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ABSTRACT 

This dissertation reports on the experimental study of coherent wavepacket dy

namics of cesium atoms in the double-well potentials of a one-dimensional, far-off

resonance optical lattice. An optical lattice is the periodic potential produced by 

the light shift interaction of an atom with the light field of interfering laser beams. 

\Vith the proper choice of laser parameters and external magnetic fields. an array of 

double-well potentials is created. Using the techniques of laser cooling, atoms are 

trapped in the lattice and are prepared in a pure state through a combination of 

enhanced laser cooling in a near-resonance lattice and state selection in an acceler

ated far-off-resonance lattice. The atoms are prepared on one side of the double-well 

potential. and the atomic wavepackets will then oscillate between the left and right 

localized states of the double-well potentiaL Entanglement between the internal and 

external degrees of freedom makes it possible to follow the center-of-mass motion of 

the atoms by measuring the ground state magnetic populations via Stern-Gerlach 

analysis. The coherent dynamics of these wavepackets was studied under various 

combinations of lattice parameters such as lattice depth. applied transverse and lon

gitudinal magnetic fields. There is excellent agreement between the experimentally 

measured oscillation frequencies and those predicted from a numerical analysis of 

the bandstructure of the lattice. For certain lattice parameters the total energy 

of the atom is below the potential barrier and the coherent motion corresponds 

to tunneling through a classically forbidden barrier. At specific times during the 

oscillation the atomic wavepacket corresponds to a coherent superposition of the 

mesoscopically distinct left and right localized states. 
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CHAPTER 1 

INTRODUCTION 

In 19:3.5 Erwin Schrodinger proposed his famous gedanken experiment, involving 

a cat in superposition state of being simultaneously alive and dead, in order to 

illustrate some of the fundamental differences between quantum mechanics and the 

classical world of everyday life [1). For many years scientists have been studying the 

boundary between the quantum and the classical description of a system. One of 

the great challenges has been to put a system with a large number of particles into a 

superposition. No one has yet achieved a truly macroscopic superposition state (also 

referred to as a ""Schrodinger cat"' state). although recent evidence of macroscopic 

superpositions has been observed in SQUIDs [2), and may eventually be seen in Bose

Einstein condensates (3]. Coherent quantum evolution and superposition states have 

been achieved on a mesoscopic scale in ion traps [4] and in cavity QED [.5]. The 

decoherence of superposition states through interactions with the environment is one 

of the important concepts which may explain how large quantum systems appear to 

exhibit classical behavior (6). 

One of the great challenges of studying quantum dynamics and the role of de

coherence on superposition states is to find a flexible, well-controlled system with 

adjustable interactions with the environment. One promising system is an ensemble 

of neutral atoms trapped in a double-well optical lattice: the system used for the 

experiments discussed in this dissertation. An optical lattice is the periodic poten

tial arising from the interaction of an atom with the light field of interfering laser 

beams. \Vith the proper choice of laser parameters and external magnetic fields, 

a periodic array of double-well potentials is easily created [7]. An atom properly 

prepared in one of these double wells exhibits coherent oscillations between the two 

sides of the double well and, if the total energy of the atom is less than the po-
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tential energy of the barrier, the atomic motion corresponds to quantum tunneling 

through the barrier, a distinctly non-classical effect. At specific times during the 

oscillation, the atom is in a superposition of being on both sides of the double welL 

demonstrating the creation of a mesoscopic ·"Schrodinger cat"" state. Optical lattices 

have been used to study to coherent phenomena such as Landau-Zener tunneling 

[S] and tunneling in optical gauge potentials [9]. However, those experiments were 

done in very shallow optical lattices and involved a continuum of available states, 

whereas the dynamics in the double-\.,tell potential discussed here is consistent with 

oscillations in a simple two-level system. 

This dissertation reports on experiments demonstrating coherent quantum dy

namics in a double-well optical lattice and is organized as follows. Chapter 2 presents 

a few of the basic concepts of optical lattice theory. Only the essential details neces

sary for understanding the experiments discussed in this dissertation are presented, 

\vith an emphasis on the one-dimensionaL double-well optical lattice. Chapter 2 

also contains a section discussing the expected coherent dynamics of an atom in a 

double-\vell potential. Chapter :3 describes some of the general techniques and pro

cedures used in cooling, trapping, and manipulating atoms in optical lattices. Chap

ter 4 revie\\"S the experimental work of state preparation and selection necessary for 

preparing atoms in a pure state, the starting point for the coherent dynamics exper

iments of Chapter 5. In particular. preparing our pure state involves three phases: 

( 1) enhanced state preparation in a near resonance lattice through the addition of 

weak magnetic fields [10], (2) transfer of atoms to a far-off-resonance lattice [11], 

and ( 3) state selection in the far-off-resonance lattice. Chapter 5 presents the results 

of coherent dynamics experiments conducted in a double-well optical lattice. The 

experimental details and data acquisition methods are discussed first, followed by a 

presentation of the results. Chapter 6 contains a brief summary of the major results 

and a discussion of possible future experiments and applications of this work. 
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CHAPTER 2 

THEORETICAL BACKGROUND 

2.1 Introduction 

The time varying electric field of a light field will induce a dipole moment in an atom 

and cause a shift of its internal energy levels, known as the :\.C Stark shift. The 

magnitude of this energy shift depends on the local light intensity and polarization 

as well as the internal state of the atom. By interfering two or more laser beams, 

an interference pattern can be created with periodic variations of intensity and/or 

polarization. The periodic potential an atom experiences in this light field is referred 

to as an optical lattice. An optical lattice can be further modified by the addition of 

external magnetic and electric fields, which cause further energy shifts and coupling 

between the atomic internal states. Csing the techniques of laser cooling. the kinetic 

energy of an atom can be lowered below the potential depth of the optical lattice. at 

\'thich point the atom becomes bound in an individual potential well of the lattice. 

These optical lattices provide a good system in which to study the coherent motion 

of atomic wavepackets. \Vith proper choice of lattice parameters, a double-well 

potential can be created with dynamics very similar to a simple two-level system. 

However, instead of oscillations between ground and excited states. the ·'Rabi" 

oscillations we study consist of periodic center-of-mass motion between the two 

localized ground states of a double-well potential. 

This chapter presents the theoretical background for the experiments discussed 

m later chapters. There has been much work on developing the theory of optical 

lattices. see in particular references (12] and (1:3]. Reference (14] contains a review of 

optical lattices. and the theoretical details of the double-well potential, as developed 

by Deutsch and Jessen, can be found in reference (7]. I will only briefly summarize 
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the key points of the theoretical work developed by others, with the focus on gaining 

a physical understanding of the system. Section 2.2 presents some broad aspects of 

optical lattice theory that will be relevant for the work presented in this dissertation. 

The theoretical details of the one dimensional lin-O-lin optical lattice are presented in 

Section 2.3. The final section discusses theoretical aspects of wavepacket dynamics 

in an optical lattice, with an emphasis on coherent oscillations of an atom trapped 

in a double-well potential. 

2.2 Optical Lattice Fundamentals 

2.2.1 Atomic Energy Levels 

The are several atomic species that are easily trapped in optical lattices due to their 

relatively simple energy level structure. As an example consider the energy levels 

of Cesium. the atom used in our experimental \Vork. (Fig. 2.1 ). Cesium which has 

one valence electron with two spin states that we will be concerned with, namely, 

the 6Sv2 ground state and the excited 6P3/1. state. The 6S1p ~ 6P3/1. transition is 

the D2 line of the fine structure doublet with a wavelength of A. = 8.52.1 nm. If 

\'':e include the interaction energy of the total electron angular momentum J with 

the nuclear angular momentum I. \Ve find a set of hyperfine energy levels. with 

2 F + 1 magnetic sublevels for each hyperfine level. The energies of these levels can 

be changed through the application of static electric fields {Stark effect), magnetic 

fields (Zeeman effect), and light fields (AC Stark effect). In the experiments dis

cussed in this dissertation. we are primarily concerned with the energy shifts of the 

F = +4 ground state hyperfine levels. For an atom trapped in laser field with 

an intensity below saturation, the excited state population is low enough that we 

can adiabatically eliminate the excited state manifold and consider only the ground 

state energy shifts [14, 15]. 

2.2.2 Optical Potential 

The interaction of an atom with the light pattern created by interfering laser beams 

gives rise to a periodic optical potential. that depends on the local light intensity 



852.1 nm 
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Figure 2.1: Energy levels of the Cesium 0 2 line. Ground and excited levels are 
labeled by F and F'. Also shown are the magnetic sublevels, m, for each hyperfine 
state. 
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and polarization. The optical potential operator for the ground state manifold in a 

laser field is given by, 

O(x) = -E~(x) . a. EL(x) ' (2.1) 

where EL(x) is the spatial part of the laser field and a is the atomic polarizability 

tensor. The atomic polarizability tensor is given by the following expression [7], 

(2.2) 

where dFF' is the electric dipole operator between the ground and excited hyperfine 

states labeled by F and F', respectively and !3..F,F' = wL - wF,F' is the detuning from 

the F--+ F' resonance. 

The basis of choice for working with the optical potential operator is the set 

of eigenstates IF, m) of the operators F2 and Fz defined with respect to a quanti

zation axis of our choosing. In order to determine the allowed transitions among 

the set of eigenstates {IF, m) }, we expand the laser field EL(x) in the spherical 

polarization basis {eo-+ ,eo-_ ,e7f }. The matrix elements of the light shift operator, 

(F, mil O(x) IF, mj), may be nonzero only for states with !3..m = (mi- mj) = 0, ±1 

or ± 2, as determined by the polarizations present in the light field. 

If the detuning of the laser light is much larger than the excited hyperfine split

ting, known as the far-off-resonance limit, the optical potential for a one-dimensional 

lattice can be written compactly as 

(2.3) 

where UJ(z) is a scalar potential proportional to the intensity of the light field and 

Beff ( z) is an effective field proportional to the ellipticity, e; X eL' of the local light 

field [7]. Beff ( z) acts as an effective magnetic field, giving rise to a potential through 

the interaction with the magnetic moment ~ = -gFf-LBF, where F is the angular 

momentum operator, gF is the gyromagnetic ratio, and f-LB is the Bohr magnet on. 
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2.2.3 Magnetic Fields in an Optical Lattice 

Applying an external magnetic field B to an optical lattice will simply add to the 

effective magnetic field term in the optical potential of Equation 2.3; 

(2.4) 

The role of a magnetic field, both real and effective, on an optical lattice is best seen 

by looking at the components of the field in the directions parallel and transverse 

to the quantization axis. In the basis of magnetic sublevels {IF, m)}, a field parallel 

to the z axis adds a Zeeman energy shift f::..E = gF{lB mBz to the diagonal terms of 

the optical potential matrix, where the energy shift is different for each magnetic 

sublevel m. A transverse magnetic field (in directions x and/ or y), on the other 

hand, creates off-diagonal terms in the optical potential matrix. These terms arise 

because the transverse components of the angular momentum operator F, when 

expressed in the {IF, m)} basis, are combinations of raising and lowering operators 

that couple states with flm = ±1. 

2.2.4 Photon Scattering 

One of the goals of our experiments is to observe the coherent oscillations of an atom 

in a double-well potential. The spontaneous emission of a photon can destroy the 

coherent atomic evolution in our system. Because of the detrimental role of scatter

ing photons, it is necessary to detune our lattice beams as far from atomic resonance 

as is possible. The photon scattering rate, Is ( z), in the lattice will determine the 

length of time that a coherent process can be observed and is given by 

U(z) r 
- ER ~' 

(2.5) 

where r is the natural linewidth of the F = 4 --+ F' = 5 transition, and U( z) is the 

expectation value of the light shift operator (Eq. 2.4). Extracting the dependence 

of the scattering rate on the intensity and detuning, we find that Is ex I/ fl 2
. The 

depth of the optical lattice, on the other hand, is only proportional to the intensity 

over the detuning, U ex I/ fl. Thus, by increasing the detuning and intensity by the 
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same factor, the lattice depth remains constant but the scattering rate decreases, 

making it advantageous to detune as far from resonance as possible. 

2.3 One Dimensional Optical Lattices 

The one dimensionallin-8-lin optical lattice is a specific example of the generalized 

optical lattice discussed in the previous section, and is the type of lattice used in 

the experiments discussed later in this work. The lin-8-lin lattice is formed from 

a pair of counterpropagating laser beams with linear polarizations at an angle 8' 

illustrated in Figure 2.2. (The special case when 8 = 90 degrees is referred to as a 

lin-j_-lin optical lattice.) The interference pattern generated by these laser beams 

creates a gradient of ellipticity that can be decomposed into two, spatially offset, 

standing waves of O" + and O" _ polarized light as expressed in the following equation, 

where E1 is the amplitude of a single beam, kL = 27f /,\ is the laser wavenumber, 

and ea± are the polarization vectors. With strictly circular polarizations, ea±, the 

only nonzero matrix elements of the light shift operator (Eq. 2.1) will be those along 

the diagonal and those elements coupling IF, mi) and IF, mj) where /}.m = ±2. In 

the far-off-resonance limit we can write out the terms of the optical potential of 

Equation 2.3; 

(2.7) 

is the scalar potential proportional to the intensity of the light field and is the same 

for each magnetic sublevel. The fact that the beams are counterpropagating means 

that the polarization vectors of each beam lie in the same plane perpendicular to the 

lattice axis. The effective magnetic field, proportional to the cross product of the 

polarizations of the two beams e; X eL, will thus be directed only in the Z direction, 

BeJJ(z) = 
2

U
1 

sin8sin(2kLz)ez. (2.8) 
3f..lB 

The quantity U1 is the light shift created by a single lattice beam driving a transition 

with a Clebsch-Gordon coefficient of one. This fictitious magnetic field has the same 
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effect as a real magnetic field, that is, it causes an energy shift that is different for 

each magnetic sublevel. 

2.3.1 Diabatic and Adiabatic Potentials 

In order to gain some physical understanding of optical lattices, we typically define 

sets of diabatic and adiabatic potentials which correspond to the diagonal elements 

and eigenvalues of U(z) (Eq. 2.4), the optical potential operator. It is important 

to note that both the diabatic and adiabatic potentials are only approximations of 

our system. The diabatic potentials are a valid description of the system when the 

internal state of the atom is independent of its external position. This typically 

occurs when the atomic motion along the external coordinate z is much faster than 

the time needed for the internal state to evolve. The adiabatic potentials, on the 

other hand, describe the system when atomic motion along the external coordinate 

is slow enough that the internal state can adiabatically follow the local effective 

magnetic field. However, in the double-well potential neither the diabatic nor the 

adiabatic potentials can accurately describe the dynamics of the system. Instead, 

we must examine the full Hamiltonian including the center-of-mass motion, as will 

be discussed in more detail in Section 2.4.3. Nevertheless, the diabatic and adiabatic 

approximations can still guide our physical understanding of atomic motion in many 

types of lattices. 

The diabatic potentials, Um ( z), are defined as the diagonal elements of the light 

shift operator (Eq. 2.4), one potential for each of the nine states {IF, m) }. A typ

ical set of diabatic potentials is illustrated in Figure 2.2. The diabatic potentials 

associated with with states m > 0 and m < 0 have minima at regions of pure (j + 

and (j _ light, respectively. A useful quantity to define when discussing the diabatic 

potentials is the peak to peak modulation depth, u;;' of the diabatic potential for 

a given state IF, m). For the case where the laser detuning is very far from atomic 

resonance, the modulation depth can then be expressed as 

Um - 4 u 2 e ( m) 2 . 2 e 
pp - 3 1 4 cos + F Sill ' (2.9) 
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(a) 

(b) 
U(z) 

z 

1 

T m=+4 
2Ut 

m=+2 

Upp m=O 

m=-2 

m=-4 

Figure 2.2: One dimensional lin-O-lin optical lattice. (a) Counterpropagating laser 
beams with a relative polarization angle 0 create a gradient of ellipticity. (b) 
Diabatic potentials for the nine magnetic sublevels of the F = 4 ground state. 
Solid( dashed) lines represent potentials for m even( odd). U1 is the single beam light 
shift and Upp is the peak to peak depth of the diabatic potential. 
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where ul is the single beam light shift. 

The diabatic potentials were found by considering only the diagonal terms of the 

optical potential matrix. If we now include the off-diagonal terms and rediagonalize, 

we find a set of adiabatic potentials corresponding to the eigenvalues of the new 

matrix. It is important to note that the diagonalization must be done at each 

value of:; because of the spatial dependence of the matrix elements. The adiabatic 

eigenstates are linear superpositions of the basis states {IF. m) }. 

l'lfadiab.) = L em(::) IF, m) . (2.10) 
m 

The off-diagonal elements create avoided crossing in the regions where the diabatic 

potentials cross. A set of adiabatic potentials are illustrated in Figure 2.:3. with a 

expansion of the avoided crossing region. Also shown in Figure 2.3 are the expan

sion coefficients em(::) for the lowest energy eigenstate of U(::), whose eigenvalues 

corresponds to the lowest adiabatic potential. Examination of the expansion coef

ficients reveals that near regions of pure a+ or a_ light, the adiabatic potentials 

correspond to states that have nearly pure IF= 4. m = +4) or IF= 4, m = -4) 

character, respectively. Motion of an atom from a region of a+ to a_ light in an 

adiabatic potential must be accompanied by a corresponding change in atomic in

ternal state. This connection between the internal state of the atom and its position 

make it possible to determine the location of an atom in the lattice by measuring 

the internal state of the atom. This useful property is discussed in more detail in 

Section 2.4.4. 

2.3.2 Magnetic Fields in a One Dimensional Optical Lattice 

An external magnetic field can significantly alter the structure of an optical lattice. 

Figure 2.4 shows how an external magnetic field modifies the adiabatic and diabatic 

potentials of a lD lin-.1.-lin optical lattice. The addition of a uniform magnetic field 

along the lattice axis z corresponds to a Zeeman energy shift 6.£ = 9FJ.L8 mB::: of the 

diagonal elements of the potential matrix. For a positive magnetic field the diabatic 

potentials of the states {IF, m > 0)} are shifted up in energy and the potentials of 
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Figure 2.3: (a) Adiabatic potentials for a lattice with () = 90 degrees for a lattice 
with depth ul = 100 ER and detuning ~ = -2000 r. The heavy line is the lowest 
adiabatic potential. (b) Larger view of region showing the avoided crossings . (c) 
Expansion coefficients, em of the lowest adiabatic potential with Cm~o dashed and 
cm>O solid. (d) Larger view of region showing the mixing of other m-states near 
avoided crossings. 

the states {IF, m < 0)} are shifted down, with corresponding effects in the adiabatic 

potentials. 

