramping the current I2 to zero in 250 ms. The atoms were
accelerated into the waveguide by the remaining end cap
of the Z-wire trap. Downstream, the effect of this end cap
was negligible and we observed BEC propagation at a con-
stant velocity of 3.0 cm�s after a propagation distance of
4 mm for I1 � 1200 mA. Upon releasing the BEC from
the Z-wire trap, its longitudinal velocity was controlled by
applying an external longitudinal magnetic field gradient
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FIG. 1. Microfabricated magnetic trap and waveguide. Optical
tweezers loaded a Bose-Einstein condensate into the Z-wire trap
formed by currents I1 and I2 in conjunction with the magnetic
bias field B�. Lowering I2 to zero released the condensate into
a single-wire magnetic waveguide. Atom flow was from left to
right. The inset shows the widening of the waveguide wire in
the region where another wire merges with it at a small angle.
The only current flowing in the inset is I1. The condensate
was trapped above the plane of the page and the gravitational
acceleration, �g, points out of the page. All microfabricated
features are drawn to scale.

created by running current through a single coil coaxial
with the waveguide axis. The field gradient was linearly
ramped up and down over 6.5 ms to prevent creating ex-
citations and was held constant for 52 ms. With gradients
of 0 0.6 G�cm, the atomic velocity was varied over the
range 3.0 6.6 cm�s. Throughout this work, condensates
were detected via absorption imaging whereby resonant
laser light propagating parallel to B� illuminated the atoms
and was imaged onto a CCD camera [18].

For all velocities, we observed single-mode condensate
propagation along unperturbed sections of the waveguide,
as shown in Fig. 3(a) below. The condensate depicted has
a smooth shape without any excitations.

Perturbations to the guiding potential arise from geo-
metric deformations of the current carrying wires on the
substrate. The extent to which such deformations alter the
potential experienced by the atoms depends on the atom-
wire separation distance, r, longitudinal extent of the per-
turbation, �, wire width, w, and wire thickness, t. Under
our guiding conditions (r ¿ w, t� the waveguide poten-
tial responds only to changes in the centroid of the current
density. In general, only wire deformations with � * r

will significantly perturb the guiding potential due to solid
angle considerations. Such a deformation (� � 1 mm,
r � 450 mm) is depicted in the inset of Fig. 1. As the
wire width varies during the bifurcation process, the cen-
troid of the current density will shift in the plane of the

microchip. This shift will be mirrored by a shift in the
trajectory of the guide in a plane parallel to that of the mi-
crochip [19]. Such a shift causes the guide axis to make
an angle, u, with respect to its nominal trajectory along
which Bjj and B� are aligned parallel and perpendicular,
respectively. As a result, the effective parallel, B

0
jj, and

perpendicular, B
0
�, magnetic fields are found by the rota-

tion

B
0
jj � Bjj cosu 2 B� sinu, (1)

B0
�

� B� cosu 1 Bjj sinu, (2)

where 2p�2 # u # p�2. u is taken to be a positive
(negative) angle for the specific case of atoms entering
(exiting) the waveguide perturbation depicted in the inset
of Fig. 1.

Since the potential along the waveguide axis is deter-
mined by the local magnetic field (due to the Zeeman
interaction) and the vertical position of the guide center
(due to the gravitational interaction), changes in the ef-
fective parallel and perpendicular magnetic fields produce
variations in the potential experienced by the propagating
atoms. Variations in the effective parallel magnetic field
are given by (for small angles)

DB
0
jj � 2B� sinu . (3)

Thus, atoms entering (exiting) the perturbed guiding re-
gion will encounter a magnetic potential well (barrier).
Furthermore, changes in the effective perpendicular mag-
netic field cause the atom-substrate distance to vary by (for
small angles)

Dr � 2r
DB

0
�

B�

� 2r
Bjj

B�

sinu . (4)

Thus, the guide center entering (exiting) the perturbed
guiding region will shift towards (away from) the surface
of the microchip, and atoms will encounter a gravitational
potential barrier (well). For 23Na atoms in the j1, 21� state,
the Zeeman interaction energy is h 3 700 Hz�mG and
the gravitational interaction energy is h 3 560 Hz�mm,
where h is Planck’s constant.

The effects of the perturbation depicted in the inset of
Fig. 1 on BEC propagation were studied by varying the in-
cident velocity of the atoms sent into the region. Conden-
sates traveling below 4.5 cm�s were totally reflected from
the perturbation, while clouds at speeds above 5.4 cm�s
were entirely transmitted. Figure 2 shows the results for
intermediate atomic velocities. The local magnetic field
in the perturbed guiding region was measured by driv-
ing rf spin-flip transitions that removed atoms from the
guide [18]. It was found that upon entering (exiting)
the perturbed region the magnetic bottom of the guiding
potential decreased (increased) by h 3 �50 6 10� kHz.
The signs of these shifts are consistent with those pre-
dicted by Eq. (3). The magnitude of the shift in the
Zeeman energy upon exiting the guide is also consistent
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FIG. 2. Bose-Einstein condensates scattering from the wave-
guide perturbation shown in the inset of Fig. 1. (a) Absorption
image after 8 ms of ballistic expansion of a partially transmitted
condensate. The incident velocity was 5.0 cm�s. (b) The frac-
tion of atoms reflected as a function of incident velocity. Wave-
guide parameters for all data were I1 � 1200 mA, B� � 5.4 G,
Bjj � 3.6 G, and v� � 2p 3 84.5 Hz. The field of view in
(a) is 0.35 mm 3 4.00 mm.

with the onset of transmission through the perturbed guid-
ing region, as shown in Fig. 2(a). From Eq. (3) with
B� � 5.4 G, the maximum angular deviation, um, of the
waveguide trajectory necessary to produce a h 3 50 kHz
perturbation to the Zeeman energy is um � 13 mrad. The
corresponding vertical displacement of the guide center
from Eq. (4) with B� � 5.4 G, Bjj � 3.6 G, and um �

13 mrad is 4 mm. This yields a gravitational potential
variation of h 3 2.2 kHz, which is small compared to the
Zeeman energy shifts associated with the perturbation.

In the propagation regime where the longitudinal
kinetic energy of the BEC is large compared to the
transverse confinement energy of the guide, perturbations
involving transverse shifts in the guide trajectory are
expected to transversely excite incident condensates. Fig-
ure 3 depicts such transverse excitations for condensates
transmitted through the waveguide perturbation depicted
in the inset of Fig. 1. The incident BEC velocity was in
the range 5.4 6.6 cm�s. Excitations were characterized
by the peak-to-peak amplitude of the transverse displace-
ment of the BEC after ballistic expansion. The imaging
axis only provided sensitivity to transverse excitations in
the plane normal to the surface of the microchip.

The nearly sinusoidal nature of the BEC excitations
shown in Figs. 3(b) and 3(c) indicates that the dipole mode
of the BEC was primarily excited. Further evidence for
this comes from the fact that little variation in the excita-
tion amplitude as a function of the propagation time after
exiting the perturbed guiding region was observed. Con-
versely, transmitted condensates showed strong signs of
higher order excitations when Bjj was increased beyond
3.6 G corresponding to v� # 2p 3 84.5 Hz. The ab-
sorption images deviated visibly from a smooth sinusoidal

FIG. 3. Bose-Einstein condensate propagation. (a) Absorp-
tion image after 10 ms of ballistic expansion of a typical
condensate just prior to entering the waveguide perturbation
depicted in the inset of Fig. 1. The condensate con-
tained 2 3 106 atoms and was accelerated to a velocity
y � 6.3 cm�s. It had propagated over 6 mm without excitation
in a waveguide with v� � 2p 3 84.5 Hz and Bjj � 3.6 G.
Absorption images after 15 ms of ballistic expansion of
condensates transmitted through the perturbed guiding re-
gion with y � 6.5 cm�s for (b) v� � 2p 3 97.0 Hz and
Bjj � 3.0 G and (c) v� � 2p 3 91.1 Hz and Bjj � 3.3 G.
(d) Peak-to-peak amplitudes of condensate excitations after
15 ms of ballistic expansion versus velocity. For all data
I1 � 1200 mA and B� � 5.4 G. All transmitted conden-
sates propagated 4 mm beyond the perturbed guiding re-
gion before being imaged. The field of view in (a)– (c) is
0.26 mm 3 2.00 mm.

shape. In addition, the measured excitation amplitude de-
pended strongly on propagation time, indicting the phasing
and dephasing of several excitation modes.

Figure 3(d) shows a clear increase in the excitation am-
plitude for increasing velocity at fixed Bjj and v� as well
as for increasing Bjj (decreasing v�) at fixed velocity.
Both trends are consistent with the expectation of increased
excitations for an increased ratio of atomic longitudinal ki-
netic energy to transverse confinement energy. The latter
trend is also consistent with the expectation of increased
excitations for an increased perturbation size since, from
Eq. (4), the vertical displacement of the guide center is
proportional to Bjj.

Because the perturbations to the magnetic potential
above a single wire are due to its geometric deformations,
one expects such perturbations to increase as the trap
center is brought closer to the surface of the microchip.
We observed longitudinal fragmentation of the BEC as
the atoms were brought to within 150 mm of the surface
(Fig. 4). At 55 mm from the surface the potential devel-
oped axial variations with a characteristic length scale
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(a)

(b)

(c)

(d)

FIG. 4. Fragmented structure of Bose-Einstein condensates
brought close to the substrate. Absorption images after 5 ms
of ballistic expansion from the Z-wire trap shown in Fig. 1.
The atom-substrate separation was (a) 190, (b) 145, (c) 100,
and (d) 55 mm. For all images, the condensate started in a
trap with I1 � I2 � 540 mA, B� � 5.4 G, and Bjj � 0.3 G
corresponding to an atom-substrate separation of 200 mm. The
condensate was translated towards the substrate by lowering
the wire currents linearly over 500 ms. The atoms were held at
their final position for 100 ms prior to trap shutoff. The field of
view in (a)– (d) is 0.37 mm 3 2.00 mm.

of 100 150 mm. These variations could be magnetic or
gravitational in origin.

In conclusion, we have demonstrated the single-mode
propagation of Bose-Einstein condensates in a microfabri-
cated magnetic waveguide and identified sources of trans-
verse excitations. Such excitations need to be addressed to
realize the full potential of integrated atom-optical com-
ponents fabricated on a microchip. In this work, the
condensate density was large enough that the mean field
energy exceeded the transverse confinement energy. In ad-
dition, the longitudinal velocity spread was determined by
the mean field expansion of the cloud upon release from
the Z-wire trap. The generation of more dilute clouds
with narrower longitudinal velocity distributions is pos-
sible by continually draining a constant flux of atoms from
the Z-wire trap serving as a reservoir. Such a matter wave
source is ideal for the realization of an atom interferometer
on a microchip.
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microchip used in this work, M. Prentiss and M. Ven-
galattore for valuable discussions, and A. D. Cronin and
D. Schneble for critical readings of the manuscript. This
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Note added.—Results similar to those in Fig. 4 also
appear in Ref. [20]
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Bose-Einstein Condensates near a Microfabricated Surface

A. E. Leanhardt, Y. Shin, A. P. Chikkatur, D. Kielpinski, W. Ketterle, and D. E. Pritchard*

Department of Physics, MIT-Harvard Center for Ultracold Atoms, and Research Laboratory of Electronics,

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 15 November 2002; published 12 March 2003)

Magnetically and optically confined Bose-Einstein condensates were studied near a microfabricated
surface. Condensate fragmentation observed in microfabricated magnetic traps was not observed in
optical dipole traps at the same location. The measured condensate lifetime was � 20 s and independent
of the atom-surface separation under both magnetic and optical confinement. Radio-frequency spin-flip
transitions driven by technical noise were directly observed for optically confined condensates and
could limit the condensate lifetime in microfabricated magnetic traps.

