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This dissertation details the development and experimentatriplemen-
tation of single-photon atomic cooling. In this scheme atomsra transferred
from a large-volume magnetic trap into a small-volume optiddrap via a single
spontaneous Raman transition that is driven near each atom'sassical turning
point. This arrangement removes nearly all of an atomic enséabe's kinetic en-
ergy in one dimension. This method does not rely on a transfer mfomentum
from photon to atom to cool. Rather, single-photon atomic cdimg achieves
a reduction in temperature and an increase in the phase-spacendigy of an
atomic ensemble by the direct reduction of the system's entropyPresented
here is the application of this technique to a sample of magnelly trapped
8’Rb. Transfer e ciencies between traps of up to 2% are demonstrated.
It is shown that transfer e ciency can be traded for increased pase-space
compression. By doing so, the phase-space density of a magnetycathpped
ensemble is increased by a factor of 350 by the single-photon rato cooling

process.
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Chapter 1

Introduction

This chapter gives a brief introduction to the motivation ard experi-
mental methods developed and demonstrated in this dissertatio It begins
with a brief discussion of the history of laser cooling. Next, the e laser cool-
ing has played in advancing scienti ¢ knowledge is brie y preented. Finally,
the method of single-photon atomic cooling, the topic of thislissertation, is
presented in general terms and its advantages over establisheder cooling

techniques as well as its limitations are explored.

1.1 A Brief History of Laser Cooling

Laser cooling of atomic vapors has a long and interesting hisypthow-
ever | will only attempt to highlight some key advancements irthe eld to
place the development of single-photon cooling in the propeontext. The rst
experiment in this eld was carried out in 1933 by Frisch when & observed
the de ection of an atomic beam by resonant light emitted froma sodium
lamp [1]. In this experiment the de ection of the atomic beanwas due to the
scattering of a single resonant photon per atom on average. Thaportant

observation was that when a resonant photon is absorbed by an atpin ad-



dition to driving an internal transition, it also imparts a momentum kick. The
magnitude of momentum transfered from photon to atom is giveby the de

Broglie relation
jpj = ~k (1.1)

wherek = w=cis the magnitude of the wavevector of the resonant light. This
landmark experiment demonstrated the possibility of using lighto control
atomic external degrees of freedom, namely position and montem. Progress
in this eld e ectively stopped after this observation and further advancement

would have to await the invention of the laser.

Interest was revitalized 40 years later with a series of propdsato
cool and trap both ions and neutral atoms using the Doppler e& [2, 3].
The proposed idea is quite ingenious and is worth quickly resiiing here. It
involves directing a laser beam tuned slightly below the resonee frequency
(red detuned) at an atomic ensemble. The e ect of such an arraegent can
be deduced by considering what happens to an atom in the ensemim the
following two cases: when the atom travels toward the laser beaand when the
atom travels away from it. In the rst case, the atom will be browht closer into
resonance by the Doppler e ect and therefore its scattering ta will increase.
In the latter case the motion of the atom will cause it to be furtler out of
resonance with the laser beam, reducing the scattering rate. Mothat the
absorption of each photon is directional, while the directio of the subsequent
spontaneous emission is random. After a large number of scattegirvents

the momentum kicks due to spontaneous emission will average tera, while



the momentum kicks due to absorption will sum. The result is thatatoms
traveling towards the red detuned beam will be slowed by mom@m transfer
from scattered photons. This arrangement does more than simpgfow the
center-of-mass motion of an ensemble, it also cools it because thd detuned
beam a ects atoms in a velocity dependent way. Quickly moviop atoms are
Doppler shifted to the blue more than slowly moving atoms (assumg both
are traveling toward the laser source), causing them to scattet a greater rate
which in turn decelerates them more quickly than more slowly aving atoms.

This compresses the velocity spread of the ensemble, thereby lcapit.

Experiments applying this cooling scheme to electromagnetilly trapped
ions were successfully performed in 1978 [4,5]. Then in 1985 tret exper-
iments demonstrating slowing of neutral atomic beams were plighed [6, 7].
That same year, trapping in velocity space with counter propaging red de-
tuned beams, an arrangement known as optical molasses, was dest@ted
at Bell Labs by a group led by S. Chu [8]. The spatial con nemenbdf sodium
atoms using a magnetic eld was also demonstrated in Gaithershyiby the
group of W. Phillips [9] in that very productive year of 1985.Two years later,
the combination of ideas utilized in these two experiments we used to both
con ne and cool atoms in a techniqgue known as magneto-optic&apping

(MOT) [10].

Shortly after this achievement, groups began to observe andport a
troubling, or perhaps welcome, disagreement between exmeent and theory.

In particular, the group of W. Phillips reported temperatures of atomic sam-



pled cooled with optical molasses to be much colder than the lewbound set
by theory [11] (See Sec. 1.6 for a discussion of the use of \temgera" in this

context). This con ict was a result of the assumption made in theretical de-
scriptions of the process which modeled the atom as a purely th&vel system,
devoid of magnetic substructure. An improved theory, includig magnetic sub-
structure, was developed by C. Cohen-Tannoudji and J. Dalilod in 1989 [12]
and it resolved the discrepancy between theory and experimeahd placed a
new and much colder lower bound temperature, the recoil terepature T,, on
optical molasses. These achievements resulted in tremendougiest in laser
based atomic cooling methods and resulted in a Nobel prize awadito Steven

Chu, Claude Cohen-Tannoudji, and William D. Phillips in 199.

1.2 Laser Cooling as an Enabling Tool

Laser cooling of atomic vapors has served as a technique whidchsh
enabled the study of more idealized physical systems, expandingdare ning
scienti ¢ knowledge in a vast amount of areas. Laser cooling magdessible the
creation and study of Bose-Einstein condensates (BEC) of dilusgomic vapors
[13{15]. It plays a central role in the latest generation of aimic fountain
clocks [16] and has made possible the creation of optical freqay standards
[17]. The study of cold atomic collisions, nonlinear optical ect and basic
guantum mechanical phenomena have greatly bene ted from ¢hability to
cool atoms. Precision spectroscopic investigations of the engrgtructure of

atoms have bene ted tremendously from the ability to trap andcool atomic



samples by allowing for very long interaction times and a supession of the
Doppler e ect (including time dilation). Cooled atoms with su ciently long
deBroglie wavelengths are of use in atom interferometers whican function
as accelerometers, rotation sensors, gravimeters, and graditeng. While this
list is in no way exhaustive, it is merely to justify the incredilly important

contribution laser cooling has provided to the scienti c commnity.

1.3 Limitations of Laser Cooling

While the contributions of atomic laser cooling are substantlano tech-
nique is without limitation. The major limitation of establi shed atomic laser
cooling techniques is that they rely on the transfer of momeunm from photon
to atom to work. This seemingly trivial statement places quitestringent re-
quirements on atomic species amenable to these techniques. Agst step in
seeing why, consider the number of scattering events necessargtimp a room
temperature 8’Rb atom with photons resonant with its D, transition. We can
approximate this number asmv=k 45000 wherem and v are the mass
and velocity of a®’Rb atom at 30K and wherek = 2 =780nm. From this
consideration it is clear that a very large number of photon sti@ring events
are necessary to stop a room temperature atom. In order to scatteuch a
large number of photons in an experimentally realizable waghe atom must
possess an e ective two-level structure, depicted in Fig.1.1hat is accessible

with a su ciently intense available laser source.

The reason an e ective two-level atom is required for laser clg is
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Figure 1.1: The energy level structure of a two-level atom. Antem initially
in the ground state jgi is transfered by a resonant photon into the excited
state jei. Once there it can only decay back into the ground statgyi.

clear. In a typical laser cooling experiment atoms are initlly in the ground
state jgi and they are illuminated by a single frequency which is tuneddbow
the atomic resonance. After absorbing a photon, atoms are exit into the
upper statejei. If the incident eld is not su ciently intense to cause stimu-
lated emission to dominate (as is the case when laser cooling)eththe atom
will spontaneously decay back into the ground state after a timé¢ / 1=)

characteristic of the transition. After it decays back into theground statejgi

it is again resonant with the laser beam and ready to scatter agai A two-
level structure ensures the continuation of this closed cycléf, however, the
atomic energy level structure is more complex then a second addtrimental
possibility arises. After being excited into the upper statgei, the atom can
decay to two di erent levels as shown in Fig.1.2. If it decaysatjgi, then it will

again be resonant with the applied eld and it will scatter agan. If, however,

it decays to the leveljhi, it will not be resonant with the applied eld and will
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Figure 1.2: The energy level structure of a three-level atonAn atom initially

in the ground statejgi is transfered by a resonant photon into the excited state
jei. Once there it has two possible decay channels in contrast to tih&o-level
system.

be removed from the cooling cycle. Because a very large numbéiscattering
events are necessary to cool an atom, even a small probabilitydefcaying into

a state other thanjgi is detrimental to the process.

Clearly no atom is truly two-level. Even hydrogen, the simpl&t atom,
has a rich energy level structure [18]. Of course, this fact haet rendered laser
cooling unworkable. Experimentally it means that one has tadd additional
\repumping" laser beams to reintroduce atoms into the coolig cycle after they
have decayed to a state non-resonant with the cooling laser beafor atoms
with relatively simple energy structures such as alkali metalsuitable schemes
have been developed with great success. With somewhat more e oniany
Noble gases have been laser cooled by rst placing them into a mstable
state. Additionally, through extreme e orts some alkaline eath metals as
well as a handful of other atoms have been cooled. But for thast majority

of atoms and for all molecules laser cooling has not been an exmentally



realizable method of cooling. Surprisingly, even hydrogemas evaded laser
cooling, not because it lacks a suitable e ective two-level sicture, but rather

due to the lack of an available laser source at 121 nm.

The goal of the work detailed in this dissertation was to devetoand
demonstrate a more general cooling method that could poteatly be applied

to the vast majority of atoms in the periodic table.

1.4 Introduction to Single-Photon Cooling

Single-photon cooling di ers fundamentally from establishalaser cool-
ing techniques because it does not rely on the transfer of monbem from
photon to atom to cool. Rather, cooling is achieved throughhie direct re-
duction of the entropy of an atomic ensemble. This feature ofrgjle-photon
cooling sidesteps the major limiting factor of established las@&ooling tech-
niques allowing it to be potentially applied to a much largemportion of the
periodic table, as well as molecules. To justify these claimsishsection will
discuss, in general terms, the concept of single-photon coolingluding, for
pedagogical reasons, its origin and development. A more dé¢al description
of the speci ¢ implementation of this cooling technique to a saple of 8’Rb

will be deferred until Ch. 4.

The original motivation for the development of single-photo cooling
came from the eld of plasma physics, where it was shown that an eient
asymmetric barrier for electrons or ions could be produced Bsubjecting the

magnetically trapped species to a ponderomotive potentiahithe radio fre-



quency regime [19]. This then led to the question of whether amalogous
asymmetric barrier could be constructed for neutral atoms, anturthermore,

whether such a device could be used to cool an atomic sample.

The answer to both of these questions was yes. In December 2004
and February 2005, papers were published outlining methodg$ producing
asymmetric barriers optically for neutral atoms. While condged at nearly
the same time, these two methods were arrived at independentind di er

from each other in several ways.

In a paper authored by A. Ruschhaupt and J.G. Muga [20], an optat
asymmetric barrier was considered in the context of atomic ctrol but not
cooling.. It discussed a possible implementation of an \atom dieg' a device
that recti es the motion of neutral atoms by letting ground-state atoms pass
in one direction but not in the opposite direction. This procss relied on
stimulated Raman adiabatic passage (STIRAP) and only worked owa limited
atomic velocity range. It required the use of three lasers: twamtachieve the
adiabatic transfer and the third to re ect the ground state atans. While
interesting for its use in atomic control, this paper did not cosider using the
diode for atomic cooling. These authors later collaboratedithh M.G. Raizen
on a paper describing a version of the atomic diode which used asenching”

beam to improve performance [21].

Independent work came from our group and also described a metho
of constructing an asymmetric one-way barrier for neutral atos [22]. The

details of the proposal di ered from that of A. Ruschhaupt and JG. Muga



and our current implementation in®Rb, but the enduring contribution of this

paper was that it considered such a device in the context of atamcooling.

Consider for the moment, without an explicit description of i con-
struction, a one-way barrier for neutral atoms. Such a \one-wawall" allows
atoms to pass through it from one direction, but re ects them wen they

come from the opposite direction, as shown in Fig. 1.3. The perent ques-

Neutral Atom

Figure 1.3: Depiction of a hypothetical one-way-wall for ngral atoms. While
this wall allows atoms to transmit when traveling from left toright, it re ects
atoms traveling from right to left.

tion becomes if such a one-way-wall can be used to cool an atoemsemble. A
simple theoretical arrangement utilizing a one-way-wall wibh clearly indicated
that cooling is possible is given in Fig. 1.4. There a one-wayalv has been
placed in a 1D hard walled box containing an ensemble of thermal atoms. As
the atoms explore the box they accumulate on one side of the eway-wall.
The atoms become con ned to a small portion of the box of length, which
they originally lled, thus the ensemble of atoms has had its syial spread

« reduced. If we assume that no corresponding increase in the monusm
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Figure 1.4: Depiction of a simple, hypothetical one-way-wiatooling scheme.
(&) A one-way-wall is placed into a con ned ensemble of atoms.b) After
su cient time the atoms have explored the box and have accumated on one
side of the one-way-wall.

distribution , has taken place due to the action of the one-way-wall, then
phase-space compression of the atomic ensemble has been accsiagliwith
this simple arrangement. Here phase-space refers to the prodotthe widths

of the spatial and momentum distributions X p-

A compression in phase-space can be used to reduce the temperature
of a sample through adiabatic expansion. In this case one can ignee adia-

batically moving the one-way-wall to the left in Fig. 1.4 to &hieve this. If we
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assume thatl,; >> | , and that the action of the one-way-wall heats the en-
semble only a negligible amount then the phase-space compressioachieved

is given simply by

C after I1 (1.2)

before E

While instructive, this simple example is clearly unphysicalThe action
of the barrier violates time reversal symmetry! Additionally,we have gotten
something, namely atomic cooling, for nothing { in clear viation of the second
law of thermodynamics. The resolution of these troubling factsomes from
recognition that any physical realization of an atomic one-ay-wall must a ect
the atoms beyond simply transmitting or re ecting them. For the action of the
one-way-wall as presented thus far to obey time reversal symmethe atoms
on the left of the wall must be di erent in some way from the atomson the
right of the wall. Additionally, the decrease in entropy prodeed through the
action of the one-way-wall must be compensated for by an incisain entropy
elsewhere if this scheme is to obey the second law of thermodynesn Indeed,
in the physical realization of this cooling process presented this dissertation
the one-way-wall labels the atoms on either side of the barriby placing them
into distinct hyper ne states through an irreversible spontaneus scattering
process of a single photon as atoms transit the barrier. This seating process
is of course the origin of the name \single-photon cooling.” Mih more will
be said of this in Ch. 4 where a complete description of the cauli process

applied to 8’Rb is described.

Now consider a second example, a slight variation of the rst, whic
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demonstrates the cooling power of a one-way-wall process ineomgetry more
similar (but not identical) to that used in the actual experiment. In this
example, depicted in Fig. 1.5, an atom is placed into an extaal, conservative
potential. This potential in indicated by the \V"-shape in eadh sub- gure
(a-e). As shown in Fig. 1.5(a) the one-way-wall is initially psitioned such
that the atom does not have su cient energy to reach it. To initate cooling,
the one-way-wall is slowly swept towards the center of the coning external
potential. If this is done slowly enough, the atom will rst enounter the
one-way-wall near its turning point, where it has exchangeshost of its kinetic
energy for potential energy. The sweep must be done slowly besauas the one-
way-wall is swept its intersection point with the con ning potential decreases
in energy at a rate E. If the oscillation time of the trapped atom in the
con ning potential is given by Taom then the average residual kinetic energy
K es retained by the atom after transiting the one-way-wall due tahe motion
of the one-way-wall is

1

Kres = EE—Tatom (1.3)

Experimental factors force one to compromise between a smélles and a
reasonable sweep duration. After transiting the one-way-wallhe atom is
captured with little residual kinetic energy Fig. 1.5(c). Acording to our
working de nition of temperature given in Eq. 1.5 this atom fas been cooled.
As the one-way-wall then continues to sweep towards the centefrthe external
con ning potential one may expect that the atom will heat ba& up. This is

not so. The work done on the atom by the one-way-wall as it movésequal to
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external
potential

one-way-wall

® “hot” neutral atom
® ‘“cold” neutral atom

Figure 1.5: (a) An atom is placed in an external con ning potetial along

with a one-way-wall which is initially placed such that the abm does not have
su cient energy to reach it. (b) The one-way-wall is slowly swep towards

the trap center, so that the atom rst encounters it at its turning point. (c)

The one-way-wall continues to sweep in, eventually returngnthe cold atom to
the center of the external con ning potential (d). (e) The ore-way-wall moves
away from the region containing the atoms.

the increase in potential energy of the atom [21]. This is cortgiely analogous
to the fact that the work done by an ideal elevator is equal tolte change in
the potential energy of its occupants. After sweeping throughhe center of
the external con ning potential the atom remains trapped atits center, but is
now cold [Fig. 1.5(d)]. The one-way-wall continues its sweequt of the region

of the atom [Fig. 1.5(e)].