Recall that a transverse magnetic field adds off-diagonal elements to the optical 

potential matrix. These terms have the effect of increasing the avoided crossing in 

the adiabatic potentials. A transverse magnetic field increases the mixture of other 

m states as can be seen by examining the adiabatic expansion coefficients, Cm (z), of 

the lowest energy eigenstate (Fig. 2.4( c)). Notice that with a transverse magnetic 

field the adiabatic and diabatic potentials are no longer very similar, indicating the 

break down of the diabatic approximation. 
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Figure 2.4: Effect of magnetic fields on a lD lin-B-lin ( B = 90 degrees) optical lattice 
with ul = 100 ER and~ = -2000 r. The left column shows the adiabatic potentials 
and the right column shows the expansion coefficients Cm ( z) of the lowest energy 
eigenstate with c_m -+dashed, c+m -+solid, with Cm=±4 in bold. (a) Zero fields, 
Bx = 0 mG, Bz = 0 mG. (b) Axial field , Bx = 0 mG, Bz = 40 mG. (c) Transverse 
field, Bx = 40 mG, Bz = 0 mG. 
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2.3.3 Double-well Optical Lattice 

We create a double-well lattice with a proper choice of angle and an applied trans

verse field to couple the m-states, as is illustrated in Figure 2.5. The distance ~z 

between the minima of the double-wells is given by, 

A 271" -1 (tan e) 
L..lZ = T tan -

2
- . (2.11) 

The height of the barrier in the center of the double-well potential can be adjusted by 

changing either the angle or the transverse magnetic field. Applying a longitudinal 

magnetic field will will shift one side of the double well higher and the other lower, 

creating an energy asymmetry between the left and right potentials. The behavior 

of atoms in this double-well potential is the focus of the remainder of this chapter. 

2.4 Atomic Wavepackets in Optical Lattices 

2.4.1 Harmonic Approximation 

Before discussing the behavior of atoms in a double-well potential, it will be useful 

to consider some simpler systems, in order to gain some physical intuition about 

the behavior of atoms trapped in an optical lattice, and define quantities that will 

be useful for later chapters. In the far-off-resonance limit, the optical potential 

(Eq. 2.3) can be approximated by expanding the sine and cosine terms about the 

well bottom where z = 0. The diabatic potentials can be then expressed as, 

U (z) = -~Um + ~(2Um k2 )z 2 + · · · 
m 2 pp 2 PP L ' 

(2.12) 

where u;:; is the peak to peak modulation depth and kL = 271" I A. Ignoring terms of 

higher order than z 2 , the potential reduces to a simple harmonic oscillator with an 

oscillation frequency given by, 

(2.13) 

An atom trapped in this harmonic potential will have a set of quantized vibrational 

levels that it can occupy. The eigenstates of an atom in this potential are product 
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Figure 2.5: The lowest two adiabatic potentials for a 1D lin-8-lin lattice with B = 
80 degrees, ul = 100 ER, and Bx = 85 mG. 

states IF, m ) In), where In) is the harmonic oscillator eigenstate of the nth vibrational 

level. An ensemble of atoms thermally distributed over these vibrational levels can 

be described by a vibrational temperature, T vib · For a thermal distribution of atoms 

in a simple harmonic oscillator, the occupation probability, 7T n for a given vibrational 

level n, is given by the expression [16], 

(2.14) 

where qB is the Boltzmann factor, defined as, 

nWosc 

q = e-kBTvib 
B - . (2.15) 
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The mean vibrational excitation is obtained by averaging the occupation number n; 

(2.16) 

From this ensemble average, we can easily obtain the population of atoms in the 

vibrational ground state, 
1 

(2.17) 7l"n=0 = 1 + n. 

In the experiments discussed in this dissertation, we do not measure the vibra

tional temperature directly. Instead, we measure the momentum distribution and 

extract both the kinetic and vibrational temperatures from the momentum distri

bution, with the assumption that the atoms are in thermal equilibrium. The kinetic 

temperature, TK, is defined in terms of the variance, flp, of the momentum distri

bution of the ensemble of atoms, 

(2.18) 

For the case of an ensemble of atoms thermally distributed in a simple harmonic 

oscillator, the momentum variance (and thus TK) can easily be calculated from the 

harmonic oscillator eigenstates. The momentum of the vibrational ground state 

(n=O) is P6 = Mfiwosc/2, which allows us rewrite the momentum variance as 

(2.19) 

Combining equations 2.19 and 2.18, we find the connection between the kinetic 

temperature and the mean vibrational excitation; 

(fl )2 T + = _!!_ = (2n + 1) , 
Po To 

(2.20) 

where T0 = P6/ MkB is the ground state kinetic temperature. 

2.4.2 Coupled Simple Harmonic Oscillators 

Before considering the behavior of a complex atom such as Cesium (nine atomic 

ground states) in a double-well lattice, let us first examine a much simpler system 



28 

U(z) (a) (b) 

-d 0 +d z 0 z 
Figure 2.6: System of coupled simple harmonic oscillators. (a) Potentials with no 
coupling. Energy levels of the two harmonic oscillators are degenerate. (b) Adiabatic 
potentials. Adding coupling creates an avoided crossing. Degeneracy of the ground 
state energy levels is broken. 

with only two ground states; namely, a spin 1/2 particle trapped in a lin-8-lin optical 

lattice. In this simplified system there are only two atomic ground states, It) and 

the It) , corresponding to them = ±~ magnetic sublevels. Recall that for the lin-O

lin optical lattice, the light field consists of standing waves of O" + and O" _ polarized 

light. The effective magnetic field arising from this light field (proportional toe* X e , 

Eq. 2.3) , will only have a component parallel to the lattice axis. Thus, in the absence 

of a real external transverse field, there is no coupling between the ground states. 

In the tight binding limit , we can approximate the ground state potentials as 

harmonic potentials as illustrated in Figure 2.6. The basis of choice for this system 

is the set of product states of the form It, n) = It) 0 In) , where {It), It)} are the 

internal spin states and {lnR), JnL)} are the eigenstates of the uncoupled harmonic 

oscillators with energy eigenvalues liwosc(nR + ~) and nWosc(nL + ~). In the absence 

of coupling between the two harmonic potentials, the energy levels in the left and 

right potentials are degenerate. We can write the harmonic potential (; ( z) in state 

space as, 

(2.21) 
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To this system we add a real transverse magnetic field, B.1., to induce coupling 

between the two ground states. The full Hamiltonian for such a system can be 

written as, 
A p2 A A 

H = 
2

m + U ( z) + V ( z) , (2.22) 

where P2 /2m is the kinetic energy, U( x) is the harmonic potential, and V(z) is the 

coupling term. The transverse field coupling term, V ( z), can be expressed as 

V(z) = liDL (1-!-) (tl +It) (-!-1) , (2.23) 

where DL = gFf-lBB.l../li is the Larmor precession frequency. If we confine ourselves 

to the ground states of the harmonic oscillators, lnL = 0) , lnR = 0), the off-diagonal 

matrix elements are given by, 

(2.24) 

• rnwosc d2 • • 
where the quantity ( nR lnL) = e--li- IS calculated from the overlap Integral of the 

Gaussian ground state wavefunctions of the harmonic oscillators. The full Hamilto

nian matrix can be written as, 

(2.25) 

The eigenvalues, E±, of the perturbed system are 

(2.26) 

In the perturbed system, the ground state energies are no longer degenerate but have 
rnw d2 

an energy splitting given by liD= !iDLe-~. The time evolution of this system 

is analogous to that of two-level atom [15], where oscillatory motion between the 

left and right localized states corresponds to Rabi oscillations between the ground 

and excited states of a two-level atom. If we prepare an atom, for example, on the 

left side of the double-well potential, we should observe a coherent oscillation of 

the entire atom between the left and right harmonic potentials with a frequency D, 

given by the ground state splitting. 
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The adiabatic potential corresponds to the lowest allowed energy at a given 

position. If the atom's total energy is below the energy of the adiabatic barrier then 

the atom is, in the classical limit, unconditionally forbidden to move to the other 

potential well. However, in the quantum limit the atom will ~tunnel" through the 

barrier and we should observe coherent oscillations of the atomic motion. Even if 

the atom's energy is higher than the barrier. the motion from one potential to the 

other may be allowed but is still classically unlikely. since the internal state may or 

may not adiabatically foliO\\' the external motion. Determining the transition point 

between quantum and classical behavior is not easy in this system. especially for 

more complex atoms such as Cesium. Coupling between the internal and external 

degrees of freedom makes it impossible to define a scalar potential associated with 

the atomic motion, i.e. the adiabatic and diabatic approximations break down. 

Furthermore, the classical analog of our system exhibits deterministic chaos. The 

connection between the classical and quantum descriptions of this system is being 

studied by our collaborators at the University of New Mexico [17]. 

2.4.3 Band Structure 

Extending the analysis of the coupled harmonic oscillators to Cesium is difficult 

because of the atom's nine magnetic sublevels. Even with harmonic approximations 

to the potentials, the system is not easily solved using perturbation theory. Further

more, the applied transverse magnetic field, necessary to create the avoided crossings 

of the double-well potential, is large enough that the diabatic and adiabatic approxi

mations are no longer accurate descriptions of the system. Fortunately, the periodic 

nature of the optical lattice allows us to use the techniques of solid state physics to 

determine the exact energy spectrum of the optical lattice [18]. Therefore, we turn 

to the full Hamiltonian and determine the band structure (energy spectrum) di

rectly. The full hamiltonian including both external and internal degrees of freedom 

can be written as 
~ p2 ~ 

H = 
21

\tl + U(z), 



31 

where{!(::) is the optical potential of Equation 2.3 and P2 /2Al is the center-of-mass 

kinetic energy of the atom. The eigenstates of this Hamiltonian are Bloch spinor 

states. which are entangled states of the internal and external degrees of freedom, 

IW(x) = L eiq·x lu;)@ IF, m) , (2.28) 
m 

where !u~) is a Bloch wavefunction with the periodicity of the optical lattice and 

q is the quasimomentum. The resulting eigenenergies associated with these states 

are a set of allowed energy bands that the atoms can occupy. Because the Bloch 

wavefunctions are not localized, it is more convenient to describe the system in 

terms of \Vannier states. which are Fourier transforms of the Bloch functions. In 

the tight binding limit (\.,.·hen lowest energy bands are flat), \Vannier states are 

strongly localized at the lattice sites and are very similar to the localized states 

of a single double-well potential. Thus. we often describe our system in terms of 

vVannier spinors; entangled states of spin and center-of-mass degrees of freedom. 

The research group of Ivan Deutsch at the University of New Mexico developed a 

program that calculates the eigenenergies and eigenstates of our periodic system. 

vVe use the program extensively to provide quantitative predictions to compare with 

our experimental results. 

2.4.4 Coherent Dynamics in a Double-well Potential 

vVe now turn to the dynamics of a Cesium atom in a double-well optical lattice. A 

representative double-well potential and energy bands are illustrated in Figure 2.7. 

In the simple harmonic oscillator model of Section 2.4.2. we found that, in the 

presence of coupling, the degeneracy of the ground states was broken, creating a 

two level system. If we examine the energy bands of the periodic double-well optical 

lattice, we find a band structure similar to the discrete levels of the coupled harmonic 

oscillators; i.e., the two lowest energy bands have a small energy splitting, nn, with a 

large energy gap to the next highest band. The similarities between the two systems 

indicates that we might expect to observe dynamics in the double-well optical lattice 

consistent with a two-level system. 



32 

-0.5 
q/2~ 

0 0.5 
-190 -190 

,...-..... 

~ 
-200 -200 

~ '-"" 

~ -210 -210 ~ \j ,...-..... 
·~ 

~ '\j 

~ -220 -220 '-"" 

-230 -230 
-1 0 1 

~z 
Figure 2. 7: Energy bands, Enq with band index n and quasi-momentum q, of a lD 
lin-O-lin lattice withe = 80 degrees, ul = 100 ER, Bx = 85 mG. Also shown are the 
two lowest adiabatic potentials for comparison. 

The Wannier spinors associated with the two lowest bands are a pair of states, 

IW s) and IW A), with symmetric and antisymmetric wavefunctions, respectively. 

These two states can be combined to create left and right localized wavepackets 

that correspond to the atom being localized in either the left or right side of the 

double-well potential; 

(2 .29) 

If we prepare an atom in the left state, I W L) , the atom will oscillate between the 

left and right states with a frequency n, given by the energy splitting between the 

symmetric and antisymmetric states, with a time evolution given by, 

(2.30) 

The motion of the atom from the left to the right state is accompanied by a pre

cession of the internal state. This can be illustrated by examining both the internal 
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z(nm) 

Figure 2.8: Spinor components of the localized states (a) IWL) , and (b) IWR) for the 
parameters of Figure 2. 7. p( z) is the total spatial probability distribution obtained 
by tracing over the spin states. IIm are the magnetic sublevel populations obtained 
by integrating along the external coordinate z. Notice the correlation between the 
spatial location of the wavepacket and the m-state distribution. 

and external degrees of freedom of the spinor states IW L) and IW R) as shown in 

Figure 2.8. If we trace over the internal states IF, m) of Equation 2.28 , we are left 

with the spatial probability distribution, p(z ), and tracing over the external state 

lu~) gives us the the magnetic populations, IIm, of each state IF, m). The connec

tion between the internal state and external position of the atom of these localized 

states makes it possible to determine the position of the atom by measuring the 

internal state via a Stern-Gerlach type of experiment. This will allow us to detect 

the coherent center-of-mass motion as the atoms oscillates between the left and right 

localized states. 

We also have the possibility of creating mesoscopic "Schrodinger cat" states. 

Figure 2.9 shows the spinor wavepacket components for the situation when the 

atom has completed one fourth of an oscillation period. In this case, the entire 

atom is in a coherent superposition of being in both the left and right potential 

wells. Even though we are considering only one atom, the large separation (of the 

order of 100 nm) of the left and right wavepackets, as compared to the size of the 
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p(z) 

z (nm) 

Figure 2.9: Spinor components of the "Schrodinger Cat" state I \II L) -i I \II R) obtained 
at a time t = T /4 in the oscillation. p( z) is the total spatially probability and IIm 
are the magnetic sublevel populations. The lattice parameters are the same as in 
Figure 2.7. 
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atom, indicates that this can be considered a mesoscopic example of a "Schrodinger 

cat" state. 

The flatness of the ground bands in Figure 2. 7 indicates that the atoms are 

strongly localized and tunneling to neighboring double wells is negligible. The large 

spacing between the ground doublet and the next highest band indicates that the 

dynamics can be confined to the ground band doublet. Within these limits, the 

system is well approximated by a simple two-level system. As an example of the be

havior we would expect of a two-level system, consider the effect of a small magnetic 

field, Bz, applied along the quantization axis of the optical lattice. This longitudinal 

magnetic field will modify the double-well potential by shifting one side higher and 

the other lower. The effect on the band structure of the ground doublet is to break 

the symmetry and increase the energy splitting between the two lowest states. By 

analogy with a simple two-level system we define a generalized Rabi frequency [15], 

n =(!12+~2 )112 e Bz ' (2.31) 

where fi~Bz is the detuning (energy shift) due to the applied magnetic field and f2 

is the Rabi frequency at zero detuning, given by the splitting of the ground doublet. 

If we start the atom in, for example, the left state j\ll L) at timet= 0, the atom will 

then evolve according to following equation 

where 
!let . ~Bz . !let 

CL ( t) = COS -- + 'l n- Sill -- , 
2 ~r.,e 2 

. n . !let 
CR(t) = zn- sin- . 

~r.,e 2 

(2.32) 

(2.33) 

From this expression we can find the probability of finding the atoms in either the 

left or right state; 

(2.34) 

1 ( n )
2 

PR = 2 ne [1- cos !let] . (2.35) 
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Figure 2.10: Rabi oscillations of the probability amplitude of finding the atom in 
the states I L ) (solid) and I R) (dotted) for several values of B z corresponding to 
detunings of ~Bz = 0 (bottom), ~Bz = n (middle) , ~Bz = 2D (top) . As the 
detuning increases the frequency increases and the amplitude decreases . 

Figure 2.10 shows the probability amplitude of finding the atom in the left and 

right states as a function of time for various detunings . Notice that as the detuning 

increases the frequency of oscillation increases while the amplitude of the oscillation 

decreases , as we would expect for a detuned two-level system. 



CHAPTER3 

EXPERIMENTAL APPARATUS AND TECHNIQUES 

3.1 Introduction 

This chapter contains a description of several of the experimental and diagnostic 

techniques that are used in the experiments discussed in Chapters 4 and .5. Most 

of these techniques have gone through several iterations over the past few years in 

the attempts to improve and refine our system; only the latest methods are dis

cussed here. The first section contains a brief description of the techniques of laser 

cooling and trapping atoms in a magneto-optical trap. This is followed by a descrip

tion of the near-resonance and far-off-resonance lattices and associated experimental 

concerns: loading atoms into the far-off-resonance lattice, proper alignment of the 

lattice beams, and calibration of the lattice beam intensities. Section 3.4 discusses 

the general aspects of the data acquisition and analysis techniques we commonly 

use: namely, the time-of-flight method to measure the momentum distribution and 

Stern-Gerlach analysis to measure the atomic internal state. The final section dis

cusses the difficulties in controlling the background magnetic fields, one of the more 

challenging aspects of the experiment. 

3.2 Laser Cooling and Trapping of Atoms 

The kinetic energy of an atom at room temperature is significantly larger than the 

potential depth of the optical lattice in which we hope to trap the atoms. It is 

therefore necessary to reduce the temperature of the atoms by a sufficient amount 

to allow them to be trapped. This is done using the well established techniques of 

laser cooling and magneto-optical trapping [19]. 
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The cooling and trapping of atoms occurs in a vacuum chamber containing a 

dilute vapor of Cesium. The atoms are Doppler cooled via optical molasses [20, 21], 

created by three pairs of counter-propagating laser beams with orthogonal circular 

polarizations as illustrated in Figure 3.1. The laser light is typically tuned 3-.5 r to 

the red of the F = 4 ~ F' = .5 hyperfine transition of Cesium and the beams have a 

intensity of around .5 m \V / cm2
• The atoms experience a viscous force in the optical 

molasses due to preferential photon scattering. For example. consider an atom 

moving in the +x direction. In the atom's reference frame, the light propagating in 

the -x direction is Doppler shifted closer to resonance while the light propagating 

in the +x direction is Doppler shifted away from resonance. The atom. therefore, 

absorbs more photons from the beam propagating in the -x direction. The absorbed 

photons are reemitted in all directions. and the net result is a force that opposes 

the atomic motion and reduces the atom's kinetic energy. 