DOI: 10.1103/PhysRevLett.90.100404 PACS numbers: 03.75.Nt, 03.75.Be, 34.50.Dy, 39.20.+q

The manipulation of gaseous Bose-Einstein conden-
sates with magnetic fields produced by wires microfabri-
cated on material surfaces has opened a new frontier in
the field of atom optics [1–4]. Magnetic confinement
using microfabricated wires is tighter and has higher
spatial resolution than is achievable in macroscopic mag-
netic traps [5–8]. Generally, an important feature of mag-
netic traps is the excellent thermal isolation between the
nanokelvin temperature clouds they confine and the 300 K
laboratory environment. However, decreasing the atom-
surface separation into the micrometer range has raised
concerns that fluctuating surface currents may perturb the
atoms [9,10]. While early demonstrations of trapping and
guiding laser-cooled thermal atoms with microfabricated
devices reported no evidence of deleterious surface ef-
fects [11–14], recent studies using samples cooled by
forced radio-frequency (rf) evaporation to & 2 �K have
found corrugated potentials [3,15], large heating rates
[2,15], and short trap lifetimes [2,15] for atom-surface
separations in the 100 �m regime. The ultimate applic-
ability of microfabricated devices to atom optics depends
on the characterization and elimination of such effects.

In this work, we experimentally investigate the behav-
ior of Bose-Einstein condensates near a microfabricated
surface. The condensates were confined at the same posi-
tion relative to the surface by either a microfabricated
magnetic trap or an optical dipole trap. Since the two traps
operate on different principles and the electromagnetic
fields for each have different sources, this study provides
a unique examination of the interaction between Bose-
Einstein condensates and a microfabricated surface. For
example, while condensates confined near the surface in a
microfabricated magnetic trap were found to fragment
longitudinally [3,15], the clouds remained intact under
optical confinement.

Significantly, the measured condensate lifetime in both
the microfabricated magnetic trap and the optical dipole
trap was � 20 s, an order of magnitude longer than pre-
vious results [2,15], and independent of the atom-surface
separation. We have directly observed spin-flip transitions
driven by rf technical noise for condensates held in the

optical dipole trap. The transition rate increased rapidly
with decreasing atom-surface separation implying that
distance-dependent losses can occur in magnetic traps
where the products of such transitions cannot be directly
identified.

Bose-Einstein condensates containing over 107 23Na

atoms were created in the jF�1;mF��1i state in a
macroscopic Ioffe-Pritchard magnetic trap, loaded into
the focus of an optical tweezers beam, and transported
�32cm in 2 s into an auxiliary ‘‘science’’ chamber as
described in Ref. [16]. The optical tweezers consisted of
�50mW of 1064 nm laser light focused to a 1=e2 radius
of 26�m. This resulted in axial and radial trap frequen-
cies !jj�2��4Hz and !?�2��425Hz, respectively,
and a trap depth of 2:5�K. Condensates containing
	2–3
�106 atoms arrived 70–500�m below the micro-
fabricated structures mounted in the science chamber.
The atom-surface separation was varied by angling the
optical tweezers axis before translation and was limited
to distances �70�m due to the laser beam clipping on
the microchip support structures.

In the science chamber, the condensate either remained
confined by the optical tweezers or was loaded into a mi-
crofabricated Ioffe-Pritchard magnetic trap formed by a
Z-shaped wire carrying current I and an external mag-
netic bias field, B?, as described in Ref. [3]. An additional
longitudinal bias field, Bjj, was applied with external coils
to adjust the magnetic trap bottom and radial trap fre-
quency. The microfabricated wires were lithographically
patterned on a 600 �m thick silicon substrate mounted on
an aluminum block. They were 50 �m wide and electro-
plated with copper to a thickness of 10 �m.

As in previous experiments [3,15], condensates con-
fined near the surface in the microfabricated magnetic
trap were observed to fragment longitudinally [Fig. 1(a)].
The condensate density depletions appeared in the same
longitudinal position relative to the surface on each reali-
zation of the experiment, and more fragments formed as
the atoms came closer to the microchip [3]. In con-
trast, condensates confined optically at the same location
were not observed to fragment [Fig. 1(b)]. The same
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longitudinal bias field was nominally applied to both
magnetically and optically confined condensates so that
any surface magnetization effects would perturb the
clouds identically. The lack of condensate fragmentation
in the optical dipole trap implies that the longitudinal
potential corrugations arise due to the presence of current
flow in the microfabricated wires, in agreement with
conclusions reached elsewhere [17]. Deviations of the
current flow from a straight line would lead to such
corrugations and could arise due to imperfect microfab-
rication including variations in the width and thickness of
the wire estimated to be 5% of the electroplated thick-
ness, variations in the resistivity of the wire over its cross
section, and parasitic conductances to the substrate. Other
possible origins of irregular current flow are instabilities
at high current density [17].

It is interesting to note that in our earlier work no
fragmentation was observed when condensates confined
in a macroscopic Z-shaped wire trap were brought within
� 10 �m of the surface of the wire [16]. The wire was
made of copper and had a circular cross section with
1:27 mm diameter. The condensates were loaded into
the wire trap 740 �m from the surface of the wire and
brought closer by lowering the wire current. The experi-
mental parameters upon closest approach were I �
920 mA and B? � 2:9 G, yielding estimated axial and
radial trap frequencies !jj � 2�� 7 Hz and !? � 2��
78 Hz, respectively [18]. The macroscopic wire trap con-
tained 5� 105 atoms extended longitudinally over
200 �m at a chemical potential � � kB � 30 nK. Differ-

ences between the macroscopic and microfabricated wire
traps include vastly different fabrication techniques as
well as lower current densities in the macroscopic wire.

Confined atoms are sensitive to noise at their trap fre-
quency and Zeeman splitting frequency [9,10]. In this
work, typical radial trap frequencies were � 500 Hz

while Zeeman splitting frequencies were � 1 MHz. Noise
at the trap frequency leads to heating and subsequent trap
loss after the atoms acquire an energy greater than the
trap depth. For atoms confined in a Ioffe-Pritchard mag-
netic trap, radial magnetic bias field fluctuations cause
radial trap-center fluctuations. The amplitude of such
trap-center fluctuations is independent of the longitudinal
bias field. However, for optically confined atoms, only
fluctuating radial magnetic field gradients cause radial
trap-center fluctuations. The effects of such gradients can
be minimized by applying a longitudinal bias field that
adds in quadrature with the fluctuating radial gradients
since it is the gradient of the magnitude of the bias field
vector that determines the force on an atom.
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FIG. 2. Lifetime of Bose-Einstein condensates near a micro-
fabricated surface. The 1=e lifetime of condensates confined in
the microfabricated magnetic trap (solid squares) and optical
dipole trap (solid circles) is shown to be independent of dis-
tance from the microfabricated surface. Statistical error bars
are included. Additionally, excitations created while transfer-
ring the condensate from the optical tweezers into the micro-
fabricated magnetic trap caused fluctuations in the measured
magnetic trap lifetime, indicated by the scatter in the data. I
and B? were varied with distance to maintain the radial mag-
netic trap frequency at !? � 2�� 450 Hz with Bjj � 1:4 G.
The vertical line indicates the onset of longitudinal condensate
fragmentation in the magnetic trap. In the optical dipole trap,
the condensate was held directly below the microfabricated
wire used to form the magnetic trap with Bjj � 1:8 G. No ex-
ternal connections were made to the microchip. The optical di-
pole trap had axial and radial trap frequencies !z � 2�� 4 Hz

and !? � 2�� 425 Hz, respectively. Only atoms remaining
in the j1;�1i state were resonant with the absorption imaging
light. For comparison, the distance dependence of thermal
cloud lifetimes measured in Ref. [15] is shown for atoms con-
fined magnetically by a microstructure (open squares) and cop-
per wire (open diamonds). Error bars smaller than the symbol
size are not included. Also, magnetically confined condensate
lifetimes reported in Ref. [2] (open triangle) and Ref. [15]
(open circle) are shown for comparison.

FIG. 1. Fragmentation of Bose-Einstein condensates. Trans-
verse absorption images after 10 ms ballistic expansion of con-
densates containing � 106 atoms after holding at a distance of
85 �m from the microfabricated surface for 15 s in the (a) mi-
crofabricated magnetic trap and (b) optical dipole trap. (c) Radi-
ally averaged optical density vs axial position for condensates
shown above. Longitudinal fragmentation occurred for con-
densates held in the microfabricated magnetic trap, but not for
those confined optically at the same location with the magnetic
trap off. The magnetic trap was operated with I � 130 mA,
B? � 3:2 G, and Bjj � 1:4 G yielding a radial trap frequency
!? � 2�� 450 Hz. The optical dipole trap had a radial trap
frequency !? � 2�� 425 Hz and was operated with Bjj �
1:8 G. For both condensates, the chemical potential was � �
kB � 120 nK. The absorption imaging light was resonant with
the F � 1 ! F0 � 2 transition. The field of view in (a) and (b)
is 0:25 mm� 1:00 mm.
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Spin-flip transitions driven by rf noise at the atomic
Zeeman splitting frequency distribute the atomic popula-
tion across magnetically confinable and unconfinable
states. This causes atom loss for clouds held in magnetic
traps. However, all spin states are confined in an optical
dipole trap so spin-flip transitions do not lead to loss and
the products can be directly observed. Since magnetically
and optically confined condensates react differently to
noise, whether it is at their trap frequency or the atomic
Zeeman splitting frequency, a systematic study of con-
densate lifetimes in both magnetic and optical traps
provides better noise characterization than studies per-
formed in either a magnetic or an optical trap exclusively.

Any atom-surface coupling, regardless of frequency,
should manifest itself as a dependence of the condensate
lifetime on the atom-surface separation. Figure 2 shows a
measurement of the magnetically and optically confined
condensate lifetime as a function of the distance from the
microfabricated surface. No distance dependence was ob-
served and the measured condensate lifetime was � 20 s,
10 times longer than previous results [2,15]. A distance
independent condensate lifetime indicates that atom-
surface interactions are unimportant over the
70–500 �m separation range. This is in contrast to results
presented in Ref. [15], where a distance-dependent life-
time was observed for thermal atoms magnetically con-
fined near a microfabricated surface. These data are
included in Fig. 2 for comparison.

Several experimental details altered the measured con-
densate lifetime. Excitations created during the microfab-
ricated magnetic trap loading were found to shorten the
measured lifetime, and care had to be taken to overlap the
optical and magnetic traps during transfer to minimize
such excitations. Translating the condensate either to-
wards or away from the microfabricated surface by adia-
batically varying I and B? to shift the trap center while
maintaining a constant radial trap frequency was found to
decrease the condensate lifetime. This presumably re-
sulted from excitations induced by irregular current
changes due to technical limitations in controlling the
power supplies connected to the microchip. As a result,
microfabricated magnetic trap lifetime data are presented
only for atom-surface separations � 70 �m, where the
atoms were loaded into their final position directly from
the optical tweezers. Occasionally, heating was observed
for atoms in both the microfabricated magnetic trap and
optical dipole trap due to technical noise at the trap
frequency, even with care taken to eliminate ground loops
and minimize cable lengths [19]. Connecting a 10 mF
capacitor in parallel with the 2 � microfabricated wire
(1=RC � 2�� 8 Hz) eliminated such effects. Thereafter,
applying rf power to the microchip at a frequency chosen
to limit the trap depth for magnetically confined atoms
did not consistently alter the condensate lifetime.

The distance independent condensate lifetime pre-
sented in Fig. 2 indicates that our experiment is not

currently limited by the proximity of the microfabricated
surface. However, we have observed spin-flip transitions
driven by rf noise in the microfabricated wires. Figure 3
shows the behavior of condensates confined optically
directly beneath the microfabricated wire used for mag-
netic trapping. Condensate atoms initially in the j1;�1i
state [Fig. 3(a)] were found to make transitions to other
magnetic sublevels [Fig. 3(b)]. Such transitions would act
as a loss mechanism for magnetically confined clouds.
The transition rate was found to decrease as the square of
the atom-surface separation distance, d. Since the mag-
netic field of a straight wire decays as 1=d, and the power
scales as the square of the field, the 1=d2 dependence of
the spin-flip transition rate is expected for atoms in the
near field (d  �) of the wire, where � � 300 m is the
wavelength of � 1 MHz radiation.