Because this scheme is fundamentally a single atom process, it kgor
equally well on an ensemble of non-interacting atoms. To worki@n ensemble
the one-way-wall must be initially positioned such that the mosénergetic atom
in the group does not have su cient energy to reach it (Fig. 1.5 The rate
at which the one-way-wall is swept must be slow enough to allow @toms in
the ensemble to reach it with negligible kinetic energy. Beaae this technique

operates at the single particle level it does not rely on a spexform of inter-
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potential

one-way-wall

® “hot” neutral atom
® “cold” neutral atom

Figure 1.6: (a) A non-interacting atomic ensemble is placed ian external
con ning potential along with a one-way-wall which is initially placed such
that none of the atoms have su cient energy to reach it. (b) Theone-way-
wall is slowly swept towards the trap center, capturing atomssit encounters
them at their turning points. (c) The one-way-wall continuesits sweep, even-
tually capturing all the atoms and returning them to the cener of the external
con ning potential with reduced kinetic energy.

particle interactions to work, as does evaporative coolinf3]. This feature

further generalizes and extends its potential applicabii;.

This section served as an introduction to the concept of singfgioton
cooling. In summary, this technique begins by trapping an atoic ensemble
in a conservative potential. Then, a one-way-wall for atomssipositioned in
the wings of the trap. Cooling is initiated by slowly sweepinghe one-way-
wall towards the center of the conservative potential. The sve@ must be slow
compared to the oscillation frequency of the trapped atoms, sbdt they rst
encounter it near a turning point. After transmitting through the one-way-
wall near a turning point atoms become trapped with little khetic energy. The

atoms become trapped because they are placed into a di eremtérnal state
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by the one-way-wall through an irreversible step. The one-wayall continues
to sweep until all atoms have encountered it, been cooled aneturned to the
center of the conservative potential. This general techniguis applied, for the
rst time, to the speci ¢ case of cooling magnetically trapped’Rb, and details

of its speci ¢c implementation and results are given in Ch. 4.

1.5 Single-Photon Cooling as a Maxwell's Demon

In 1867 James Clerk Maxwell proposed the notion of a \very obsemt
and neat- ngered being" and wondered if under certain ciraustances it could
possibly violate the second law of thermodynamics [24]. He imagd such a
creature, later given the honorable designation of a \Maxwid Demon™ by
Lord Kelvin [25], as operating a trap door separating two habks of a vessel
lled with gas molecules initially in thermal equilibrium. He argued that if the
demon sensed the velocity of molecules at they approached anckdted fast-
moving molecules into one half of the vessel and slow-moving ealles into
the other half it would cause a temperature di erential \without expenditure
of work." A second version of the demon would simply let molecidepass
into one half of the vessel but never out of it, thus developing pressure
di erential. Such apparent violations of the second law of termodynamics
spurred intense interest and research into \exorcising” such dems, in other
words demonstrating that they do not violate any microscopicromacroscopic

law of physics.

One enduring notion, originally proposed by Szilard [26], @hlater
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worked on by Brillouin [27{29], identi ed the information obtained by the
demon, which it used to determine the appropriate action of # trap door,
as having physical entropic content. This concept e ectivgl exorcised such
Maxwell Demons because the entropy associated with the infortren gathered
by the demon is never less than the reduction of entropy due tthé demon's
actions. This notion of information carrying entropy has beame a key concept
in information theory ever since [30{33]. Despite the fact thiathe work done
by Szilard and others demonstrated that such processes do not laie any
physical law, any proposal or experiment in this vein has beemmtinued to

be called a Maxwell's Demon.

Single-photon cooling is an optical realization of a Maxwéd Demon.
An atomic ensemble con ned in a conservative potential is dirdg analogous
to the "gas in a vessel." The demon analog, however, is not simgtg one-way-
wall alone. Rather, it is the combination of the one-way-walnd its carefully
selected slow sweep through the trapped atomic ensemble. Theommhation
gathered by the demon is the single photon spontaneously scagdrby each
atom as it transits the barrier. To make things a little more cocrete, consider
the action of the single-photon cooling process on a non-inéating atomic

ensemble with the well de ned energy distributionf ¢ de ned such that

n(E) = Nfg dE (1.4)

whereN is the total number of atoms, andn(E) is the number of atoms with

energy betweert and E + dE. Figure 1.7(a) shows such an energy distribution
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fe. Furthermore, assume that the conservative con ning potentiaand the
position of the one-way-wall is well known at all times duringhe cooling

process. As shown in Fig. 1.7(b), as the one-way-wall is slowly swépvards

a) Energy Distribution b) c) Reconstruction
photodetector
0.4
spon.scattered
0.3 photon

0.2

pd

one-way-wall

X trap ensemble
ElkgT ‘ «— center X edge

Figure 1.7: (a) The initial energy distribution of a non-inteacting atomic en-

semble. (b) This ensemble is placed into a conservative trapgipotential. As

the one-way-wall sweeps through the ensemble it encountergtimost energetic
atoms rst, which spontaneously scatter photons as they transithe barrier.

A photodetector monitors the scattered light. (c) A plot of the photodetector
signall ,q as a function of the position of the one-way-wakk reconstructs the
original energy distribution of the ensembile.

the center of the con ning potential, it rst encounters the most energetic
atom at a position where the atom has converted (nearly) all ats energy
into potential energy. When the atom transits the one-way-w&it undergoes
an irreversible process which involves the scattering of a spaneous photon.
Detection of this photon reveals the atom's initial energythrough knowledge
of the location of the one-way-wallx at the time of scatter and the shape
of the con ning potential. By detecting and recording each spntaneously
scattered photon as a function of the one-way-wall's positiowith respect to
the con ning potential, the initial energy distribution can be reconstructed,

as shown in Fig. 1.7(c). Of course, this sweep also has the e ectaafoling
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the atomic ensemble. Not surprisingly and as shown in [34], the arfnation
entropy content carried away by the scattered photons is eqli the reduction

in the entropy of the cooled atomic ensemble.

What is really striking is how extremely e cient the single-photon cool-
ing process is in using information entropy to cool. In the idé@ase described
above it is perfectly e cient; the reduction in entropy of the atomic ensemble
equals the information entropy carried away by the spontanesly scattered
photons. When compared to other established atomic laser coaitechniques,
where the increase in photon entropy is typically several ordeof magnitude
higher than the decrease in the entropy of the atomic ensembleated [35], we
see just how truly remarkable this process is. Additionally, singtphoton cool-
ing is a passive technique in the sense that one need not monitoethcattered
photons at all for the process to work. In contrast, stochastic ating methods,
which like single-photon techniques scatter photons which & information
related the ensemble's properties, must actively feedback dmet data gathered

from scattered photons to operate [36, 37].

1.6 A Note on Units

A brief discussion of the terminology and units used throughoutsi
warranted. Of particular note is the loose manner in which theéerm \tem-
perature” is used in the laser cooling community and indeed irhis text. The
concept of temperature is de ned in thermodynamics as a prepty of a closed

system in thermal equilibrium with its surroundings [38, 39]. ni typical atomic
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cooling experiments, which are performed in ultrahigh vacum environments,
the atomic ensemble being cooled is necessarily trapped oplix@and/or mag-
netically away from any thermal reservoir (e.g. the vacuum @mber walls).
While the atoms may be in a steady-state situation, they are notectessarily in
thermodynamic equilibrium. Despite this fact it is often comenient to de ne

the temperature of an ensemble of atoms as

%kBT = FEqi (1.5)

wherekg is Boltzmann's constant andhEyi is the average kinetic energy of an

ensemble in 1D.

It is also worth noting that throughout this text, cooling is used not
in the weak sense, as simply a reduction in temperature, but in auth more
meaningful way - as an increase in phase-space density. This distion must
be made because an atomic vapor can always be trivially cooldmlough adia-
batic expansion, but this sort of \cooling" is rarely useful in &periments. For
most atomic physics experiments such as Bose-Einstein condensator spec-
troscopic investigations of atomic energy structures, an inase in phase-space

density is what is helpful.

As mentioned above, atoms in these sorts of experiments are tyaily
trapped optically and/or magnetically and so atrapping depthis commonly
reported. In this context, trapping depth refers to the potatial energy depth
of the trap (see Fig. 1.8). Atoms with total energy less than thérap depth

are considered trappable while those with energy greater thdhe trap depth
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are untrappable.

The Sl unit for energy is the Joule, however it is often more cwenient
in atomic cooling experiments to divide this value by Boltzrann's constant to
report a temperature. This has the bene ts of allowing a simgl comparison
between trap depth and an atomic ensemble's temperature aslives putting
the values reported in a more agreeable form. For example,pfigal optical
trap depths reported in this dissertation are on the order of 1& , which

corresponds to a value of:# 10 22J in Sl units.

A

Trap Depth

Potential Energy

Position

Figure 1.8: Trap depth in the context of atomic cooling. Expementally the
potential energy surface shown in the gure is typically due tdhe interaction
of an atom with an electric, magnetic or optical eld.

For completeness, a set of units used extensively throughout theser
cooling community is presented. Each unit represents a value @mperature

of signi cant importance. The rst such value is the rst order Doppler shift

Vatom
lp = I 1.6
o = Yoy, (1.6)
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This represents a shift in the frequency of an incident light &l in the frame
of an atom in motion with respect to the light source. Here ! 5 is the shift in
frequency,! | is the rest frame frequency and,,, is the component of atomic
velocity parallel to the wavevector of the incident light €d. This relation is
valid for vaom=C << 1, wherec is the vacuum speed of light, and is su cient
for most cases encountered when optically cooling an atomic galen There
are also several atomic velocities and corresponding tempenads of interest,

I will discuss them in order of descending energy.

The highest atomic velocity of signi cance is known as the caab
velocity v¢. It corresponds to the velocity of an atom such that its Doppler
shift is comparable to the natural linewidth of the transition being used to
cool the atom. This value represents the velocity at which antam is just at
the edge of possible photon absorption from a narrow band laserdne which

is resonant with the transition of interest. This velocity is gven by

Ve oo (1.7)

wherek, is the wavevector of the incident light in the rest frame. Forxample,

V.  45m=sin 8Rb, the element used in all experiments discussed in this

dissertation. The temperature corresponding to this velocitys given by

m 2

TC kB kE ;

(1.8)

wherem is the atomic mass.

The next value of interest corresponds to the energy associatedtiw
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the atomic transition and is called the Doppler temperature

T —_
P kg

(1.9)

This value represent a lower limit, theDoppler limit, in some laser cooling

techniques. For®’Rb the Doppler temperature is 146 K .

The last important value is the recoil velocityv,. It corresponds to
the velocity change an atom undergoes from absorbing or enmitty a single

resonant photon. It is given by

~k
Vr WL; (1.10)

and has a value of 5:8mm=sin 8’Rb. The temperature associated with this

velocity, the recoil temperatureT, is given by

~2kE
e (1.11)

r

and has a value of 362nK in 8Rb. This temperature is seen as the lower
limit to all atomic laser cooling methods, although there are dew clever

schemes which circumvent it.
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Chapter 2

Operational Concepts

This chapter discusses many of the concepts necessary for a comeple
understanding of the experimental procedure and results preged in this
dissertation. It begins with a general discussion of the elemensed during
this experimental work, rubidium. A description of the sourceand size of
energy level splittings resulting in the ne and hyper ne strudure is given.
The interaction of atoms with external magnetic elds is disassed, as well
as how this interaction, known as the Zeeman e ect, can be usdd trap
rubidium. A discussion of the interaction of atoms with externboptical elds
is given, both in the near and far o resonance limits. How these i@aractions
lead to forces which can be used to cool and control externabatic degrees of
freedom is explained. The frequency of applied optical etdmust be precisely
controlled and the method used to accomplish this, a feedbackolp based
on saturation absorption spectroscopy of a room temperature vap cell, is
discussed. Finally the two methods used in this dissertation to ingg atomic

samples, optical absorption and atomic uorescence are discussed.
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2.1 Rubidium

Rubidium (Rb) is an alkali metal. Its common use in atomic expre
iments is due in part to its relatively simple energy level strcture and its
possession of an accessible e ective cycling transition. The singitly of the
energy level structure is due to the fact that of Rb's 37 eleatns only one is
in the outermost shell. 8Rb is the most abundant and only stable isotope
of rubidium, however the experimental work performed in tig dissertation
was done entirely on®’Rb. The reason for this is that®’Rb has a simpler
hyper ne structure, the topic of the next section. 8’Rb has a relative natural
abundance of 28B3(2)% and decays to +8'Sr with a total disintegration
energy of 6283 MeV [40]. While unstable, the nuclear lifetime is:88 10©yr
[40] making this form of rubidium e ectively stable over the diration of our
experiment. The mass of’Rb was accurately determined from a Penning trap
measurement to ben = 1:443160648(72) 10 2°kg [41]. The vapor pressure
of solid Rb is an important experimental quantity because it ditates the load-
ing rate into the rst stage of our experimental procedure. Ths value can be

taken from a vapor-pressure model for solid Rb given by [42], vehi is

4215
logioPy = 2:881 + 4:857 ?; (2.1)

whereP, is the vapor pressure in torr andr is in K. This model is speci ed to
have an accuracy better than 5% from 298-550K. The ambient temperature
surrounding our experimental chamber is approximately 295Kesulting in a

vapor pressure of @ 10 “torr. More will be said about how this relates
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to the experimental sequence in Ch. 3. Table 2.1 summarizes tphysical
properties discussed here. A more complete tabulation and dission of these

properties is organized in an excellent reference [43].

Atomic Number Z 37

Total Nucleons Z+ N 87

Relative Natural Abundance| (%/Rb) 27:83(2)%

Atomic Mass m 1:443160648(72) 10 *®kg
Nuclear Spin I 3=2

Table 2.1: 8’Rb Physical Properties

2.2 Fine and Hyper ne Structure

This section reviews interactions leading to a splitting in aimic energy
levels. First the ne structure is explored, followed by a discussn of the

hyper ne structure in rubidium.

2.2.1 Fine Structure

The primary source of energy level splittings in atoms are thelez-
trostatic attraction between the electrons and nucleus andhe electrostatic
repulsion between the individual electrons. The energy legetesultant from
these interactions are known as the Bohr energy levels. The marost im-
portant contribution to energy level splittings in low Z atoms are a result of
relativistic e ects. These e ects are the source of thene structure of atomic
spectra. The ne structure energy level splittings are smallerhan the Bohr

energy level splittings by a factor of 2. Here denotes the ne structure
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constant which is given by

& 1
a5 (2.2)

There are two causes of the ne structure splittings. The rstis de to
the coupling between the magnetic moment of the electrons érhe e ective
magnetic eld seen by the electrons due to their motion arounthe nucleus.
The second cause is due to relativistic corrections to the kinetand potential
energy of the electrons. For Rb, the rst contribution dominaes and so | will

focus solely on it.
The Hamiltonian describing the interaction between the outenost elec-
tron's magnetic moment and orbital angular momentum can be ritten as
Hi¢s = A(C S); (2.3)
whereA is a constant parameterizing the strength of the interaction$ is the
spin of the electron andC is the orbital angular momentum of the electron.

To solve this Hamiltonian we introduce the total electron angiar mo-
mentum J, given by

F=C+S; (2.4)

where by the triangle inequality the quantum numberd must lie in the range
jL S J L+S: (2.5)

The convention that the magnitude ofJ is P J(J +1), and that the eigen-

value of J, is m;~ is being used. We next note that squaring both sides of
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Eq. 2.4 yields
J2=8%2+ L%+2C S; (2.6)

allowing us to rewrite the ne structure Hamiltonian (Eq. 2.3) as

A
Hts = E(J2 s?2 LY): (2.7)

Because the energy shift of this Hamiltonian is small compared tbe
Bohr splittings, it can be introduced as a perturbation to thosesnergy levels.
Time independent perturbation theory allows us to write theshift in an energy

level to rst order due to this perturbation as
E=h jHg 0 (2.8)

This notation introduces the question of what basis should be kan to make
the evaluation of this matrix element the simplest. The couptig of C and

S has caused., and S, to be unconserved quantities so the uncoupled basis
jL;L,;S; S,i is clearly not an eigenvector of Eq. 2.7. However, from inspémt

it is clear that elements of the coupled basisS; L; J; J,i are eigenvectors of the
ne structure Hamiltonian and can be used to evaluate Eq. 2.7, imediately
resulting in

E = ATJ[J (J+1) S(S+1) L(L+1): (2.9)

The ground state con guration of 8Rb is [Kr ]5s. This means that
there is one unpaired electron and that this electron has naflwtal angular
momentum, thereforeS = 1=2 andL = 0. This means that the only value J

can take isJ = 1=2. Evidently, the ground state is not split by H¢s because
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only one value of] is possible from this con guration. This single ground state
term can be written compactly using Russel-Saunders notatiors &S,-,. The
meaning of this term is as follows. The rst number is the prin@le quantum
number n of the outer electron. The superscript represent2+ 1, and here
sinceS = 1=2 is 2. The uppercase letter corresponds to the total orbital
angular momentumL suchthatS=0, P =1, D =2, F =3 ... The subscript

represents the value of the total electronic angular momentu J.

The con guration of the rst excited state of 8’Rb is [Kr ]5p. Because
in this state L = 1 there are two possible values o8, 1=2 and 3=2, leading
to two possible terms 5P;_, and ¥Ps-,. Since the value of E depends onJ
these two terms are split in energy giving rise to a ne-structureloublet. The
two transitions 5°S,-, | 5°P1-, and S, | 5?P;-, are known respectively
as the D; and D, transitions. The D; transition is at  795nm while the
D,isat 780nm. Because these two transitions are easily resolved by many
lasers they are typically treated separately. Indeed, the wkrdone in this

dissertation used theD, transition exclusively.