The addition of an inhomogeneous magnetic field makes it possible to trap the 

atoms in a small region of space, [22]. This magneto-optical trap (MOT) is created 

by a pair of current carrying coils with currents flowing in opposite directions (anti

Helmholtz configuration) as indicated in Figure 3.1. The quadrupole magnetic field 

created by these coils is zero at the origin but has a significant gradient on the 

order of 10 G/cm2
• This magnetic field creates a spatially dependent Zeeman shift 

of the atom's magnetic sub-levels. which, when combined with the polarizations 

of the laser beams, creates a spatially dependent radiation pressure, confining the 

atoms to a small region at the origin. The MOT trap is very effective and we can 

trap a few million atoms in a volume of space about 400 Jlm in diameter. After the 

atoms have been trapped. the magnetic field is turned off leaving the atoms in 3D 

optical molasses. The intensity of the laser beams is then lowered by a factor of 

ten, while the frequency is further detuned (generally about 10 f), which provides 

additional cooling. After about 10 ms, the atoms have cooled to a temperature near 

"'4.0 JlK. The atoms are then transferred to a near-resonance optical lattice (NRL) 

by simultaneously turning on the NRL laser beams and turning off the 30 molasses 

beams, trapping nearly 100% of the atoms in the NRL. 
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Figure 3.1: Experimental configuration of the magneto-optical trap showing laser 
beam polarizations and current carrying coils in an anti-Helmholtz configuration. 
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3.3 Optical Lattices 

3.3.1 Construction of Near-Resonance and Far-off-Resonance Lattices 

The necessity of having a large detuning in the far-off-resonance lattice (FRL) to 

avoid photon scattering also makes it difficult to transfer atoms directly from the 

:30 molasses to the FRL. Because of the large detuning. there is very little cooling 

present in the FRL. By using a near-resonance lattice (l\RL) as an intermediate 

step, we gain the advantage of rapid Sisyphus cooling in the NRL and then transfer 

the atoms effectively to the FRL. The transfer process is described in detail in 

Section 4.:3. 

The optical components of the near-resonance and far-off-resonance optical lat

tices are illustrated in Figure :3.2. The FRL laser beam is split into two beams which 

pass through independent acousto-optic modulators, allowing frequency control of 

each laser beam. This frequency control is necessary for the acceleration of the 

lattice described in the next section. The NRL laser light is split into two beams 

and the NRL and FRL beams are combined with a polarizing beam splitter cubes. 

The beams then pass though a half-wave plate and a high quality calcite polarizer. 

The half wave plate permits rotation of the beam polarization allowing us to adjust 

the relative intensities of the NRL and FRL beams passed through the high quality 

polarizer. The calcite polarizers are necessary to purify the polarization of the FRL 

laser beam. The upper calcite polarizer can be rotated to provide a beam polariza

tion at an arbitrary angle with respect to the lower beam. allowing us to create a 

lin-O-lin optical lattice. 

The near-resonance optical lattice is generated by a pair of counter-propagating 

laser beams with frequencies tuned "' 20 r below the F = 4 -t F' = .j hyperfine 

transition in Cesium, and with intensities in the range of 2-:3 m W jcm2 per lattice 

beam. The NRL is turned on immediately after the :3D optical molasses beams are 

turned off. Once in the NRL, the atoms experience further cooling and ,after"' 2 ms, 

reach temperatures typically near 2/LK, with the final temperatures dependent on 

the specific intensity and detuning of the NRL [2:3]. The intensity of the NRL is 
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Figure 3.2: Optical components of the near-resonance and far-off-resonance optical 
lattices. NRL and FRL beams are combined with a polarization beam splitter cube 
(PBS). The acousto-optic modulators (AOMs) in the FRL beams provide indepen
dent frequency control. 



42 

then linearly reduced to zero while the FRL intensity is simultaneously increased, 

such that the lattice depth remains constant and the atoms stay bound during the 

transfer process. We typically achieve .NRL to FRL transfer efficiencies around 8-5%. 

The FRL laser light is generally detuned the red of the hyperfine states by an 

amount in the range 10-20 GHz (2000-4000 r). Because of this large detuning, it is 

necessary to have the intensity as high as possible in order to create a deep lattice 

with several bound states. It is also desirable to have a uniform intensity over the 

atomic sample, which is achieved by expanding the laser beam so only the cen

tral part of the Gaussian distribution overlaps the atoms. The balance between 

these competing goals (i.e. focusing the beam to achieve high intensities and ex

panding the beam to obtain uniformity) is obtained (in the latest version of the 

experiment) by collimating the beam so the maximum on axis intensity is typi

cally around 1200 mW fcm2
• with each beam having a Gaussian profile with a (j of 

"'1.2 mm. 

3.3.2 Alignment 

It is important that the lattice depth across the "'400 J.Lm diameter atomic sample 

be as uniform as possible. This requires that the two laser beams of the FRL be 

overlapped on top of one another with good precision. It is also necessary that 

the FRL beams are centered on the atomic sample. Over the past several years a 

detailed alignment procedure gradually evolved to accomplish these goals, and only 

the latest version is described here. The alignment process is relatively complicated 

and is illustrated in Figure 3.3. The first step in the alignment process is finding the 

peak of the intensity distribution of the FRL laser beam at the position of the atoms 

trapped in the MOT. By measuring the intensity at the MOT position, we eliminate 

possible errors due to miscollimation of the laser beam. The .MOT position is in 

the middle of the vacuum chamber which makes it necessary to deflect the beam 

to the side with a mirror and measure the intensity at the same distance along the 

laser beam. A 600 JLID aperture is positioned in the beam at the position where 

atoms would be located. A power meter is placed immediately after the aperture 
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Figure :3.:3: Procedure for aligning the FRL laser beams. (a) FRL beam is deflected 
and the center of the beam is found by measuring the power through the 600 p.m 
aperture at the MOT location. (b) Aligning diffraction patterns on reference irises, 
allows us to reposition the aperture. (c) Deflection mirror is removed and a lens is 
placed in the beam to focus the light onto the atoms. (d) The hole created by the 
focused beam is imaged onto CCD camera, and the beam is centered on the atoms. 
Reference irises are positioned before and after the vacuum chamber. (e) The lens is 
removed and the diffraction pattern from the aperture is centered on the alignment 
rnses. 
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and the power though the aperture is then maximized by translating the aperture 

with respect to the laser beam. Once the center of the beam is found. the power 

meter is removed and a reference iris is centered on the diffraction pattern created 

by the 600 Jl.m aperture. The aperture is then repositioned before the deflection 

mirror by aligning the new Airy pattern on the reference iris. The deflection mirror 

can no\\" be removed and the laser beams can be centered on the atomic sample by 

using the Airy pattern in the following manner. 

An additional reference iris is placed after the vacuum chamber and is centered 

on the Airy pattern created by the 600 Jl.m aperture. A lens is placed after the 

pinhole such that the aperture is imaged near where the atoms are located. Care 

must be taken that the lens does not change the beam pointing by ensuring that 

the Airy pattern is still centered on the downstream reference iris. The FRL laser 

frequency is then tuned to atomic resonance and the high intensity of the focussed 

laser beam pushes atoms out of the MOT. Using a CCD camera to image the MOT, 

the laser beam alignment is adjusted until the beam is centered to within 100 Jl.m 

of the center of the atomic sample. T\vo alignment irises are then positioned in the 

laser beam, one immediately before and another after the vacuum chamber. The 

lens is then removed and. with the alignment irises in place, both the upper and 

lower laser beams are realigned on the two irises. ensuring that the two beams are 

counterpropagating as well as centered on the atomic sample. The final step is to 

remove the 600 Jl.m aperture and open the alignment irises, allowing the full laser 

beams to pass into the chamber. 

It is also necessary, when first aligning the laser beams, to avoid reflections from 

the vacuum windows to overlap with atomic sample. These reflections can interfere 

with an experiment by creating weaker lattices, superimposed on the lattice created 

by the main laser beams. Care must be taken to observe the reflections and then 

move the laser beams such that the reflections avoid the atomic sample. 
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3.3.3 Accelerating the Far-off-resonance Lattice 

The independent frequency control of the two FRL beams makes it possible to 

accelerate the far-off-resonance optical lattice (SJ. This is useful for several reasons, 

such as improving the Stern-Gerlach analysis (Sec. 3.4.2), and improving the state 

selection process discussed in Section 4.4. Two counterpropagating laser beams of 

the same frequency create a stationary optical lattice. However. if the frequencies of 

the two laser beams are different, the optical lattice will move at a constant velocity. 

Thus, by changing the frequency difference ~v = v1 -v2 between the two laser beams 

linearly in time, we can accelerate the optical lattice with an acceleration given by 

A 8 
a=- -(~v). 

2 8t ' 
(3.1) 

where A is the wavelength of the laser light. The frequencies of the FRL beams are 

adjusted independently by the acousto-optic modulators (AOMs) located in each 

FRL beam (Fig. :3.2). The modulation signals applied to the :\OMs are generated 

by a Stanford Research synthesized function generator. which has two output fre

quencies. One is a fixed reference frequency of 10 MHz and the other is a computer 

controlled frequency centered at 20 MHz. It is important to note that both fre

quencies are generated from the same clock. This ensures that both beams have 

the same absolute phase, preventing any changes of the acceleration due to phase 

fluctuations. The frequency of the 10 MHz signal is multiplied by eight while the 

adjustable output frequency is multiplied by four. Both signals are amplified and 

sent to different AOMs where they shift the frequencies of the FRL laser beams, 

with the variable frequency AOM located in the upper lattice beam. By precisely 

changing the frequency of the upper lattice beam. we can create any time dependent 

acceleration we need. 

3.3.4 Intensity Calibration 

For an accurate comparison of experiment to theory it is necessary to have a reliable 

measurement of the depth of the lattice, which is proportional to the intensities of 

the two laser beams that create the lattice. We use two different methods to calibrate 
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the depth of our lattice. The first method is a direct calibration of the intensity of 

each beam using a power meter, and is done in the process of aligning the lattice 

beams. A small fraction of each laser beam is deflected onto a photo detector. The 

output levels from these photodetectors are then calibrated by measuring the power 

transmitted through the 600 Jl.m aperture located at the center of the laser beam. 

\Vith a calibrated detector in each laser beam. we can measure the intensity of each 

beam at any time. From these intensities. we calculate the depth of the optical 

lattice. The detectors also allow us to monitor the intensity balance between the 

two FRL laser beams. which is important as this tends to drift during the course of 

the day. 

A more direct determination of the lattice depth is done by measuring the para

metric oscillations of the system after it has been perturbed. Atoms are prepared 

in the ground state of a shallow lattice (in the manner described in Section 4.4) and 

the depth of the lattice is suddenly increased to a higher value. The ground state 

wavefunction of the shallow lattice is expanded in the eigenstates of the new deeper 

potential. where the coefficients of the expansion are given by the overlap of the 

original ground state with the new eigenstates. The evolution of the momentum in 

the new lattice is a time dependent oscillation with a frequency proportional to the 

square root of the new potential depth. \Ve measure the new oscillation frequency by 

mapping out the momentum spread as a function of time. Using the band structure 

program (Sec. 2.4.3) to calculate energy levels versus potential depth, we calibrate 

the depth of our lattice by comparing our measured frequency to the band structure 

predictions. Drifts of 2-4% in the calibration during a day \vere not uncommon and 

is most likely due to slight changes in the pointing of the laser beams caused by 

mechanical drift. Generally, a calibration of this type is done at the beginning of 

the day and another at the end of the day. allowing for a linear interpolation to the 

data sets acquired in the middle of the day. 



3.4 Diagnostic Techniques 

3.4.1 Time-of-Flight Analysis 
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The primary data acquisition method used for the experiments in this thesis, is 

the time-of-flight (TOF) technique. TOF measurements are typically used to gain 

information about the momentum distribution of the atomic sample and the corre

sponding kinetic temperature [24]. In this technique. the atoms are released from 

the lattice and fall under the influence of gravity until they arrive at a probe beam 

located'"'"' 4. 7 em beneath the atoms. Because of the finite temperature of the atoms, 

they have a nonzero velocity spread and the initially small sample of atoms will ex

pand in size as they fall. By measuring the absorption of laser light as the atoms 

fall though the probe beam, we determine the size of the ball of atoms and from 

that calculate the initial velocity spread and temperature of the atomic sample. 

3.4.2 Stern-Gerlach Analysis 

The basic time-of-flight measurement is easily modified to carry out a Stern-Gerlach 

type of measurement on the internal state of the atom. The application of a magnetic 

field gradient during the time the atoms are falling provides a state dependent force 

proportional to the magnetic quantum number m of the internal state of an atom 

[2.5]. This force leads to different arrival times for the atomic distribution of each 

magnetic sub-level. This technique is used to measure the temperature and fraction 

of atoms in each of the 9 magnetic sub-levels. 

A typical Stern-Gerlach measurement proceeds as follows. A strong ( 1 Gauss) 

magnetic field is applied along the lattice axis. preventing the spins from precessing 

and maintaining the projection, mh, along the quantization axis. The atoms are 

released from the lattice by suddenly turning off the laser beams, and ,...,__ 20 ms later, 

the MOT coils are turned on creating a magnetic field gradient with a strength 

of approximately 2.5 Gjcm. The MOT coils turn on slowly with a rise time of 

'"'"'6 ms, which is slow enough to allow the dipole moments to adiabatically follow 

the magnetic field, preserving the projections mli. The magnetic field gradient is on 
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Figure 3.4: (a) Standard time-of-flight distribution. (b) Time-of-flight with Stern
Gerlach analysis showing the nine magnetic sublevel populations. 

for 35 ms, during which the atoms experience a force given by 

(3.2) 

where \1 IB I is the gradient of the magnitude of the magnetic field. This force is 

strong enough to separate the arrival times for each magnetic sub-level, and they 

are easily resolved in a typical TOF spectrum obtained when the atoms fall through 

the thin probe beam (Fig. 3.4). The TOF spectrum is fit with a sloping background 

and a set of nine Gaussians with independent widths, amplitudes, and locations for 

a total of 29 variables. Often it is necessary to constrain the fit model if some of the 

peaks are unresolvable due to overlap with other peaks, or simply a lack of atoms 

in the peaks. 

The gradient field produced by the MOT coils is not completely uniform and this 

can give rise to biases in the detection efficiency of different magnetic sub-levels. The 

two major contributions to the detection efficiency are the velocity of the atoms as 

they pass through the probe beam and the fact the atoms have moved significantly 

in a transverse direction so that they miss passing through the probe beam entirely. 

In order to account for these deviations and obtain the correct fraction of atoms 
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in each m-state, it is necessary to carry out an extensive modelling of the atomic 

trajectories. The modelling is carried out by first calculating the magnetic field 

produced by the MOT coils. The force on an atom with an initial random velocity 

and fixed m-state is calculated from Equation 3.2 and is used to determine position 

and velocity after a small time step. dt. The force on the atom at the new position is 

calculated and this new force is used to calculate the next position and velocity. In 

this manner, the trajectory of an atom is propagated until the atom arrives at the 

the probe beam, at which point the arrival time, position, and velocity of the atom 

is recorded. This process is repeated for a large number of atoms (,...., 100, 000) with 

random initial velocities. Analyzing these trajectories provides a simulation of the 

detection efficiency due to different velocities and accounts for atoms that miss the 

probe beam entirely due to a large transverse displacement. From this information 

we can obtain correction factors for the experimental data, correcting the fit results 

for both temperature and number of atoms of each of the nine magnetic sublevels. 

\Vhen setting up this type of experiment there are a few things that must be 

kept in mind. The atoms should not fall through a region of zero magnetic field, 

generally at the center of the gradient field produced by the ~lOT coils. This is 

necessary to avoid precession of the magnetic moment in weak magnetic fields. To 

solve this problem, one can either let the atoms fall for a sufficient distance before 

turning on the gradient field, or preferably, accelerate the atoms up .. vard so they 

are a significant distance from the zero point when the gradient field is turned on. 

Acceleration has the further advantage of giving the atoms a longer flight time which 

increases the arrival times separation of different magnetic sublevels. making them 

easier to resolve. 

3.5 Zeroing the Magnetic Fields 

3.5.1 Larmor Precession in Free Space 

One of the main difficulties in carrying out the coherent dynamics experiments in 

a double-well potential is adequately controlling the magnetic fields. The ground 
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band splitting is sensitive to magnetic fields. and it is therefore necessary to elim

inate the background magnetic fields due to all external sources to a fraction of a 

milliGauss. Since the experiment takes place inside a sealed vacuum chamber, we 

cannot measure the magnetic field at the position of the atoms with an magnetome

ter. Therefore. we use the atoms themselves to measure the magnetic field. This 

is done by measuring the Larmor precession of untrapped atoms in free space. i.e. 

with no light fields present. Our ability to carry out Stern-Gerlach type measure

ments allows to measure the Larmor precession of the atom's magnetic moment in 

a background magnetic field. The Larmor precession frequency, ;.,.;L is related to the 

magnetic field strength, B, by the following expression; 

eB 
WL = -;:;-

-J.L B 

(3.3) 

where e is the electron charge and J.L 8 is the magnitude of the magnetic moment. 

l. sing the precession frequency as our magnetometer. we eliminate background mag

netic fields by applying compensating magnetic fields produced with three pairs of 

Helmholtz coils. \Vith this technique we can eliminate static background magnetic 

fields to better than 0.2 mG. 

In addition to DC magnetic fields. there are also AC fields that we must control. 

The largest contribution is from 60Hz line noise. This is minimized by moving 

equipment as far away from the atoms as possible. \Ve also synchronize the start of 

the experiment with the line frequency so that the experiment always occurs at the 

same phase of the line cycle. The duration of most of the experiments discussed in 

Chapters 4 and 5 is less than the period of the 60Hz line frequency, so that. over the 

course of one experiment, the AC field does not change significantly. The remnant 

:\C field can then be compensated for together with the DC fields. 