The transition rate vs distance data presented in
Fig. 3(c) were taken with all connections necessary to
run the microfabricated magnetic trap made to the micro-
chip, but with no current flowing in the microfabricated
wires. The atoms were exposed to a longitudinal bias field
Bjj � 1:8 G to simulate the field configuration in the
microfabricated magnetic trap. This also maximized their

FIG. 3. Spin-flip transitions driven by radio-frequency tech-
nical noise. Axial absorption images after 22 ms ballistic
expansion of condensates held in the optical dipole trap at a
distance of 185 �m from the microfabricated surface for (a) 0 s
and (b) 40 s. A magnetic field gradient was applied during
ballistic expansion to separate the different spin states. (c) Spin-
flip transition rate, �, vs distance, d, from the microfabricated
surface on a log-log scale. A line � / 1=d2 is provided as a
guide. The inset shows the fraction of the total atoms in the
mF � 0 state with the transition rate being defined as the initial
slope of the data (before any atoms in the mF � �1 state were
detected). The absorption imaging light was resonant with the
F � 2 ! F0 � 3 transition. The atoms were optically pumped
into the F � 2 hyperfine level with a pulse resonant with the
F � 1 ! F0 � 2 transition. This provided equal imaging sen-
sitivity to each magnetic sublevel. The field of view in (a) and
(b) is 1:0 mm� 2:0 mm.
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sensitivity to fluctuating fields generated by wire currents
since rf transitions are more favorable for magnetic fields
oscillating orthogonal to a static bias field. Spin-flip tran-
sitions were suppressed by exposing the optically con-
fined atoms to an orthogonal bias field, B?.

The rf driven spin-flip transition rate depended
strongly on experimental details, suggesting that antenna
effects coupled rf noise into the system. The rate was
measured to be of order 100 times higher if care was
not taken to carefully eliminate ground loops and use
minimal cable lengths [19]. Also, with no connections to
the microchip, spin-flip transitions were not detectable
for condensates held up to 60 s. The spin-flip rate pre-
sented in Fig. 3(c) became comparable to the measured
condensate decay rate displayed in Fig. 2 for atom-
surface separations <100 �m. Thus, extending long con-
densate lifetimes much closer to the surface will require
further rf shielding and/or filtering.

In conclusion, we have studied the behavior of Bose-
Einstein condensates near a microfabricated surface.
Condensates found to fragment while held in a micro-
fabricated magnetic trap were observed to remain intact
while held at the same position relative to the microchip
in an optical dipole trap. A possible explanation is that
deviations of the current path from a straight line give
rise to corrugations in the longitudinal potential. The
origins of such current path deviations are under inves-
tigation. Furthermore, our work demonstrates magneti-
cally and optically confined condensate lifetimes � 20 s

at distances � 70 �m from a microfabricated surface.
The lifetime was measured to be independent of the
atom-surface separation and 10 times longer than results
obtained elsewhere at comparable distances. Spin-flip
transitions driven by rf technical noise were directly
observed for condensates held in an optical dipole trap;
however, we found no evidence for fundamental, ther-
mally induced noise driven processes above the level of
those attributed to technical noise. Our results demon-
strate the extreme sensitivity of Bose-Einstein conden-
sates to small static and dynamic electromagnetic fields.
This sensitivity provides a challenge for realizing micro-
fabricated atom-optical devices, but it also emphasizes
the potential for developing new detector and instrumen-
tation technology.
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M. Crescimanno for a critical reading of the manuscript.
This work was funded by ONR, NSF, ARO, NASA, and
the David and Lucile Packard Foundation. A. E. L. ac-
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Note added.—Recently, we have observed condensate
fragmentation near conductors 50 �m wide and evapo-
rated with gold to a thickness of 1:25 �m. This shows that
the fragmentation phenomena are not limited to copper

conductors, in agreement with conclusions reached else-
where [20]. Also, Ref. [20] reports magnetic trap lifetimes
limited by thermally induced spin flips.
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Atom interferometry with Bose-Einstein condensates in a double-well potential

Y. Shin, M. Saba, T. A. Pasquini, W. Ketterle, D. E. Pritchard, and A. E. Leanhardt∗

Department of Physics, MIT-Harvard Center for Ultracold Atoms, and Research Laboratory of Electronics,

Massachusetts Institute of Technology, Cambridge, Massachusetts, 02139

(Dated: July 17, 2003)

A trapped-atom interferometer was demonstrated using gaseous Bose-Einstein condensates coher-
ently split by deforming an optical single-well potential into a double-well potential. The relative
phase between the two condensates was determined from the spatial phase of the matter wave inter-
ference pattern formed upon releasing the condensates from the separated potential wells. Coherent
phase evolution was observed for condensates held separated by 13 µm for up to 5 ms and was
controlled by applying ac Stark shift potentials to either of the two separated condensates.

PACS numbers: 03.75.Dg, 39.20.+q, 03.75.-b, 03.75.Lm

Demonstrating atom interferometry with particles con-
fined by magnetic [1, 2, 3, 4] and optical [5] micro-
traps and waveguides would realize the matter wave ana-
log of optical interferometry using fiber-optic devices.
Current proposals for confined-atom interferometers rely
on the merger and separation of two potential wells to
coherently divide atomic wavepackets [6, 7, 8]. This
type of division differs from previously demonstrated
atomic beam splitters. To date, atomic beams and va-
pors have been coherently diffracted into different mo-
mentum states by mechanical [9, 10] and optical [11]
gratings, and Bose-Einstein condensates have been co-
herently delocalized over multiple sites in optical lat-
tices [12, 13, 14, 15, 16, 17]. Atom interferometers uti-
lizing these beam splitting elements have been used to
sense accelerations [12, 18] and rotations [19, 20], mon-
itor quantum decoherence [21], characterize atomic and
molecular properties [22], and measure fundamental con-
stants [18, 23].

In this Letter, we demonstrate a trapped-atom interfer-
ometer with gaseous Bose-Einstein condensates confined
in an optical double-well potential. Condensates were
coherently split by deforming an initially single-well po-
tential into two wells separated by 13 µm. The relative
phase between the two condensates was determined from
the spatial phase of the matter wave interference pattern
formed upon releasing the atoms from the separated po-
tential wells [17, 24]. This recombination method avoids
deleterious mean field effects [25, 26] and detects applied
phase shifts on a single realization of the experiment, un-
like in-trap recombination schemes [6, 7, 8].

The large separation between the split potential wells
allowed the phase of each condensate to evolve indepen-
dently and either condensate to be addressed individu-
ally. An ac Stark phase shift was applied to either con-
densate by temporarily turning off the optical fields gen-
erating its potential well. The spatial phase of the result-
ing matter wave interference pattern shifted linearly with
the applied phase shift and was independent of the time
of its application. This verified the phase sensitivity of
the interferometer and the independent phase evolution

of the separated condensates. The measured coherence
time of the separated condensates was 5 ms.

The present work demonstrates a trapped-atom inter-
ferometer with two interfering paths. This geometry has
the flexibility to measure either highly localized poten-
tials or uniform potential gradients, such as those aris-
ing from atom-surface interactions or the earth’s grav-
itational field, respectively. In contrast, multiple-path
interferometers demonstrated in optical lattice systems
are restricted to measurements of the latter [12, 17].

Bose-Einstein condensates containing over 107 23Na
atoms were created in the |F = 1,mF = −1〉 state in
a magnetic trap, captured in the focus of a 1064 nm op-
tical tweezers laser beam, and transferred into an aux-
iliary “science” chamber as described in Ref. [27]. In
the science chamber, the condensate was loaded from the
optical tweezers into the interferometer’s single-well opti-
cal trap formed by a counter-propagating, orthogonally-
polarized 1064 nm laser beam shifted in frequency from
the tweezers by ∼ 100 MHz to avoid interference effects.

A schematic diagram of the setup for the interferome-
ter’s optical trap is shown in Fig. 1(a). The optical po-
tentials were derived from a collimated laser beam that
passed through an acousto-optic modulator (AOM) and
was focused onto the condensate with a lens. The AOM
was driven by two radio frequency (rf) signals to create
the double-well potential. The separation between the
potential wells was controlled by the frequency difference
between the rf drives. The 1/e2 radius of each focused
beam was 5 µm. For typical optical powers, this resulted
in a single beam trap depth U0 = h × 5 kHz, where h
is Planck’s constant, and a radial (axial) trap frequency
fr = 615 Hz (fz = 30 Hz).

The condensate was initially loaded into the single-
well trap shown in Fig. 1(b). After holding the cloud in
this trap for 15 s to damp excitations, the peak atomic
mean field energy was µ̃0 ≈ h × 3 kHz. The single-well
trap was deformed into the double-well potential shown
in Fig. 1(c) by linearly increasing the frequency difference
between the rf signals driving the AOM in 5 ms. The am-
plitude of the rf signals were tailored during the splitting
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FIG. 1: (a) Schematic diagram of the optical setup for the
double-well potential. An acousto-optic modulator (AOM)
was driven by two frequencies, f1 and f2, and diffracted a col-
limated beam into two beams. The AOM was placed in the
focal plane of a lens of focal length F so that the two beams
propagated parallel to each other. The radial separation of
the potential wells, d, was controlled by the frequency differ-
ence, ∆f = |f1 − f2|. ~g denotes the direction of gravitational
acceleration. The absorption image shows two well-separated
condensates confined in the double-well potential diagramed
in (c). The field of view is 70 µm × 300 µm. Energy dia-
grams for (b) initial single-well trap with d = 6 µm and (c)
final double-well trap with d = 13 µm. In both (b) and (c),
U0 = h × 5 kHz and the peak atomic mean field energy was
∼ h×3 kHz. The potential “dimple” in (b) was < h×500 Hz
which was much less than the peak atomic mean field energy
allowing the trap to be characterized as a single-well. The
potential “barrier” in (c) was h × 4.7 kHz which was larger
than the peak atomic mean field energy allowing the resulting
split condensates to be characterized as independent.

process to guarantee an even division of the condensate
atoms and nearly equal trap depths after splitting.

The key achievement of this work was the reproducibil-
ity of the spatial phase of the matter wave interference
pattern on each realization of the experiment. Figure 2
shows a typical matter wave interference pattern formed
by the condensates released from the double-well poten-
tial. The reproducibility directly confirmed that deform-
ing the optical potential from a single-well into a double-
well coherently split the condensate into two clouds with
deterministic relative phase. While past work suffered
from an unstable potential barrier separating the two
condensates and irreproducible turn off a high current
magnetic trap to initiate ballistic expansion [24], the cur-
rent experiment derived its double-well potential from a
single laser beam. Thus, vibrations and fluctuations of
the laser beam were common-mode to both wells and a
clean and rapid trap turn off was achieved.

The condensates were sufficiently separated that their
phases evolved independent of each other to the extent
that no coupling between the potential wells could be
detected. This claim is supported qualitatively by the
absorption image in Fig. 1(a) and the observation of high-
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FIG. 2: Matter wave interference. (a) Absorption image
of condensates released from the double-well potential in
Fig. 1(c) and allowed to overlap during 30 ms of ballistic ex-
pansion. The imaging axis was parallel to the direction of
gravitational acceleration, ~g. The field of view is 600 µm ×
350 µm. (b) Radial density profiles were obtained by inte-
grating the absorption signal between the dashed lines, and
typical images gave > 60% contrast. The solid line is a fit
to a sinusoidally-modulated Gaussian curve from which the
phase of the interference pattern was extracted (see text).

contrast matter wave interference patterns that pene-
trated the full atomic density profile with uniform spatial
period and no thick central fringe [28], and quantitatively
by measurements of the phase evolution (Figs. 3 and 4).