2.2.2 Hyper ne Structure

The hyper ne splitting of atomic energy levels is due to the iteraction
of the total electronic angular momentumJ with the total nuclear angular
momentum | . As the name suggests this e ect is even smaller than the ne
structure splitting, reduced by the factor mg=Mp 1=1836 which is the

electron to proton mass ratio. As in the case of the ne structurewe can form
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the sum of the two coupled angular momentum vector$ and |, in this case

giving the total atomic angular momentumF
F=J+10 (2.10)

which is similarly constrained by the triangle inequality to tave a magnitude
with the range

i3 1] F J+1 (2.11)

To get a feeling for how this works, consider the ground state 8fRb
which has the single term 3S,.,. Becausel = 3=2 andJ = 1=2, Eq. 2.11
indicates that F can take on two values: 1 or 2. In the excited state of thB,

transition the term is 5°P;-, SOF can take on the values 0, 1, 2, or 3.

The Hamiltonian describing the interaction between the totaklectronic
angular momentumJ and the total nuclear angular momentuml is given by
[44{47]

3r N2+ 3(r ) 1(1+1)JQ+1)

Hits = Ans ™ I+ Biys 2@ DI 1) |

(2.12)

where the interaction between) and the magnetic dipole moment and elec-
tric quadrupole moment of the nucleus has been included. Highorder terms
resulting from interactions with higher order nuclear momets have been ne-
glected in this Hamiltonian because experimental measuremsrdre not su -
ciently accurate to assign a non-zero contribution to them. IfEq. 2.12, Anss

is the magnetic dipole constant andys is the electric quadrupole constant,
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the latter of which only applies to the excited manifold of tle D, transition

and not to levels withJ = 1=2.

This Hamiltonian can be solved in a manner analogous to that useal
the case of ne structure splitting. We note that by squaring bothsides of

Eq. 2.10 one can write,

1
J r= é(F2 J2 12 (2.13)

This can be used in Eq. 2.12 to solve for the shifts in energy leselue to this
interaction. Again we note that the coupling ofl and J causes the uncoupled
basisjl; 1 ;;J; J,i to no longer be an eigenvector of the Hamiltonian describing
the atom. But as before, simple inspection revels that; J; F; m i is an eigen-
vector of Eq. 2.12. Taking this as the basis in evaluating thegsturbation due

to the hyper ne Hamiltonian results in energy splittings givenby

K(K+1) 20 +1)IQ0+1)

A2 13 1) ’ (2.14)

1
Ents = éAhfs K + Bhts

where
K=FF+1) I1(+1) JJ+1) (2.15)
is introduced for notational convenience.
The nuclear moment constants for thé’Rb D, line are given in Ta-
ble 2.2. The ground state value was taken from a precise atomiguhtain
measurement [48], while the excited state values were measutesihg a het-

erodyne technique between two ultra stable lasers referencedatomic 8'Rb

[49].
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Ass,, | h 3:417 341305452 145(45) GHz
Asp, h 847185(20) MHz
Bsp,, h 124965(37) MHz

Table 2.2: 8’Rb D, Transition Hyper ne Structure Constants

The hyper ne structure of the 8’Rb D, transition is shown in Fig.
2.1. The energy shifts in this gure are given by Eq. 2.14 withhe constants
reported in Table 2.2. Each shift is with respect to the transitn's center of

gravity value, indicated by a horizontal dashed line.
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193.7407(46) MHz

72.9112(32) MHz

52P,, —= e

T

266.6500(90) MHz

L

384. 230 484 468 5(62) THz
780. 241 209 686(13) nm

52811

x \ F=2
229.8518(56) MHz
156.9470(70) MHz
302.0738(88) MHz
7'y F=1
72.2180(40) MHz
h 4 A 4 F=0
F=2
2.563 005 979 089 109(34) GHz
6.834 682 610 904 290(90) GHz
4.271 676 631 815 181(56) GHz
F=1

Figure 2.1: 8’Rb D, Transition Hyper ne Structure.
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2.3 The Zeeman E ect

The Zeeman e ect refers to a shift in an atomic energy level due the
presence of an external magnetic eld. Each of the hyper neVelsF contains
2F + 1 magnetic sublevels, labeled byng, which correspond to di erent pro-
jections of the total atomic angular momentum along the qudization axis,
here taken to be alongz” These states are represented by the vectgis; mgi

and are eigenvectors of the operatofs? and F,.
F2jF:mei = ~°F(F + 1) jF; mgi (2.16)
F.F;mei = ~mgjF; mei (2.17)

In the absence of an external magnetic eld, sublevels of a corom
hyper ne state F are degenerate. Application of a magnetic eld lifts this

degeneracy.

The total atomic magnetic moment of the atom is the sum of the et-

tronic and nuclear moments

~atom = B(gJI+ O r); (2-18)

where g = h 1:399624 604(35) MHz/G is the Bohr magneton and; and g,
are the total electronic angular momentum and nuclear \g-fetors" which arise
from projections of J” and I along F. The Hamiltonian for the interaction of

~atom With an external magnetic eld is [50, 51]
Hze = ~aom B: (2.19)
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Pluging Eq. 2.18 into this Hamiltonian yields
Hze = s(@J+gl) B: (2.20)

If the interaction of the atom with an external eld describedby this equation
is small compared to the hyper ne splitting thenF is a good quantum number.
A useful method of visualizing this situation is provided by thevector model
of angular momentum. This particular situation is depictedm Fig. 2.2, which
illustrates that the coupling of J and I can be interpreted as the sum of these
two vectors precessing about the total atomic angular momentu vector F.

In turn F precesses about the external magnetic eld. A8 and I" precess

1B
F
I
J

Figure 2.2: Vector model of the hyper ne interaction. The capling of Jand I
can be interpreted as the sum of these two vectors precessing abihe total
atomic angular momentum vectorF. Similarly, but at a much slower rate,
F precesses about the external magnetic eld. A% and I" precess abouf,
their projections alongB (the quantization axis) change in time. Therefore
the quantum numbers associated with these projections and |, (assuming
that B is along 2) are not good quantum numbers. In contrast, the projection
of F along B is constant in time and soF, is a good quantum number.
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about F, their projections alongB (the quantization axis) changes in time.
Therefore the quantum numbers associated with these projeati®J, and I,
(assuming that B is alongz) are not good quantum numbers. In contrast,
the projection of F along B is constant in time and soF, is a good quantum
number. Therefore the Zeeman Hamiltonian (Eq. 2.20) can be iten in a

more useful form, in this case, by taking the projection aF and I" along F
|

HF JiIF B W NF B
Hze = & glm"‘glm ; (2.22)

where the terms in the angled brackets refer to an expectatioczalue. This can

be written more compactly as
Hze = BOFF:B; (2.22)

where B has been taken along &nd g- is given by

hF Ji HF T

FE+1)  YFF+D (2.23)

O =0

The expectation values can be written in a more illuminatingmanner; for

examplehF Ji can be rewritten using the following relation
F+J=r+2J3 (2.24)

Squaring both sides of this equation and using

1
rJ= E(F2 12 3% (2.25)
reveals
2+ 2 2
w e L 220
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Following the same logic leads to a similar equation for the sewbexpectation
value
B F2 + | 2 J 2 '

o
! 2

(2.27)

If these terms are collected and evaluated in the coupled bagisJ; F; F ,i

one nds

FIF+1) 10 +1)+J@+1)  FF+D+1(1+1) JJ+1),
2F(F +1) 9 2F(F +1) '

(2.28)

This still leaves the problem of determiningg; and g,. The latter
accounts for the complex structure of the nucleus and so its v is found
experimentally. The value ofg;, however, can be found in a manner very
similar to that used to nd gr, the di erence being that one must consider
the coupling betweenS and C and take the projection of these vectors along
J. The result is
JA+1) S(S+1)+ L(L +1)+ JA+1)+ S(S+1) L(L+1)

2J(J +1) . 2J(J +1) !
(2.29)

- YL

wheregs and g are the electron spin and electron orbital \g-factors."

The value of each of the \g-factors" considered above are listéd Ta-
ble 2.3. The value ofys is known extraordinarily well and its measurement [52]
has served as an important test of QED theory [53]. The value of quoted

is derived from

(2.30)
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wheremy, is the nuclear mass. This value di ers slightly from 1 due to nie
nuclear mass and is correct to lowest order ime=my,. [54]. The value ofg
accounts for the complicated structure of the nucleus and isna&experimental
value [45]. Finally, the values listed foig; are all experimental values [45], the

exception being the value given for the state?®;-, which is calculated from

theory.
Os 2:002 319 304 3622(15)
o 0:999 99369
a 0:000995 141 4(10)
o (5°S1=2) 2:00233113(20)
0 (5°P1=2) 2=3
Qs (5%P3=,) 1:336 2(13)

Table 2.3: 8’Rb D, Transition \g-factors"

The expression forg; given in Eq. 2.29 can be simpli ed by taking the

approximate valuesgs 2 andg. 1 yielding,

3 S(S+1) L(L+1).

@ S+ ATNESY : (2.31)

Likewise a simpli cation the expression foige, given in Eq. 2.28, can be made

by neglecting the nuclear term

F(F+1) 1(1+1)+ JJ+1)
2F (F +1) ’

o (2.32)

yielding an expression which is still correct to the :0% level.

As an example consider thé& = 1 manifold in ground state 8’Rb (see

Fig. 2.1). Inthisstate S=1=2,L =0, J =1=2,1 =3=2 andF =1 so
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Or = 1=2 using the approximate expressions for this value and fgy derived
above. In the low eld limit, the magnetic sublevels will shiftin energy in

response to an external magnetic eld according to
Eze = BOrmMeB: (2.33)

Recall that becauseF = 1, mg can take on the values of 1, 0, and 1.
This splitting is shown in Fig. 2.3 and is the basis for magnetidig trapping
neutral atoms, the topic of the next section. Note that because évalue ofgr
in negative in this state, the sublevel withmg = 1 increases in energy with
increasing magnetic eld while the sublevel withmg = 1 decreases in energy.
The sublevel withmg = 0 is una ected to rst order by the presence of the

external magnetic eld.

52S, ,(F=1) me=1

Figure 2.3: Zeeman spitting of the= = 1 hyper ne manifold. BecauseF =1,
me can take on the values 1, 0, and 1. The value of in this state is 1=2
so the magnetic sublevel withmg = 1 increases in energy with increasing
magnetic eld while the sublevel withmg = 1 decreases in energy. The energy
of the mg = 0 sublevel is una ected to rst order.
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2.4 Magnetic Trapping

The Zeeman e ect can be used to spatially con ne neutral atoms. Ais
feat was rst accomplished in 1985 on a sample of neutral atomic diam
[9]. This can be understood by a quite straightforward extensioof the main
result of the previous section where it was shown that in the loweld limit an
external magnetic eld shifts the magnetic sublevels of an ato by an amount
given by

Eze = BOrMejBj: (2.34)

This shift in energy is correctly viewed as a con ning potenél for the atoms,

the force on which is found from taking the gradient of this gxression.

Fze = sOrMe (1] Bj) (2.35)

In the previous two equations | have been explicit that it is he mag-
nitude of the magnetic eld which is important and not the vedor quantity.
The reason for this is that under certain conditions, which arenet in our trap
almost everywhere, the atomic magnetic moments follow therdction of the
con ning magnetic eld. The condition for this adiabatic following can be
written as ! | j dB=d{j=B, where! | = B= ~is the Larmor precession rate
in the applied magnetic eld. If this condition is not met, it can result in trap

loss via a process known as Majorana spin ips.

Examination of Egs. 2.34 and 2.35 reveals that there are two nma
classes of atomic states with respect to magnetic trapping. Thast, com-

monly called high- eld seeking states, satisfye mg < 0 and therefore mini-
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mize their energy in high magnetic elds. The second, calledus eld seeking
states, satisfyg-mg > 0 and minimize their energy in magnetic eld min-
ima. Earnshaw's theorem prohibits an electrostatic eld fronstably trapping
a charged particle, however it does not rule out the possib§itof trapping
a dipole [38]. Clearly, for a trap to be stable atoms must accurtaie at a
eld extrema, but local maxima in the absence of sources are dden by
Maxwell's equations [55]. Therefore atoms must be trapped at local eld

minimum, so low- eld seeking atomic states must be used.

Ground state 8’Rb has three low- eld seeking states. They arg2; 2i,
j2;1i andjl; 1i, where the notationjF; mgi is being used. The term \ground
state” refers to all of the states contained in the 3,-, spectroscopic term,
not just the one with the lowest energy. The statg2; 2i couples most strongly
to external magnetic elds, providing the tightest con nemer for a given

magnetic eld. For this reason we trap®’Rb atoms in this state.

One may worry that this state is not the lowest in energy and mayetay
into the F = 1 manifold, disrupting the experiment. This concern can be yt
to rest because this is not an allowed electric dipole transitbas L = 0
and so the lifetime of atoms in theF = 2 manifold is much longer than the

duration of the experiment.

While there are many electric current con gurations which an form
suitable trapping potentials [56] we use the simplest con gur&in possible.
Our eld is produced from a pair of circular coils with counte-propagating

currents. This geometry is known as the anti-Helmholtz con gration and it
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produces a quadrupole magnetic eld.

The form of the magnetic eld produced in this con guration @n be
arrived at by rst considering the form of the magnetic eld produced by a
single circular loop carrying a currentl in a region of permittivity ~ which is
given by [56]

I 1 RZ 2 22

_ A 2 2
B, = > P CEREIGE K (k%) + —(R )2+22E(k) (2.36a)
_ z ) R+ 2 7?2 )
B = 5P CEBEICE K (k°) + —(R 2+ 22E(k) (2.36b)
where
k? = R (2.37)

R+ )2+ 22
and K (k?) and E (k?) are the complete elliptic integrals of the rst and second

kind, respectively [57]. The terms in this expression are clagd in Fig. 2.4.

12 B,(r.2)

T

(r,2) :\ 8.2

R VA

loop of current

_1
<)v

x)

Figure 2.4: Geometry of Eq. 2.36. The red loop of current prodes a magnetic
eld at the point ( ;z). The magnetic eld is decomposed into components
parallel to 2 and to "
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If we now consider the eld from two such loops separated by a distae
d with equal but opposite current we can arrive at the expressioroif the
magnetic eld in the anti-Helmholtz con guration. The full m athematical
form is not very illuminating, but a plot of the result is shown n Fig. 2.5. This
gure shows the magnitude of the magnetic eld along the axisfosymmetry
of the two loops. The central portion of this potential is useddr trapping.
Note that near the center the potential is nearly linear, dewting only in
the vicinity of the current carrying loops, at the surface of with the eld

magnitude reaches its maximum value.

|BI

z

Figure 2.5: Magnitude of the magnetic eld along the symmetnaxis of the two
loops. The central portion of the potential is used for trappig. The potential
is approximatly linear near the center and reaches its maximm value at the
surface of the circular loops of current.

Luckily, we can justify making a huge simpli cation because th&rapped

atoms in this experiment only occupy the region near the ceett of the trap.
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We can therefore Taylor expand the full solution and take onlyhe leading,

linear term. The result of this expansion and simpli cation is

B,=2B% (2.38a)
B =B° (2.38b)
where the eld gradientB°is
O\R2
B°= §| (d=2)R (2.39)

2" [(d=2)7+ R
For magnetic trapping the magnitude of the eld is the import@ant quantity. It
IS given by

=gl Zvaz (2.40)

Note that this potential is linear in all radial directions, howvever the
gradient varies along each direction because of the factordin Eq. 2.40. Also
this potential is not harmonic nor central, and so angular moentum is not

conserved in this trap.

The main source of trap loss is collisions between trapped atorasd
the residual thermal background gas present in our vacuum chéer. Unfor-
tunately, the cross section for destructive collisions is largeecause even large
impact parameter collisions can impart enough energy to efetoms from our
trap. At pressuresP, which are low enough to be of practical interest, the

trapping time can be approximated by [38]

t (10 8=P)s (2.41)
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where P is in torr. The lifetime of atoms in our magnetic trap is 305,

suggesting that the background pressure is 3 10 °torr.

2.5 Interaction of Light with Atoms

Interactions of light with atoms fall into two very broad regmes. In
the rst, the so called far-detuned regime, the frequency ofdht is far from
any atomic resonance. The primary e ect of the light is to mix shtes of
opposite parity, inducing a dipole moment in the atom [58]. Té induced
dipole moment can then interact with an optical intensity gralient present in
the dipole inducing beam. As will be discussed, this situation cdead to an
almost completely conservative optical trap for neutral ators. In the second,
near-resonant regime, light interacts with atoms primarilythrough forces due
to photon scattering. As will be explored in some detail, this gime can be

used to cool and trap atomic ensembles.