3.5.2 Window Seals 

Free space Larmor precession can be used to measure and then cancel the uniform 

component of the magnetic field. In the present version of the experiment we also 

need to eliminate magnetic field gradients as well. The vacuum chamber that we use 



.jl 

is constructed of two large glass windows sealed to metal vacuum flanges. The seals 

are constructed of a thin piece of Kovar~ a metal which is easily magnetized. The 

magnetic field produced by these window seals has a strong gradient component on 

the order of 1-4 mG/mm. This gradient is eliminated by applying compensating 

magnetic field gradients produced by pairs of coils in an anti-Helmholtz configura

tion. \Ve can use free space Larmor precession to guide in the elimination of the 

gradients as well. A gradient in the magnetic field will cause atoms across the atomic 

sample to precess at different frequencies, leading to a dephasing of the precession 

after several oscillations. Thus. by maximizing the dephasing times, we compensate 

for the background gradients created by the window seals. Application of the com

pensating gradients changes the magnetization of the seals slightly, and therefore. 

the process is iterated several times until the system stabilizes. 
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CHAPTER4 

STATE PREP.NRATION IN AN OPTICAL LATTICE 

4.1 Introduction 

for studies of wavepacket dynamics. it is desirable to start with each atom in a pure 

state. In the experiments discussed here. the target state is the vibrational ground 

state In = 0) of the extreme stretched state jm = +4). In this chapter we describe 

experiments with the goal of preparing as many atoms as possible in this state. 

Atoms in a near-resonance lattice are distributed over all the magnetic sub-levels 

with a majority in the stretched states, jm = ±4). Furthermore. atoms within a 

given magnetic sublevel are distributed over the available vibrational states in that 

potential. From this starting point, we use enhanced laser cooling techniques in the 

near-resonance lattice, along with a state selection technique in the far-off-resonance 

lattice. to prepare a sample of atoms in our target state. Because state selection 

eliminates atoms not found in our desired state, it is advantageous to find a method 

of preparing all the atoms in the proper state instead of selectively throwing away 

atoms. Prior work on resolved side-band Raman cooling, showed that it is possible 

to cool nearly all the atoms in a two-dimensional optical lattice to the ground state 

of the m = +4 magnetic sublevel [26]. Developments also indicate that Raman 

cooling can be implemented in a one dimensional lattice [27]. eliminating the need 

to throw away atoms through state selection. 

This chapt_er is organized as follows. Section 4.2 describes extensive experimental 

work on state preparation in the near-resonance lattice. By taking advantage of the 

rapid cooling mechanisms present in the near-resonance lattice. we can, through the 

addition of weak magnetic fields, increase the number of atoms in our desired state. 

The results of this experiment were reported in reference [10] and only the important 
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points are summarized here. A copy of the full paper appears in the Appendix. 

Section 4.3 summarizes another set of experiments studying the best method of 

transferring atoms from the near-resonance to the far-off-resonance lattice. This 

work was reported in reference [11] (also included in the Appendix). The last section 

describes the methods of state preparation and selection that we use in the far-off

resonance lattice. We have not carried out a comprehensive study of the FRL 

preparation methods, in contrast to the NRL preparation and transfer methods, 

but have roughly optimized the techniques for the specific lattice parameters we use 

in the experiments of Chapter 5. 

4.2 Enhanced Laser Cooling in the Near-resonance Lattice 

4.2.1 Weak Magnetic Fields in the Near-resonance Lattice 

In the absence of an external magnetic field, laser cooling in the near-resonance 

lattice will distribute atoms over all the magnetic sublevels with a majority in the 

two extreme states lm = ±F). By applying a weak magnetic field to the near

resonance lattice, we can significantly modify the distribution of atoms, and, with 

the proper choice of parameters, increase the number of atoms in our target state. 

We expect these magnetic fields to modify the atomic distribution in the fol

lowing manner. Deutsch, et al. [28] suggest that cooling in near-resonance lattices 

is enhanced by the coherent mixing of magnetic sublevels near the crossing regions 

of the adiabatic potentials. The mixing of magnetic sublevels is increased for vi

brational states near the top of the adiabatic barrier and this enhances the optical 

pumping of atoms in higher lying states to lower lying states. Thus, by changing the 

degree of mixing of magnetic sublevels through the addition of external magnetic 

fields, we can cause a redistribution of atoms in the lattice. 

Recalling the discussion of Section 2.2.3, a longitudinal magnetic field, Bz, shifts 

the states IF, m) in energy according to 8Em = gFf-LBmBz with the potentials shifting 

either higher or lower in energy depending on the sign of the field. As illustrated 

in Figure 4.1, the adiabatic potentials will have one region associated with, for 
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example. the I F. +m) state shifted lov•er in energy with a corresponding increase 

in the available energy levels and a decrease of energy levels for the region shifted 

higher in energy. In this case, we expect laser cooling to redistribute the atoms with 

a bias towards the deeper potential well. 

A transverse magnetic field. Bx. introduces couplings between magnetic sub

levels that differ by m = ± 1. thereby increasing the mixing of magnetic sublevels 

(Sec. 2.2.3 and Fig. 2.4). The adiabatic potentials will have larger avoided crossings 

and a reduction in the peak to peak depth of the adiabatic potential. Since mixing 

increases for states lower in the potential than for zero field, we might expect the 

atoms to redistribute to lower vibrational levels, resulting in a lower temperature. 

4.2.2 Experimental Set-up 

\Ve measured the effects of these magnetic fields on the distribution of atoms in 

the near-resonance lattice (NRL) in the following manner. Atoms are loaded into a 

lD lin-1_-lin optical lattice detuned 20 linewidths to the red of the F = 4-+ F' = 5 

transition. A set of current carrying coils are used to produce the magnetic fields Bx 

and 8=, which can be applied individually or in combination during the NRL phase. 

After several milliseconds the atoms reac_h a steady state distribution. \Ve then carry 

out a Stern-Gerlach measurement, with several examples shown in Figure 4.1 along 

with the corresponding adiabatic potentials. The temperature Tm and population 

11m of the atoms in each magnetic sublevel are found by fitting the TOF spectra 

and extracting the relevant parameters. 

4.2.3 Longitudinal Magnetic Fields 

Figure 4.2 shows the fraction of atoms, !1±4 , in the extreme states lm = ±4) as a 

function of longitudinal magnetic field in units of the Zeeman shift. 8Em, normalized 

by the peak to peak depth Upp of the diabatic potential. As expected, the population 

shifts to the deeper state. reaching a maximum when the Zeeman energy shift is 

approximately half of the potential depth. Also shown in the figure are the results 

of quantum Monte-Carlo wave-function simulations (QMCWF) of our experiment 
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Figure 4.1: The lower three adiabatic potentials in the near-resonance 1D lin-1_-lin 
optical lattice, and corresponding time-of-flight spectra showing magnetic sublevel 
populations. Lattice depth Upp = 138 ER and detuning .6. = -20 r; (a) no external 
magnetic field , (b) a longitudinal magnetic field of 35 mG; population shifts to the 
deeper potential , (c) a transverse magnetic field of 35 mG; mixing occurs deeper in 
the potential and atoms preferentially populate lower vibrational states. 
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carried out by Georg Raithel. We observe reasonably good agreement between our 

data and the simulations. Deviations between the two methods are most likely due 

to uncontrolled stray magnetic fields of the order of 10 mG in our experiment. 

Shown in part (b) of Figure 4.2 is the corresponding kinetic temperature, T±4 , 

of atoms in the stretched states. As can be seen, the increase in population in the 

stretched states is accompanied by an increase in the kinetic temperature as well. 

From the temperature and depth of the lattice, we calculate the mean vibrational 

excitation and corresponding atomic distribution over vibrational levels using the 

equations of Section 2.4.1. Figure 4.3 shows the vibrational ground state popula

tions, 1r m,n=O in the extreme states as determined from the data of Figure 4.2. The 

maximum ground state population occurs for a magnetic field of about 30 mG and 

has value of 7r ±4 ,0 = 0.28 ± 0.03. This represents an increase of approximately 33% 

over the value at zero magnetic field. Our results are in reasonably good agreement 

with the QMCWF simulations, although the simulations indicate that it might be 

possible to obtain populations closer to 1r ±4 ,0 = 0.35. At the time of this experiment, 

we were not fully aware of the gradients caused by the window seals (Sec. 3.5.1). 

Thus the likely culprit for the disagreement between the simulations and our data is 

probably uncontrolled stray magnetic fields. In particular, a magnetic field gradient 

across the atomic sample would tend to smooth the results, possibly accounting for 

the lack of sharper features in our experimental data. 

4.2.4 Transverse Magnetic Fields 

The effect of a transverse magnetic field on an optical lattice is qualitatively dif

ferent than a longitudinal field. We expect the temperature to decrease slightly 

as a transverse magnetic field is applied due to the increased mixing of magnetic 

sublevels. Figure 4.4 shows the total kinetic temperature of all the atoms versus 

Bx for a few different values of longitudinal field Bz. As expected, we observe a 

symmetric decrease in the kinetic temperature with increasing transverse field for 

small values of Bx. The minimum in the temperature shifts to larger values of Bx 

as the longitudinal field is increased. In Figure 4.4b, we show a direct comparison 
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Figure 4.2: (a) Total population IIm and (b) temperature T m in the magnetic sub
levels lm = +4) (open squares) and lm = - 4) (filled squares) versus applied lon
gitudinal magnetic field Bz in units of 5E4 /Upp· Lattice parameters are detuning 
~ = -20 r, and depth of Upp = 135 ER. Lines represents results from QMCWF 
simulations for the same lattice parameters. 
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Figure 4.3: Population of atoms in the vibrational ground state 1r m,o of the m = ±4 
potentials (open and filled squares) versus applied longitudinal magnetic field Ez in 
units of 6E4 / Upp· Lines correspond to predictions fro1n QMCWF calculations. 

between experiment and QMCWF calculations . We see qualitative agreement , with 

the apparent differences most likely caused by background magnetic fields. 

The decrease in kinetic temperature seems to indicate that application of a small 

transverse field can increase the fraction of atoms in the ground vibrational state. 

However , due to the strong mixing of magnetic sublevels in the optical potential 

induced by Ex, atoms in a given bound state can no longer be associated with a 

single magnetic sublevel. This limits the effectiveness of the method in populating 

specific magnetic sublevels . Fortunately, the QMCWF simulations are not affected 

by this experimental difficulty and we can calculate directly the expected ground 

band populations . We find that for values of Ex ~ Ez ~ 25 mG and UPP = 70 ER 

the ground band population is 0.45, which is nearly 80% larger than the zero field 

value of 0.25 . 
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Figure 4.4: (a) Mean kinetic temperature of atoms in a shallow near-resonance 
lattice (Upp = 40 ER) versus transverse magnetic field Bx for different values of lon
gitudinal magnetic field : filled circles, Bz = 0 mG; open squares, Bz = 45 mG; filled 
triangles, Bz = 67 mG; open circles, Bz = 95 mG. (b) Temperature versus trans
verse field for B z = 0 m G (filled circles) and B z = 90 m G (open circles) along with 
corresponding QM CWF calculations (solid and dashed lines). Lattice parameters 
~ = -2lf and UPP = 108 ER. 



60 

4.3 'lransfer into the Far-off-resonance Lattice 

In order for the enhanced state preparation techniques of a near-resonance lattice 

(:\RL) to be usefuL we must be able to successfully transfer the atoms to a far

off-resonance lattice (FRL) with no increase in the vibrational excitation or change 

in the distribution over magnetic sublevels. 'We also want to evaluate the far-off

resonance lattice to determine if we can hold atoms for long times without any 

increase in vibrational excitation due to heating effects. 

4.3.1 Adiabatic Release and Recapture 

A first guess as to the best method of transferring atoms from the NRL to the 

FRL would be to first adiabatically decrease the depth of the NRL until the atoms 

become free particles with near-zero momentum, and then adiabatically increase the 

FRL recapturing the free atoms. Adiabaticity, in this case. would be achieved by 

decreasing the depth slowly enough that the change in the oscillation frequency is 

small compared the oscillation frequency. (J....:jJt)w- 1 << w [29]. Since w ex: Jl this 

can be accomplished with a time dependent intensity of the form, 

I t - l(O) 
()- (1 + rAt)2 ( 4.1) 

where fa is the initial intensity and r.-\ is the release parameter in units of inverse 

time. \Vith the adiabatic turn on of the FRL, the free atoms would, in an ideal sit

uation, become tightly bound in the far-off-resonance lattice. This transfer method 

did not work well in our system because, as the atoms become free particles, they 

begin to accelerate under the influence of gravity and gain momentum. This addi

tional momentum leads to an increase in the vibrational excitation when the atoms 

are trapped in the FRL Another consequence of an atom spending time in a free 

state is the possibility that the magnetic moment may precess about any residual 

magnetic field, changing the distribution over magnetic sublevels once transfer to 

the FRL is completed. 
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4.3.2 Tight Binding Transfer 

To avoid these difficulties we developed a transfer method that keeps the atoms 

bound in an optical lattice at all times. The intensity of the NRL is linearly decreased 

while the intensity of the FRL is simultaneously increased (Fig. 4 .. 5(a)). The atoms 

remain bound in a lattice at all times and are, therefore, not accelerated by gravity 

during the transfer process. This confinement in an_opticallattice also helps avoid 

the problems of precession about a background magnetic field. Part (b) of Figure 4.5 

shows the TOF distributions obtained from the Stern-Gerlach measurements before 

and after the transfer to the FRL. The transfer efficiency is typically about 90% 

and the m-state distribution is well preserved during transfer. We also observe no 

significant increase in the mean vibrational excitation, n. For example, we find 

n = 0.37 ± 0.03 in the NRL and n = 0.34 ± 0.03 in the FRL immediately after 

transfer. 

4.3.3 Heating Rates in the Far-off-resonance Lattice 

In addition to measuring n immediately after the transfer. we also measured n as a 

function of hold time in the far-off-resonance lattice for various lattice depths and 

detunings (Fig. 4.6). We find that the mean vibrational excitation is increasing 

in time as a result of heating due to photon scattering. The lines in Figure 4.6 

correspond to calculations of the increase in n due. primarily. to photon scattering. 

The calculations are reasonably consistent with the experimental data at short times 

but deviate at longer times. This behavior at long times may be an indication of 

a small amount of Sisyphus cooling present in the far-off-resonance lattice. These 

heating rates indicate that we should minimize the time in the FRL as much as 

possible. 
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Figure 4.5: (a) Intensity profiles of NRL and FRL as a function of time. (b) Zeeman 
analysis time-of-flight spectra of NRL (lower curve) and FRL (upper curve) showing 
effective transfer of magnetic populations. 
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Figure 4.6: Mean vibrational excitation n as a function of time in the far-off
resonance lattice for various lattice depths and detunings: CPP = 105 ER, ~ = 
-:38:31 r (open circles); Upp = 105 ER, 6 = -1916 r (filled circles); Upp = 209 ER, 
~ = -1916f (filled squares). The various lines show expected heating due to photon 
scattering for each set of parameters. 

4.4 State Preparation and Selection in the Far-off-resonance 
Lattice 

l. sing the techniques discussed in the previous sections, we prepare a substantial 

fraction of the atoms in the vibrational ground state of the m = +4 potential of the 

near-resonance lattice and efficiently transfer them to the far-off-resonance lattice. 

This is closer to our goal of a pure state. However, there are still atoms in other 

magnetic sublevels and higher lying vibrational states that need to be eliminated. 

This section presents the details of state preparation and state selection techniques 

we use in the far-off-resonance lattice to prepare our pure sample of atoms in the 

vibrational ground state of the m = +4 potentiaL 
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4.4.1 Optical Pumping 

Atoms that are not in them= +4 state are pumped there by a short pulse (~200ps) 

of circularly polarized light. tuned to the resonance frequency of the F = 4 -+ F' = 4 

transition. The absorption of ""+ photons from this beam optically pumps atoms 

in other magnetic sublevels to the m = +4 sublevel. Once there. the atoms do not 

scatter ""+ light. We also overlap a small amount of light tuned to the F = 3 -+ 

F' = 4 transition in order to repump any atoms that might have decayed to the 

F = :3 hyperfine ground state. The optical pumping pulse prepares nearly 100% 

of the atoms in the state lm = +4), with the atoms distributed over the available 

vibrational levels. 

4.4.2 State Selection 

The next step in preparing our pure state is to eliminate those atoms that are not 

in the vibrational ground state of the lm = +4) potential. This is done by a state 

selection technique where we lower the depth of the lattice until it is shallow enough 

that only atoms in the ground state are tightly bound. In order to fully understand 

this process it is necessary to examine the band structure as the lattice depth is 

decreased. The width of an energy band associated with a given state is related to 

how strongly localized (i.e. "bound") the state is in the potential. For states near 

the top of the potential, the band width increases until it nearly overlaps with other 

bands, eventually creating a continuum of available states. Atoms in these higher 

lying states are loosely bound and approach free particle states. Thus, the state 

selection process consists of finding a depth at which only ground state atoms are 

tightly bound. This process is assisted by accelerating the lattice upwards which 

will impart an upward velocity to only the tightly bound atoms, 1.vhile atoms in 

nearly free states will fall under the influence of gravity. 

The experimental procedure is as follows. Approximately 100 ps after the atoms 

have been optically pumped, a large magnetic field (55 mG) is applied along the 

quantization axis of the lattice. This magnetic field is large enough to separate 

the different magnetic sublevel potentials, in order to prevent atoms in the m = +4 
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potential from making transitions to other magnetic sublevels as the lattice depth in 

lowered. The depth of the far-off-resonance lattice is adiabatically lowered in .50 ps 

to the depth where only the ground state is bound. The lattice is then accelerated 

upv•.-ards at a rate of approximately 300 m/s2 for L5 ms. imparting a velocity of 

'""0.4.5 mjs to the ground state atoms. The acceleration is then readjusted so that 

the lattice reference frame is in free falL The depth of the lattice is then adiabatically 

increased to the desired leveL 

Finding the lattice depth at which only the ground state atoms are tightly bound 

is accomplished by measuring both the temperature and number of trapped atoms 

in the lattice as a function of the lattice depth. As the lattice depth is lowered, 

higher lying vibrational states become essentially unbound and the atoms in those 

states will escape from the lattice. The width of the energy bands increases roughly 

exponentially with a linear decrease in the lattice depth. "Ve would expect, therefore, 

to see steps in the number of trapped atoms as different states escape from the lattice 

and the atoms are lost. 