The relative phase between the two separated conden-
sates was determined by the spatial phase of their matter
wave interference pattern. For a ballistic expansion time
t � 1/fr, each condensate had a quadratic phase pro-

file [29], ψ±(~r, t) =
√

n±(~r, t) exp(i m
2h̄t

|~r ± ~d/2|2 + φ±),
where ± denotes one well or the other, n± is the conden-
sate density, h̄ = h/2π, m is the atomic mass, and φ±
is the condensate phase. This resulted in a total density
profile for the matter wave interference pattern

n(~r, t) = (n+ + n− + 2
√
n+n− cos(

md

h̄t
x+ φr)), (1)

where φr = φ+ − φ− is the relative phase between

the two condensates and ~d = dx̂. To extract φr,
the integrated cross section shown in Fig. 2(b) was fit
with a sinusoidally-modulated Gaussian curve, G(x) =
A exp(−(x−xc)

2/σ2)(1+B cos(2π
λ

(x−x0)+φf)), where
φf is the phase of the interference pattern with respect
to a chosen fixed x0. Ideally, if x0 was set at the center
of the two wells, then φr = φf . However, misalignment
of the imaging axis with the direction of gravitational ac-
celeration created a constant offset, φf = φr + δφ. With
t = 30 ms the measured fringe period, λ = 41.5 µm,
was within 4% of the point source formula prediction
[Eq. (1)], ht/md = 39.8 µm.
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FIG. 3: Phase coherence of the separated condensates. The
spatial phase of the interference pattern is plotted versus hold
time after splitting. Each point represents the average of eight
measurements, and the error bars are ± one standard devia-
tion. The phase evolution was due to unequal trap depths for
the two wells, which was determined from the linear fit to be
h × 70 Hz or ∼ 1% of the trap depth.

The coherent phase evolution of the split condensates
is displayed quantitatively in Figs. 3 and 4. The rela-
tive phase, φr , between the separated condensates was
observed to evolve linearly in time and the standard de-
viation of eight measurements of φf was < 90 degrees up
to 5 ms after splitting (Fig. 3). Furthermore, for hold
times between 0 and 1 ms, the standard deviation was
substantially smaller, < 40 degrees. Since φr distributed
randomly between −180 and +180 degrees would have a
standard deviation of ∼ 104 degrees, the results in Figs. 3
and 4 clearly demonstrate that the separated condensates
had a reproducible relative phase after splitting. The lin-
ear time evolution of φr was due to a chemical potential
difference between separated condensates and could be
controlled by varying the trap depths of the individual
potential wells after splitting.

Fundamental limits on the phase coherence between
isolated condensates arise due to Poissonian number fluc-
tuations associated with the coherent state description of
the condensate [30, 31, 32]. For our experimental param-
eters, the time scale for phase diffusion was ∼ 200 ms.
The uncertainty in determining φf at longer hold times
> 5 ms is attributed to axial and breathing-mode exci-
tations created during the splitting process. These exci-
tations lead to interference fringes that were angled and
had substantial curvature, rendering a determination of
φf impossible. Splitting the condensate more slowly in an
effort to minimize excitations, but still fast compared to
the phase diffusion time, did not improve the measured
stability of φf . Since controlling axial excitations ap-
pears critical for maintaining phase coherence, splitting
condensates that are freely propagating in a waveguide
potential may be more promising [3].

The phase sensitivity of the trapped-atom interferom-
eter was demonstrated by applying ac Stark phase shifts
to either (or both) of the two separated condensates.
Phase shifts were applied to individual condensates by

pulsing off the optical power generating the correspond-
ing potential well for a duration τp � 1/fr. Figure
4(a) shows that the spatial phase of the matter wave
interference pattern shifted linearly with the pulse du-
ration, as expected. Due to the inhomogeneous opti-
cal potential, U(r), the applied ac Stark phase shifts
varied across the condensate as ∆φ(r) = −U(r)τp/h̄.
Averaging this phase shift over the inhomogeneous con-
densate density, n(~r), approximates the expected spa-
tial phase shift of the matter wave interference pattern
as ∆φ̄ = 1

N

∫

d3~r n(~r)∆φ(~r) = (U0 − 2

7
µ̃0)∆t/h̄, where

N is the number of atoms, and U0 and µ̃0 are the trap
depth and mean field energy at the center of each poten-
tial well, respectively. The measured phase shifts yielded
U0 = h × 5 kHz [Fig. 4(b)], which was consistent with
calculations based on other measured trap parameters.

The measured phase shifts of the matter wave interfer-
ence depended only on the time-integral of the applied ac
Stark phase shifts [Fig. 4(b)], as expected for uncoupled
condensates. The final relative phase, φr, should be the
same on different phase trajectories because the history
of phase accumulation does not affect the total amount of
accumulated phase. For coupled condensates, Josephson
oscillations between the wells would cause the relative
phase to vary nonlinearly with time [25, 29] and produce
a time dependent signal in Fig. 4(b). Due to the large
well separation and mean field energy h× 1.7 kHz below
the barrier height, the single-particle tunnelling rate in
our system was extremely low (<∼ 10−3 Hz) [29], and the
condensates were effectively uncoupled.

In conclusion, we have performed atom interferome-
try with Bose-Einstein condensates confined in an opti-
cal double-well potential. A coherent condensate beam
splitter was demonstrated by deforming a single-well po-
tential into a double-well potential. The large spatial
separation between the potential wells guaranteed that
each condensate evolved independently and allowed for
addressing each condensate individually. Recombination
was performed by releasing the atoms from the double-
well potential and allowing them to overlap while expand-
ing ballistically. Implementing a similar readout scheme
with magnetic potentials generated by microfabricated
current carrying wires should be possible and would elim-
inate deleterious mean field effects inherent in propos-
als using in-trap wavepacket recombination. Propagat-
ing the separated condensates along a waveguide prior to
phase readout would create an atom interferometer with
an enclosed area, and hence with rotation sensitivity.

We thank W. Jhe, C. V. Nielsen, and A. Schirotzek
for experimental assistance and S. Gupta, Z. Hadz-
ibabic, and M. W. Zwierlein for critical comments on
the manuscript. This work was funded by ARO, NSF,
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from the Swiss National Science Foundation.
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FIG. 4: Trapped-atom interferometry. (a) ac Stark phase
shifts were applied to either well exclusively (solid circles and
open circles) or both wells simultaneously (crosses) by turn-
ing off the corresponding rf signal(s) driving the AOM for a
duration τp. The resulting spatial phase of the matter wave
interference pattern scaled linearly with τp and hence the ap-
plied phase shift. Applying the ac Stark shift to the opposite
well (solid versus open circles) resulted in an interference pat-
tern phase shift with opposite sign. Applying ac Stark shifts
to both wells (crosses) resulted in no phase shift for the inter-
ference pattern. This data was taken with a slightly modified
experimental setup such that the trap depth of the individ-
ual potential wells was U0 = h × 17 kHz. (b) A 50 µs pulse
induced a 70 degree shift independent of the pulse position.
The experimental setup was as described in Fig. 1. Solid and
open circles have the same meaning as in (a). The insets
show the time sequence of the optical intensity for the well(s)
temporarily turned off.

∗ URL: http://cua.mit.edu/ketterle_group/
[1] H. Ott, J. Fortagh, G. Schlotterbeck, A. Grossmann, and

C. Zimmermann, Phys. Rev. Lett. 87, 230401 (2001).
[2] W. Hänsel, P. Hommelhoff, T. W. Hänsch, and J. Reichel,
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Appendix D

Imprinting Vortices in a

Bose-Einstein Condensate using

Topological Phases

This appendix contains a reprint of Ref. [123]: A.E. Leanhardt, A. Görlitz, A.P.

Chikkatur, D. Kielpinski, Y. Shin, D.E. Pritchard, and W. Ketterle, Imprinting Vor-

tices in a Bose-Einstein Condensate using Topological Phases, Phys. Rev. Lett. 89,

190403 (2002). Axel Görlitz and I worked on this experiment during April and May,

2001 with no success. At that time we attempted to “thread” the magnetic field

zero of a three-dimensional (spherical) quadrupole field through an optically confined

condensate. The quadrupole field had a 10 − 20 G/cm gradient and was normally

used for the MOT. The optical trap had a disc shape and had just been used to create

two-dimensional condensates [67]. We were very concerned about spin-flip transitions

as the quadrupole zero passed through the condensate so we pierced the center of the

cloud with a blue-detuned laser beam to create a toroidal shaped condensate. Ulti-

mately the experiment sat dormant for nearly a year before it was revitalized late one

night in March, 2002. The results of that revitalization are contained in this Letter.
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Imprinting Vortices in a Bose-Einstein Condensate using Topological Phases
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Vortices were imprinted in a Bose-Einstein condensate using topological phases. Sodium conden-
sates held in a Ioffe-Pritchard magnetic trap were transformed from a nonrotating state to one with
quantized circulation by adiabatically inverting the magnetic bias field along the trap axis. Using
surface wave spectroscopy, the axial angular momentum per particle of the vortex states was found to
be consistent with 2 �h or 4 �h, depending on the hyperfine state of the condensate.

DOI: 10.1103/PhysRevLett.89.190403 PACS numbers: 03.75.Fi, 03.65.Vf, 67.40.Db, 67.40.Vs

As superfluids, Bose-Einstein condensates support ro-
tational flow only through quantized vortices. The atomic
velocity field is proportional to the gradient of the phase
associated with the macroscopic wave function. This
phase winds through an integer multiple of 2� radians
around a vortex line. Such a phase winding can be im-
printed onto the condensate wave function either dynami-
cally or topologically. Dynamically, the phase of the
condensate evolves according to the time integral of its
energy, which can be tailored locally with a spatially
varying external potential. Topologically, the phase of
the condensate advances through adiabatic variations in
the parameters of the Hamiltonian governing the system.
This phase, which is solely a function of the path tra-
versed by the system in the parameter space of the
Hamiltonian, is known as Berry’s phase [1].

In this Letter, we implement the proposal of Refs. [2–5]
and demonstrate the use of topological phases to imprint
vortices in a gaseous Bose-Einstein condensate. Pre-
viously, vortices have been generated in two-component
condensates using a dynamical phase-imprinting tech-
nique [6] and in single-component condensates by rotat-
ing the cloud with an anisotropic potential [7–10], by
slicing through the cloud with a perturbation above the
critical velocity of the condensate [8,11], and through the
decay of solitons [12,13]. In this work, 23Na condensates
were prepared in either the lower, jF;mFi � j1;�1i, or
upper, j2;�2i, hyperfine state and confined in a Ioffe-
Pritchard magnetic trap. Vortices were created by adia-
batically inverting the magnetic bias field along the trap
axis and could be removed by returning the bias field to
its original direction. Using surface wave spectroscopy
[14–16], we measured the axial angular momentum per
particle of the j1;�1i and j2;�2i vortex states to be
consistent with �2mF �h as predicted [2–5].

A Ioffe-Pritchard magnetic trap consists of an axial
bias field (with curvature) and a two-dimensional quadru-
pole field in the orthogonal plane [17,18]:

~BB�x; y; z� � Bzẑz � B
0�xx̂x � yŷy�; (1)

where B0 is the radial magnetic field gradient and qua-

dratic terms have been neglected. For a condensate of
radial extent R, inverting Bz from Bz 	 B0R > 0 to Bz 

�B0R< 0 rotates the atomic angular momentum, ~FF, by�
radians. While all atomic angular momenta rotate
through the same angle, a relative phase is established
across the condensate because the angular momenta ro-
tate about a unit vector n̂n��� � sin�x̂x � cos�ŷy that de-
pends on the azimuthal angle, �, describing the atomic
position [Fig. 1(a)].