2.5.1 The Optical Dipole Force

The use of the optical dipole force for con ning atoms was rst@nsid-
ered by Askar'yan in 1962 [59]. Eight years later Ashkin trapped ioron-sized
particles with a laser using a combination of radiation pressurand the opti-
cal dipole force [60]. He later suggested a 3-D trap for neutralomns based
on his previous work [61]. In 1978 Bjorkholm experimentallgemonstrated
the dipole force by focusing a beam of neutral atoms [62]. Thegkas and

work culminated in 1986 with the rst optical dipole trap for neutral atoms
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demonstrated by Chuet al. [63].
To model the dipole force, let the applied electric eld andnduced
dipole moment be given as

E(rt) = 2E(®e " + cc: (2.42)

g t) = ep(re " + cc (2.43)

where these two quantities are related through the complex [avizability

p= (!)E: (2.44)

The potential energy of the induced dipole in the driving elgric eld

1 :
Udip = éhp Ei; (245)

where the angular brackets represents a time average and the2 laccounts for
the induced, not permanent, nature of the electric dipole. fiis can be written
in a more useful form by replacing the amplitude of the electi eld with the
corresponding intensity throughl =2 (¢ Ej? and evaluating the time average

of the two complex quantities,

1
Udip = Z—OCRe( )I (246)

We see that the potential is proportional to the intensity of Ight and

the real part of the polarizability, the latter of which represents the in-phase
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component of the dipole oscillation. The dipole force can beund from the

gradient of the potential energy and is therefore a conservat¢ eld.
1
Fap = I Ugip(¥) = Z—Re( )l (¥) (2.47)
oC

Thus the optical dipole force comes from the dispersive intestion of the

induced dipole moment with the gradient of the driving light eld [59, 64{66].

We now turn our attention to modeling which we do following Lorentz's
model of a classical oscillator. In this model the electron is esidered to be
a classical particle bound elastically to a nucleus and possessimgogcillation
frequency! o which is identi ed with the frequency of the optical transition
of interest. Damping is included in this model through Larmds formula for
the power radiated by an accelerating charge [67]. This mddeas several
limitations - it does not model an atom with multiple transitions and does
not display any saturation behavior when strongly driven. In tle far-detuned

limit neither of these limitations are of concern.

The equation of motion for a damped, driven harmonic oscillat

eE(t)
Me

X+ | x+!2x= (2.48)

can be used to solve for by noting that p= ex= E . The result is

e 1
=TT (2.49)

where the damping coe cient | is the classical Larmor energy damping rate

due to radiative loss

el ?
L = 60—mc3: (250)
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Using this relation and introducing the on-resonance dampingte 1, =
(! o=!)? | allows the polarizability to be written as [68]

=12

3Ty (251

Interestingly, the semi-classical approach which treats the am as a
two-level quantum system interacting with a classical eld yieds the same
result in the low-saturation limit with one notable exception The damping
rate must be found from the dipole matrix element between thergund and
excited state.

= 58 ing i’ (252)

But for the D lines in alkali atoms, including®'Rb, which are strongly allowed

dipole transitions the classical estimation agrees with the teidecay rate to

within a few percent [68].

Using the classical estimation for in the equation for the dipole po-
tential (Eq. 2.46) yields a very useful result, valid in the linit of large detuning

and negligible saturation

3c?
Ugip () = Tg_' (F): (2.53)
Here ! l'o is the optical detuning from resonance.Uy;, is inversely

proportional to the optical detuning which can take on both psitive and neg-
ative values. When! > ! , so-called blue-detuning, the potential is positive,
and atoms experience a repulsive force pushing them away framedl intensity

maxima. When! <! ,, so-called red-detuning, atoms are pulled into local
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maxima. Our experiment makes extensive use of blue-detunedtiopl sheets
which act as repulsive walls. We combine several of these sheets$adion op-
tical boxes for trapping atoms. Speci ¢ detail on this techrque can be found

in Ch. 4.

Although not derived here, a very similar consideration leadsotan
expression for the optical scattering rate valid in the same lirts as Eq. 2.53

[68].
3c?

2
2~—!c2) — 1(¥ (2.54)

sc(F) =

Notice that the scattering rate varies as 1= 2, so that for a su ciently large
detuning the optical dipole force completely dominates foes due to optical

scattering.

2.5.2 Scattering Forces

When an optical eld is near an atomic resonance it is scatterqforces
that dominate the atom-light interaction. The non-conservéive nature of the
spontaneous scattering process means that radiative forces de used to cool
atomic ensembles. Here | will discuss the scattering rate and resag force
in the semi-classical approximation, treating the atom as a twitevel quantum
system and the optical eld as classical. | will then shows how this used to

cool and con ne atoms in our experiment.
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2.5.2.1 Optical Bloch Equations

The optical Bloch equations are used to describe an ensemble wbt
level atoms interacting with a monochromatic optical eld p9] as shown in

Fig. 2.6. To describe the situation in the gure we must nd the eyectation

/' |2;\\ ,’I—§7|2>\‘\
‘\\—éu),/ L N 115
r\f\f\f’ \‘~ /” "’ \\\ \\‘~.—"/
Ty 2y,
-iwt ) |
Eo(ne™ +c.c. ‘ g :
" (2

Figure 2.6: Ensemble of N two-level atoms per unit volume intacting with a
monochromatic optical eld.

value ~
h-(t)i = ~ or (2.55)
of the microscopic polarization operator~ = e+ by solving Schredinger's
equation,
. @ _ _
i @t H (2.56)

HereH = Ho+ Heont Haamp IS the sum of the unperturbed atomic Hamiltonian
Ho, the Hamiltonian describing the coherent evolution of the atm driven by
the optical eld H,n = ~ E(t) and the Hamiltonian due to inter-atomic
damping processes such as collisions. The inclusion of the thirantremeans
that we must consider the system as a quantum ensemble, not as indival

atoms. Because the system we are describing comprises a large nundfe
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atoms its wavefunction (t) is typically intractable. Instead we use the density
matrix formalism which provides a convenient way of describgthe evolution
of the ensemble average expectation value of the dipole operah (t)i even

when ( t) is unknown.

The density matrix can be de ned in two steps. In the rst step, we

consider the expectation value of the dipole operator for a gjle atom
h (t)i = h( £t)] j( Ht)i: (2.57)

We then expand ( #;t) in a complete set of orthonormal eigenfunctions of the
unperturbed atomic Hamiltonian Hg
X
(5= a®un(),; (2.58)

n
where all of the time dependence has been placed in the coesais ¢, (t). We
then evaluate the expectation value of the dipole operatonithis basis
- x . . .
h®)i=  cOhun(®)i ju.(Bic(t): (2.59)
m;n
Bydening mn hun(¥)j jun(®)i and Ry, .G, this can be written much
more compactly as
X X
h (t)i = Rom mn = (R)m=Tr(R ): (2.60)

m;n n

Next we apply this approach to an atomic ensemble. To do so we den
nm (t) Rom (t); (2.61)
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so that the ensemble average expectation value of the dipoleepator can be
expressed as
X
hOi= &G omn=Tr[ ()] (2.62)
m;n

The density matrix has four elements in this case because we have

assumed a two-level system,

= B (2.63)
21 22

The diagonal elements represent the probability of nding amatom in the
respective state i.e. 1; is the probability of nding an atom in state jli. The
signi cance of the o -diagonal elements can be seen by calctitey h (t)i for

our two level system. The result is

h()i= 122+ 11 ut+ 22+ 21 12 (2.64)

If we assume that each statgli and j2i has de nite parity and note that
the dipole operator has odd parity symmetry then we see immediately that
11 = 2 = 0. Additionally if we assume, with no loss of generality, that

21 12 then we can write the very illuminating formula
h(t)i= [ 2+ 2] (2.65)

which shows that the sum of o -diagonal elements, known as the lcerence

terms, is proportional to the ensemble average dipole moment.

We are now in a position to derive the optical Bloch equations. fie

temporal evolution of the operator is determined by the Heisenberg equation

_= %[H; I (2.66)
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In this equation we letH = Hg+ Hcon and neglectHyamp because its exact
form is unknown and its e ect can be added in later by hand. Wh this

approximation we nd the time evolution of the o -diagonal elements to be
E (t)

~

21= g oa+i (11 22 (2.67)

with 1, = ;. The diagonal elements are found to be

a1 = El—ft) 21 12) = 22 (2.68)

Damping is a property of the interaction between individualdipoles
and is therefore a property of the ensemble and not individuatoms. Damp-
ing can be included phenomenologically in the o -diagonal@ments from the
knowledge that whenE(t) ! 0 the ensemble average dipole moment must
decay to 0. There are many causes of dephasing which lead to thecay of
the o -diagonal element such as population relaxation, catlions, and dipole-
dipole interactions, the net e ect of which can be encompasseud a transverse
decay ratel1=T,. Likewise, processes such as spontaneous decay and collisional
de-excitation lead to the decay (growth) of the excited (gnand) state popu-
lation. The rate of these processes can be encompassed by ldmitudinal

decay rate1=T;.

Before including the e ects of damping in the optical Bloch gquations,
| would like to brie y discuss the commonly used rotating wave agproxima-
tion, which is a result of writing the o -diagonal elements asa slowly varying

envelope function multiplied by a response at the applied omtal frequency.
a) = a(t)e ™ = (1) (2.69)
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When these expressions are substituted into the optical Bloch eafions and
terms proportional to e " are equated while terms proportional tee 't are

discarded, the equations take on their familiar form.

i
a1 = 7( 12 21) + Tilz (2.70a)
S (2.70b)
2 T
1 . i
2= (T_2 +1) 1 7( 2 11) (2.70c)

The o -diagonal terms are complex conjugates of each othep; = _,,, the

detuning of the applied eld from resonance is denoted ! o, and
= ~ Ep=is the Rabi frequency.

If we assume that radiative decay is the only dephasing processth

1=T, = and 1 =T, = =2, where is the natural decay rate of the excited

state. With this assumption, the steady state solution of the exc#id popula-

tion is

_ (=)? . 271
2T 144 =)242( =) 2 2.71)

This can be put in a more useful form for experimentalists by inbducing the

transition saturation intensity I g4

| 2
—=2— (2.72)
Isat
so that we may write
1 (|:| Sat)
= — . 2.7
27 21+ 4( =) 2+ (1=l ) 273

54



The signi cance of | ¢4 is that at saturation the Rabi frequency has a value

comparable to the natural decay rate and that ,, reaches £2 of its max-

imum value. With the substitution | = (1=2)c (E2, the saturation intensity
can be written
oC 2.2
lsat = —— 2.74
sat 4Je ""‘JZ ( )

whereéis the direction of the polarization of the electric eld. The value of the
saturation intensity depends on the transition strength throuy as well as the
relative orientation of the polarization of light and transtion dipole moment,
but for simplicity the minimum value is usually reported as a rpresentative
gure. For the D, (F =2 ! F%=3) transition g = 3:577 13(74mW =cn?¥

for light with isotropic polarization [43].

A consequence of saturation is that the measured width of a transi
tion increases with increasing probe intensity due to a phenoma known as
saturation broadening The measured full width at half maximum (FWHM)

increases with intensity as [70]

| 12
'rwnm = 1+ — : (2.75)

sat

2.5.2.2 Optical Molasses

Optical Molasses is a laser cooling technique commonly used tduee
the temperature of an atomic vapor. Because atoms in a gas maweall direc-
tions the applied laser beams must cool in all three dimensiong mteracting

with the gas along three orthogonal dimensions as shown in Fig.7. In this
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Figure 2.7: Three pairs of counter propagating laser beams pinge on an
atom. Each beam is detuned below the atomic transition resone@ by the
same amount.

gure three pairs of counter propagating beams, all at the sanfeequency and
intensity, interact with an atom. It might appear that this ar rangement will
have no e ect on the atom because the e ect from counter propagng beams
will cancel. This is true for a stationary atom, but for an atomin motion the
symmetry of the arrangement is broken. The Doppler e ect causehe atom
to scatter photons out of counter propagating beams at di enat rates, leading
to an imbalance of the force on the atom. Consider the 1-D situan depicted
in Fig. 2.8 in which each of the counter propagating beams isited below

the atomic resonance frequency, by the same amount. If the atom moves
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Figure 2.8: 1-D optical molasses. A pair of counter propagatirmpams detuned
below the atomic resonance frequency impinge on an atom. (d)the atom
is at rest then it sees each beam with equal detuning from resor@n and
scatters photons out of each beam equally. (b) If the atom is imotion the
Doppler e ect shift the beam opposing the atomic motion into reonance and
the atom scatters photon preferentially from this beam, slowq it.

to the right, the Doppler e ect will cause the atom to scatter plotons from
the leftward traveling beam at a rate greater than from the ghtward travel-
ing beam. Of course the opposite e ect will take place if the atns moves to
the left. This leads to a force which tends to slow the atom regdiess of its

direction of travel.

This argument can be made somewhat more quantitative by usingre-
sult from the previous section where we calculated the excitestite occupation

probability for a two level atom interacting with a monochranatic beam

1 (1=l sat) _
T 214 =) 2+ (1=)

The total scattering rate Rscat = 22 for a single atom is the product of the
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excited state occupation probability and the natural decayate

(1=l sat) )
21+4( =) 2+ (1=lsa)’

(2.76)

Rscatt =

Since each photon scattered carries momenturk the force on the atom due

to this process is

(1=l sat)
Fscat = ~K= : 2.77
o = G Twa( =) 2+ (1) &7
We can use this result and the rst order Doppler shift! °= 1 kv,

where! %is the frequency seen by an atom moving at velocity with respect to
a laser beam at frequency, to nd the force on the atom in this arrangement.
If we consider the 1D case, with a single pair of counter propagating beams,

then the total force is just the sum of forces due to each beam

o kv) Fscat(! o+ kv): (2.78)

Fmolasses = Fscatt (!

We can approximate this result for small velocities through Tdor expansion
of Fscatt

F F
I:molasses Fscatt(! ! 0) kV% [Fscatt(! ! ot kV)] Z%I(VZ (2-79)

We note that this may be written
Fmolasses = V; (2.80)

showing that this force mimics classical viscous damping, theaon it is called
optical molasses. The value of is found through di erentiation of Eq. 2.77

to be
YR 2 5 (2.81)
I sat [l + (2 ) 2]
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where [ =] g4 1 has been assumed. Clearly for damping to occur 0 so
the detuning = ! ! < 0 is negative, in agreement with the qualitative

picture presented earlier.

There are two features of optical molasses that warrant expiicstate-
ments. First, optical molasses only con nes atoms in velocity ahnot con g-
uration space. In other words, it is a cooling and not a trappingechnique.
Second, even though Eq. 2.80 suggests that after su cient time! O hence
T ! 0 this is clearly not a physical result. This discussion ignored atgng
e ects due to the random nature of the absorption and spontanes emission
process. The heating and cooling e ects of optical molasses reac balance

at the Doppler temperature [70]

TD = %: (282)

This temperature is the lowest value that one expects to cool &vo-level
system. However, due to magnetic substructure the temperature laeved

in experiments are much lower. The e ect responsible for thisithe topic of

the next section.

2.5.2.3 Sisyphus Cooling

As discussed in Sec. 1.1, many groups, most notably the group of W.
Phillips, measured temperatures of atomic clouds cooled bytagal molasses to
be well below the Doppler limit given in Eq. 2.82. This cannobe understood

in terms of the simple two-level system used in that discussion. Je&alibard
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and Claude Cohen-Tannoudiji discovered that cooling beyonti¢ Doppler limit
was due to an interaction between the optical eld and the atm's magnetic

sublevels [12].

The e ect responsible for the additional cooling can be undersbd by
considering an atom with a ground state total electronic angat momentum
J = 1=2 and an excited state total electronic angular momentund® = 3=2
moving through a standing wave formed by two counter-propagjag beams

with orthogonal linear polarization.

As indicated in Fig. 2.9(a) the relative strength of the transitons de-
pend on the value ofm; in the lower (J = 1=2) and upper (°= 3=2) state.
For example, for * polarized light, which by de nition drives transitions with

m; = +1, the coupling of thejd =1=2;m; =1=2i!] J =3=2,m; = 3=2i
transition is three times stronger than the coupling of thgJ = 1=2;m; =

1=2i ' j J = 3=2;m; = 1=2i transition. On the contrary, for polar-
ized light, which drives transitions with mj; = 1, the coupling of thejJ =
1=2;m; = 1=2i'j J =3=2;m; = 3=2i transition is three times stronger
than the coupling of thejd =1=2;m; =1=2i!] J =3=2;m; = 1=2i transi-
tion. The relative strength of all allowed electric dipole tansition are given as
integer values in this gure and can be calculated using the fimalism outlined

in Sec. 2.6.
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Figure 2.9: The Sisyphus cooling e ect. (a) The relative codimg strength
of all allowed electric dipole transitions are shown as integgalues. (b) The
standing wave formed by two counter-propagating beams withrihogonal lin-
ear polarizations results in a polarization gradient. (c) Tk ground state energy
levels are shifted periodically by the polarization gradidn

The result of the superposition of the counter-propagating beas with
orthogonal linear polarization is a standing wave with a spadily varying po-

larization. This is indicated in Fig. 2.9(b) where a beam treeling to the
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right and polarized alongx*superposes with a beam traveling in the oppo-
site direction polarized alongy” The local polarization depends on the rel-
ative phase di erence between the two beams and varies front to in
a distance z = =4. This polarization gradient causes a spatial, periodic
modulation of the energy of each of the ground statgs = 1=2;m; = 1=2i
andjJ =1=2;m; = 1=2i of di erent magnitude given roughly by Eq. 2.53.
For example, consider a location at which the local polarizain is *. If
the laser beams are tuned below the atomic resonance frequetiogn both
ground states will be shifted downwards in energy, however lase the cou-
pling between thejJ = 1=2;m; = 1=2i and jJ = 3=2;m; = 3=2i state is
stronger, this ground state is shifted downward more. Convergeht locations
where the light has  polarization the ground statejJ =1=2;m; = 1=2i is
shifted downward in energy more. These two states oscillate inengy along

the polarization gradient as shown in Fig. 2.9(c).