4.4.3 Results of State Selection 

Figure 4./(a) shows a typical set of data illustrating how the temperature and num

ber of atoms in the lattice changes with lattice depth. For very shallow lattices even 

the ground state is no longer tightly bound and the number of atoms trapped in 

the lattice rapidly decreases to zero. The temperature, however, does not go to zero 

because of the non-zero ground state energy. For a pure sample of atoms in the 

ground state, we measure a kinetic temperature To that is given by the variance of 

the momentum of the ground state; 

(4.2) 

In the regton near U1 = 20 En in Figure 4.7(a), there is a distinct leveling off of 

the temperature indicating the we have reached the depth where only ground state 

atoms survive the acceleration. 

"Ve can determine the fraction of atoms Ill the ground state, iL1•0 , from the 
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Figure 4.7: (a) Kinetic temperature (filled squares) and number of atoms (open 
circles) remaining in the far-off-resonance lattice versus lattice depth. (b) Fraction 
of atoms in the vibrational ground state, iim.O• vs. lattice depth. 

temperature measurements by using Equations 2.17 and 2.20. Figure 4.7(b) shows 

rr4 ,0 as a function of lattice depth, and indicates that of the remaining atoms in the 

lattice at least 90% are in the vibrational ground state. 



CHAPTER 5 

COHERENT WAVEPACKET DYNAMICS IN AN 
OPTIC.A:L LATTICE 

5.1 Introduction 
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This chapter presents the results of our experiments to measure the coherent dynam

ics of atoms in a double-well potential. By preparing an ensemble of atoms on one 

side of the double-well potential. we observe coherent oscillations as the atoms move 

from one side of the potential well to the other. The results of these experiments 

are reported here and in [:30] (a copy of the paper is included in the Appendix) and 

also in [17]. 

This chapter is organized as follows. Section 5.2 presents the experimental details 

of the coherent dynamics experiment. The methods we use to measure the coherent 

oscillations is presented first and is followed by a discussion of how we analyze 

the ra\v data and extract the relevant quantities. There is also a brief discussion 

of the difficulties of magnetic field control and how we can use the double-well 

system to more accurately measure and eliminate the background magnetic fields. In 

Section .5.:3. we present the results of the coherent dynamics experiments conducted 

under various combinati~ns of lattice parameters such as relative polarization angle, 

magnetic fields, and lattice depth. The final section also contains a discussion of 

possible mechanisms responsible for the dephasing of the oscillations. 

In conjunction with our experimental work, .John Grondalski at the university 

of New Mexico developed a program to simulate our experiment. This is done by 

numerically integrating Schrodinger's equation with the full time dependent Hamil

tonian, including the time varying magnetic fields. These simulations have provided 

valuable insights in interpreting our experimental results and guiding our choice of 

experimental parameters. 
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5.2 Experimental Procedure 

5. 2.1 Measuring Coherent Oscillations 

The starting point for this experiment is a sample of atoms prepared m one of 

the localized states in the double-well potential. In Chapter 4 we sa\v that it is 

possible to prepare a sample of atoms in the vibrationai ground state of them = +4 

potential through the methods of state preparation and selection. In order to observe 

coherent Rabi oscillations, we must, therefore, adiabatically transfer the atoms from 

the m = +4 potential to one of the localized states of the double-well potential. 

Adiabatic in this situation means that the evolution to the new state must be faster 

than the coherent dynamics given by the ground band splitting (the "Rabi- period, 

T = 1/f!). The evolution must also be _slower than the time scale given by the 

splitting between the ground doublet and the next higher band in order to avoid 

exciting atoms into higher lying states. 

vVe connect to the localized state in the following manner. After the state selec

tion (Sec. 4.4), the atoms are trapped in the optical lattice in them = +4 potential. 

There is a strong magnetic field ( B= ~ .j.j mG) in the longitudinal direction in order 

to prevent precession of the atoms to other m-states. From this starting point, we 

begin the transfer by first linearly ramping up the transverse magnetic field, Bx in 

2.50 J.lS to its target value, typically in the _100 mG range. We then turn off the axial 

magnetic field by reducing ies magnitude from 5.5 mG to zero in 70 ps. For ramp 

times much shorter than 70 Jl.S, our experimental data. as well as numerical simula

tions. indicate that the resulting coherent evolution is no longer a simple oscillation, 

indicating that we have not adiabatically connected to the ground doublet. but have 

instead transferred some atoms to higher lying states. 

When the axial field is ramped to zero, the atoms are left in the localized state 

one one side of the double-well potential that we refer to as the I L) state. The 

atomic wavepacket will be begin to oscillate between the jL) and IR) states with a 

frequency given by the ground doublet splitting hf!. We map out the motion of the 

atom as a function of time by measuring the magnetic populations at different times 
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Figure 5.1: Typical time-of-flight signal of a Stern-Gerlach analysis, with a fit to 
the data. 

using Stern-Gerlach analysis. At the desired measurement time, we quickly (a few 

f.LS) turn on a strong magnetic field on the order of 1 Gauss. This alignment field 

is used to stop the oscillation and freeze the m-state distribution, preventing any 

further evolution of the atomic state. The optical lattice is then turned off by quickly 

extinguishing the laser beams, leaving the atoms in free fall. We then proceed with 

the Stern-Gerlach analysis as described in Section 3.4.2. We fit the resulting time

of-flight spectrum (Fig. 5.1) with a set of nine Gaussians with amplitude and width, 

and extract the fraction of atoms, IIm, in each magnetic sublevel. 

5.2.2 Data Analysis 

From the magnetic sublevel populations , we calculate the average magnetization, 

m, which is simply defined as 

+4 
m L m IIm. (5.1) 

m =-4 
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The average magnetization can be used as an indicator of the position of the atomic 

wavepacket because of the correlation between the internal state and the external 

position of the atom (Sec. 2.4.4). Figure 5.2 shows several data sets of m versus time. 

We fit the data with an exponentially decaying sinusoid, Ae-t/TD cos(!lt + ¢) + {3, 

from which we extract the frequency !1, amplitude A, mean {3, and phase ¢> of the 

oscillation, as well as the decay constant TD. The decay of the oscillation is most 

likely due to dephasing of the oscillation due to intensity variations, which will be 

discussed in more detail in Section 5.3.3. Ideally, in the absence of a magnetic field 

along the lattice axis, the magnetization should oscillate about a mean value of 

{3 = 0, but we sometimes observe oscillations about mean values less than zero, 

depending on the lattice parameters; see for example Figure 5.2(b ). This slight 

offset is most likely due to some adiabatic following of the atoms magnetic moment 

as the alignment magnetic field is turned on which defines the quantization axis and 

stops the tunneling. The effect of the alignment field was included in the numerical 

simulations of the experiment and the simulations show behavior similar to our 

experimental data, supporting this interpretation of adiabatic following. Future 

versions of this experiment will hopefully eliminate this effect. 

Figure 5.3 shows a typical set of m-state distributions, as well as the results 

expected from band structure calculations for several different times during a tun

neling oscillation. A distribution of particular interest is the one that occurs at 

t = T /4. This corresponds to a Schrodinger cat state with the atom in a superpo

sition of being in both the left and right potential wells. These localized states are 

separated by a distance on the order of 100 nm, which is large compared to the size 

of the atom making this a mesoscopic superposition state. 

5.2.3 Eliminating Background Magnetic Fields 

One of the most difficult challenges of this experiment was eliminating the back

ground magnetic fields. The first method is to use Larmor precession in free space 

as described in Section 3.5.1. With this technique we generally eliminate the fields 

down to the levels of fractions of a milliGauss. Unfortunately, the background mag-



71 

2 
U1=64ER 

1 

m 0 

-1 

-2 
0 200 400 600 800 

2 

U1=84ER 

1 

m 0 

-1 

-2 
0 200 400 600 800 

2 

U1=93 ER 

1 

m 0 •• 

-1 l 
I 

-2 
0 200 400 600 800 

I(JJS) 

Figure .5.2: Mean magnetization m versus time for several different lattice depths; 
(a) ul = 64 ER, (b)Ul = 84 ER, (c)Ul = 93 ER· (0 = 80 degrees, Bx = 85 mG). 
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point (t = 0) for the experiment. 
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netic fields can drift on the order of a milliGauss in the course of a few hours. 

Changes of this size in the transverse field are not that detrimental because of the 

large applied transverse magnetic field ( rv 100 mG). This is not the case for the axial 

component however. Recall from Section 2.4.4 that an axial field causes a detuning 

of the two-level system. For the typical lattices of this experiment, an axial field of 

one milliGauss causes a detuning comparable to the resonant Rabi frequency. It is 

therefore necessary to periodically check the background fields, typically every two 

or three hours. 

The mean, (3, of the tunneling oscillation is very sensitive to the longitudinal 

magnetic field, Bz· We can use this property to zero the axial field to better than 

a tenth of a milliGauss. This is done by measuring the average magnetization at 

a time when the oscillation has completely dephased, (typically 1 ms). The net 

magnetization, after dephasing has occurred, should correspond to the mean of 

the oscillation f3. Figure 5.4 shows a few data sets of the oscillation mean f3 as 

a function of Bz for several different lattices. This procedure allows us to quickly 

measure the shifting background magnetic fields without significant interruption to 

the data taking process. 

Zeroing the axial field while the atoms are in the lattice has another advantage 

in that it allows us to compensate for any homogeneous polarization errors in the 

two lattice beams. Recall from Section 2.2.2 that polarizations differences between 

counterpropagating laser beams can give rise to an fictitious magnetic field, Beff, 

along the lattice axis. When we compare the value obtained by zeroing the mag

netic field with no lattice present to the value obtained by zeroing in the tunneling 

situation, we find an offset of a few milliGauss. This offset is most likely due to 

a effective magnetic field due to a small amount of polarization error, which we 

compensate with a real magnetic field. 
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Figure .5.4: Mean. ,:3. of the dephased Rabi oscillations as a function of applied mag
netic field 8= for different values of transverse field Bx: open squares. Bx = 10.5 mG: 
filled triangles. Bx = 8.5 mG. open circles. Bx = 72 mG. The lattice parameters are 
()=SO degree. cl = 84 ER and~= -3000 r. 

5.3 Presentation of Results 

5.3.1 !1 vs. U1 and Bx 

In order to provide a good comparison between experiment and theory, we mea

sured the wavepacket oscillations under a range of values of light shift, transverse 

and longitudinal magnetic fields, angle, and lattice detuning. Figure 5.5 shows the 

oscillation frequency versus the single beam light shift for a relative polarization 

angle of 0 = 80 degrees and 8.5 degrees, along with the predicted values of the 

ground band splitting obtained from band structure calculations. Figure .5.6 shows 

the oscillation frequency versus the applied transverse magnetic field Br. We find 

excellent agreement between the theoretical and our experiment data. The error 

bars are estimated uncertainties obtained from combining statistical and systematic 

errors. The fact that the experimental points all lie above the theory for the data 
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Figure 5.5: Measured Rabi frequencies. (a) n vs. U1 for parameters e = 80 degrees , 
E x = 85 mG. (b) n vs. U1 for parameters e = 85degrees, E x = 125 mG. Open( filled) 
circles indicate data taken in a red(blue) detuned lattice. The solid curves show the 
predicted ground-doublet splitting obtained from band structure calculations; the 
dashed curve shows the splitting if we include a 4% increase in U1 . The shaded 
regions correspond to splittings that lie below the adiabatic barrier, where motion 
is unconditionally forbidden in the classical limit. 
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Figure 5.6: Measured Rabi frequencies !1 versus transverse magnetic field Bx for 
parameters() = 80degrees, U1 = 84ER. The solid curve shows the predicted ground
doublet splitting obtained from band structure calculations; the dashed curve shows 
the splitting if we include a 4% increase in U1 . The shaded region corresponds 
to splittings that lie below the adiabatic barrier, where motion is unconditionally 
forbidden in the classical limit. 

taken with () = 80 degrees (Fig. 5.5( a) and Fig. 5.6) is most likely caused by a 4% 

systematic experimental underestimate of the lattice beam intensities on the day 

those data sets were acquired. The measured beam intensities are used to obtain 

predictions for the oscillation frequencies. The dashed line corresponds to predicted 

values if we include a 4% correction to the intensity. The shaded regions in the plots 

indicate regions in which the mean energy of the ground band doublet is below the 

lowest adiabatic barrier. In these cases , the motion across the barrier is classically 

forbidden due to energy considerations and, therefore, the oscillations we observe 

are due to quantum tunneling through the potential barrier. It is important to note 

that even for the case where the ground band energy is above the adiabatic barrier 

the motion is classically unlikely and the oscillations we observe are still due to 

quantum behavior. 
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5.3.2 n vs. Bz 

Figure 5. 7( a) shows the tunneling frequency as a function of applied axial field, 

Bz· In this case we observe the expected behavior of a system exhibiting two-level 

dynamics. The application of Bz shifts one side of the double-well potential higher 

in energy and the other lower in energy which corresponds to a detuning in the 

two-level system. From the occupation probabilities of a detuned two-level system 

(Eqs. 2.34 and 2.35), we can calculate the expected amplitude of the oscillation, A, 

as a function of applied magnetic field. Figure 5. 7(b) shows the expected amplitude 

as well as the values measured from our experiment. The good functional agreement 

indicates that the behavior we observe is well confined to the ground band doublet 

and can be effectively described by two-level dynamics. The reduced amplitude we 

observe is possibly an indication that we have not prepared all the atoms in the left 

localized state, but have prepared some fraction of atoms in an incoherent mixture 

of the left and right states. 

5.3.3 Dephasing 

For atoms trapped in a far-off-resonance lattice, we would expect the Rabi oscilla

tions in the double-well potential to be limited by the photon scattering rate, ls(z). 

Photon scattering will generally destroy the coherence between the left and right 

localized states. Estimating the photon scattering rate from Equation 2.5 , we would 

expect, for our parameters , the dec~herence time to be approximately 1 ms. As a 

consistency check, John Grondalski added spontaneous emission terms to his nu

merical simulations and determined the lower limit on the decoherence time to be 

approximately 800 p,s, but it is probably much longer as photon scattering does not 

necessarily cause full decoherence. In the experiment, we observe the decay times of 

the oscillations to typically occur the range of 200- 400 p,s , which are much shorter 

than the expected times due to photon scattering. In order to confirm that photon 

scattering is not a problem, we performed the experiment in a lattice detuned to the 

blue of the F = 4 ---t F' = 5 transition. The topology of the blue detuned lattice is the 

same as that of the red detuned lattice but the photon scattering rate is reduced by 
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Figure .5.7: (a) Measured Rabi frequencies versus applied axial field B: for param
eters () = 80 degrees, Br = 8.5 rnG, and ul = 84 ER. (b) The amplitude, .4, of the 
Rabi oscillations as a function of B:. The solid curve indicates the predicted am
plitude from the band structure calculations with no free parameters. The dashed 
line is a Lorentzian fit to the experimental data. 
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a factor of approximately three. This reduction of the photon scattering is due to 

the fact that in a blue detuned lattice atoms are trapped at the nodes of the polar

ization that they scatter most, instead of the anti-nodes. Our experimental results 

show no significant difference between the oscillation decay times in red and blue 

lattices. which supports the conclusion that photon scattering is not the damping 

mechanism. This \'l.'ould seem to indicate that the decay of the oscillation is not due 

to a loss of coherence. but rather a dephasing of the signal caused by different atoms 

in the ensemble oscillating at different frequencies due to local variations in the lat

tice parameters. \Vith this in mind. there are several parameters which could vary 

over the atomic sample and cause dephasing: polarization. magnetic field strength, 

and lattice depth. 

Inhomogeneities of the relative polarization angle () across the atomic sample 

would cause atoms to oscillate at different rates. Recall that in the optical potential 

expression of Equation 2.3 there is a term proportional to the ellipticity of the laser 

polarizations. An excess of either <7 + or <7 _ polarized light has the same effect on the 

optical potentials as an equivalent magnetic field along the :: axis. In order to elim

inate polarization inhomogeneities we inserted high quality calcite polarizers in the 

laser beams before they enter the vacuum chamber. We can estimate the possible 

imbalance between the u + and <7 _ components due to ellipticity in the laser beams 

by measuring the extinction of the laser through these high quality polarizers. The 

beams can be extinguished to a part in 106
• which corresponds to a possible imbal

ance of of order 10-3 between 17+ or 17_ components. This small imbalance indicates 

that polarization inhomogeneities are probably not the dephasing mechanism. 

Another possible dephasing mechanism would be inhomogeneities in either or 

both the BL and B= components of the magnetic field. \Ve measure the magnetic 
~ 

fields and minimize the first order gradients using the techniques of Larmor pre-

cession (Sec. 3 .. 5.1 ). We find that we can eliminate the gradients to better than 

0 .. 5 mG/mm, which, given an atomic sample of diameter ...... 400 J.Lm, corresponds to a 

variation of less than 0.2 mG across the atomic sample. This is confirmed by measur

ing the dephasing times of the oscillations of Larmor precession in free space, which 
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should also be affected by magnetic field inhomogeneities. \Ve find long dephasing 

times in Larmor precession in free space and put an upper limit on the variations in 

the magnetic field of 0.1 mG across the atomic sample. Inhomogeneities less than 

this limit would not account for the dephasing times we observe in the tunneling 

oscillations. 

The most likely source of dephasing is the inhomogeneity in the lattice beam 

intensities. which cause local variations in the lattice depth. These variations are 

caused by imperfections in the calcite crystal polarizers and vacuum \\·indows. dust 

on optical components, or diffraction patterns generated by optical mounts. \Ve 

can measure the intensity variations by looking at each lattice laser beam with a 

CCD camera. which allows to clean away dust and optimize the intensity profile. 