As Bz is inverted, ~FF adiabatically follows ~BB�x; y; z�,
and the condensate remains in the state jF;mFi with
respect to the local magnetic field. However, in a basis

b(φ)

n(φ)

x

y(a) z'(b)

y'

x'

F

1
2

θ'

φ'
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2
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FIG. 1. Geometry of the rotating magnetic field for imprint-
ing topological phases. (a) The unit vectors b̂b��� point in the
direction of the two-dimensional quadrupole field providing
the radial confinement of a Ioffe-Pritchard magnetic trap. The
atomic angular momenta rotate about the unit vectors n̂n��� as
the axial bias field, Bz, is ramped from positive to negative
values. (b) For an atom in state jF;mFi, its atomic angular
momentum, ~FF, traverses a path on a sphere of radius jmFj �h as it
adiabatically follows its local magnetic field. The primed
coordinate system is centered on the atomic position and has
axes parallel to those of the unprimed coordinate system in (a).
For an atomic position described by the azimuthal angle �, ~FF
rotates in a half-plane defined by �0 � �� for mF > 0 and
�0 � ��� � for mF < 0 as Bz is inverted. After inverting Bz,
the relative topological phase acquired between atoms located
at positions 1 and 2 in (a) is proportional to the solid angle
subtended by the shaded surface, bounded by the contour
marked with arrowheads (see text).
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fixed in the lab frame, the condensate makes the transi-
tion jF;mz � �mFi ! jF;mz � �mFi, wheremF andmz
are the projection of ~FF along the local magnetic field
direction and z axis, respectively. Applying the quantum
mechanical rotation operator gives the condensate wave
function in the lab frame after inverting Bz as

j i � e�i�
~FF = �h��n̂n����

���������

��~rr�
q

jF;mz � �mFi; (2)

� ��1�F�mF
���������

��~rr�
q

e�i2mF�jF;mz � �mFi; (3)

where ~FF is the angular momentum operator such that
~FF � h ~FF i and ��~rr� is the number density of condensed
atoms. The topological phase factor e�i2mF� describes a
vortex of winding number 2jmFj with the sense of rota-
tion dependent on the sign of mF.

This result can be interpreted in terms of Berry’s phase
[4]. Figure 1(b) shows the orientation of ~FF in the lab frame
formF > 0. Atoms located at position k � 1; 2 in Fig. 1(a)
have azimuthal angle �k and angular momentum ~FFk. As
Bz is inverted, ~FFk traces path k from top to bottom on the
sphere in Fig. 1(b). The topological phase acquired by an
atom in this process is solely a function of the path
traversed by its angular momentum vector. Since this
path depends on the azimuthal angle describing the
atomic position, a relative phase is established between
spatially separated atoms. The condensate wave function
after inverting Bz is given by

j i �
���������

��~rr�
q

ei����jF;mFi; (4)

where ���� is the topological phase acquired by atoms
with azimuthal angle �.

For an atom in state jF;mFi, Berry’s phase, ��C�,
acquired as its angular momentum vector traverses a
closed contour, C, on the surface of the sphere in
Fig. 1(b) is given by [1]

��C� � �mF��C�; (5)

where ��C� is the solid angle subtended by a surface
bounded by the contour C. Calculating the relative phase,
���1� � ���2�, with the aid of Eq. (5) requires closing
the contours traced by each ~FFk along an identical path.
For clarity, we choose to close each contour along path 2
itself, and hence ���1� � ���2� � ��C�, where C is the
contour formed by path 1 traversed from top to bottom
and path 2 traversed from bottom to top, as indicated with
arrowheads in Fig. 1(b).

A surface bounded by this contour subtends a solid
angle ��C� � 2��1 ��2�, yielding a relative phase
���1� � ���2� � �2mF��1 ��2�. Thus, we set

���� � �2mF�; (6)

up to an additive term independent of position. This yields
a reinterpretation of Eq. (3) in terms of Berry’s phase.

In this work, Bose-Einstein condensates containing
over 107 23Na atoms were created in the j1;�1i state in

a magnetic trap, captured in the focus of an optical
tweezers laser beam, and transferred into an auxiliary
‘‘science’’ chamber as described in Ref. [19]. While opti-
cally confined by the tweezers, j2;�2i condensates were
generated by sweeping through the j1;�1i $ j1; 0i $
j1;�1i radio-frequency transition with 100% efficiency,
then sweeping through the j1;�1i $ j2;�2i microwave
transition with 80% efficiency [20]. In the science cham-
ber, the condensate was loaded into a microfabricated
Ioffe-Pritchard magnetic trap formed by a Z-shaped
wire carrying current I and an external magnetic bias
field, B?, as detailed in Ref. [21]. Condensates were
detected via axial absorption imaging whereby resonant
laser light propagating along the z axis illuminated the
atoms and was imaged onto a CCD camera.

Typical wire-trap parameters were I � 1200 mA,
B? � 5:4 G, and Bz � 1 G, resulting in a radial magnetic
field gradient of B0 � 120 G=cm. For j1;�1i (j2;�2i)
condensates, the axial and radial trap frequencies were
!z � 2�� 6:0 Hz (!z � 2�� 8:5 Hz) and !? � 2��
210 Hz (!? � 2�� 300 Hz), respectively. After trans-
fer into the wire trap, condensates in the j1;�1i (j2;�2i)
state contained over 2� 106 atoms (1� 106 atoms) and
had a lifetime in excess of 10 s (3 s) with an applied radio-
frequency shield. This represents the first magnetic trap-
ping of 23Na condensates in the upper hyperfine level,
with previous work done exclusively in optical dipole
traps [20].

Along the wire-trap axis, the magnetic field is

~BB�x � 0; y � 0; z� � �Bz �
1

2
B00z2�ẑz; (7)

where quadratic terms neglected in Eq. (1) have been
included. The axial magnetic field curvature, B00, which
arises from the geometry of the Z wire, was held constant
throughout the experiment. By reversing an external axial
magnetic field, we inverted Bz. Changing the sign of Bz,
but not B00, resulted in a magnetic field saddle point at the
center of the cloud and axial antitrapping of weak-field
seeking atoms. This limited the condensate lifetime after
inverting Bz to & 50 ms.

Vortices created by inverting Bz were observed after
ballistic expansion and were identified by central density
depletions due to the angular momentum barrier associ-
ated with a rotating cloud (Fig. 2). These vortices could be
removed by returning Bz to its original direction.

For j1;�1i condensates, the best results were achieved
by inverting the axial bias field linearly from Bz �
860 mG to �630 mG in 11 ms. For j2;�2i condensates,
the optimum ramp time over the same range was 4 ms.
The field inversion process caused an atom loss of � 50%

due to nonadiabatic spin flips as Bz passed through zero
[4,5]. The density depletions shown in Figs. 2(b), 2(c),
and 2(g) were observed after inverting the axial bias field
and holding the trapped condensate for longer than a
radial trap period. Thus, the atom loss from the center
of the cloud during the field inversion process could not be
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responsible for the observed density depletions. Typi-
cal j1;�1i (j2;�2i) condensates after inverting the
axial bias field contained up to 1� 106 atoms (0:5�
106 atoms) with a Thomas-Fermi radius RTF �
5:4� 0:2 �m (RTF � 4:5� 0:2 �m) in a trap with radial
frequency !? � 2�� 250 Hz (!? � 2�� 350 Hz).

The axial angular momentum per particle of the vortex
states was measured using surface wave spectroscopy
[14–16]. A superposition of counterrotating (m‘ � �2)
quadrupolar (‘ � 2) surface waves was excited in the
condensate by radially displacing the magnetic trap cen-
ter for 200 �s. Here ‘ and m‘ characterize the angular
momentum and its projection along the z axis of the
quadrupole modes, respectively. This created an elliptical
condensate cross section with time-dependent eccentric-
ity. In the absence of a vortex, the m‘ � �2 quadrupole
modes are degenerate and the axes of the elliptical con-
densate cross section remain fixed in time. This degener-
acy is lifted by the presence of a vortex, causing the axes
to precess in the direction of the fluid flow. The precession
rate, _��, is given by [14–16]

_�� �
hLzi

2Mhr2?i
; (8)

where hLzi is the axial angular momentum per particle
characterizing the vortex state,M is the atomic mass, and
hr2?i � hx2 � y2i is the mean-squared trapped condensate
radius with vortices present.

By measuring the precession rate of the quadrupole
axes and the mean-squared radius of the condensate in
the trap, the axial angular momentum per particle was
determined. After exciting the quadrupolar modes, the
condensate evolved in the trap for variable times in the
range 0:2–7:4 ms. The condensate was then released from
the trap and imaged with resonant light after ballistic

expansion as shown in Figs. 3(a)–3(l). The resulting
images were fit to an elliptical Thomas-Fermi profile to
determine the orientation of the quadrupole axes. The
orientation angle is plotted as a function of time in
Fig. 3(m). To determine the mean-squared trapped con-
densate radius, vortices were imprinted in the condensate
but quadrupolar modes were not excited. Images of bal-
listically expanded condensates similar to those in
Figs. 2(b), 2(c), 2(f), and 2(g) were fit to a Thomas-
Fermi profile with a circular cross section. The fitting
routine ignored the central region of the cloud where
the density was depleted due to the vortex core. The
mean-squared trapped condensate radius was derived
through the relation

hr2?i �
2

7

R2?
1�!2

?!
2
; (9)

where R? is the Thomas-Fermi radius of the condensate
after ballistically expanding for a time ! from a trap with
radial frequency !?. The factor 1�!2

?!
2 accounts for

the change in Thomas-Fermi radius during the expansion
process [22], and the factor 2=7 results from averaging
over the inhomogeneous condensate density distribution
assuming no vortices are present. For low angular mo-
mentum vortex states, the density depletion at the vortex
core does not significantly modify the density distribu-
tion of the condensate, and we expect the 2=7 factor to
still be accurate [23].

For j1;�1i condensates, the quadrupole oscillation was
excited after a delay of 0, 5, and 20 ms from the com-
pletion of the inversion of the axial bias field. The
measured axial angular momenta per particle were
��1:9� 0:3� �h, ��2:1� 0:3� �h, and ��1:9� 0:2� �h, re-
spectively. The uncertainty in the measurement arises
from the linear fit to the precession angle and the deter-
mination of hr2?i. For j2;�2i condensates, the quadrupole
oscillation was excited immediately upon the completion
of the inversion of the axial bias field. The measured axial
angular momentum per particle was ��4:4� 0:4� �h. For
both internal states, the measurements are consistent with
the predicted axial angular momentum per particle of
�2mF �h [2–5].

Multiply charged vortices are unstable against decay
into singly charged vortices [24]. From our experiments,
we cannot determine if the condensate contained one
multiply charged vortex or multiple, singly charged vor-
tices. If multiple vortices were present, they must be
closely spaced since they were not resolved after ballistic
expansion. Furthermore, if the singly charged vortices
had moved apart considerably, it would have lowered the
extracted value of hLzi [15], which was not observed even
with delayed probing.

In conclusion, we have used topological phases to
imprint vortices in a Bose-Einstein condensate. Higher
angular momentum states can be generated by using
higher-order, axisymmetric multipole magnetic fields.
In general, this phase-imprinting technique opens the

FIG. 2. Observation of vortices formed by imprinting topo-
logical phases. Axial absorption images of condensates in the
j1;�1i state after 18 ms of ballistic expansion (a) prior to
inverting Bz, after inverting Bz, and holding the trapped con-
densate for (b) 5 ms and (c) 20 ms, and (d) after inverting Bz
and then returning it to its original direction. Axial absorption
images of condensates in the j2;�2i state after 7 ms of ballistic
expansion (e) prior to inverting Bz, after inverting Bz, and
holding the trapped condensate for (f) 0 ms and (g) 5 ms, and
(h) after inverting Bz and then returning it to its original
direction. The field of view is (a)–(d) 570 �m� 570 �m and
(e)–(h) 285 �m� 285 �m.
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potential for studying the stability of multiply charged
vortices and the dynamics of vortex-vortex interactions
at short separations.
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A. P. Chikkatur, S. Gupta, S. Inouye, D. E. Pritchard, and
W. Ketterle, cond-mat/0208385.