If these energy level shifts (known aBght shifts) were the only e ect
the light had on the atoms then we would expect the atoms to ekange
potential and kinetic energy as they traveled over the potéial hills, but we
would not expect any further cooling to take place due to thadght. However
the light does e ect the atoms in another way, it optically pumps them in
a spatially dependent way. For example, consider what happets an atom
initially in the jJ =1=2;m; = 1=2i state located at a position with * light
polarization. After being excited into thejJ = 3=2; m; = 1=2i state it has

two modes of decay. If it decays back into thg]l =1=2;m; = 1=2i state the
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process repeats. If however, it decays into tHé = 1=2; m; = 1=2i state then
it is trapped in a cycling transition and has no way of returnimg to the jJ =
1=2;m; = 1=2i state. Note that the atom initially in the jJ = 1=2;m; =
1=2i state climbed a potential hill to reach the region of * polarization
where it was optically pumped into thejd = 1=2; m; = 1=2i state which has
lower energy due to a larger downward light shift. The atom thefore lost
the energy it used to climb the potential hill when it was transéred into the
other ground state. This excess energy is carried away by the spaeneously
emitted photon which has a higher frequency than the photon kich excited
the atom into the J°= 3=2 manifold. After decay, the atom nds itself at the
bottom of a potential valley in the jJ = 1=2;m; = 1=2i state. If it climbs to
the top of this potential valley it will be in a region of polarization and
will be pumped into thejJ = 1=2;m; = 1=2i state losing more energy in the
process. This repeated cycle of climbing a potential hill onlio be pumped
into a valley is called the "Sisyphus' e ect after a characteni Greek mythology

condemned by the gods to a similar fate.

This simple picture suggests that this cooling mechanism worksntii
the atoms no longer have su cient energy to climb the potenti&hills and are
stuck in the valleys. A nal temperature can be estimated with ths picture
in mind [70]

I

kBT Udip / j_J (283)

where Uy, can be estimated from Eq. 2.53. Of course this technique also

has a limit and cannot be used to cool atoms to OK as ! 0. When the
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energy increase due to the recoil from the spontaneous decaypgess equals
the energy removed from the Sisyphus e ect then equilibriunsireached, this

occurs at the recoil temperature.

The Sisyphus e ect typically results in atomic samples being oted to a few

times the recoil temperature, which fof’Rb is 36296 nK.

2.5.2.4 Magneto-Optical Trap

As discussed in Sec. 2.5.2.2, spontaneous light forces can be used t
con ne atoms in velocity space if beams are arranged approately and tuned
slightly below the atomic resonance frequency. Unfortunatelyoptical mo-
lasses does not con ne atoms spatially. However, with the cortechoice of
beam polarizations and the addition of a magnetic eld gradint, a hybrid
magneto-optical trap (MOT) can be formed which both cools ah con nes
atomic samples. The idea of this extremely useful trap was progped in 1986
[71] and demonstrated the following year [10]. Since then MQ@Thave become
the most widely used cold atom trap. In fact, our experiment usew/o separate

MOTs to operate, as discussed in Ch. 3.

Figure 2.10 shows the typical geometry of a MOT. Just like the aange-
ment in optical molasses, the MOT uses three pairs of counter-gragating
beams tuned slightly below the atomic resonance frequency. tinis case how-

ever, the beams must be chosen to have opposite circular polatian for
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Figure 2.10: Geometry of the magneto-optical trap (MOT). Thee orthogonal
pairs of counter-propagating beams overlap in the region af magnetic eld
gradient. The beams in each pair have opposite circular polaation. The
magnetic gradient is produced by two coils (shown in yellow)hithe anti-
Helmholtz con guration.

reasons which will become clear shortly. Additionally, a magtie eld gradi-

ent must be introduced into the system, in Fig. 2.10 and our expienent this
is done with two coils in the anti-Helmholtz con guration, illustrated as two
yellow tori. As discussed in Sec. 2.4 this coil geometry producgsjuadrupole
eld with a linear gradient near the magnetic eld center. Incontrast to pure
magnetic trapping, the magnetic eld gradients used in MOTs & often too
small to con ne atoms-instead the gradient causes an imbalanaethe scatter-

ing rate for atoms displaced from the magnetic eld center anthis scattering
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force con nes the atoms.

The principle of the MOT is illustrated in Fig. 2.11 for the simpe
case of an atom with a ground state with] = 0 and an excited state with

J =1 in a 1-D geometry. Due to the symmetry of the coils the magn&t eld

EA
m; I m,
-1 I 1
I
I
J=1 0 ' 0
A T
D e 7D+
I D_¢
S = AT T T| """""" 1
I
I
I
s+ w | s
- I -~
I
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>

4

Figure 2.11: A 1-D magneto-optical trap for the simple case of & =0 !
J =1 transition. A linear magnetic gradient shifts the energy ofthe J = 1
Zeeman sublevels linearly with position along.”A pair of counter-propagating
beams with opposite circular polarization tuned below the amic resonance
frequency impinge on the atom. An atom located az = z° has its Zeeman
sublevels shifted such that than; = 1 sublevel is closer to atomic resonance
than the m; = 1 sublevel. This causes the atom to scatter photons out of the
beam at a greater rate than out of the oppositely traveling bea. The net
force pushes the atom back towards the center of the trap.

vanishes at the center of the pair. Near the eld zero the eld inreases linearly.

The magnetic eld perturbs the energy of the Zeeman sublevetswusing them
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to vary linearly with position along 2. The counter-propagating beams are
tuned below the atomic resonance by an amount and have oppostcircular
polarizations as shown in the gure. To see how this leads to aap based
on imbalanced scattering rates consider an atom displaced frotine center
of the trap to a position z = z°% At this location the magnetic eld causes
the Zeeman sublevem; = 1 to be brought closer into resonance with the
atomic transition while bringing the m; = 1 sublevel further from resonance.
The detuning of each of these states from resonance is indicatey and
+ respectively, with . > . Transition selection rules then indicate that
the atom will scatter at a greater rate from the = beam, pushing it back
towards the center. If the atom is displaced in the opposite diction then
the Zeeman shift in the sublevels will cause it to scatter prefergally out of
the * beam, again pushing back towards the center. Of course with ti8D
geometry shown in Fig. 2.10 any displacement from the trap cemtwill lead
to a restoring force. Additionally, the red detuning of the bems causes the
atoms to cool according to the discussion of optical molasses, thfare MOTSs

both con ne and cool atomic ensembles.

We can describe the simple 1-D situation more quantitatively byn-
cluding the Zeeman shift into Eq. 2.78, which was used to desceiloptical

molasses
Fvor = Feomnl! kv (To+ Z)]+ Feql! + kv (Io+ 2z); (2.84)

where is the magnetic eld gradient. This can be approximated neathe
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trap center through a Taylor expansion yielding

FyvoTt ZQFKV +2 @: 4 (285)

@! @b
where the Zeeman shift at a displacemertt is

_9sdB

z - EZ' (2.86)

As before, the scattering force (Eq. 2.77) depends on the fresqcy detuning
= | 1y, s0@F=@'= @F=@%o0 that these two terms can be combined
and written as
Fymor = Z%I!:(kv + z): (2.87)
This can be brought into a particularly simple form by introdwing the variable

originally de ned in the discussion of optical molasses

FMOT = \' ?Z: (288)

This form emphasizes that the imbalance in the scattering rasecaused
by the Zeeman shift in energy levels leads to a restoring forcethva spring
constant =k . Intypical experimental situations the atom undergoes stragly

over-damped motion.

2.6 Branching Ratios

During the course of the single-photon cooling proce&$Rb atoms are
excited from the jF = 2;mg = 2i state into the jF°= 1;m = 1i state

from where they spontaneously decay. Electric dipole seleatioules, F =
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0; 1and mg =0; 1, allow excited atoms to decay into any of the states
JF=2;mg =0;1,2 andjF =1;mg =0;1i. Not all of these nal state are
trappable so knowledge of the spontaneous decay branchingioatis important
to aid in understanding the e ciency of this cooling techniqie. The relative
decay rates can be calculated with the help of the Wigner-Eat theorem [51,
72{74] which states that the matrix element of an irreducibléensor operator
T, between states of a general angular momentum basis is given hg product
of a constant independent of the magnetic quantum numbersn¢ m q) and
an appropriate Clebsch-Gordan coe cient [58]:

he N it

hSjomiT,jjimi = P oo T h;m; ;g jj S md (2.89)

where is the rank of the tensor operator andj labels its component in the
spherical basis. The quantityj represents a general angular momentum and
m is its projection along the quantization axis. The quantity ndicated by the
double bars

hSI%T iy (2.90)
is known as a reduced matrix element.

The value of the Wigner-Eckhart theorem is that it allows thefactor-
ization of matrix elements into two terms, one of which, the duced matrix
element, depends only on the physical observable of interestdathe other,
the Clebsch-Gordan coe cient, depends only on the orientatin of the physi-
cal observables with respect to the quantization axis. This isxeemely useful

because if one is able to nd the value of one matrix element, é&m this the-
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orem can be used to nd all of the others which dier only in the alues of

m; m°and q.

We can use the Wigner-Eckhart theorem to factor the electricipole

transition matrix element between two hyper ne states into two terms.
hF;mej FEmi = hFjj jjFShF; mejF% 1 m2; g (2.91)

This can be rewritten using the more symmetrical Wigner 3-symbols which

are related to the Clebsch-Gordan coe cients in the followig way [75{77]

. . P.—— F° 1 F
. 09 0. i — FO 1+mg
hEmejFSLme; g =( 1) 2F +1 me g me (2.92)
as
W mej FSmei = WFjj jiF3( 17 wmPopyg F21OF
R me q me
(2.93)

This reduced matrix element can be further reduced by using &Wwigner-
Eckart theorem once more to factor out thé= and F°dependence into a Wigner
6 | symbol.

J Jo1
FOF |
(2.94)

HEji iFT = hjj jjat( 1)F0”+1+'Io (2F°+1)(2J +1)

The values of the 3 and 6 j symbols are tabulated in [78] and can also be
found from the built in functions ThreeJSymbol[] and SixJSymbol[] in the

program Mathematica.

These formulas can be used to nd the spontaneous decay brandin

ratios from the excited statejF °= 1; mg = 1i which are shown in Fig. 2.12. In
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this gure only the relevant hyper ne manifolds are shown. Tke decay modes

-1 0 1
F=1
.02 .05 .10
_ \/
F=2 -2 -1 0 1 2
42 42
— \/
F=1 -1 0 1

Figure 2.12: Decay mode branching ratios for an atom decagirfrom the
jF9=1;mg = 1i state. The allowed spontaneous electric dipole transitions
are indicated by red arrows. The value next to each arrow indates the relative
strength of each transition.

allowed by a spontaneous electric dipole transitions from tH&%=1; mg = 1i
state are indicated by red arrows. The value next to each arrowdicates
the relative strength of the transition. When single-photon coling is applied
to 8’Rb only those atoms which decay into thgF = 1;mg = 0i state are
considered when calculating quantities related to the coaly process, such as

the nal phase space density.

The absolute value of anyD, transition can be found as a multiple of

h = 1=2jj jjJ°= 3=2i which is determined from the natural lifetime of the
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excited state through the relation
1 13 20+1 . . oo
~= 3 @oyor I 3% (2.95)

to have the value 3584 24(74) 10 °C m.

2.7 Laser Frequency Control

The laser beams used during the experiment can be roughly diew
into two categories: those far from resonance with any transitioin 8’Rb and
those close to an atomic transition, speci cally thé, transition. The absolute
frequency of the laser beams which are far from resonance is onicial (their
role in optical dipole trapping is discussed elsewhere). Themead need however,
to control the frequency of the near resonance laser beams. Thésams are
used for laser cooling and to induce a state change §fRb atoms during the
single-photon cooling process. This works only if the frequgnof these beams
are tuned correctly. Typically the frequency of these beamsust be brought to
within a few natural linewidths of the D, transition frequency. The frequency
of this transition is 384 THz while its natural linewidth is only 6 MHz.
Therefore the frequency of these laser beams must be controledthe 1
MHz level, or to 1 part in 1. A laser frequency locking scheme based around

saturation absorption spectroscopy is use for this purpose.

2.7.1 Doppler Broadening

At room temperature, Doppler broadening is usually the domisnt con-

tribution to the observed width of lines in atomic spectra. Forexample, the
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D, transition in 8Rb has a natural linewidth of 6 MHz due to the process of
radiative damping [70]. Doppler broadening smears this lineut increasing its
observed width to  0:5GHz at room temperature. The source of this broad-
ening can be understood by considering the relationship betwethe angular
frequency! of radiation in the laboratory frame of reference and the andgar

frequency! °seen in a frame of reference moving at velocity
19=1 R w; (2.96)

whereK is the wavevector of the radiation and has a magnitude = !=c. This
equation is correct to rst order in v=cand su ces in most situations, however
higher order Doppler e ects must be considered in extremely ecise spectro-
scopic measurements. As indicated by the dot product, it is the ogponent of
velocity along the direction ofk which is responsible for this shift. Therefore
to simplify this notation we assume a 1> geometry so thatk v = kv. Figure
2.13 illustrates these ideas for a single atom moving with veloc v to the
right. This atom sees radiation traveling to the right at a deceased frequency

and radiation traveling to the left at an increased frequency

Consider now an ensemble which consists of atoms which absorb ra-
diation at frequency! ¢ in their rest frame, i.e. when! °= 1, Atoms with
velocity v will absorb radiation when the Doppler e ect shifts the frequacy
into resonance

I o= kv: (2.97)
If we assume that the ensemble is in thermal equilibrium then the
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wW =w - kv wW =w+ kv

Atom

Figure 2.13: The Doppler e ect shifts the observed frequencyf eadiation
due to the atoms velocity. The atom travels to the right and seeradiation
traveling to the right at a decreased frequency and radiatiotraveling to the
left at an increased frequency.

velocity distribution is given by the 1-D Maxwell-Boltzmann distribution

v2

f(V)dv = U&__e o (2.98)

whereu = P 2kg T=m is the most probable speed for atoms. The absorption
pro le g(!) of this ensemble can be found by relating the velocity of thet@ms

with their corresponding absorption frequency using Eq. 2.9%he result being

2 1

C et !
o(t) = g p=e (e (2.99)

This Doppler broadened pro le has a Gaussian shape and a full widat half

maximum (FWHM) ! of

P—
15 =21, InZ%; (2.100)

which for 8’Rb is 1:4 10 °, limiting the resolution of spectroscopic mea-
surements to approximately 1 part in 16. Because we use a laser frequency
locking scheme which is referenced #Rb transition lines, the resolution with
which we resolve these transitions places a limit on our abilitto control the
frequency of the lasers. The needed resolution is 1 part in®1€b we must use

a spectroscopic technique which suppresses the e ect of Doppleodédening.
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2.7.2 Saturation Absorption Spectroscopy

Saturation absorption spectroscopy is a nonlinear Dopplereie spectro-
scopic technique [18,79]. The standard setup for this technigus shown in

Fig. 2.14. A beam splitter separates a beam into a weak probe lneand a

i Laser

Probe beam

Beam splitter

Pump beam

I
— D

87Rb Vapor Cell Photodetector

Figure 2.14: A typical saturation absorption spectroscopy setuppplied to
8Rb. A laser is divided unequally into two beam paths. An intense pup
beam overlaps a weaker counter-propagating probe beam in atomic va-
por cell. The transmission intensity of the probe beam is monited with a
photodiode as a function of laser frequency.

strong pump beam which travel in opposite directions and ovexp in a vapor
cell. The intensity of the pump beam is typically larger than he saturation
intensity of the transition (1pump & Isat), While the probe beam is much less
intense ( probe lsat). The intensity of the transmission of the probe beam
is monitored as a function of laser frequency. Figure 2.15(ahows a typical
result of such a measurement in the absence of a pump beam when prgb
a single transition. The result is a Doppler broadened absorptiopro le of

width !p.
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Figure 2.15: Spectrum obtained (a) without and with (b) the pmp beam. (a)
With no pump beam present the resulting spectrum is dominated b®oppler
broadening and has a FWHM of ! p. (b) When the pump beam is present a
narrow peak of FWHM ! e is seen at the center of the Doppler broadened
spectrum.

If the pump beam is present the result of the same scan shows a narrow
peak in the center of the wide Doppler prole, Fig. 2.15(b). This can be
understood in terms of the action of the pump beam. It interact with atoms
that have a velocityv = (! ! g)=k and excites many of them into the upper
level, removing them from the lower level, in a process knowrs bole burning
[79]. The width of the hole burnt into the lower level is equato the power-
broadened homogeneous linewidth

| _
hole = (1+  —Ry1=2: (2.101)

I sat

If the frequency of the laser beam is 0 resonance then this has e ect
on the transmission of the probe beam because it interacts withans with
avelocityv= (! !g)=k However, if the laser beam is resonant with the

transition then both beams interact with atoms with velocity v = 0 and the
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ground state depletion due to the pump beam reduces the absat of the
probe beam producing the sharp peak in Fig. 2.15(b). The widtbf this peak
is given by Eq. 2.101 and is much smaller than the Doppler width

If there are several excited states separated by less than the [pigr
width which share a common ground state then the spectrum obtaga displays
cross-over resonances This situation is depicted in Fig. 2.16. Cross-over
resonances appear midway between true transitions and resutbrin atoms
moving with velocity such that one transition is resonant with he pump beam

while the other transition is resonant with the probe beam.