The remaining variations are on the order of -5%. These intensity variations were 

included in the numerical simulations of John Grondalski, and the results strongly 

indicate that these inhomogeneities are cause of the dephasing times we observe in 

the experiment. 
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CHAPTERS 

SUMMARY 

Quantum mechanics is one of the most complete scientific theories for describing 

the world and predicting the outcomes of many different types of experiments. Along 

with this predictive power comes some very strange effects. such as entanglement 

and superposition states that are readily seen and understood in microscopic systems 

like an atom or molecule. Understanding why everyday objects like cats, baseballs, 

and people, do not exhibit the same effects as microscopic systems (i.e. we do not 

observe cats being simultaneously alive and dead) has been one of the great mysteries 

of modern science. Recent theories propose that interactions of a system with the 

surrounding environment play an important role in making the quantum world look 

more like the classical world we are familiar with [6]. One of the challenges has 

been to find a simple system in which to conduct well controlled experiments of 

coherent evolution and study the effects of decoherence when the system is coupled 

to reservoirs with different properties. A neutral atom trapped in a double-well 

potential of a far-off-resonance optical lattice shows promise to be such a system 

for several reasons. First of alL optical lattices, arising from the interaction of 

an atom the interference pattern of several laser beams, provide great flexibility 

is design and control by varying laser parameters such as intensity, polarization, 

detuning, and beam geometry. Additional interactions can be introduced through 

the application of external magnetic. electric. or light fields. Secondly, a potential 

created with laser light detuned far from atomic resonance has very low photon 

scattering rates and is nearly dissipation free, making long coherence times possible. 

Another benefit of working with optical lattices, especially those in one dimension, is 

that many effects can be calculated from first principles, making for straightforward 

comparisons between theoretical predictions and experimental results. 
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The main focus of the work described in this dissertation was to study coher

ent atomic motion in a one-dimensional lin-O-lin optical lattice and evaluate its 

usefulness for future studies of decoherence. A lin-O-lin lattice is created by two 

counter-propagating laser beams with linear polarizations at an a relative angle 0. 

\Vith a proper choice of parameters, a lattice of double-wells potentials is created. 

Calculating the band structure of this lattice. we find two energy bands near the 

bottom of the potential that correspond to symmetric and anti-symmetric eigen

states of the potential with a small energy separation n.n. These eigenstates can 

be combined to create states that are localized on the left and right sides of the 

double-well potentiaL If we prepare an atom in one of the localized states we would 

expect the atoms to oscillate between the two localized states with a frequency n. 
The motion of the atom between the two states can be followed because of the 

connection between the internal state and external position of the atom, i.e. the 

motion of the atom from one side of the double well to the other is accompanied 

by a precession of the atomic angular momentum. Thus. by measuring the angular 

momentum via Stern-Gerlach analysis. we can infer to atomic position in the double 

well potentiaL 

The ideal starting point for these coherent dynamics experiments is a ensemble 

of atoms in a pure state; in our case, this pure state is the vibrational ground state 

of atoms in the lm = +4) magnetic sublevel of Cesium. Preparation of atoms in 

this state was accomplished by using a combination of techniques: enhanced laser 

cooling in a near-resonance optical lattice. optical pumping, and state selection in an 

accelerating far-off-resonance lattice. The high rate of photon scattering available 

in a near-resonance lattice makes it usefuJ for laser cooling and, with the addition 

of weak magnetic fields. will cause a redistribution of atoms among the available 

magnetic sublevels and vibrational states in the lattice. A magnetic field applied 

along the lattice axis, for example, causes a Zeeman energy shift of the states with 

atoms preferentially populating the state shifted lower in energy. With proper choice 

of magnetic fields, we prepared approximately 30% of the atoms in our target state, 

a :33% increase over the number at zero magnetic field. The high scattering rate in a 
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near-resonance makes it difficult to obtain long coherence times, and it is therefore 

necessary to transfer the atoms to a lattice generated by light detuned far from 

atomic resonace. The best transfer was accomplished by decreasing the depth of 

the near-resonance lattice while increasing that of the far-off-resonance lattice with 

the atoms remaining bound in an optical lattice at all times. With this technique~ 

we transferred the atoms with essentially no increase in the vibrational excitation or 

change in the distribution over magnetic sublevels. 0{lce atoms were transferred to 

the far-off-resonance lattice. we showed that we could selectively eliminate atoms in 

unwanted states, leaving only atoms in the vibrational ground state. This was done 

by decreasing the depth of an accelerating lattice until only the ground state was 

tightly bound. With these thechniques we regularly obtained a nearly pure sample 

of atoms, with better than 90% in the ground state of the m = +4 potential. 

\Vith the preparation of this pure state, we showed that we can adiabatically 

connect this state to the left localized state in the double-well potential. We studied 

the coherent center-of-mass oscillations of atoms between left and right localized 

states in this double well by using Stern-Gerlach analysis to observe the distribution 

over the magnetic sublevels as a function of time. We measured the frequency of 

the coherent oscillations under a variety of different lattice conditions and observed 

excellent agreement between our experimental values and those predicted by band 

structure calculations. The agreement strongly indicates that our system is well 

approximated by atoms oscillating in a simple two level system. We also found that 

at certain times during the oscillations, atoms were in a mesoscopic superposition 

state of the left and right localized states of the double-well potential. 

We observed the oscillations to decay after sever<_tl periods, which is faster than we 

would expect due to photon scattering. This decay was most likely due to dephasing 

of the oscillations due to lattice inhomogeneities and not from decoherence caused 

by scattering of photons. Future experiments may use spin-echo techniques, along 

with improved lattice homogeneity, to avoid the dephasing problem and observe 

oscillations for longer times. The spin-echo techniques rely on precise control of 

the magnetic field to produce various combinations of rr and rr /2 pulses similar to 
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those used in nuclear magnetic resonance experiments. Improved control over the 

magnetic fields will be necessary for these techniques to work. 

Future improvements in the system will hopefully increase the decay times to 

the point where systematic studies of the role of decoherence can be preformed. 

c\"oise can be added to this system through temporal fluctuations in the transverse 

field. which affect the height of the barrier. or through time varying axial fields which 

change the energy asymmetry between the left and right potential wells. \Vith these 

techniques. we hope to coherently drive the system in order to study effects such as 

the coherent suppression of tunneling [:31. 32] and tunneling via stochastic resonance 

[:3:3] . 
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Atom trapping in deeply bound states of a far-off-resonance optical lattice 

D. L. Haycock, S. E. Hamann, G. Klose, and P. S. Jessen 
Optical Sciences Center. University of Arizona, Tucson, Arizona 85721 

(Received 20 December 1996) 

We form a one-dimensional optical lattice for Cs atoms using light tuned a few thousand linewidths below 
atomic resonance. Atoms are selectively loaded into deeply bound states by adiabatic transfer from a super
imposed, near-resonance optical lattice. This yields a mean vibrational excitation n=0.3 and localization ,1z 
= 'A./20. Light scattering subsequently heats the atoms, but the initial rate is only of order 10- 3 vibrational 
quanta per oscillation period. Low vibrational excitation, strong localization, and low heating rates make these 
atoms good candidates for resolved-sideband Raman cooling. [S 1050-2947(97)50706-2] 

PACS number(s): 32.80.Pj , 42.50.Vk 

The ac Stark shift (light shift) arising in laser interference 
patterns can be used to create stable periodic potentials for 
neutral atoms. Under appropriate conditions these "optical 
lattices" will laser cool and trap atoms in individual optical 
potential wells, with center-of-mass motion in the quantum 
regime. Experiments have explored a number of such lattice 
configurations in one, two, and three dimensions, and de
tailed insight into the dynamics of cooling and trapping has 
been gained through probe absorption and fluorescence spec
troscopy [1]. The possibility of atomic confinement deep in 
the Lamb-Dicke regime suggests that it is worthwhile to pur
sue schemes for resolved-sideband Raman cooling [2] and 
quantum-state preparation [3], as recently demonstrated for 
trapped ions. 

In a standard optical lattice formed by near-resonance 
light , control of the center-of-mass motion is limited by rapid 
laser cooling and heating processes that occu"r at a rate de
termined by photon scattering. These dissipative processes 
are readily avoided when the lattice is formed by intense 
light tuned far from atomic transition. Such far-off-resonance 
lattices have been used extensively in atom optics as diffrac
tion gratings and lenses [ 4] and as model systems in which to 
study quantum chaos [5] and quantum transport [6]. When 
far-off-resonance optical lattices are used to trap atoms, how
ever, the absence of built-in laser cooling makes it difficult to 
obtain vibrational excitation and confinement comparable to 
the near-resonance case. Accordingly, experiments on far
off-resonance lattices have so far achieved low vibrational 
excitation only by allowing the majority of vibrationally ex
cited atoms to escape [7]. We demonstrate here a loading 
scheme, in which cesi um atoms are first cooled and trapped 
in a near-resonance lattice, and then adiabatically transferred 
to a superimposed far-off resonance lattice. Immediately fol
lowing transfer we achieve trapping parameters comparable 
to the near-resonance case, with a mean vibrational excita
tion as low as n= 0.3, and a typical rms position spread of 
Az = A./20. Based on the lattice parameters we calculate an 
off-resonance photon scattering rate of order 103 s- 1. We 
find, ·however, that Lamb-Dicke suppression of spontaneous 
Raman scattering keeps the accompanying increase in vibra
tional excitation on the order of 10- 3 quanta per oscillation 
period. Heating is therefore almost negligible on vibrational 
time scales. 

1050-2947/97/55(6)/3991 (4)/$10.00 

We form our far-off-resonance optical lattice using a pair 
of counterpropagating laser beams of linear and orthogonal 
polarizations [the one-dimensional (!D) lin .llin configura
tion [ 1 ]], tuned a few tens of GHz below the 6S 112( F 
= 4) --t 6 P 3d F 1 = 5) transition at A.= 852 nm. The lattice 
beams are produced with a 0.5-W single-mode diode laser; 
this limits the peak intensity to 1 W/cm2 for Gaussian lattice 
beams with an intensity full width at half maximum = 3.3 
mm. The lD lin .l lin configuration creates a pair of a+ and 
a- polarized standing waves, offset by A./4 so that the anti
nodes of one standing wave coincide with the nodes of the 
other. In the limit of weak excitation the lattice potential for 
the ground hyperfine state !F,m) is the sum of the light shifts 
associated with driven transitions to states I F 1 ,m 1

) in the 
excited-state manifold, 

nr 1 ~ r F ' , 
UFm(z)=-

8
£ -

1 
L.; -;;:-fFmm [(m 1 -m)cos(2kz)+ l ]. 

R 0F'm' u.F 1 

( I) 

In this expression f = 21TX 5.22 MHz is the natural line
width, ER= (nk) 212m is the photon recoil energy, I is the 
intensity per lattice beam, / 0 =7Thfc/3A. 3 = 1.10 mW/cm2 is 
the saturation intensity, AF' is the detuning from the 

F --t F 1 transition, and ~~~m 
1 

is the oscillator strength for the 
transition !F,m)--t! F1 ,m 1

) . In the far-off-resonance limit 
Eq. (l) yields a set of potentials that is topographically simi
lar to the potentials associated with an isolated F = 4 __... F 1 

= 5 transition, with potential minima located at sites of pure 
a+ (a-) polarization for states !4,m > 0) ( !4,m < 0)). In 
this work we are · interested in states localized near the po
tential minima, where the diabatic and adiabatic potentials 
(obtained by diagonalizing the light-shift Hamiltonian) are 
indistinguishable. In that case we can approximate the atoms 
by product states !4,m,n )=!4,m) 0 !nm), where !nm) is an 
eigenstate of the anharmonic oscillator obtained by expand
ing the diabatic potential U 4m(Z) to order (kz) 4 around a 
potential minimum. Exceptions are states involving the mag
netic sublevel !4,0), which are unbound; in our experiment 
those states contain less than 5% of the total population and 
can be ignored. 

We load this far-off-resonance lattice with atoms from a 
superimposed lD lin .llin near-resonance lattice. A cycle of 

R399l © 1997 The American Physical Society 
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FIG. 3. Mean vibrational excitation n in the far-off-resonance 
lattice. as a function of the peak-peak modulation depth upp of the 
lattice potential U 44 • Solid (open) symbols indicate data taken for 
lattice detunings of ~ =- 20 GHz ( ~ =- 10 GHz) . Circles 
(squares) indicate vibrational excitation measured at r= 20 ms ( r 
= 0.1 ms) after transfer from the near-resonance lattice. 

{lnm)} of the nth excited vibrational states, averaged over 
position and weighted by the populations of the l4,m) states, 
and 1r, = L m 1r nm is the total population of the manifold 
{lnm)} . We then assume a thermal distribution over vibra
tional states, and calculate the vibrational temperature that 
yields the observed tl.p . Finally we use the mean excitation 
n = ~ ,n 7T, as a convenient measure to describe the degree of 
vibrational excitation. 

We precool and localize atoms in a near-resonance lattice 
with intensity I= 2.5! 0 per beam and detuning tl. = - 23f. 
This corresponds to a peak-peak modu!ption depth UPP 

= 78£ R of the U 44(<.) diabatic potential, .with three bound 
states in each potential well for the l4.m = :±: 4) states. Figure 
2(b) shows a time-of-fight distribution with individual states 
l4.m ) separated by a gradient magnetic field; the correspond
ing population of the states l4.m= :±:4) is -0.75. The evi
dent population asymmetry between states l4.m = 4) and 
l4.m = - 4) most likely derives from imperfect lattice polar
ization or from a nonzero magnetic field parallel to the lattice 
axis [9]. From the measured momentum spread tl.p = ( 2.57 
±0.04)1ik we infer an n=0.37±0.03 [10], corresponding to 
a population of the vibrational ground-state manifold of 7To 

= 0.73. Taking into account the population in states l4.m = 
:±: 4) we estimate a population 7T = 40= 0.55 in the lowest 
bound state of the lattice. 

To show that our transfer scheme results in negligible 
heating we measure n immediately after transfer, for differ
ent values of the lattice depth U PP and detuning tl. from the 
F=4-+F' =5 transition (Fig. 3). For lattices that are not too 
shallow we find n=0.34::t:0.03 [10]. Using a thermally ex
cited anharmonic-oscillator model we calculate the rms lo
calization to be in the range A/ 17 -A/24, depending on lattice 
depth. These initial values are comparable to those achieved 
in near-resonance lattices. A measurement of the distribution 
of population over states l4.m) [Fig. 2(b)] shows that the 
magnetization is slightly less than in the near-resonance lat
tice, with a total population of -0.55 in states l4,m = :±: 4) . 
Transfer efficiency between the near- and far-off-resonance 
lattices is typically in the range 90-95 %. 

Atoms in the far-off-resonance lattice are slowly heated 
by photon scattering. Figure .4 shows the increase in 

n 
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FIG. 4. Mean vibrational excitation n in the far-off-re sonance 
lattice, as a function of time T elapsed since transfer from the near
resonance lattice. Solid circles correspond to a lattice detuning .l 
= -20 GHz (-3831f) and a peak-peak modulation length U PP 

=lOSER of the U 44 potential. Open symbols correspond to <l = 

-10 GHz (-1916f) and Upp= lOSER (circles). Upp =209£ R 
(squares). Solid, dashed, and dot-dashed lines show the expected 
heating from photon scattering. 

il, as a function of trapping time T, for lattices of different 
depth and detuning. We note that our measurement of n be
comes less reliable as T increases. This happens partly due to 
uncertainty about the transverse velocity of the atoms, but 
mostly due to a breakdown of the anharmonic-osc ill ator 
model as atoms heat up and as they move into regions of 
shallow potentials. For comparison, a band-structure calcula
tion for U PP = 105£ R and U PP = 209£ R (corresponding to 
Fig. 4) shows 3 and 5 bound states. respectively, in the wells 
of the U 44(z) potential. We estimate that the uncertainty on 
nis :±: 10% at r--0 ms, increasing to :±: 20% at r=20 ms [ 10]. 
Accordingly, we do not show values for times r>20 m . 
even though a time-of-flight signal is easily detectable. 

Initially n increases roughly as expected from photon 
scattering. For an atom localized near an antinode of the 
a+ standing wave and optically pumped into the 
state l4.m = 4), the scattering rate is close to y s 

= f(l/4/0 )/(tl/f) 2
. For the parameters of Fig . 4 this corre

sponds to photon scattering rates in the range Ys 
= 500-2000 s -l. Figure 4 shows calculations of n VS time. 
obtained by solving rate equations for the vibrational popu
lations for an atom bound in a potential well of the U ,w(;:: ) 

optical potential, on the axis of the lattice beams. A more 
quantit~tive comparison with theory is not attempted here, 
and will be difficu lt to accomplish given the uncertainty on 
nat long trapping times. Irrespective of the derails of the 
model , however, one always expects the rate of heating to 
increase with the photon scattering rate. Figure 4 shows this 
dependence only during the first few milliseconds; at later 
times n depends only on the lattice depth. Figure 3 illu trates 
this linear scaling of n with lattice depth, at r= 20 ms. This 
behavior is qualitatively similar to the steady-state caling 
known from near-resonance lattices [ l ], and one might 
speculate that a cooling mechanism is active also in the far
off-resonance case. Unfortunately the limited interac tion 
time available in our 10 geometry does not permit us to 
confirm or rule out whether n will eventually reach steady 
state. 

It is possible that the increase in n is limited by the escape 
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of ato ms with a thermal energy above the lattice potential
well depth. We find that the number of atoms trapped in the 
lattice decays exponentially, with a time constant T0 =(2 ms/ 
G Hz) X 1. This scaling is consistent with loss caused pre
dominantly by the escape of hot atoms. An atom trapped in a 
potential well of depth U PP is heated at a rate proportional to 
Ys, and will escape after a time proportional to UPP/ysER 
x /1/T . Other loss processes that we expect to contribute are 
optical pumping to the F = 3 hyperfine ground state, and, at 
long trapping times, escape in the direction perpendicular to 
the lattice axis. 

An important goal of this work is to evaluate the feasibil 
ity of resolved-sideband Raman cooling and quantum-state 
preparation in a far-off-resonance lattice. Sideband cooling 
can remove a quantum of vibration every few oscillation 
periods; to be feasible. this time must be much less than the 
time required to pick up a quantum of vibration due to all 
sources of heating. For the lattice parameters explored in Fig. 
-+. the most rapid rate of increase in n occurs immediately 
after transfer: it is approximately 20, 40. and -100 s -I fo r 
the three se ts of data. At the same time the vibrational oscil
lation frequencies in the harmonic approximation are 42 and 
60 kHz, fo r lattice depths of lOSER and 209ER. respectively. 
The increase in n during an oscillation period thus falls in the 
range O.S X 10- 3 to 2 X 10- 3 . This favorable combination of 
time cates suggests that sideband cooling should be feasible . 