[21] A. E. Leanhardt, A. P. Chikkatur, D. Kielpinski, Y. Shin,
T. L. Gustavson, W. Ketterle, and D. E. Pritchard, Phys.
Rev. Lett. 89, 040401 (2002).

[22] Y. Castin and R. Dum, Phys. Rev. Lett. 77, 5315
(1996).

[23] F. Dalfovo, S. Giorgini, L. P. Pitaevskii, and S. Stringari,
Rev. Mod. Phys. 71, 463 (1999).

[24] P. Nozières and D. Pines, The Theory of Quantum Liquids

(Addison-Wesley Publishing Co., Reading, MA, 1990),
Vol. II.

FIG. 3. Surface wave spectroscopy. Axial absorption images
after 18 ms of ballistic expansion of j1;�1i condensates under-
going a quadrupole oscillation (a)–(d) in the presence of a
vortex and (e)–(h) in the absence of a vortex. Successive images
were taken during successive half periods of the quadrupole
oscillation such that the short and long axes of the elliptical
cross section were exchanged. Images (a)–(d) show counter-
clockwise (positive) precession of the quadrupole axes, while
images (e)–(h) show no precession. (i)–(l) Axial absorption
images after 7 ms of ballistic expansion of j2;�2i condensates
undergoing a quadrupole oscillation in the presence of a vortex.
The images were taken during a single half period of the
quadrupole oscillation. Images (i)–(l) show clockwise (nega-
tive) precession of the quadrupole axes. The field of view is
(a)–(h) 570 �m� 570 �m and (i)–(l) 285 �m� 285 �m.
(m) Precession angle vs time in the presence of a vortex for
j1;�1i condensates measured after a delay of 0 ms (open
circles), 5 ms (open squares), and 20 ms (open triangles)
from the completion of the inversion of the axial bias field,
in the absence of a vortex for j1;�1i (open diamonds) and
j2;�2i (filled diamonds) condensates, and in the presence of a
vortex for j2;�2i condensates measured immediately upon the
completion of the inversion of the axial bias field (filled circles).
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Appendix E

Coreless Vortex Formation in a

Spinor Bose-Einstein Condensate

This appendix contains a reprint of Ref. [126]: A.E. Leanhardt, Y. Shin, D. Kielpin-

ski, D.E. Pritchard, and W. Ketterle, Coreless Vortex Formation in a Spinor Bose-

Einstein Condensate, Phys. Rev. Lett. 90, 140403 (2003). I am grateful to K. Machida

for bringing the spin textured examined in this Letter to my attention and for his

hospitality during my subsequent visit to Okayama.
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CorelessVortex Formation in a Spinor Bose-Einstein Condensate
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Coreless vortices were phase imprinted in a spinor Bose-Einstein condensate. The three-component
order parameter of F � 1 sodium condensates held in a Ioffe-Pritchard magnetic trap was manipulated
by adiabatically reducing the magnetic bias field along the trap axis to zero. This distributed the
condensate population across its three spin states and created a spin texture. Each spin state acquired a
different phase winding which caused the spin components to separate radially.

DOI: 10.1103/PhysRevLett.90.140403 PACS numbers: 03.75.Lm, 03.65.Vf, 03.75.Mn, 67.57.Fg

Spin textures play a central role in describing the
physics of elementary particles [1], liquid 3He-A [2– 4],
the quantum Hall effect [5], and gaseous Bose-Einstein
condensates [6–10]. Topological defects vary between
superfluid systems described by scalar and vector order
parameters. In spinless or spin-polarized condensates,
line defects such as vortices have cores where the density
of condensed particles is necessarily zero to keep the
order parameter single valued [11–13]. However, in con-
densates with an internal, spin degree of freedom, core-
less vortices exist as spin textures [4,14]. Such structures
are referred to as skyrmions (Anderson-Toulouse vortices
[3]) or merons (half-skyrmions, Mermin-Ho vortices [2])
depending on the boundary conditions of the system.

In this Letter, we study spin textures in a Bose-Einstein
condensate. Coreless vortices were created in F � 1
spinor condensates held in a Ioffe-Pritchard magnetic
trap by adiabatically reducing the magnetic bias field
along the trap axis to zero. This continuously transformed
the initially spin-polarized condensate into a coherent
superposition of three spin states, each with a different
phase winding. The resulting angular momentum per
particle varied between spin states and the condensate
evolved such that states with more angular momentum
per particle circulated around states with less angular
momentum per particle. Thus, the condensate had a net
axial magnetization that varied with radial position.
Previous work on vortices in a two-component system
used laser, microwave, and radio frequency fields to spa-
tially and temporally control the interconversion between
components [14]. However, without these applied fields
the two components evolved independently as distin-
guishable fluids. In our work, the spin states can freely
interconvert at all points in space and time such that the
spin texture would continually heal itself even in the
presence of state-dependent losses.

In cylindrical coordinates, the spin-F condensate
wave function can be written as j��r;�; z�i ��������������������

n�r;�; z�
p

j��r;�; z�i, where n is the atomic number den-
sity and the 2F� 1 component spinor j�i �
P
F
mz��F �mz jF;mzi; jh�j�ij2 � 1 describes a spin texture.

A Ioffe-Pritchard magnetic trap consists of an axial
bias field (with curvature) and a two-dimensional quad-
rupole field in the orthogonal plane [15,16]:

~BB�r;�; z� � Bzẑz � B0r� cos�2��r̂r � sin�2���̂��; (1)

where B0 is the radial magnetic field gradient and quad-
ratic terms have been neglected. For a condensate of
radial extent R confined in a Ioffe-Pritchard magnetic
trap with Bz 
 B0R > 0, j�i � jF;mz � mFi, where mz
and mF are the projection of the atomic spin along the z
axis and local magnetic field direction, respectively.
Adiabatically ramping Bz from Bz 
 B0R > 0 to zero
rotates the atomic spin about the position-dependent
axis n̂n��� � sin�x̂x � cos�ŷy, and drives the transition
jF;mz � mFi !

PjmFj
mz��jmFj �mz exp�i�mz �mF��jF;mzi

[17,18]. Thus, the condensate population is distributed
across 2jmFj � 1 spin states with each acquiring a differ-
ent topological phase factor and angular momentum per
particle due to the variation of Berry’s phase with mag-
netic quantum number [19].

The condensate remains in the state jF;mFi with re-
spect to the local magnetic field provided the local
Zeeman energy, �gF�B�B2z � �B0r�21=2, dominates the
local kinetic energy associated with the spin texture,
� �h2=mr2, where gF is the Landé g factor, �B is the
Bohr magneton, and m is the atomic mass. For Bz � 0,
atomic spins aligned with the quadrupole magnetic field
produce the planar spin texture in Fig. 1(a). However, the
infinite kinetic energy associated with the wave function
singularity at r � 0 creates a nonplanar spin texture over
a disk of radius �� �h2=mgF�BB0�1=3, with higher angular
momentum spin states residing outside those with lower
angular momentum.

Bose-Einstein condensates containing over 107 23Na
atoms were created in the j1;�1i state in a mag-
netic trap, captured in the focus of an optical tweezers
laser beam, and transferred into an auxiliary ‘‘science’’
chamber as described in Ref. [21]. In the science cham-
ber, the condensate was loaded into a microfabricated
Ioffe-Pritchard magnetic trap formed by a Z-shaped
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50 �m� 10 �m electroplated copper wire carrying cur-
rent I and an external magnetic bias field, B?, as de-
scribed in Ref. [22]. Typical wiretrap parameters were
I � 720 mA, B? � 5:3 G, and Bz � 1:3 G, resulting in a
radial magnetic field gradient B0 � 180 G=cm. This pro-
duced axial and radial trap frequencies !z � 2�� 4 Hz
and !? � 2�� 250 Hz, respectively. Condensates in the
wiretrap had � 2� 106 atoms, a Thomas-Fermi radius
of �5 �m, and a lifetime � 25 s.

Coreless vortices imprinted onto the condensate wave
function by adiabatically ramping Bz ! 0 are shown in
Fig. 2. To observe the nature of the spin texture, an axial
bias field was switched on nonadiabatically along either
the negative [Figs. 2(b)–2(d)] or positive [Figs. 2(e)–
2(h)] z axis. Switching the axial bias field on suddenly
‘‘froze’’ the atomic spins and effectively ‘‘projected’’ the
condensate wave function onto a basis quantized with
respect to the local (axial) magnetic field. This allowed
the spin states to be separated by a magnetic field gradient
applied during ballistic expansion. Switching the direc-
tion of the axial projection field exchanged the roles of the
j1;�1i and j1;�1i states. Figures 2(a) and 2(e) show the
coreless nature of the vortices, while Figs. 2(b) and 2(f)
show the concentric cylinder structure resulting from the
competition between the atomic Zeeman energy and the
kinetic energy of the rotating spin states. We assume that
the two-dimensional (!z � !?) ballistic expansion
process simply magnifies the condensate wave function,
as it does in the expansion of a single-component con-
densate with vortices [23,24].

Along the wiretrap axis, the magnetic field was

~BB�r � 0; �; z� � �Bz � 1
2
B00z2�ẑz; (2)

where quadratic terms neglected in Eq. (1) are included.
Nonzero axial magnetic field curvature, B00 � 5 G=cm2,
implies that the spin texture had a slight axial depen-

dence. The axial bias field was ramped linearly from
Bz � 1:3 G to Bz � 0 in 10 ms to imprint the coreless
vortices. This compressed the condensate radially and
increased the condensate chemical potential from � �
��B=2� � 3 mG to � � ��B=2� � 27 mG. Ramping
Bz ! 0 fast compared to the axial trap period (250 ms),
but slow compared to the initial radial trap period (4 ms),
guaranteed that the axial magnetic field variation re-
mained constant throughout the experiment at �Bz �
3 mG, while at Bz � 0 the radial magnetic field variation
was �Br � 27 mG. The images shown in Fig. 2 inte-
grated the atomic number density along the z axis and
therefore averaged over the minor (�Bz � �Br) axial
variation to the spin texture.

To project the condensate wave function onto a basis
quantized with respect to the local magnetic field, an
�10 G axial bias field was switched on at a rate of _BBz �
2� 105 G=s along either the negative or the positive z
axis. 100 �s later the magnetic trap was switched off
allowing the atoms to expand ballistically. For 0 � Br �
�Br, the Landau-Zener nonadiabatic transition proba-
bility, exp����BB2r= �h _BBz� � 0:9, was sufficiently close
to unity that the atomic spins remained ‘‘frozen’’ during
the sudden application of the axial bias field and the spin
texture could be accurately diagnosed. While the total
condensate density monotonically decreased as a func-
tion of radial position [Figs. 2(a) and 2(e) ], the density
of each spin component peaked at a different radius
signifying a variation in the angular momentum per
particle between spin states [Figs. 2(b) and 2(f)].

Applying the projection field along the positive z axis
generated additional rings of atoms in the j1;�1i and
j1; 0i states [Fig. 2(f)]. Ramping Bz ! 0 in 10 ms caused
nonadiabatic spin flips for atoms near r � 0 resulting in
an atom loss of � 50% [18]. If these atoms had not left the
condensate before the projection field was applied, they
may have contributed to the images displayed in Fig. 2(f).
The additional rings of atoms may also correspond to a
low energy, radial spin-wave excitation [6,7]. However,
we could not identify any asymmetry between applying
the projection field along the positive versus negative z
axis that would account for the presence of the extra rings
in Fig. 2(f), but not in Fig. 2(b).