Cross-over transition

A |e2>

le,y

19%

Figure 2.16: (a) An atom has two excited states within the Dopgeir width

which share a common ground state. (b) The resulting spectrum adihed

with the saturated absorption technique has in addition to twopeaks corre-
sponding to the center of each transition a third peak known as \aross-over
resonance.” This peak comes from atoms with velocity such thahe pump

beam is resonant with one transition, while at the same time therpbe beam
is resonant with the other transition. This always occurs exdly between the
two real transition frequencies and due to this symmetry the ggearance of
cross-over resonances usually does not present added ambiguntinterpreting

a spectrum.
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2.7.3 Laser Frequency Lock

The spectrum obtained from saturation absorption spectroscopyan
be used to lock the frequency of a laser using a conventional PlBefiback
loop. To keep the discussion simple, consider the signal obtainedrh a single

transition such as that shown in Fig. 2.17. This signal can be ohtsed by

Frequency
Control

w
Vapor Cell Sat. Abs. Spectrum

S—tF—1 N V

Error Signal

Fr_equency Frequency
Dither Generator

Lock-in signal in
Amplifier ref.

A

Figure 2.17: A typical layout of a saturation absorption spectyscopy setup
used to lock the frequency of a laser. The frequency of a laser tres slowly
swept over an atomic transition and the spectrum is observed usirgsatura-
tion absorption spectroscopic technique. If a frequency dithes put on the
pump beam and the resulting signal is mixed with the ditheringréequency in a
lock-in ampli er, the resulting signal is a Doppler backgroud free error signal,
which is the derivative of the narrow central peak of the origal signal. This
signal can be used an an \error signal" to lock the frequency of ader.

slowly sweeping the frequency of the laser up and down. The wideipler
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broadened background can be removed from this signal by addia fast fre-
quency dither to the pump beam and then mixing the saturation lasorption
spectrum with the dither frequency! gimer in @ lock-in ampli er (see Fig. 2.17).
The removal of the Doppler broadened background occurs besa if the laser
beam is o resonance then the pump and probe beam do not intetaand a
frequency dither of the pump beam does not induce an intensitnodulation
in the probe beam at! giner . The lock-in ampli er output is therefore zero
for all such laser frequencies. If however the laser frequencyn&ar resonance
then a frequency dither of the pump beam does induce a modula in the
intensity of the probe beam at! giner . Furthermore, the amplitude of the mod-
ulation is proportional to the slope of the saturation absorptn spectrum so
the output of the lock in ampli er is the Doppler background fee derivative
of the spectrum. This curve is perfect for use as an \error sigfiain a laser
frequency feedback loop because it is zero on resonance anddraspposing

sign on either side of resonance.

This scheme is used to lock our near resonance laser during the exp

iment. The detailed layout of our locking scheme can be found Ch. 3.

2.8 Imaging

During the course of the experiment the atomic cloud is imagesb that
we can extract information about the ensemble, such as its detysilistribution,
total atom number and temperature. We use two atomic imagingechniques

to accomplish this. The rst, absorption imaging relies on the atomic sample
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scattering photons out of a resonant beam to form a \shadow" on a@D
camera. The second techniqueyorescent imaging, places the atomic sample
in optical molasses and a portion of the resulting uorescence ¢aptured and
imaged. These two imaging techniques are somewhat complenagtbecause
absorption imaging yields spatial information while uorescece imaging is

more sensitive to atom number.

2.8.1 Absorption Imaging

Absorption imaging can be understood by imagining a near- or on-
resonance laser beam passing through an atomic sample. As discusseskem
2.5.2.2, atoms in the sample will each scatter photons out oféhaser beam

at a rate

(1= sar) .
21+4( =) 2+ (I=lsa)’

Rscatt =

We can use this equation to de ne the atomic scattering cross semt as the

power scattered by each atom per incoming light intensity (= Rgcat ~!'=I )
_ 0 :
T TaA( =) 2 (1Fl) (2102
where
~I
= — 2.1
"7 2’ (2.103)

is the on-resonance, low saturation cross section. As the laser lmepasses
through the atomic cloud scattering will reduce its intensityaccording to Beer's

dZ ’y, ' '
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wheren is the number density of atoms. Direct integration of this equion

yields the transverse intensity pro le of the beam at a positiorz.
R “wy
L(x;y) = lo(x;y)e  nOwz)dz, (2.105)

This equation shows us that the intensity of the beam after passinthrough
the atomic sample is proportional to the negative exponenti@f the scattering
cross section multiplied by the integrated atomic column dertgi Therefore
by measuringl (x;y) and lo(Xx;y) it is possible to extract the atomic column
density. 1 (x;y) and Io(x;y) are measured by a CCD camera, the former is
taken with the atoms of interest present in the beam path and théatter is
taken with no atoms present. A computer then calculates theptical density
of the sample, de ned as

L (X;y)
Lo(X;y)

to yield a quantity directly proportional to the integrated column density. This

Dopt(X;y) = In n(x;y;z)dz; (2.106)

guantity is easily manipulated numerically to give the totalnumber of atoms

N present in the sample.
Z Z
N = D opt(X; y)dxdy; (2.107)

This imaging technique is also used to probe the temperature afomic
samples through the Time-of-Flight (TOF) method [80,81]. Tl idea is to
release an atomic sample from all trapping potentials and themeasure its
subsequent expansion. In the absence of inter-atomic interamtis, the re-

leased atoms follow ballistic trajectories with velocities npportional to their
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momentum at the time of release. The nal atomic distribution & therefore
a convolution of the initial atomic distribution with the ini tial momentum

distribution.

This can be made more concrete by considering atoms originajifrom
o and arriving at + after a time-of- ight t. If we assume that the velocity
distribution for these particles is (v) then we expect to nd the number of

atoms in a volume element®r located at position+ at time t to be [80]
dn= G(&;t;®)dr = (W=[+ +o=t])d; (2.108)

where G(+;t; o) is the boundary Green's function describing the evolution
of the spatial distribution of the atoms. If the atoms have a 3-D Mxwell-
Boltzmann velocity distribution initially, then the Green's function is given by

[80]

3=2

m e mjt +j2=2kg th: (2109)

G(rtif) = =5
(Ftf)= S Te
If we assume that the atomic sample has a Gaussian spatial distribafi ini-

tially, given by
1 2:2 2
@ 5=

then we can solve for the spatial distribution after an expansiotime t by

No(¥) = (2.110)

evaluating 7
n(Et) =  G(Ft;fo)No(fo)odro: (2.111)
The result is
C3) — 1 2= 2,
nﬁﬂ)—zg—?ﬁgef ; (2.112)
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where
kg T t2

2 _ 2
c n+ m

: (2.113)

By taking multiple images of the atomic cloud as it expands ah tting
the measured widths to this expression, the temperature can betected.
Examples of this technique applied to our atomic samples Rb are given in

Ch. 4.

2.8.2 Fluorescence Imaging

In addition to using absorption imaging, we also use the technigu
of uorescence imaging to determine the total number of atompresent in
our sample. The idea is quite straightforward: atoms are pladento optical
molasses which slows their motion via photon scattering as discudse Sec.
2.5.2.2. The scattered photons are partially collected on aGD and used to
estimate the number of atoms taking part in the scattering proess. The atom
number can be estimated with help from Eq. 2.76 to be [43]

N — 8 [1+4( =)2+(6|0:|sat)]
atom (6 IOzlsat)texp countd

Ncounts ’ (2114)

where | is the intensity in each of the six molasses beams,, is the CCD
exposure time, ounts 1S the CCD e ciency in (counts/photon) and d is the

solid angle of photon collection.

In the experiment this technique is used when the atom numbes too

low to yield an absorption signal or when we are interested soleiy atom
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number and not the spatial pro le of the atomic cloud. This te@nique is so

sensitive it can be used to detect a single atom [82].
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Chapter 3

Experimental Apparatus

This chapter discusses the apparatus used to perform the expeents
discussed in this dissertation. It begins with a description of th&acuum
chamber used to isolate our atoms from the environment. Next, asgtussion
of the laser systems used to control and con ne the atoms is presedt This
portion starts with a description of the near-resonance lasershich are used
to cool, con ne and control the internal state of the atoms. Tha, a discussion
of the far-detuned laser used to form a conservative optical dife trap for the
atoms is given. Next the coils used to create the magnetic elaf both the
MOT and magnetic trap are discussed. Finally, the geometries die vertical
and horizontal imaging systems are outlined. Because the apptus has been
explained in detail elsewhere [83{85], | will only discuss the a8t relevant

aspects, giving references to sources of more detail for theeirgsted reader.

3.1 Vacuum Chamber

The vacuum chamber is designed to operated in a double MOT cagt
uration after the design given in reference [86]. The idea beld this con g-

uration is that there are two desirable but competing featurg one needs in a

85



vacuum chamber used for atomic experiments. The two featuregpid MOT
loading and a long magnetic trap con nement time, are typicly mutually
exclusive because the former is favored by a high backgroundoaa pressure
while for the latter very low background pressures are requile The double
MOT con guration solves this problem by separating the chamhbento two re-
gions, one of high pressure and one of low, connected by a di eiahpumping
tube. Atoms are rapidly loaded in the high pressure region andhén \pushed"
with a resonant beam (the so-calleghush beany into the low pressure region.
To this end, our chamber consists of an upper region maintainext the ru-
bidium vapor pressure, a lower chamber more than three ordersraagnitude
lower in pressure, and a middle chamber which houses the pumpguied to
maintain this pressure di erential. The entire chamber is show in Fig. 3.1.
This photograph was taken during a vacuum bakeout so the chambis away
from the experiment, allowing a clear view of its elements. Enhthree vacuum

chamber sections are indicated in the photograph.

3.1.1 Upper Chamber

The upper chamber serves as a high pressure region for quicklgwac
mulating 8’Rb atoms in a MOT which are then pushed into the lower chamber.
This function is served with a simple design consisting of three nimeelements:
a glass cell, a source of rubidium and a di erential pumping tué connecting

the upper and lower chamber, as shown in Fig. 3.2.

The glass cell is constructed from a rectangular section of Pyrglass
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Figure 3.1: The vacuum chamber during a bakeout, away from ¢éhrest of the
experimental apparatus. The upper, middle and lower portiagof the chamber
are marked.

and has the outer dimensions of%4 1-1=4% 1-1=4% The chamber walls
are 1=4"thick. The cell is connected to a 2-34°°CF steel ange through a
graded glass-to-metal seal (Larson Electronics Glass Inc. SQ1=2). These
two pieces were assembled by Technical Glass Inc. allowing tHasg cell to

be connected to standard vacuum components.

The 2-3=4°° ange at the base of the glass cell is attached to a composite
piece of vacuum hardware. This composite piece consists of a=2%otatable
half-nipple welded to a rotatable 4-£2%°blank ange. This piece serves three

main purposes. First, it acts as a size adapter allowing the glasslicto be
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Figure 3.2: Views of the upper chamber. a) The glass cell conteto the
composite piece through a glass-to-metal seal. The di erentiplmping tube is
also attached to the composite piece. b) Schematic of the di ential pumping
tube and composite piece. The CF ange on the right connects tan all metal
valve in the experiment. c) The all metal valve connects to th Rb reservoir.

attached to the middle chamber. Second, the dierential pumping tube is
welded to the composite piece such that the only connection eten the
upper and lower chamber is through this tube. Finally, a 22°tube is welded
to the side of the nipple portion of the composite piece and ses/@s a path

to introduce rubidium into our vacuum system.

A 2-3=4% ange is welded to the end of the $2°°tube connected to the

side of the nipple. The ange is attached to a 242%all metal valve from
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Nor-Cal Products Inc. (AMV-1502-CF). Attached to the metal valve via a
zero length reducer is a 13%tee. Both sides of the tee have=2"°copper
pinch-o tubes (Huntington, CPT-133-050) attached. One of hese was used
as a connection port to a turbo-pump station during the vacuunibakeout. It
was sealed when the bakeout was complete. The other pinch-aulte houses
a glass ampule containing 200 mg of Rb (ESPI, purity 3N5). The ampule
was cracked from the outside by squeezing the copper tube withigegs when
the pump down was complete but while the chamber was still atthed to the

turbo-pump station.

The 200mg piece of solid Rb contains the isotope of intere$tRb,
at the natural abundance level of 28%. One may wonder what role, if any,
the more abundant isotope®Rb played in our experiment. The isotopic shift
is su ciently large so that 8°Rb is not resonant with the laser beams tuned
near the D, transition in 8’Rb. This means that®Rb is not captured in our
MOTs. However, the two isotopes can collide resulting in magnetirap loss.
The combined vapor pressure of both isotopes determines thelisobn rate,
and hence the lifetime of atoms in the magnetic trap. In this sese the presence

of 8Rb has a somewhat detrimental e ect.

The pressure in the upper chamber is determined by the vapor msure

of solid rubidium at room temperature which can be approximad by Eq. 2.1

4215
logioPy = 2:881 + 4:857 ?:

The experiment resides in a room servo-looped to maintain a t@®rature
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of 22 C. The expected vapor pressure is therefore 3 10 7 torr. This
pressure is su ciently high to rapidly load a MOT in the upper chamber. This
MOT serves as a reservoir of atoms which are pushed through theedential

pumping tube and recaptured in the lower MOT.

The di erential pumping tube maintains a pressure di erentid between
the upper and lower chamber allowing long magnetic trap lifenes in the lower
chamber. The dierential pumping tube is formed from a 6-34°°long 304
stainless steal tube with an outer diameter of approximately=2" The inner
diameter increases in ve steps from =8%at the top to 3=8%at the bottom.
This internal taper was made to allow room for the push beam toiderge
while still maintaining a su ciently low conductance, which is calculated to
beC 52mL/s for this tube [87]. The pumping speed in the lower changy
Is 75L/s resulting in a pressure di erential of approximately 500 between the
upper and lower chambers [87]. The expected pressure in the ésvehamber

is therefore approximately 2 10 ° torr.

The top of the di erential pumping tube is cut at 20 to allow diagonal
MOT beams to pass unclipped. A MOT is formed in the upper chamibe
from three pairs of counter-propagating near-resonant beanand two current

carrying wire coils, as discussed in Sec. 2.5.2.4.

3.1.2 Middle Chamber

The middle-chamber is located directly below the upper-cimaber and

serves as a hub to attach the vacuum equipment needed to pull,amtain,
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and monitor the necessary vacuum level in the lower-chamber.hiB section
IS necessary because both the upper and lower chambers primyagbnsist
of glass cells, greatly restricting the number of possible contieas to other
vacuum components. This portion of the vacuum chamber datesatk to pre-
rubidium days when it was used in experiments performed withesium. A
detailed description of this vacuum chamber section can be fodi in several
dissertations discussing those experiments [88{90] so only a biogérview will

be given here.

The middle chamber is a modi ed six-way cross with 4=2°°CF anges.
The upper and lower anges are connected to the upper and lowehamber
respectively. The modi cation of this chamber involved the ddition of four
half-nipples, each 1-22°%ong with 2-3=4%non-rotatable CF anges attached to
one end. These are positioned in between the original 422%ports in a plane
horizontal to the ground. While this arrangement allows foeight connections
to be made to this chamber (not including the connection to te upper- and

lower- chambers), only four are currently in use.

Attached to one 4-1£2% ange is an ion pump (Varian 919-0103) with a
pumping speed rated at 75 L/s. The pump is supplied with power by ®aclon
pump control unit (model 921-0062) operating at 6 kV. A titanum sublimation
pump is attached to a second 4=2% ange. This unit has a pumping speed
of 300 L/s under normal operating conditions. A hot-cathodenude Bayard-
Alpert style ion gauge is attached to one of the 2=8% anges. This ion

gauge operates in the 1¢ to mid-10 1° torr range limiting its usefulness once
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operating pressures of high 13! torr have been reached. Finally, an all metal
valve is attached to the 2-34% ange opposite to that used for the ion gauge.
This valve is used during vacuum bakeouts to connect the mideHlchamber
to the turbo-pump station. The middle-chamber and the attackd elements
discussed here are shown in Fig. 3.3 in a top-down photograph ottkiacuum

chamber.

Figure 3.3: Top-down photograph of the vacuum chamber. Pigted attach-
ments are the ion pump, titanium sublimation pump (TSP), ion guge and an
all metal valve used during the bakeout process.
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3.1.3 Lower Chamber

The lower chamber is where all of the experiments take placé has
been designed to provide an ultra-high vacuum (UHV) environmenwith ex-
cellent optical access. Like the upper chamber, the lower chher consists
primarily of a glass cell, but because the optical interactioand probe beams

must pass through the walls of this cell it is of much higher optal quality.

The lower chamber is constructed from a rectangular glass cattached

to a glass disc, shown in Fig. 3.4. Both of these pieces are madarfrthe

e

Figure 3.4: The lower glass cell is constructed from a rectarlguand a disc
shaped piece.

material Spectrosi| a \UV grade" synthetic fused silica with excellent optical

properties. The rectangular cell has the outer dimensions 3030 115mm
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and has walls 5 mm thick. The glass disc has a diameter of 75 mm,hackness
of 17 mm and a hole through its center with a diameter of 20 mm w¢h allows
passage between it and the middle chamber. The piece was pregzhrand
assembled by Hellma Cells Inc. using a remarkable technique. Baaf the
glass plates used in constructing the cell was polished and opllly contacted.
The cell was then heated to just below the material melting pat, fusing the
pieces together without the use of any cement or adhesive. Thischnique
produces very high optical quality cells which are free of gnmaterial (i.e.

adhesive) which could potentially be UHV incompatible.