To assess the feasibility of quantum-state preparation, one 
must determine the time scale for decay of motional coher
ences. This is ue is only indirectly addressed by our experi
ment. Raman spectroscopy in near-resonance lattices has 

[I] For a review. see. for example. P. S. Jessen and I. H. Deutsch 

Adv . At. Mol. Opt. Phys. 37. 95 ( 1996). 

[2] C. Monroe et a! .. Phys. Rev . Lett. 75 . 40 ll ( 1995); R. Ta.ieb 

e t at .. Phys . Rev. A 49. 4876 ( 1994). 

[J] D. M. Meekhof et al., Phys. Rev. Lett. 76, 1796 ( 1996), C. 
\1onroe et a/., Science 272, ll J I ( 1996). 

[-+] See. for example. C. S. Adams et a/ .. Phys. Rep. 240, 143 

11994). 

[5) F. L. More e ta/., Phys. Rev. Lett . 73. 2974 ( 1994) . 
[6] M. Ben Dahan eta/., Phys . Rev . Lett. 76, 4508 ( 1996); S . R. 

Wilkinson et al .. ibid. 76, -1512 ( 1996). 

shown Lamb-Dicke suppression of the decay of vibrational 
coherences, to a value well below the photon scattering rate 
[ l]. This is indeed what one expects for atoms that are close 
to harmonically bound. For the lattice parameters of Fig. 4, a 
simple harmonic-oscillator model then gives an estimate 
[ ( kz0 )

2 y 5r 1-I0- 2 -10- 2 s for the lifetime of a vibra
tional coherence, where z0 is the rms extent of the vibra
tional ground state . This is two to three orders of magnitude 
longer than the harmonic-oscillation period, which sets the 
time scale for Hamiltonian evolution within a potential well, 
and suggests that coherent control of the center-of-mass mo
tion may be possible. Starting from the vibrational ground 
state, one might then generate nonclassical states, such as 
Foch states and squeezed states [3]. More interestingly. the 
periodic nature of the lattice potential opens up the prospect 
of preparing and studying entirely new quantum states that 
extend over more than one lattice potential well. Quantum
state control within a single potential well becomes particu
larly interesting if means can be found to load a far-off
resonance lattice with high-density atomic samples. An 
ultimate goal will be to populate a single quantum state of a 
three-dimensional potential well with more than one atom. If 
feasible, this will provide a " pumping mechanism" fo r re
cent proposals to construct a matter-wave equivalent of the 
laser [ ll]. More generally one may hope to study quantum
stati stical effects associated with motion in a lattice potential. 
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Enhanced laser cooling and state preparation in an optical lattice with a magnetic field 

D. L. Haycock, S. E. Hamann, G. Klose, G. Raithel,* and P. S. Jessen 
Optical Sciences Center, University of Arizona, Tucson, Arizona 85721 

(Recei ved 21 October 1997) 

We demonstrate that weak magnetic fields can significantly enhance laser cooling and state preparation of Cs 
atoms in a one-dimensional optical lattice. A field parallel to the lattice axis increases the vibrational ground
state population of the stretched state lm =F) to 28% . A transverse field reduces the kinetic temperature. 
Quantum Monte Carlo simulations agree with the experiment, and predict 45 % ground-state population for 
optimal parallel and transverse fields . Our results show that coherent mixing and local energy relaxation play 
important roles in laser cooling of large-F atoms. 
[S 1050-2947(98)50502-l] 

PACS number(s): 32.80.Lg, 32.80.Pj, 42 .50.Vk 

Periodic dipole force potentials , commonly known as 
'·optical lattices" [ l ], are a powerful means of trapping at
oms in the regime of quantum center-of-mass motion. In 
optical lattices formed by near-resonance laser light, efficient 
lase r cooling rapidly accumulates atoms in the few lowest 
bound states of the optical potential wells . Atoms have been 
trapped also in lattices formed by light detuned thousands of 
linewidths from atomic transitions [2], and therefore nearly 
free fro m dissipation. If confined near the zero point of mo
tion and in a well-defined internal state, such atoms are an 
ideal starting point for quantum-state preparation and control 
[3 ]. for studies of quantum transport [ 4] and quantum chaos 
[5]. for the production of subrecoil temperatures by adiabatic 
coo ling [ l ], and for the generation of squeezed minimum
uncertainty wavepackets [6]. Far-off-resQnance lattices can 
be loaded by transferring atoms from a s.uperimposed near
resonance lattice, with near-unit efficiency and no significant 
increase in vibrational excitation [7]. It is therefore important 
to optimize the cooling process in the near-resonance lattice, 
and to determine the maximum occupation that can be 
achieved for the desired quantum state. 

In this Rapid Communication we study laser cooling of 
cesi um atoms ( F = 4) in a shallow optical lattice, in the pres
ence of magnetic fields in the tens of mG regime. Our results 
provide insight into laser cooling and transport mechanisms 
fo r atoms with large angular momentum F, as compared to 
the F= l/2 model system [1 ,8]. We show that such fields can 
significantly ·enhance laser cooling and state preparation, in 
support of a recently proposed cooling mechanism empha
sizi ng the role of coherent mixing of ground-state magnetic 
sublevels [9]. Previous work has studied the influence of 
magnetic fields on laser cooling in optical lattices [ l 0, 11 ], 
but under conditions of deep potentials and strong fields , 
which are further from the quantum regime and not condu
cive to large populations in the kinetic ground state of the 
latt ice. We note that it is common in the literature to focus on 
the total population of the kinetic ground state, i.e., the sum 
of the vibrational ground-state populations in both stretched 
states [ 12]. In coherent control experiments the simultaneous 

*Present address: National Institute of Standards and Technology, 
PHYS A 167,-Gai thersburg, MD 20899. 

I 050-2947/98/57(2)1705(4)/$ 15.00 

presence of atoms in both stretched states is problematic, 
because the symmetry between them is extremely sensitive 
to applied or stray magnetic fields, and to imperfections of 
the lattice light field. When the sy mmetry is broken these 
two subsets evolve differently, and the signature of coherent 
evolution can easily disappear. To overcome this difficulty 
one can devise a detection scheme sensi tive to only one sub
set (not always possible), or simply prepare the atoms in one 
subset only. We demonstrate here that the appl ication of a 
magnetic field parallel to the lattice axis brings us close to 
this goal, and can increase the total and vibrational ground
state populations of a single stretched state by - 80% and 
- 33%, respectively, over the zero-field maximum value . 
Moderate transverse magnetic fields are found to reduce the 
kinetic temperature of the atoms. Our results are in good 
overall agreement with quantum Monte Carlo wave-function 
(QMCWF) simulations [13]. The simulations further ide ntify 
light- and magnetic-field configurations that should increase 
the ground-state population - 809'o over the zero-field maxi
mum value. 

Our optical lattice is formed by two linear and cross po
larized laser beams, counterpropagating along the <: axis 
[one-dimensional (1D) linl..lin configuration] and detuned up 
to 20 linewidths below the 65 1n(F=4)-+6P 312(F' =5 ) 
transition at A.= 852 nm. The lattice is loaded from a vapor 
ce ll magneto-optic trap and 3D optical molasses, which pro
duces a sample of 106 atoms in a volume -300 ,urn in 
diameter. After the 3D molasses beams are extinguished the 
atoms are cooled and reach steady state in the I D lattice. 
During this time magnetic fields can be applied parallel and 
transverse to the lattice quantization axis. At the end of the 
lD lattice phase the laser beams are rapidly extinguished, 
and the momentum distribution measured by a standard 
time-of-flight (TOF) analysis, which records the dis tribu tion 
of arrival times at a -0.2-mm-thick probe beam located 4.7 
em below the lattice [Fig. l (a)]. For lattices that are not too 
shallow. the TOF and momentum distributions are indistin
guishable from a Gaussian fit [Fig. l (b)], and we characte ri ze 
them by the kinetic temperature T= (p 2)/(k 8 M) . 

To obtain information about the internal atomic state, we 
perform a Stem-Gerlach analysis, in which a magnetic field 
gradient is present during the TOF measurement [ 14]. The 
state-dependent magnetic dipole force is sufficient to sepa-

R705 © 1998 The American Physical Society 



94 

R706 HAYCOCK, HAMANN, KLOSE, RAITHEL. AND JESSEN 

90 100 90 100 

TOF (ms) 

FIG. I. (a) Experimental setup for TOF measurements . A pair of 
coils in the anti-Helmholtz configuration provides the magnetic
field gradient for Stern-Gerlach analysis. The square coil provides a 
bias magnetic field to maintain alignment of the atomic spin. (b) 
Typical TOF distribution without field gradient (c) Typical TOF 
distribution with magnetic -field gradient. The states lm = - 4) and 
I m = - 3) are not resolved; we account for this in our fitting proce
dure. 

rate the TOF signals of individual magnetic sublevels [Fig. 
I (c)]. We have carried out a detailed analysis of the state
dependent trajectories for our experimental geometry, and 
accurately determined the connection between the width and 
amplitude of each Gaussian component, and the kinetic tem
perature T m and population -rr m for the corresponding mag
netic sublevel I m) . 

The light field in a 1 D linl. lin optical lattice consists of 
two standing waves of G'+ and G'- polarization, offset by 
'A.. /4 . The combined light shift and magnetic field potential for 
the system is [ 1] 

O(z) = g Ff-LBF . B+ L u F' [ E(Z). aF' ]*[ E(z) . aF' ] , (1) 
F' 

a: 
~0 
w 

-40 

X (A.) )J8 )J4 
X (A.) 

where the summation extends over hyperfine excited states. 
In this expression EL( Z) is the laser polarization, U F' is the 

maximum light shift, and aF' the electric-dipole operator for 
the F-+ F ' transition. In the absence of transverse magnetic 

fields the lattice potential 0(z ) is nearly diagonal in the basis 
IF, m) ; the diagonal elements are the diabatic lattice poten
tials. Small off-diagonal elements between states IF, m) and 
IF ,m :±: 2) occur due to Raman coupling by G'= components 

of the lattice. Local diagonalization of 0 (z) yields a set of 
2 F + 1 adiabatic lattice potentials that govern the motion of 
atoms at low momentum. Quasibound states in these poten
tials are Wannier spinors, which closely resemble localized 
anharmonic-oscillator states [9]. 

With no magnetic field [Fig. 2(a)] atoms are cooled and 
localized in the lowest adiabatic potential, where they oc
cupy vibrational states with nearly pure lm =F) or lm =-F) 
character at alternating lattice sites. The admixture of other 
magnetic sublevels increases dramatically for states close to 
the upper edge of the lowest adiabatic potential. since these 
states have substantial amplitude in the area around the an
ticrossing at 'A../8 . In steady state atoms fill the available vi
brational levels according to a nearly thermal distribution 
[ 1.12, 15], with few atoms excited above the edge of the po
tential. Reference [9] suggests that this limit on the thermal 
energy is imposed by an efficient path for optical pumping 
out of these mixed states, which returns atoms to low-lying 
states of the original or neighboring lattice potential wells. 

The application of a weak magnetic field parallel to the 
lattice axis modifies the adiabatic potentials, as shown in Fig. 
2(b) . Due to the magnetic energy oEm= gFJLaBm , one type 
of potential wells is lowered and the other lifted, and the 
anticrossing shifted in position. Well localized states with 
nearly pure I m = :±:F) character still exist in the energy range 
below the edge of the lowest adiabatic potential, but there are 
an increased (decreased) number of states available in the 
deeper (shallower) wells . Previous work has shown that at
oms preferentially populate the deeper wells, leading to a 
nonzero magnetization consistent with a spin temperature of 
roughly twice the kinetic temperature [11]. Figure 3(a) 
shows populations -rr F and -rr _ F as a function of B, for one 
set of lattice parameters, as measured in our experiment and 
calculated by QMCWF simulations. Maximum population in 
one of the stretched states lm =:±:F) occurs when the Zee-

)JB )J4 X().) )JB 

FIG. 2. Adiabatic lattice potentials for (a) no magnetic field, (b) longitudinal magnetic field, and (c) transverse magnetic field. The 
modulation depth of the m = :±: F diabatic potential is Up= 70£ R , and the lattice detuning ll = - 20f . For simplicity we show potentials for 
F=2 ; the arguments in the text apply for F~2 . Dashed lines and dots indicate vibrational states and their population; the arrows indicate 
Raman- and magnetically induced mixing. 
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T 1t±FO m 
( j.lK) 

6 0.3 

4 0 .2 

2 0 . 1 

• 
0 0 

-1 0 -1 0 
8~/UP 8EF/ UP 

FIG. 3. (a) Population 7T''" and (b) temperature T'" in the magnetic sublevels lm =F) (open boxes) and lm =-F) (filled boxe ). as a 
function of the parallel field B: in units of 8£4 I Up. Lines are the corresponding results from QMCWF simulations. Lattice parameters are 
Up= 135ER and ~ =- 20f. (c) Vibrational ground-state population 'TT'm o in potential wells with lm =F) (open boxes) and lm = - F) (filled 
boxes) character, as a function of 8£~ I Up . Lines represent QMCWF simulations. The lattice parameters are Up= 70£ R and ;l = - 20f . The 
dotted line in (b) shows the expected variation o.f T F, obtained by scaling the value at B z = 0 by the adiabatic well depth. 

man shift 8£ m is comparable to half the modulation depth 
Up of the corresponding diabatic lattice potentials. Increas
ing the field further removes the anticrossings between lat
tice potentials, and leads to a loss of magnetization. Experi
mentally we find a maximum stretched state population of 
0.70:t0.03 [16] at Up=70ER and A=-20f. gradually in
creasing to 0.76 at Up= 280ER (ER is the recoil energy and 
f = 21T'X 5.2 MHz). Our simulations predict similar values 
for the populations; differences are consistent with uncom
pensated background fields of order lO mG in the experi
ment. 

In a parallel magnetic field the internal state mixing is 
significant only for states near the top of the lowest adiabatic 
potential. If atoms are efficiently cooled as soon as they enter 
these mixed states, then one would expect the mean kinetic 
energy to equal a constant fraction of the depth of the poten
tial wells in which they are trapped. The kinetic temperature 
should therefore scale in direct proportion to changes of this 
depth. As illustrated in Fig. 3(b), our experiment and 
QMCWF simulations show that such a scaling law applies 
independently for atoms found in the states I m = :t F), im
plying that internal-state mixing is a key element of the 
laser-cooling mechanism for atoms with large F . The exis
tence of two distinct subsets of atoms with different tempera
tures also suggests that energy relaxation within each subset 
occurs faster han the exchange of atoms between the sub
sets. This in tum indicates that steady-state energy relaxation 
is to a large extent local, i.e., atoms in high-lying mixed 
states mostly return to low-lying states of the original poten
tial well . Local cooling has implications for atom transport, 
and may explain why spatial diffusion constants for large-F 
atoms are more than an order of magnitude smaller than for 
the F= 112 model system [8]. 

We can use the magnetically induced atomic polarization 
to enhance state preparation in our lattice. Because we mea
sure TOF distributions for each of the states Jm = :t F) , it is 
straightforward to model the atoms by anharmonic oscilla
tors and determine the vibrational temperatures correspond
ing to the observed momentum spreads. This allows us to 
obtain the vibrational ground-state populations 1T' FO and 
7T' - Fo in the two types of potential wells. The approach is 
validated by the number of quasibound states, which we de
termine from the lattice band structure. For the parameters of 

Fig. 3(b) there are three bound states at 8Em = 0, increasing 
to six (decreasing to 0) in the deep (shallow) wells when 
8Em=0.5U p . 

The buildup of magnetization leads to a net gain in vibra
tional ground-state population of the deeper potential wells, 
though the gain is somewhat reduced by a si multaneous in
crease in temperature. Figure 3(c) shows populations 1T = ro 
vs 8 z , for lattice parameters UP= 70£ R and .l = - 20[ . For 
a given set of lattice parameters the populations 7T' ro ( 7T' _ ro) 
peak around 8Er= -0.25Up (+0 .25Up ); at that point the 
magnetic field shifts the adiabatic potentials roughly as de
picted in Fig. 2(b) . The optimum parameters for state prepa
ration are close to those of Fig. 3(c), which yielded our larg
est observed value of 0.28 :t 0.03 [ 16]. This cons titutes a 
- 33% increase above the value of 0.21 :t 0 .03 observed at 
nominally zero field. Decreasing the lattice depth below 
70£ R reduces the width of the central part of the momentum 
distribution, but non-Gaussian tails develop that cause a net 
loss of vibrational ground-state population. We have used 
QMCWF simulations to obtain the total populations in the 
bands corresponding to the vibrational ground states in the 
two types of potential wells . The simulations agree with the 
trends observed in our experiment, but show slightly higher 
maximum populations and sharp features possibly related to 
resonant mixing of degenerate states in different adiabatic 
potentials [ 15]. These discrepancies are likely due to uncom
pensated background fields and lattice beam inhomogeneity 
in the experiment. 

Further evidence that laser cooling is linked to mixing of 
magnetic sublevels is provided by the behavior of our lattice 
when subjected to a weak transversi! magnetic field . A trans
verse field introduces off-diagonal matrix elements in the 

lattice potential 0(z), which modify the adiabatic potentials, 
as illustrated in Fig. 2(c) . The magnitude of the anticross ing 
at 'A./8 is significantly increased, indicating that magnetically 
induced mixing occurs much deeper in the potential than 
before. One would then expect a lower temperature in the 
presence of transverse fields, which is precisely what we 
observe in both experiment and QMCWF si mulations. Fig
ure 4 illustrates how the overall kinetic-energy temperature T 
reaches a minimum for nonzero 8 x; this minimum hifts to 

higher values of 8 x and becomes more pronounced in the 
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FIG. 4. Kinetic temperature T vs transverse field 8 x, for paral
lel fields 8 , = 0 mG (filled circles), and 8 z = 90 mG (open circles), 
respectively. Solid and dashed lines are the corresponding QMCWF 
simulations. Lattice parameters are up= I 08£ R and A= - 21 r . 

presence of a parallel field [17]. QMCWF simulations, in
cluding both parallel and transverse fields, are in qualitative 
agreement with our experimental observations. Differences 
in the details are readily explained by background fields of a 
few tens of mG in the experiment; in particular, the local 
maximum in temperature vs B x is easily obscured by a small 
y component of the background field. We have occasionally 
observed a much clearer local maximum, which we ascribe 
to fortuitous values of our background field. 