Engineering topological states in a Bose-Einstein
condensate has received much theoretical attention
[17,25–30]. The evolution of a condensate confined in a
Ioffe-Pritchard magnetic trap while ramping Bz ! 0 is
described by a position-dependent spin rotation about the
n̂n��� axis through an angle ��r� [18]

j��r;�; z�i � e�i� ~FF = �h��n̂n�����r�j�0i; (3)

where ~FF is the spin operator and j�0i � jF;mz � mFi is a
polarized spinor. For j�0i � j1;�1i, Eq. (3) gives the
condensate spinor in the laboratory frame as

(a) (b)

x

y

x

y

FIG. 1. Planar spin textures. Spins aligned with two-
dimensional (a) quadrupole and (b) hexapole magnetic fields
produce textures with winding numbers �1 and �2, respec-
tively. Counterclockwise traversal of the dashed contours in (a)
and (b) leads to clockwise (negative) spin rotation, with the
winding number defined as the integer number of revolutions
made by the spin vector while circumnavigating the singularity
at the origin [20].
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j��r; �; z�i � cos2���r�=2j1;�1i

� �1
���

2
p sin���r�ei�j1; 0i

� sin2���r�=2ei2�j1;�1i: (4)

��0� � 0 and skyrmions (merons) are described by the
boundary condition ��1� � � [��1� � �=2].

The radial dependence of ��r� is determined by requir-
ing the Gross-Pitaevskii energy functional,

E �
Z

d3 ~rr n

�
�h2

2m
hr�jr�i � V �

�
c0
2
� c2
2

j ~FFj2
�h2

�

n

�

;

(5)

be stationary with respect to variations in�. Equation (5)
uses the Thomas-Fermi approximation, and hr�jr�i �
P
F
mz��Fr�ymz � r�mz , V � �gF�B ~FF � ~BB= �h, ~FF �

h�j ~FF j�i, c0 � 4� �h2 �aa=m, and c2 � 4� �h2�a=m. Here
�aa � �2a0 � a2�=3 and �a � �a2 � a0�=3 characterize
two-body interactions, where a0 and a2 are scatter-
ing lengths for collisions with total angular momentum
F � 0 and F � 2, respectively [6]. For c2 > 0, the atomic
interactions are antiferromagnetic (polar), as in 23Na [31],
while for c2 < 0 they are ferromagnetic, as in 87Rb [32].

Using Eq. (4) as a trial spinor, we find that ��r� satisfies
the meron boundary conditions and varies from ��0� � 0,
due to the kinetic energy of the spin texture, to ��1� �
�=2, due to the atomic Zeeman energy, over a character-
istic length scale given by the larger of � �h2=mgF�BB0�1=3
and jBzj=B0. We observed that the boundary condition
��0� � 0 was maintained regardless of the sign of Bz,
i.e., atomic spins along the trap axis always remained in
the initial state. If the atomic spins had simply followed
the local magnetic field, ��r� would satisfy tan��r� �
B0r=Bz. Thus, scanning Bz from slightly positive to
slightly negative would instantaneously change the
boundary condition at the origin from ��0� � 0 to
��0� � � and flip the atomic spins along the trap axis.

The trial spinor in Eq. (4) does not have the most
general form since it was derived by rotating a polarized
spinor [Eq. (3)] and is inherently ferromagnetic, j ~FFj � �h.
Accordingly, the spin-dependent interaction term in
Eq. (5) does not vary with � and therefore does not
contribute to the determination of ��r�. This restriction
is not severe since the Zeeman energy dominates the spin-
dependent interaction energy in our experiment.

In future experiments, it should be possible to over-
lap the condensate with an optical dipole trap so that,
after ramping Bz ! 0, relaxing the radial magnetic field

FIG. 2. Coreless vortex formation in a spinor Bose-Einstein condensate. Coreless vortices were imprinted by ramping Bz ! 0 and
diagnosed by suddenly switching (a)–(d) Bz � 0 and (e)–(h) Bz 
 0. Axial absorption images display the optical density of
condensates after 20 ms of ballistic expansion (a),(e) without and (b),(f) with a magnetic field gradient applied to separate the
different spin states. (c),(g) Azimuthally averaged optical density vs radial position for spin components shown in (b) and (f),
respectively. The radial separation of the spin states resulted from their relative phase windings and is a clear signature of the
skyrmion/meron wave function [Eq. (4)]. (d),(h) Axial magnetization per particle,M=N � ��B=2� � �~nnmF��1 � ~nnmF��1�=~nntotal, vs
radial position. The absorption imaging light was resonant with the F � 2! F0 � 3 transition. The atoms were optically pumped
into the F � 2 hyperfine level with a pulse resonant with the F � 1! F0 � 2 transition. This provided equal imaging sensitivity to
each spin state. The field of view in (a), (b), (e), and (f) is 1:0 mm� 3:0 mm.
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gradient would allow for the spin-dependent interactions
to determine the evolution of the condensate. It is pre-
dicted that skyrmions/merons in condensates with anti-
ferromagnetic (ferromagnetic) interactions are unstable
(stable) [9,10,33–39]. Presently, excitations created dur-
ing the field ramping process have prevented a study of
the stability of coreless vortices in an antiferromagnetic
23Na condensate. However, we were able to imprint the
spin texture in the presence of an optical dipole trap, as
well as produce vortices with a 4� phase winding in an
optical dipole trap by fully inverting the axial bias field
[18]. At zero magnetic field, it may be possible to observe
multiply charged vortices in a spinor condensate ‘‘un-
wind’’ themselves as predicted in Ref. [6]. The unwinding
process is precisely the position-dependent spin rotation
demonstrated in previous work [18], with the spin texture
investigated here as an intermediate state [37].

In conclusion, we have demonstrated a robust tech-
nique for creating coreless vortices in a Bose-Einstein
condensate. Our technique can be extended to generate
spin textures with arbitrary winding number and variable
angular momentum per particle by using higher-order,
axisymmetric multipole magnetic fields and condensates
with different spin. This work opens up the opportunity to
study the stability of topological defects in spinor Bose-
Einstein condensates.

We are grateful to K. Machida for bringing the spin
texture studied here to our attention. We thank T. Pas-
quini for experimental assistance and J. R. Anglin and
M. Crescimanno for valuable discussions. This work was
funded by ONR, NSF, ARO, NASA, and the David and
Lucile Packard Foundation.
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Appendix F

Cooling Bose-Einstein Condensates

Below 500 Picokelvin

This appendix contains the galley proofs for Ref. [124]: A.E. Leanhardt, T.A. Pasquini,

M. Saba, A. Schirotzek, Y. Shin, D. Kielpinski, D.E. Pritchard, and W. Ketterle,

Cooling Bose-Einstein Condensates Below 500 Picokelvin, Science in press, (2003).
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Cooling Bose-Einstein

Condensates Below 500 Picokelvin
A. E. Leanhardt,* T. A. Pasquini, M. Saba, A. Schirotzek, Y. Shin,

D. Kielpinski, D. E. Pritchard, W. Ketterle

Spin-polarized gaseous Bose-Einstein condensates were confined by a combi-
nation of gravitational and magnetic forces. The partially condensed atomic
vapors were adiabatically decompressed by weakening the gravito-magnetic
trap to a mean frequency of 1 Hz, then evaporatively reduced in size to 2500
atoms. This lowered the peak condensate density to 5 � 1010 atoms/cm3 and
cooled the entire cloud in all three dimensions to a kinetic temperature of 450�
80 pK. Such spin-polarized, dilute, and ultracold gases are important for spec-
troscopy, metrology, and atom optics.

The pursuit of lower temperatures is motivat-

ed by the quest to observe phenomena that

occur on very low energy scales, in particu-

lar, phase transitions to new forms of matter.

The achievement of temperatures near 1 K in

solids and in liquids led to the discoveries of

superconductivity (1) and superfluidity (2),

respectively. The advent of laser cooling re-

sulted in microkelvin temperature atomic va-

pors (3–5), subsequently cooled to nano-

kelvin temperatures by evaporative cooling to

form dilute Bose-Einstein condensates (6, 7)

and quantum degenerate Fermi gases (8).

Collectively, these low-temperature systems

have a host of applications, including super-

conducting quantum interference devices (9),

superfluid gyroscopes (10, 11), and atomic

clocks (12).

Temperature is a quantity that parameter-

izes how energy is distributed across the

available states of a system, and effective

temperatures can be defined for decoupled

degrees of freedom or subsets of particles.

For example, nuclear spins isolated from the

kinetic motion of their respective atoms have

been cooled by adiabatic demagnetization to

an effective temperature of 280 pK (13). Spin

ensembles have a finite number of available

states, such that a spin-polarized sample, as in

our work, would be characterized by zero

effective temperature. In contrast, the motion

of free particles is subject to a continuum of

states, and the kinetic temperature of an en-

semble can only asymptotically approach ab-

solute zero.

Effective temperatures in atomic vapors

are defined by the widths of velocity distri-

butions, which can be much smaller than the

mean velocity of the sample. Raman cooling

(14, 15) and velocity-selective coherent pop-

ulation trapping (16) have generated velocity

distributions with very narrow peaks, corre-

sponding to nanokelvin and picokelvin effec-

tive temperatures. However, these tempera-

tures were associated with the motion of only

a subset of the atoms in the cloud and/or with

atomic motion in only one dimension.

For trapped, partially condensed atomic

vapors, the condensate fraction has zero en-

tropy and the kinetic temperature of the sam-

ple is determined by the velocity distribution

of the thermal (noncondensed) component.

When released, the condensate fraction ex-

pands more slowly than the thermal compo-

nent and has been characterized by pi-

cokelvin effective temperatures for anisotro-

pic (17) and noninteracting (18) gases.

Cooling the atomic motion of entire ensem-

bles in all three dimensions has proven difficult.

To date, kinetic temperatures of a few hundred

nanokelvin have been achieved with adiabatic

and optical cooling (19, 20), and evaporative

cooling techniques have produced condensates

with temperatures of 3 nK (21). By adiabatic

expansion and subsequent evaporation, we

have cooled partially condensed atomic va-

pors to picokelvin kinetic temperatures.

Our thermometry is calibrated by the

Bose-Einstein condensation (BEC) phase

transition temperature, Tc, which in the ther-

modynamic limit for a harmonically trapped

ideal Bose gas is (22)

kBTe � ��̄� N

� (3)
�

1/3

� 0.94��̄N 1/3 (1)

where kB is Boltzmann’s constant, � is Planck’s

constant h divided by 2�, �(n) is the Riemann

Zeta function, � � (�x�y�z)
1/3 is the geometric

mean of the harmonic trap frequencies, and N is

the total number of atoms, both condensed and

noncondensed. Thus, the atom number and the

trap frequencies set an upper limit for the tem-

perature of a confined Bose-Einstein conden-

sate. In our work, adiabatically weakening the

trapping potential to a mean frequency of

� � 2� � (1.12 � 0.08) Hz guaranteed

that partially condensed atomic vapors with

N � 8000 atoms had picokelvin tempera-

tures (Tc � 1 nK).