The all glass lower cell is connected to the middle chamber thugh the
use of spring energized seals manufactured by Garlock Helico @4-307330).
These seals work via the elastic deformation of a metal jacket sounding
a close-wound helical spring. The metal jacket is chosen to hasegreater
ductility than both the glass cell and steel chamber it connest The seals
we used have two small ridges on the top and bottom which conceate the

compression load in small region (see Fig. 3.5).

The seals are available with jackets made from a variety of matals.
The jacket used in the experimental apparatus was made froma. While a
good seal was formed, this product was found to damage the glasdl. The
damage is visible in Fig. 3.4 as a white ring on the disc shaped sent of
the cell. After the damage was discovered we experimented widtuminum
jacketed seals (H-307592) and found that they seal equally welhd do not

damage the glass substrate.
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Figure 3.5: A Helico ex seal. a) The narrow ridges along the topnd bottom
concentrate the compression load, facilitating the sealing pcess. b) A metal
jacket surrounds a helical spring to form this type of sealing dee.

3.2 Lasers

There were a total of seven lasers used during the course of the exp
ments described in this dissertation. Five of these lasers haveduencies near
the 8’Rb D, transition and were used to capture, cool, detect, and manipate
the internal state of the atoms. | refer to these as near-resonantasers. The
other two lasers have frequencies far detuned from any atomgsonance in Rb
and were used to form optical dipole traps to contain the atomsA description

of each laser and its use in the experiment is given in the next seal sections.
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3.2.1 Near-Resonance Lasers

Laser beams tuned near the resonance of t§&Rb D, transition are
used for a variety of purposes in our experiment. This includésrming MOTs
in conjunction with a magnetic eld gradient. The frequencyof these beams
is typically about 15MHz to the red of thejF = 2i!j F°= 3i transition.
Becausé®’Rb atoms occasionally decay into thgF = 1i manifold, where they
are no longer resonant with the MOT beams, aepump beamis introduced
into the system to place them back in the cooling cycle. The repiyp beam
is resonant with thejF = 1i ! j F?= 2i transition and serves to deplete
atoms from the jF = 1i ground state. To cool atoms via optical molasses
(Sec. 2.5.2.2) we use beams tuned 50 MHz to the red of flre=2i!j F°%=3i
transition. To image and push atoms from the upper MOT to the lowr MOT
a beam resonant with thejF = 2i!j F%= 3i transition is used. To place
atoms in a magnetically trappable state they are optically ponped by a laser
resonant with the jF = 2i ! j F°= 2i transition. Finally, to change the
internal state of the atoms fromjF = 2;mg = 2i to jJF = 1;mg = 0i during
the single-photon cooling process depopulation beamis used. This beam is
tuned 35MHz to the red of thejF = 2i!j F%= 1i transition. A diagram
of each of these beams in relation to the hyper ne structure ohe 8’Rb D,

transition is given in Fig. 3.6.

To generate the required frequencies and optical powers ded to per-
form these tasks, a total of ve diode lasers are used. Two of thesede lasers

are master oscillators (called the MOT and repump master) and arlocked
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to the appropriate frequency through the saturation absorptin spectroscopy
laser frequency locking scheme discussed in Sec. 2.7.2 and S&c3.2.The
remaining three diode lasers are injection locked by seedingem with light
from the MOT master oscillator. The resultant near-resonancedht is shifted
in frequency with acousto-optic modulators to ne tune them o the precise

frequency needed for each application.

266.6500(90) MHz

S 2P3/2 +

F=2

156.9470(70) MHz

F=1
F=0

L3
"""""" 72.2180(40) MHz
A v

384. 230 484 468 5(62) THz
780. 241 209 686(13) nm

Absorption Imaging / Push Beam
MOT Beam
Molasses Beam
Optical Pumping Beam
Depopulation Beam
Repump Beam

F=2

528, *

6.834 682 610 904 290(90) GHz

F=1

Figure 3.6: Near-resonance laser frequencies used in the expenit in relation
to the hyper ne structure of the 8’Rb D, transition.
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3.2.1.1 MOT Master Laser

The MOT master laser is based around a simple, inexpensive single-
mode laser diode. The diode used in the experiment was purchadeom
Intelite Inc. (model: MLD-780-100S5P). This model operatkenominally at a
wavelength of 780 nm and output power of 100 mW with an injeatin current

of 120mA.

The diode is made to lase at a chosen frequency and with a narrow
bandwidth by placing it in a Littrow con gured, grating-stab ilized cavity [91,
92]. The cavity is shown in Fig. 3.7 and is formed from the re give back facet
of the laser diode and a grating. The diode is positioned in thexgty by rst
placing it in a collimation tube (Thorlabs, LT230P-B) which bundles its output
into a low divergence beam. This is then inserted into a bronzeolder which
slides into a bronze mounting block, directing the optical rdiation towards
the grating. The grating (Edmund Scienti c) is formed from a500A thick
gold coating with 1200 grooves/mm etched into it. The gratingace measures
125 125mm. In the Littrow con guration the grating serves as both a
cavity end mirror and an output coupler. The ® order re ection o of the
grating is directed back into the laser diode, while the'® order re ection is
used as the output beam. For the % order beam to re ect back into the laser
diode, the angle of incidence of the incoming beam with respée the grating

surface must satisfy the Littrow condition

m = 2dsin( ); (3.1
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Figure 3.7: The MOT master laser is a simple laser diode placed irLatrow
con gured cavity. The laser cavity is placed within a Plexighss cover to help
isolate it thermally from the environment.

where m is the order of the re ection, is the wavelength of light, d is
the groove spacing, and is the angle of incidence. For a rst-order re-
ection of a beam at 780nm o of a grating with a line spacing ofd =
(1200yrooves=mn) ! = 0:833m , the incident angle must be 2B for the
beam to return to the laser diode. The lasing wavelength can baried in
this con guration by slightly adjusting the angle of the grating which in turn

slightly changes the cavity length and therefore the supportemode frequency.

For stable operation both the temperature and laser diode inj&ion
current must be regulated as they both a ect the lasing frequeay. The tem-

perature of the laser diode is monitored with a 50 glass-bead thermistor
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(Fenwal Electronics) positioned beneath the bronze mountinglock. The re-
sistance of this bead (which is of course temperature dependerg used in
a feedback loop to lock the temperature. The temperature ctnl unit was

designed by Leo Hollberg's group at NIST in Boulder, CO and regatles the
power to a thermo-electric cooler (Melcor, CP1.0-127-05lpgositioned below
the mounting block in response to the measured temperature. Thaser diode
injection current is regulated by a PID circuit designed and bilt by a previous

student [84].

The angle of the grating can be adjusted by hand with two ne-gched
screws. Behind one of the screws is a stack of three piezo discs (Aozar
Piezo Ceramics, 8mm 2.54mm; 1.35 m /kV) which is used to ne-tune
the angle electronically. Feedback on the peizo stack allows to lock the

frequency of the MOT master laser.

Our locking scheme is accomplished by picking o a small portio(
1mW) of the output of the MOT master laser with a 103 MHz AOM and
sending it to a saturation absorption spectroscopy setup. This sqiuyields
the Doppler-free spectrum of thee =2 ! FCtransitions as well as the cross-
over resonances. This spectrum is converted into a suitable ersignal for use

in a PID loop.

The saturation absorption spectroscopy setup used in this experamt
to lock the MOT master laser frequency is shown in Fig. 3.8. The ¢ked-
o portion of the MOT master laser beam sent to the saturation absagtion

spectroscopy setup is split unequally into a strong pump beam andveeak
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Figure 3.8: Layout of the MOT master saturation absorption specbscopy
setup used to lock this laser to the correct frequency.

probe beam by a glass plate. The probe beam is directed by a semé mirrors
around the Rb vapor cell and then through it. After passing throgh the vapor
cell the probe beam is directed by a polarizing beam splitteube (PBSC) into
a lens (f = 36 mm) focusing the beam onto a fast photodiode. The pyp beam
is re ected by a PBSC directing it into an AOM. The AOM is driven by a
frequency modulated (f.m.) signal centered at 44 MHz. The mothtion depth
and frequency are 4 MHz and 7 kHz respectively. The purpose of thheduency
modulation will be clear shortly. The F' order di racted beam from the AOM

passes through a= 4 waveplate and is then retro-re ected by a spherical mirror
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back into the AOM in a standard double pass con guration. The ¥ order spot
from the double passed beam passes through the PBSC once again b@cause
it has passed through a=4 waveplate twice its polarization has rotated 90
and so is transmitted by the cube. The pump beam then passes thoutie

Rb vapor cell, overlapping the probe beam.

Because the probe beam has double passed a 44 MHz AOM (each time
the 15 order beam was used) its frequency has been shifted up by 88 MHA IS
results in the pump and probe beam interacting with atoms whithave velocity
such that they are Doppler shifted by 44 MHz and not with the statioary
atoms as discussed in Sec. 2.7.2. The result is that the signal pucdd by the
fast photodiode re ects the Doppler-broadened transition wh peaks at each of
the real transitions (F =2 ! F%=1;2;3) as well as the cross-over resonances
(F =21 1=2;1=3; 2=3) shifted by 44 MHz from their zero velocity value. This
signal is mixed in a lock-in ampli er (SRS SR510) with the f.m.modulation

frequency, resulting in a Doppler-free dispersion signal (seecS2.7.2).

Any of the dispersive curves, shown in Fig. 3.9, could be used as an
error signal to lock the master laser frequency, but we used the=2 ! 2=3
cross-over transition because it is the most prominent. This sighaerves as
an error signal and is sent to a home-built PID [89] lockbox, wbh outputs
a control signal which we amplify with a Trek 601B-2 high voltge ampli er.
The ampli ed signal drives the piezo stack, controlling the laing frequency

and closing the loop.

While this setup allows us to lock the MOT master laser, the lasemd-
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Figure 3.9: The MOT saturated absorption spectroscopy dispersiva&gnal.

The real and cross-over transitions corresponding to each dispiee lineshape
are as follows: af =2 ! F°=1Db)F=2"! FO=1=2¢F =2! F°=2

dF =2! F°%=1=3efF =2! F°=2=3f)F=2! F°=3.

putis not atthe F =2 ! F%= 3 transition frequency, which is needed for the
operation of the MOT. The AOM which initially picked o the small portion

of the beam sent to the saturation absorption spectroscopy setup &kd the
beam up by 103MHz. Because the probe beam was shifted up by 88 MHz
the spectrum obtained corresponded to atoms shifted by 44 MHz soettMOT
master laser output is therefore shifted 147 MHz to the red of the =2 ! 2=3
cross-over resonance transition frequency. THe = 2 | 2=3 cross-over res-
onance transition frequency is 133MHz to the red of the =2 ! F°=3

transition so the MOT master output is 280 MHz to the red of this transition.
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This frequency o set is compensated for in the experimental agh by
a method allowing us to tune the frequency output of the MOT mster laser
over the range needed to operate most of the near-resonancerassks. How
this is done is shown in Fig. 3.10 which displays the distributioof the MOT
master beam in the experiment setup. Most of the MOT master laser tut

power passes through the 103 MHz AOM unshifted. This portion of thbeam
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Figure 3.10: Distribution of the MOT master laser output. A portion of the
beam is sent to the saturation absorption spectroscopy setup to lothe laser.
Of the remaining portion, a small amount is sent to a Fabry-Peitocavity to
monitor the spectrum. The rest is used to injection lock the slaviasers.

double passes an AOM driven at a frequency of 8020 MHz. This shifts the
beam to somewhere between 80-160 MHz to the red of the=2 ! F%=3
transition. We then use 80 MHz AOMs as fast beam shutters elsewhere i
the experiment so that the beams derived from the MOT master laséave
frequency detunings 0-80 MHz to the red of th& =2 ! F°= 3 transition.

This range covers the spectrum needed for a large portion okthear-resonance
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beams. For example the MOT and optical molasses beams are tundgdMHz

and 50 MHz to the red of theF =2 ! F%= 3 transition, respectively.

3.2.1.2 Slave Lasers

The MOT master laser does not produce enough optical power to @p
ate the upper and lower MOT. The frequency stabilization proess described
in the previous section reduces the output power of the laseradie used in
the MOT master laser from its free running level ( 100 mW) to roughly

30mW. One method of increasing the available power at a partitar fre-
quency is to use \slave lasers" frequency locked to a master osc¢dla Our
experimental apparatus utilizes three slave lasers, each fusmcy locked to the
MOT master laser output. Once locked, the result is three diodesers with
the same spectral properties as the MOT master laser outputtingnaoptical

power near their free-running level.

Similar to the MOT master laser, the slave lasers are designed anau
a very inexpensive laser diode. The diode used in each slave lagdgiKey:
GHO0781JA2C) outputs a single-mode near the nominal operatingamelength
of 784 nm. Even though the nominal output wavelength is 784 nnit can be
tuned with temperature to the needed value of 780 nm. The maxum free-
running optical power of these laser diodes is 120 mW operatiagan injection

current of 167 mA.

Like the MOT master laser diode, each slave laser diode is placeda

collimation tube (Thorlabs: LT230P-B) which is inserted intoa bronze holder.
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The holder is placed into a bronze mounting block. Below the aunting block
is a TEC, which is used to control the temperature of the laser dde in con-
junction with a thermistor and temperature controller, see Hj. 3.11. The

injection current into each diode is controlled with a PID l@p identical to

diode in
coll. tube
and
bronze holder

mounting

. block
aluminum Brewster

housing window

Figure 3.11: A slave laser used in the experiment to generate suent resonant
light. The left image shows the laser with its aluminum housingiiplace. The
right image is taken without the aluminum housing, revealinghe laser diode
and mounting block.

that used in the MOT master laser.

Injection locking is accomplished by seeding the free-runmgndiode
lasers with a weak beam spatially matched to the diode laser outp We
seed a small amount of light ( 2mW) from the MOT master laser beam into
each slave laser. This is done by using the optical isolators (CDptics: 713B)
placed after each slave laser. The seed light is sent into the m&jen port of
each optical isolator collinear to the rejected portion of ta beam from the
slave lasers as shown in Fig. 3.12. Because optical isolatorsizéil Faraday
rotation to work, they rotate the polarization of light passing though them

in the same direction regardless of the direction of travel. Tdrefore the seed
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laser

optical
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laser

Figure 3.12: The slave lasers are injected using the rejectioarpof the optical
isolator protecting each laser from back re ections.

beam emerges from the optical isolator with the same polarizah as the slave
laser output. A more detailed description of the seeding procerk can be

found in reference [83].

Injection locking can be understood by considering free-rumg laser
diodes to be regenerative ampli ers with a natural oscillabn frequency!
and output power l,. If a beam of intensity I, is seeded into this ampli er,
its intensity at the output will be je&(! 1)j%l1, where gf! ;) is the frequency
dependent gain of the laser medium. ¥ (which we control with temperature
and the injection current) is close td ; then the value ofje(! 1)j?l 1 approaches
lo. In this limit the ampli ed signal begins to steal enough gainifom the lasing
medium that the free-running laser oscillation dies out. Mucimore detail on

this process can be found in [93].

The distribution of the three slave lasers is discussed in the nextvsezal
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sections.

3.2.1.3 Upper MOT Horizontal Slave Laser

As suggested by the name, the primary function of this slave lases i
to provide optical power to the upper MOT horizontal beams. Tis laser
produces more than enough power for this purpose, so it is used dreate

additional beams.
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Figure 3.13: Upper MOT Horizontal Slave Laser beam distribution

These include the vertical absorptive imaging beam, the push am,
and the depopulation beam. The distribution of power from tis laser is
illustrated in Fig. 3.13. After the beam exits the laser housing passes through
an anamorphic prism pair to remove its astigmatism. Then it passébrough

an optical isolator protecting the laser diode from back re eétons. The beam
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then passes through an AOM driven at 80 MHz. A portion of the ' order
beam is sent to a Fabry-Perot interferometer to monitor its sperum. The
remaining portion of the 0" order beam passes through a second AOM driven
at 80 MHz. The rst order spot from this AOM is shifted into resonane with
the jF = 2i!j F%=3i transition (with the correct injection frequency) and is
used as the push beam. This AOM is used as a fast shutter to block thedm
when not wanted. We do this by blocking the drive signal with anf voltage
controlled attenuator. However even with full attenuation sme light is present
in the rst order. To completely block this light a slower (2 ms) mechanical
shutter is used. The zeroth order beam from the second 80 MHz AOM ulale
passes a 56 MHz AOM and is used for vertical absorptive imaging. Thrst
order beam from the rst 80 MHz AOM passes through an AOM driven at
424 MHz. The zeroth order beam from this AOM is used as the upper®T
horizontal beams. The 1 order beam is used as the depopulation beam in
the single-photon cooling process. More details on this beamncle found in

Sec. 3.2.1.7.

3.2.1.4 Upper MOT Diagonal Slave Laser

This slave laser is used primarily to produce the upper MOT diagal
beams. The excess power is used to create the optical pumping fneand
the horizontal absorptive imaging beam. The distribution of pwer from this
laser is illustrated in Fig. 3.14. This beam also starts by passindntough an

anamorphic prism pair and optical isolator. After that it passes lirough an
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Figure 3.14: Upper MOT Diagonal Slave Laser beam distribution.