The use of transverse magnetic fields to enhance state 
preparation hinges upon the change in population of the vi
brational ground state in the lowest adiabatic potential. Un
fortunately the quasibound states in this petential cannot be 
associated with a single sublevel jm = "!:. P), and our Stem
Gerlach analysis becomes of limited value. Insight is how-
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ever readily available from our QMCWF simulations, which 
indicate that optimal magnetic field and lattice parameters 
(Bx=B, =25 mG, and U p=?OER) will increase the ground
state population to as much as 0.45 , corresponding to an 
80% increase over the theoretical field-free value of 0.25 . 

In conclusion, we have obtained strong evidence that laser 
cooling in optical lattices is linked to coherent mixing of the 
magnetic sublevels, which occurs near the upper edge of the 
lowest adiabatic potential. This mixing, and consequently the 
laser-cooling process, can be substantially altered and en
hanced by the presence of weak magnetic fields . In a parallel 
magnetic field the atoms separate in two subsets with differ
ent temperature, indicating that cooling occurs locally at 
each lattice site. We have further demonstrated that magnetic 
fields are useful for the preparation of significant atomic 
population in a specific internal and motional state of the 
lattice. Recently we have extended our approach to a 2D 
lattice, and expect it to work for the whole linllin class of 
optical lattices. If atoms are subsequently transferred to a 
far-off-resonance optical lattice one might proceed to el imi
nate excited vibrational states [2]; e.g., by reducing the lat
tice depth until only a single bound state is supported. This 
would leave behind a substantial fraction of atoms in a pure 
quantum state, and provide excellent initial conditions fo r 
quantum wavepacket manipulation. We are currently explor
ing a scheme for resolved-sideband Raman cooling, which 
could allow efficient preparation of ground-state populations 
approaching 100% [18]. 
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Mesoscopic Quantum Coherence in an Optical Lattice 

D. L. Haycock, 1 P.M. Alsing,2 I. H. Deutsch,2 J. Grondalski, 2 and P. S. Jessen 1 

1 Optical Sciences Center, University of Arizona, Tucson, Arizona 85721 
2Department of Physics and Astronomy, University of New Mexico, Albuquerque, New Mexico 87131 

(Received 24 April 2000) 

We observe the quantum coherent dynamics of atomic spinor wave packets in the double-well poten
tials of a far-off-resonance optical lattice. With appropriate initial conditions the system Rabi oscillates 
between the left and right localized states of the ground doublet, and at certain times the wave packet cor
responds to a coherent superposition of these mesoscopically distinct quantum states. The atom/optical 
double-well potential is a flexible and· powerful system for further study of quantum coherence, quantum 
control, and the quantum/classical transition. 

PACS numbers: 42 .50.Vk, 03.65 .Bz, 32.80.Pj, 32.80.Qk 

Quantum coherence between localized but separated 
states of a particle in a double-well potential has long 
served as a paradigm for nonclassical dynamics. Of 
particular interest is the possibility to create and ma
nipulate coherent superpositions of mesoscopically or 
macroscopically distinct quantum states and to study the 
role played by decoherence in the emergence of classical 
dynamics [1]. Extending the limits of coherent control of 
large quantum systems is of great fundamental interest 
and lies at the heart of the quest for quantum computation 
[2]. Macroscopic quantum tunneling [3], i.e., the inco
herent decay of a metastable quantum state along some 
macroscopic system coordinate. is known to occur for the 
phase difference of the superconducting order .parameter 
across Josephson junctions [4] and has been ·seen also 
in the relaxation of the cooperative magnetization vector 
in magnetic grains [5] and of spin domains in atomic 
Bose-Einstein condensates (BECs) [6] . Such phenomena 
do not provide evidence for superpositions of macroscopi
cally distinguishable quantum states, for which one must 
undertake the much harder challenge of demonstrating 
coherent dynamics on the macroscopic scale. So far, 
quantum coherent dynamics has been achieved only on 
a mesoscopic scale. notably in ion traps [7] and cavity 
QED [8 ]. though spectroscopic evidence for the existence 
of macroscopic superpositions has very recently been 
seen in SQUIDs [9]. Proposals also exist to search for 
macroscopic quantum coherence in BECs [10] . 

In this Letter we report the observation of quantum co
herent dynamics in a new system consisting of cesium 
atoms in wavelength-sized optical double-well potentials 
in a far-off-resonance optical lattice. The atomic wave 
packets undergo clear Rabi oscillations between two lo
calized states with a mesoscopic separation of -150 nm, 
at frequencies that show excellent quantitative agreement 
with theory. Our experiment gives insight into decoher
ence and dephasing of delocalized wave packets in deep 
optical lattices and provides guidance for proposals to im
plement quantum logic in this system [ 11]. Optical lattices 
( 121 . created by the ac Stark shift in laser standing waves, 
are well suited for studies of quantum coherent dynamics 

0031-9007 /00/ 85( 16) / 3365(4)$15 .00 

due to low rates of decoherence and the flexibility with 
which the optical potential can be designed [ 13] . Diss i
pation can be engineered back into the system in a well 
controlled manner through noise on the potentials, pho
ton scattering, and Raman sideband cooling [14]. Last 
but not least, one can hope to apply a range of quantum 
control techniques, including pure state preparation. con
trolled unitary evolution, and quantum state reconstruction . 
Earlier work on quantum transport in optical lattices has 
explored a number of related phenomena such as Bloch 
oscillations and Wannier-Stark ladders [ 15], Landau-Zener 
tunneling [ 16]. and tunneling in optical gauge potentials 
ll7] . The coherent dynamics studied in those experiments. 
however, involved shallow potentials and a continuum of 
Bloch states, rather than the discrete two-level dynamics 
demonstrated here. 

Our atom/optical lattice system hac; been discussed in 
detail in [ 13], and only the most important features are 
summarized. The lattice is produced by two counterpropa
gating laser beams with linear polarizations at an angle e 
( lD lin-O-lin configuration). forming 0' + and 0' _ polarized 
standing waves with a relative spatial phase given by e. 
It is detuned -3000f below the cesium 6S 1; 2(F = 4) --+ 
6P3; 2(F = 5) transition, far compared to the excited-state 
hyperfine splitting . In this limit the lattice potential can be 
written in terms of a scalar potential (proportional to the 
field intensity) and a fictitious magnetic field (proport ional 
to the field ellipticity) interacting with the magnetic mo
ment A = - 8FJ.LeF. where F is the angular momentum 
operator for the hyperfine state F . If we include an exter
nal magnetic field B the resulting potential is 

{; (z) = U1(:.) + 8FJ.LeF · Berr(z) , 

4Ut 
U1(z) = -

3
- [ 1 + cosO cos(2kL z) ], 

Beff(Z) = -
2

U1 
sinO sin(2kLz)e. + 8 . 

3}-Le -

where U1 is the light shift produced by a single lattice 
beam driving a transition with unit oscillator strength. 

© 2000 The American Physical Society 3365 
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One typically defines diabatic and adiabatic potentials 
as the dia~onal elements (in the basis {lmF)}) and eigen
values of U(z), respectively; the former govern the motion 
when the internal atomic state is independent of z (e.g .. 
in a lattice with no coupling between different lmF )), the 
latter when it adiabatically follows the direction of Berr(z) 
(the Born-Oppenheimer approximation). For our parame
ters the lowest adiabatic potential (Fig. 1) forms a periodic 
array of double wells. The lattice polarizations on the two 
sides of the well are predominantly cr + and cr- -and the 
eigenstates of U(z) in these regions have predominantly 
mF > 0 and mF < 0 character, so that motion from one 
side of the well to the other is accompanied by rotation of 
the spin. The spin thus acts as a "meter'' through which 
one can measure the evolution of the center-of-mass atomic 
wave packet. 

For our system the Born-Oppenheimer approximation 
breaks down and one cannot describe the dynamics in 
terms of a particle moving on the adiabatic potential. We 
solve instead for the exact energy spectrum (band struc
ture) and stationary states of the complete lattice Hamilto
nian. For the parameters of Fig. 1 the two lowest bands are 
split by a small energy lifl. much less than the separation 
to the next excited bands. In addition, the negligible band 
curvature shows that tunneling between different double 
wells is unimportant. It is then possible to restrict the dy
namics to a subspace spanned by the Wannier spinors 11/!s) 
and 11/!A), corresponding to the syrrunetric/antisymmetric 
ground doublet of individual double wells. W~can recast 
the problem in famili~ terms by definin~ left and right 
localized states 11/!L) = (11/!s) + 11/!A))/../2 and 11/!R) = 
(11/!s) - II/IA.))/ J2 and see immediately that the system 
will Rabi oscillate between these at frequency fl if 
initially prepared in, e.g., 11/!L). We emphasize that 11/!L) 
and 11/!R) are spinor wave packets with highly entangled 
internal and motional degrees of freedom, whose dynam
ics is governed by the full lattice Hamiltonian. Figure 2 
shows the spatial probability distribution (obtained by 
tracing over the internal state) and magnetic populations 
(obtained by tracing over the center-of-mass coordinate), 

-170 -170 

~ 
-180 -180 r 

cJ 
-190 -190 Ei 

-200 -200 
~.5 0 0.5 

q/2kL 

AG. I. Lowest two adiabatic potentials (thick curves) and 
six energy bands (thin lines) for ul = 84ER, f) = so·. Bx = 
85 mG, and B: = 0 mG. 
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at different times during the Rabi oscillation. Note that 
the key property of a double-well system is preserved: 
the spatial probability densities corresponding to 11/!L) and 
II/I R) are localized on the left and right sides of the double 
well, and the minimal overlap between them ensures 
that the states can be effectively distinguished by the 
mesoscopic center-of-mass coordinate. 

We prepare atoms in the optical lattice and follow their 
quantum coherent dynamics as follows. First, a standard 
magneto-optical trap/3D molasses is used to prepare -106 

cesium atoms with a temperature of -4 ,uK within a 
-200 ,urn rms radius. The atoms are cooled further in 
a near-resonance lD lin-O-lin lattice and then adiabati
cally transferred to the far-off-resonance 1 D lin-O-lin lat
tice. The two lD lattices are oriented vertically, which 
allows us to measure the atomic momentum distributions 
by time-of-flight analysis, and the magnetic populations 
by Stem-Gerlach analysis [ 18]. Care is taken to assure 
that the lattice polarizations are linear and at the appro
priate angle and that the background magnetic field is less 
than -0.3 mG. Once in the far-off-resonance lattice the 
atoms are optically pumped to mF = 4. We then select the 
motional ground state in the mF = 4 potential by lower
ing the lattice depth until only the lowest band is bound, 
and accelerating the lattice at 300 m/s2 for 1.5 ms to allow 
atoms in higher bands to escape [ 16]. The state selection 
is done in the presence of a large external B: to lift degen
eracies between different potentials and prevent precession 

2 
t•T/10 (a) ::i]) Gib::Jc) 

0.1 

0.0 
2

~•T/4 0.3~ ~ J I 0.2 

'S: 0.1 

0 0.0 

2[MJ·~:.~ 0.3[1] u 
I / \ :. ~ 
0 ..... ·.. 0.0 
-1f/2 0 +tr./2 +4 0 -4 +4 0 -4 

~z m m 

FIG. 2. Spinor wave packets during a Rabi oscillation. Pa
rameters are identical to Fig. I. (a) Center-of-mass probability 
density calculated from the Wannier states. The dotted curve 
in the plot for t = T / 2 indicates the distribution at t = 0 and 
shows the minimal spalial overlap of the left and right localized 
wave packets. (b) Magnetic populations calculated from the 
Wannier states. (c) Experimentally measured magnetic popu
lations. The preparation of the initial state is not instantaneous 
on the time scale of the Rabi oscillation and we cannot assign 
an effective t = 0 for the experiment. The first row therefore 
shows calculated and measured distributions at a slightly later 
time, t = T/10. 
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(m) 0 

-1 

400 600 800 1000 
1(/.lS) 

FIG. 3. Typical magnetization oscillation as a function of time. 
for parameters identical to Fig. l. The solid line is a fit to a 
decaying sinusoid. 

of the magnetic moment. When the population in higher 
bands has been eliminated we increase the lattice depth to 
the value used in the experiment and change the accelera
tion so that the lattice frame is in free fall. This prepares 
roughly 90% of the atomic population in the lowest band 
of the mF = 4 potential, estimated from the measured mo
mentum spread and magnetic populations. To initiate Rabi 
oscillations we adiabatically connect this state to a local
ized state in a symmetric double-well potential, by ramping 
Br from zero to its desired value in 250 J.LS, then ramp
ing 8 : to zero in 70 J.LS . To create the desired localized 
state the final turn-off of Bz must be fast compared to the 
ground-doublet splitting, but slow compared to the sepa
ration from higher bands. We have checked, by-numerical 
integration of the time-dependent SchrOdinger equation us
ing the full lattice Hamiltonian, that this requirement can 
be met over a wide range of parameters including those 
used here . 

Rabi oscillations between 11/!d and 11/!R) are detected 
by measuring the magnetic populations. Figure 3 shows 
a typical oscillation of the magnetization as a function of 
time. Our data fit well to an exponentially damped sinu
soid, and we can extract good measures for the Rabi fre
quency over a wide range of parameters. Figures 4(a) and 
4(b) show the measured frequencies versus the single beam 

light shift U1 and transverse magnetic field Bx. together 
with the ground-doublet splitting predicted by band struc
ture calculations. To carry out a direct theory/experiment 
comparison we independently measure U 1 to within :!:::2% 
[ 19] from parametric wave packet oscillations, and the ex
ternal Br to within :!::: 1% from Larmer precession of the 
magnetic moment. Excellent agreement is observed, espe
cially if we allow for a -4% systematic underestimate of 
U l· Figure 4(c) shows the variation of the Rabi frequency 
versus Bz, which changes the energy asymmetry (detun
ing) of the two-level system. The observed dependence is 
characteristic of two-level dynamics and confirms that our 
system is restricted to the ground doublet. 

We have also the possibility to examine the magnetic 
populations in detail during the Rabi oscillation. Fig
ure 2(c) shows typical values at t = r/10, t = r /4, and 
t = r /2, where r = 211' /H is the Rabi period. Generally, 
we find qualitative agreement with the results of a band 
structure calculation, though the experiment shows a some
what smaller net magnetization than expected. This might 
indicate that the initial state is slightly mixed. with -80% 
population in lt/IL) and -20% population in 11/!R). There 
is also a slight modification of the measured populations 
due to a small degree of adiabatic following as we turn 
on a magnetic field to define the quantization axis for 
our Stern-Gerlach measurement. This effect is responsible 
for the deviation from the expected mirror symmetry of 
11/!L ) and 11/!R) around mF = 0. Of particular interest 
is the spinor wave packet at t = r / 4, where lf/! (r)) :x: 

11/!L) - ilf/!R). Within the limits just mentioned we mea
sure magnetic populations consistent with this delocalized 
superposition state, though the populations by themselves 
do not allow us to distinguish between a coherent super
position and an incoherent mixture of 11/!d and 11/!R ). Evi
dence of the coherence comes instead from the persistence 
of Rabi oscillations at later times. 

As illustrated by the data in Fig. 3, we find that the am
plitude of the Rabi oscillations decays with a time con
stant of a few hundred microseconds. We estimate the time 
scale for decoherence from photon scattering to be - 1 ms, 

70 90 
B~(mG) 

110 ~4~---~2--~0--~2--~4~ 0 

B:(mG) 

FIG. 4. Measured Rabi frequencies with base lattice parameters identical to Fig. I. except for one parameter as indicated in the 
plots. (a) !1 versus U 1• (b) !1 versus B.c. and (c) !1 versus Bz . Open (filled) circles indicate data taken for a lattice tuned below 
(above) resonance. The solid curves show the ground-doublet splitting from band structure calculations, with no free parameters ; 
the da~hed curve shows the same splitting with a 4% increao;e in U1 relative to our best independent estimate. 
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which is too slow to account for the observed damping. 
We have looked at Rabi oscillations also in a lattice tuned 
above atomic resonance, where the coherent dynamics is 
identical but the rate of photon scattering is reduced by a 
factor of 2 to 3. In practice we see no difference in the de
cay rate. This suggests that the decay is caused by dephas
ing of the Rabi oscillations, which occurs because different 
atoms see a slightly different lattice environment The 
most likely cause is an estimated -5% variation of the lat
tice beam intensities, which is consistent with the observed 
dephasing time. The dephasing underscores the fragile 
nature of highly entangled states of atomic internal and 
external degrees of freedom and suggests that proposals 
for quantum information processing [Ill should seek clean 
separation of spin and center-of-ma<;s motion. 

In summary, we have observed Rabi oscillations of 
atomic spinor wave packets in the optical double-well po
tentials of a far-off-resonance 10 lin-O-lin optical lattice. 
We have taken extensive data for a relative polarization 
angle e = 80°, plus additional data ate = 85° (not shown 
here). Both data sets show Rabi frequencies in excellent 
agreement with theory. The persistence of oscillation for a 
few Rabi periods indicates that quantum coherent super
positions of the left and right localized states occur at 
certain times. Furthermore, the decay of these oscilla
tions is most likely not caused by intrinsic decoherence 
from photon scattering, but rather by lattice inhomogene
ity across the atomic sample. Dephasing can, in prin
ciple. be reversed by spin-echo techniques similar to those 
employed in nuclear magnetic resonance, and w'e are set
ting up an improved experiment to explore this possibil
ity. With better lattice homogeneity and larger detuning 
and echo techniques we hope to explore coherent dynam
ics on time scales much longer than the Rabi period. We 
can then reintroduce dissipation and study the fundamen
tal process of decoherence. as well as the transition from 
quantum coherent to classical dynamics. This last aspect 
is especially intriguing. as the coupled spin-motion Hamil
tonian associated with this system can be mapped onto the 
Tavis-Curnmings model without the rotating wave approxi
mation, whose classical counterpart exhibits deterministic 
chaos [20]. Our system should then allow us to study the 
effects of decoherence on the emergent nonlinear behavior 
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[21]. Additional phenomena. such as the coherent suppres
sion of tunneling [22], can be studied in the presence of 
coherent driving fields. 
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