Bose-Einstein condensates containing

more than 107 23Na atoms were created in the

weak field seeking 	F � 1, mF � 
1� state in

a magnetic trap, captured in the focus of an

optical tweezers laser beam, and transferred

into an auxiliary “science” chamber as de-

scribed in (23). In the science chamber, con-

densates containing 2 � 106 to 3 � 106 atoms

were transferred from the optical tweezers

into a gravito-magnetic trap (Fig. 1A). A

small coil carrying current IS generated a

vertical bias field Bz and supported the con-

densates against gravity with a vertical mag-

netic field gradient, B�z � 2 mg/B � 8

G/cm, where m is the atomic mass, g is the

Department of Physics, MIT-Harvard Center for Ultra-
cold Atoms, and Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge,
MA 02139, USA.
*To whom correspondence should be addressed. E-
mail: ael@mit.edu

Fig. 1. Gravito-magnetic trap. (A) Bose-Einstein
condensates were levitated against gravity �5
mm above a 1-cm diameter, 25-turn coil
mounted inside the ultrahigh vacuum chamber
running current IS. Two 10-cm diameter, 20-
turn coils were mounted outside the vacuum
chamber and were supplied individually with
currents IU and IL. The vertical separation be-
tween the large coils was 10 cm. The 1-cm
diameter coil was mounted radially off-axis
with respect to the pair of 10-cm diameter coils
by �1 cm. This broke the cylindrical symmetry
of the trapping potential. Additional bias fields
of �1 G were applied in the horizontal plane to
cancel the radial magnetic fields generated by
IU and IL on the axis of the small coil and to
maintain a stable trapping potential. g3denotes
the direction of gravitational acceleration. (B)
Magnetic potential due to IS (short dashed line),
gravitation potential (long dashed line), and
joint vertical potential of the gravito-magnetic
trap (solid line). (C) A radially repulsive poten-
tial magnetic potential was generated by run-
ning IS alone (dashed line); however, applying a
slight antibias field with IU modified the radial
energy profile and created a magnetic field
minimum at r � 0 (solid line). In (A) to (C), the
solid oval denotes the trapped condensate.
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gravitational acceleration, and B is the Bohr

magneton. Additional control over Bz and B�z

was provided by two external coils carrying

independent currents IU and IL. Weak curva-

ture, B��z, to the vertical bias field created

stable vertical confinement such that a har-

monic restoring force was provided magnet-

ically (gravitationally) for downward (up-

ward) vertical displacements (Fig. 1B). A

radial field gradient, B�r � �Br / �r � 
B�z/2,

was also present and added in quadrature

with Bz to provide harmonic radial confine-

ment with a restoring force proportional to

(B�r)
2/Bz (Fig. 1C). The trapping potential

does not have fundamental radial asymme-

tries as do previously demonstrated Ioffe-

Pritchard magnetic traps (17, 24, 25). In prin-

ciple, stable three-dimensional confinement

is possible above a single coil in the presence

of gravity without the aid of external bias

fields or gradients.

For typical loading parameters—IS � 340

mA, IU � 5.5 A, and IL � 0—the gravito-

magnetic trap was spherically symmetric,

with trap frequencies �x � �y � �z � 2� �
8 Hz. Condensates loaded into the gravito-

magnetic trap from the optical tweezers were

held for 5 s to allow for the damping of

excitations. The resulting partially condensed

clouds had �5 � 105 atoms and a BEC

transition temperature Tc � 30 nK. Through-

out our work, the atomic vapor maintained a

temperature T such that 0.5 � T/Tc � 1.

Further cooling was accomplished by adi-

abatically decompressing the trapping poten-

tial in two 5 s stages, with a 5 s delay in

between to allow excitations to damp. In the

first stage, the vertical frequency was reduced

to �z � 2� � (1.81 � 0.05) Hz by simulta-

neously raising currents IL and IU by identical

amounts and lowering the current IS by a

factor of 10. This transferred the dominant

source of magnetic field gradient from the

small coil to the external coils, with the re-

maining vertical curvature still due to the

reduced IS. In the second stage, the radial

frequencies were reduced to �x � 2� �
(0.65 � 0.05) Hz and �y � 2� � (1.2 � 0.1)

Hz by raising IL and lowering IU by identical

amounts. The vertical magnetic field gradient

and curvature remained constant, but the ver-

tical bias field, Bz, increased. This reduced

the radial confinement due to the scaling �r �
B�r / B1/2

z (24, 25).

For currents IS � 34 mA, IU � 14 A, and

IL � 44 A, the final gravito-magnetic trap had

a measured mean frequency � � 2� �
(1.12 � 0.08) Hz and axial bias field Bz � 17

G. The residual anharmonicities of the trap-

ping potential were small, with ��/� � 0.1

for 500 m displacements from the trap cen-

ter. Further radial decompression was not

possible because of a finite trap depth (Fig.

1C) and sensitivity of trap stability to milli-

gauss level radial bias fields.

After decompression, the partially con-

densed atomic vapors had �2 � 105 atoms and

a BEC transition temperature Tc � 3 nK. Tc

was lowered further by reducing the number of

atoms in the cloud (Eq. 1), while maintaining a

substantial condensate fraction at all times

(0.5 � T/Tc � 1). The atom number was re-

duced by holding the atoms in the gravito-

magnetic trap for up to 200 s. Often, microwave

radiation near the 	1, 
1�3 	2, 0� transition

was applied to shorten the hold time required to

arrive at lower atom number to 10 s. The atom

number reduction was accompanied by cooling,

during which the elastic collision rate (between

thermal atoms and the condensate) dropped

from 0.25 Hz to 0.01 Hz. Therefore, a few

collisions were sufficient to cause evaporation

out of the finite depth trap. This cooling was not

efficient in the sense of providing a gain in

phase-space density but still was capable of

maintaining thermal equilibrium and lowering

the absolute temperature of the vapor.

Using this technique, we cooled partial

condensed vapors containing up to 30,000

atoms to temperatures below 1 nK (Figs. 2

and 3). Our lowest measured three-

dimensional kinetic temperature was 450 �
80 pK for 2500 atoms at a peak condensate

density of 5 � 1010 atoms/cm3. Under these

conditions, the peak atom-atom interaction

energy was  � kB � 33 pK, while the zero

point energy of the harmonic trapping poten-

tial was (1/2)� � kB � 24 pK. Condensates

released from the gravito-magnetic trap

would expand with energies of this order and

therefore could be characterized by effective

temperatures �30 pK.

Additional cooling would require lower-

ing the trap frequencies further or reducing

the atom number more. However, weakly

confining traps have proven technically dif-

ficult to control such that lowering �/2�
substantially below 1 Hz is challenging.

Likewise, because Tc � N1/3, atom number

reduction by an order of magnitude only re-

sults in temperature reduction by a factor of

two. Furthermore, lower temperatures and

lower densities are accompanied by colli-

sional equilibrium times approaching 100 s.

Because  � ��, the condensates in the

gravito-magnetic trap were in a density re-

gime intermediate between the Thomas-

Fermi ( �� � �) and ideal ( �� ��) gas

limits. No simple approximation describes

the condensate wave function, but the num-

ber of thermal atoms, Nth � �(3) � (kB T

��)3, and the width of their distribution,

wth � (2kB T / m�2)1/2, in any spatial direc-

tion can be related to the temperature, pro-

vided that the thermal energy is much larger

than the trap level spacing, kB T �� � �,

where � is the trap frequency for the axis

along which wth is measured (22). The ratio

of atoms in the condensate, N0, to the total

number of atoms, N � N0 � Nth, is also

related to the temperature through N0/N �

Fig. 2. Picokelvin temperature thermometry.
Partially condensed atomic vapors confined in
the gravito-magnetic trap with (A) 28,000,
(B) 16,000, and (C) 2,500 atoms. The one-
dimensional cross sections (red) were obtained
by integrating the two-dimensional absorption
images of the trapped clouds along the y axis.
Bimodal fits to Eq. 2 (blue) yielded tempera-
tures of (A) 1.05 � 0.08 nK, (B) 780 � 50 pK,
and (C) 450 � 80 pK, where the uncertainty is
due to the fit of an individual image. The ab-
sorption imaging light was resonant with the
F � 2 3 F� � 3 cycling transition for the
trapped atoms and was aligned with the verti-
cal (z) axis. The atoms were optically pumped
into the F � 2 hyperfine level with a pulse
resonant with the F � 1 3 F� � 2 transition.
The field of view for the absorption images in
(A) to (C) is 460 m � 460 m.

Fig. 3. Bose-Einstein condensates at picokelvin
temperatures. The temperature of more than
60 partially condensed atomic vapors is plotted
versus total number of condensed and noncon-
densed atoms. A solid line at the Bose-Einstein
condensation phase transition temperature (Eq.
1) and a dashed line at 1 nK are provided as
guides. Condensate temperatures were deter-
mined from one-dimensional fits to atomic
density cross sections integrated along either
the x (closed circles) or y (open circles) axis (Fig.
2). Differences in the two measured tempera-
tures for a single condensate reflect the true
uncertainty of the measurement. Plotted error
bars represent the statistical uncertainty of the
fit. The inset shows that the 1/e condensate
lifetime in the gravito-magnetic trap was lim-
ited by one-body processes to 80 � 5 s.
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1 
 (T/Tc)
3. N0, Nth, and wth are therefore

completely determined by T and N.

The temperature of the atomic vapors was

extracted by fitting integrated, one-dimen-

sional atomic density cross sections to a bi-

modal distribution (Fig. 2)

n� x� � N0�0
2 �

Nth

��wth

e � x2/w
2

th
, (2)

where �0
2 is a bell-shaped function with

width w0 that describes the condensate peak

[�0
2 � (15 / 16) w0


1 max(1 
 x2 / w0
2,0)2 for

a Thomas-Fermi gas and �0
2 � w0


1�
1/2

exp(
 x2 / w0
2) for an ideal gas]. The fitted

parameters were T, N, and w0. We checked

that the fitted temperature did not depend on

the exact choice of the condensate wave func-

tion (inverted parabola or gaussian) or the

application of microwave radiation to reduce

atom number.

All atomic vapors represented in Fig. 3

had a clear bimodal density distribution from

which a temperature was reproducibly ex-

tracted. The temperatures extracted from one-

dimensional fits along both radial axes were

nominally the same, empirically indicating

that the atomic vapors remained close to ther-

mal equilibrium at all times.

In conclusion, we have created long-lived

(80 � 5 s), low-temperature (450 � 80 pK),

and low-density (5 � 1010 atoms/cm3) par-

tially condensed atomic vapors using a weak-

ly confining [� � 2� � (1.12 � 0.08) Hz]

gravito-magnetic trap. These samples are

characterized by a thermal velocity �1 mm/s,

a speed of sound �100 m/s, and a healing

length limited by the �20-m harmonic os-

cillator length of the trapping potential. Low-

temperature and low-density ensembles are

important for spectroscopy, metrology, and

atom optics. In addition, they are predicted to

experience quantum reflection from material

surfaces (26–28).
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veyor belt for transporting and merging trapped atom clouds. Phys. Rev. Lett.,

86:608–611, January 2001.

[82] D. M. Harber, J. M. McGuirk, J. M. Obrecht, and E. A. Cornell. Thermally

induced losses in ultra-cold atoms magnetically trapped near room-temperature

surfaces. arXiv:cond-mat/0307546, July 2003.

134



[83] D. Hellweg, L. Cacciapuoti, M. Kottke, T. Schulte, K. Sengstock, W. Ertmer,

and J. J. Arlt. Measurement of the spatial correlation function of phase fluctu-

ating Bose-Einstein condensates. Phys. Rev. Lett., 91:010406, July 2003.

[84] C. Henkel and S. A. Gardiner. Spatial decoherence of Bose-Einstein condensates

in microtraps. arXiv:cond-mat/0212415, December 2002.

[85] C. Henkel, P. Krug̈er, R. Folman, and J. Schmiedmayer. Fundamental limits

for coherent manipulation on atom chips. Appl. Phys. B, 76:173–182, February

2003.

[86] C. Henkel and S. Pötting. Coherent transport of matter waves. Appl. Phys. B,

72:73–80, January 2001.

[87] C. Henkel, S. Pötting, and M. Wilkens. Loss and heating of particles in small

and noisy traps. Appl. Phys. B, 69:379–387, December 1999.

[88] C. Henkel and M. Wilkins. Heating of trapped atoms near thermal surfaces.

Europhys. Lett., 47:414–420, August 1999.

[89] E. A. Hinds and I. G. Hughes. Magnetic atom optics: mirrors, guides, traps,

and chips for atoms. J. Phys. D: Appl. Phys., 32:R119–R146, September 1999.

[90] E. A. Hinds, C. J. Vale, and M. G. Boshier. Two-wire waveguide and interfer-

ometer for cold atoms. Phys. Rev. Lett., 86:1462–1465, Feburary 2001.

[91] T.-L. Ho. Spinor Bose condensate in optical traps. Phys. Rev. Lett., 81:742–745,

July 1998.

[92] E. Hodby, G. Hechenblaikner, S. A. Hopkins, O. M. Maragò, and C. J. Foot.
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