AOM driven at 80 MHz. The rst order beam is used to create the uppe
MOT diagonal beams. This AOM serves as a fast but imperfect shuttevhich

is augmented by a slow mechanical shutter. Theé"0order beam then double
passes an 80 MHz AOM which downshifts the frequency into resonanegh
the jF = 2i!j F9= 2i transition, and is used to optically pump the atoms
into the jF = 2; mg = 2i state. The zeroth order beam which passes through
the second 80 MHz AOM is double passed through an AOM driven at 56 MHz

to bring it into resonance with thejF =2i!j F°%= 3i transition. This beam
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is used as the horizontal absorptive imaging beam. Thé"Oorder beam from
the AOM driven at 56 MHz is sent to a Fabry-Perot interferometeito monitor

its spectrum.

3.2.1.5 Lower MOT Slave Laser

injection
: AOM
Lower MOT mechanical SO%HZ
slave laser optical shutter
/2 172 isolator
0 To Fabry-Perot
V cavity
+1
anamorphic
prism
pair To Lower
MOT

Figure 3.15: Lower MOT Slave Laser beam distribution.

This slave laser is used for all six lower MOT beams and has the siragt
distribution scheme (Fig. 3.15). After passing through an anamphic prism
pair and optical isolator this beam is di racted by an AOM driven at 80 MHz.
The rst order beam is in resonance with thgF = 2i!j F%= 3i transition
(with the correct injection frequency). The " order component is sent to a

Fabry-Perot to monitor its spectrum.

3.2.1.6 Repump Master Laser

As suggested by the name, the repump master laser is used to provide

optical power to the upper and lower repump beams. Repump beanare
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needed when forming a MOT or optical molasses becad$gb atoms can decay
into the jF = 1i ground state manifold where they are no longer resonant with
the MOT beams, removing them from the cooling cycle. The repymbeam is
resonant with thejF =1i!j F°=2j transition and reintroduces atoms into

the jF =2i!j F°=3i cycling transition.

The construction of the repump master laser is identical to thabof
the MOT master laser and so the details will not be repeated hereThe
temperature and injection current are also controlled in a maner identical to

that used for the MOT master laser.

As with the MOT master laser, feedback on a piezo stack positioned
behind the grating allows us to lock the frequency of the repop master laser.
In this case we lock the laser to thd= = 1 ! 1=2 cross-over resonance fre-
quency. This locking scheme is accomplished by picking o a srhaglortion
(  1mW) of the output of the repump master laser with a polarizing bam
splitting cube (PBSC) and sending it to a saturation absorption spctroscopy
setup. This setup yields the Doppler-free spectrum of thfF = 1i!'j FY

transitions as well as the cross-over resonances.

The saturation absorption spectroscopy setup used to lock the remp
master laser di ers from that used to lock the MOT master laser. Théayout of
this scheme is shown in Fig. 3.16. The portion of the repump mastaser sent
to the saturation absorption spectroscopy setup encounters a thi glass plate
which splits it into three beams: a strong pump beam, a weak protieam and

a weak reference beam. The probe and reference beam are degadrom one
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Figure 3.16: Layout of the saturation absorption spectroscopyptking scheme
used to control the frequency of the repump master laser.

another and parallel. Both beams are directed through a Rb par cell. The

pump beam travels around the Rb vapor cell and then through ,itoverlapping

the probe but not the reference beam. The probe and referenbeams are

each focused onto a fast photodiode, and the di erence betwetre signals is

monitored.

The reason the di erential photodiode is used becomes clear bgnsid-

ering the intensity of the probe and reference beams as thedteency of the

laser is slowly swept through resonance. The intensity of the reémce beam

will re ect the Doppler-broadened transition. The probe been intensity will

also have a Doppler-broadened background but will spike at tngitions and

cross-over resonances. By taking the di erence of these signalsave able to

extract the Doppler-free spectrum.

To obtain a signal which can be locked to, the grating in the repmp
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master laser is dithered at 20kHz. The signal from the di erentiaphotodi-
ode is mixed with the dithering frequency in a lock-in amplier, resulting in
a dispersion signal, shown in Fig. 3.17. We lock to the dispersionree cor-

responding to theF = 1 ! 1=2 cross-over resonance because it is the most

Voltage

Frequency

Figure 3.17: The dispersion curves correspond to the followitignsitions: a)
F=1! F°=0,b) F=1"! 0=1,c)F=1! F%=1,d)F=1"! 0=2¢)
F=1! 1=2,f)F =11 F°=2,

prominent.

The hyper ne splitting of the F® = 1 and F° = 2 state is roughly
157 MHz, so the repump master laser frequency is locked 78.5 MHzdvekthe
desiredjF = 1i!j F°%=2i transition frequency. This beam is shifted to the
correct frequency with an 80 MHz AOM before being split by a PBS@nd

sent to the upper and lower MOT as shown in Fig. 3.18.
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Figure 3.18: Distribution of the repump master laser beam.

3.2.1.7 Depopulation Beam

The depopulation beam is used during the single-photon codljiprocess
to transfer atoms from the magnetically trappablgF = 2; mg = 2i state to the
magnetically decoupledF = 1; mg = 0i state. More detail on its use during
this process can be found in Ch. 4. This section describes the swaction of

this beam.

The depopulation beam is derived from the upper horizontal T
beam as shown in Fig. 3.19. The upper horizontal MOT beam passésdugh
an AOM driven at 424 MHz and the 15 order beam is used as the depopu-
lation beam. After passing through the AOM, the beam is resonant ith the

jF =1i!j F°%=2i transition frequency. The depopulation beam is coupled
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Figure 3.19: The depopulation beam is derived from the uppédrorizontal
MOT beam. An AOM driven at 424 MHz is used to downshift the frequenc
of the MOT beam to be resonant with thejF =2i!j F°%=1i transition.

into a single-mode optical ber and routed to a magnifying tedscope com-

prised of a 50 mm and 100 mm lens. The nominal spacing between thase
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lenses is 150 mm, however the spacing is adjustable, allowingtagontrol the
beam curvature and hence the location of the beam waist afteris focused
by a 63.5mm lens into the lower chamber glass cell. The powereded in the

depopulation beam is very small, typically around a few nanatts.

3.2.2 Far-Detuned Laser

We use far-detuned laser beams to create optical dipole traps¢on ne
atoms. A discussion of the theory used to estimate the depth of thesaps is
given in Sec. 2.5.1. There it was seen that in the limit of negible saturation
and a frequency detuning much larger than the ne structure sfting, the

optical dipole potential is given by

3c?
213

Ugip (¥) = —1():

The laser used to create the optical dipole traps, the Verdi V10sia
commercially available turn-key system manufactured by Cohent, Inc. This
laser outputs a single-mode (both longitudinally and transvesely) with up to
10W of power at 532 nm. The linewidth is speci ed to bec 5MHz and was
measured over 50 ms with a thermally stabilized reference atal The output
beam diameter and divergence are specied to be 2.25mm ard0:5 rad,
respectively. The beam is vertically polarized and nearly Gssian M ? < 1:1).

The pointing stability, power stability and RMS noise are specied as< 2 rad

/ C, 1% and< 0:03%, respectively. These laser parameters are summarized

in Table 3.1.
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Output Power > 10W
Wavelength 532nm
Linewidth < 5MHz
Beam Diameter 2:25 10% mrad
M ? <11
Power Stability 1%
Pointing Stability < 2 rad
Noise (RMS) < 0:03%
Polarization Vertical, > 100 : 1

Table 3.1: Verdi V10 system speci cations.

The Verdi V10 outputs radiation at 532 nm which is far blue detued
from the 8’Rb D, transition frequency. This means thatU, (+) is positive ev-
erywhere and so a repulsive potential is formed. Our strategy form 3D trap-
ping potentials with repulsive barriers has been to use sevekifjht sheets" to
construct optical cups that hold the atoms against gravity. Duing the single-
photon cooling process atoms are transferred from the magreetrap into an
optical cup. During the course of the experiments we used two mageome-
tries for the construction of the cup: an \optical box" and \optical trough."
The process used to form these traps is very similar so | will onlystiuss the

construction of the optical trough.

The optical trough comprises four Gaussian sheets as shown in Bg20.
The sheets were formed by asymmetrically focusing the beam witklindrical
lenses. Two sheets travel along the direction forming a \V"-shape. With
the aid of gravity along the 2 direction these sheets con ned the atoms along

the 2 and y* directions. Two more vertically elongated sheets travelingleng
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the ¥ direction serve as \end caps" sealing the optical trap along the direc-
tion. Each beam had approximately & W of optical power and together with

gravity formatrap 10 K deep.

Atoms can be
trapped here

N)

«Q
S
x>

<>

Figure 3.20: The optical trough used to catch atoms during theingle-photon
cooling process. The trough comprises four blue-detuned Gausssheets.
Two sheets travel alongxand form a \V"-shape. Two vertical sheets travel
alongy*and serve as end caps sealing the trough alorg With gravity along
2 this forms a potential capable of trapping atoms.

All four of the sheets used to form the optical trough are derivettom
the output of the Verdi V10. The optics used to distribute and shap the
beam are shown in Fig. 3.21. The Verdi V10 output beam passes thglua
series of = 2 waveplates and polarizing beam splitters allowing us to splihe

beam along three paths with the needed intensity ratios. The tiee paths are
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labeled 1, 2 and 3 in the Fig. 3.21. Beam paths 1 and 2 are used tonh
the \V"-shaped portion of the optical trough. Each of these beam passes
through a telescope formed with a 60 mm and 200 mm lens. The beaare
spatially Itered at the focus of the 60 mm lenses. The nominal spang of
the telescope was 260 mm but the 200 mm lenses were placed on dlaton
stages, giving control of the beam curvature after the telescep We used this
degree of freedom to adjust the location of the focus of eachdoe in the
optical trough. After passing though the telescope, each beamgss through
a cylindrical lens. These two cylindrical lenses were oriented a right angle
to each other so that when the two beams were combined with a polzing
beam splitter they would form the correct \V" shape. After being ombined,
the two beams were focused into the chamber with a 63.5 mm lersrag the X
direction. The astigmatism introduced into each beam by the dwdrical lens
caused the beams to have=F waists of 10 m 100 m at the location of

the optical trough.

The optical end caps were derived from beam path 3. To produce
two end caps we pass this beam through an AOM driven at two frequcies
which were nominally 84 MHz and 123 MHz. After passing though the A@
unneeded orders were blocked. The unblocked orders passedtgh a cylin-
drical lens and were focused into the lower chamber by a 50 mnm¢ée The end
caps travel along they”direction and intersect the two beams which form the
\V"-shape. The spacing of the end caps was typically 110m, but by changing

the frequencies driving the AOM this could be adjusted. The nasured and
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calculated trap depth of this con guration is 10 K.
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Figure 3.21: Distribution of the Verdi beams.
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3.3 Magnetic Trap

Two coils are positioned on either side of the lower vacuum cham
ber to provide the magnetic eld needed to operate the lower ®IT and to
magnetically trap 8’Rb atoms as shown in Fig. 3.22. As discussed earlier,
atoms trapped in the upper MOT are pushed through the di erenial pump-
ing tube and recaptured in the lower MOT. After recapture theyare optically

pumped into the jF = 2;mg = 2i state and trapped magnetically. Magneti-

lower
vacuum
chamber

Quadrupole coils

Water cooling line

Figure 3.22: Picture of the magnetic trap. Two coils are posdned on either
side of the lower vacuum chamber. The wires visible in this imagcomprise
the auxiliary coils and optical pumping coils, while the quadipole coils are
buried beneath. Also visible are the tubes used to pass chilled watover the
coils to regulated their temperature.

cally trapped atoms serve as the initial condition for the sirig-photon cooling
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process.

The two coils are arranged in the simplest trapping geometry gsible:
the anti-Helmholtz con guration. In this setup two coils are positioned a
distance d from each other and carry current of the same magnitude but in
the opposite direction. More details on this coil geometry ahresultant eld

can be found in Sec. 2.4.

Figure 3.23 shows one of the coils during the construction press,
providing a convenient view of a wound wire sitting on a PVC haoler. Each

coil was formed from 14 gauge magnetic wire wound around a P\dre a

PVC housing

N

\

quadrupole coil

Figure 3.23: A picture of a quadrupole coil during the constietion process,
providing a convenient view of a wound wire sitting on a PVC hdaler.

total of 176 times. The wire was wound in three sections, each seg@d by
1=16"thick nylon spacers. The coil and base were then covered by a PVi@ |
forming a water tight encasement. This design allows the coite be cooled

by water owing directly over the wires.

Figure 3.24 is a schematic of the magnetic trap, showing its gaeetry
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along a horizontal plane through the center of the coils. In i8 gure the

heavily cross-hatched regions indicate wire while the lightlcross-hatched ar-

< 158 mm =}
<«——— 62 mm —»‘
Quadrupole coil 1.5 mm Quadrupole coll wire layer:
gap 44— C
T / \ -~ &
88 mm o A
A 69 mm
;“ ¢ lower

glass
cell

<«—— nylon
spacers

<€4-33 mm —»

}: 75 mm >}

Figure 3.24: Schematic of the magnetic trap showing its geotnealong a
horizontal plane through the center of the coils.

eas indicate nylon spacers. Wire sections (A) and (B) each considtatotal
of 53 turns while section (C) consists of a total of 70 turns. Moreetail on

the construction of these coils can be found in [83, 84].

As discussed in Sec. 2.4, the eld near the center of this arrangent
is well approximated with a linear gradient whose value vargewith direction.
The calculated value of the gradient along the axis of symmsetis 9.7 G/(cm A)
and 4.8G/(cm A) along the radial direction. These values wereatculated
using Eq. 2.39 and the geometry in Fig. 3.24 and agree well witheasured

values [84].

The two coils are in series with three power supplies (Lambda GBO-

126



19) connected in parallel. This arrangement allows us to paS3 A of current
through the coils, although in practice we never exceeded 30Phe current was
regulated with 7 power op-amps (OPA549) placed in parallel a@ncontrolled
by a homebuilt PID circuit. The details of this current regultor are found in

[84].

Each coil has a resistance of 0.29 . With a maximum current of 38
running through each, 261 W of power is dissipated in the form bkeat. To re-
move this heat water continually owed across the coils and to a commercial

water chiller (Neslab MerlinM100) with a total cooling capady of 3500W.

3.4 Imaging Systems

In Sec. 2.8 | discussed the physics of absorption and uorescencagn
ing and how we use the raw data collected to calculate valuesioferest, such
as total atom number. This section deals with the origin of thdeams used in
the imaging process, their beam paths, and the optics and CCD canas used

to record images.

3.4.1 \Vertical Imaging

The vertical probe beam is derived from the upper MOT horizdal
slave laser as discussed in Sec. 3.2.1.3 and shown in Fig. 3.13. Be&m has
about 3.5 mW of total power and is tuned to thgF = 2i!j F°%= 3i transition
frequency. As shown in Fig. 3.25, this beam passes through=a2 waveplate

allowing it to be combined with the push beam using a PBSC. Beferentering
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Figure 3.25: Vertical probe beam path. The vertical probe lzn passes
through a lens and then combines with the push beam with a PBS@oth
beams are directed downwards through the di erential pumpig tube. Af-
ter passing through the atomic sample of interest the vertical pbe beam is
directed towards the imaging optics and CCD camera.

the PBSC, the vertical probe beam passes through a 175 mm lensiethin
conjunction with a mirror focuses and directs this beam vertally downward
through the di erential pumping tube. The beam expands in tke di erential
pumping tube and has a waist of approximately 15 mm at the locain of the
atoms. After passing through the atomic cloud the beam is direaieto a CCD
camera where it is imaged with an objective lens giving a magration factor

of 4.33 . The CCD camera used is an Alta U47+ manufactured by Apogee
Instruments, Inc. This camera consists of a 10241024 pixel array (each pixel

is 13 m square) cooled with a TEC to 20 C to reduce dark counts.
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3.4.2 Horizontal Imaging

The horizontal probe beam is derived from the upper MOT diagal
slave laser as discussed in Sec. 3.2.1.4 and shown in Fig. 3.14. TDleiam

has about 5mW of total power, a diameter of 19 mm, and is tunedotthe

CCD

f=120 mm f=120 mm

Lower
vacuum
chamber

4x objective

Lower
horizontal PBSC

MOT beam A
=

Horizontal
probe beam

Figure 3.26: Horizontal probe beam path. The horizontal prad beam com-
bines with a horizontal lower MOT beam and passes through the @tic sam-
ple. The probe beam is then directed towards the imaging ops and CCD
camera.

jF =2i!j F°%=3i transition frequency. As shown in Fig. 3.26 this beam
combines with a horizontal lower MOT beam with a PBSC beforentering the
lower vacuum chamber. After passing through the cloud, the haontal probe
beam is picked o by a second PBSC and directed to the imaging tips. The

beam is relayed by a pair of 120 mm lenses and imaged on a CCD ceanwith
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a 4 objective lens. The camera used for horizontal imaging is an Agee
AP9e. This camera consists of a 30722048 pixel array (each pixel is 9n
square) cooled with a TEC to 20 C.
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Chapter 4

Single-Photon Atomic Cooling in 8Rb

This chapter discusses the application of single-photon atomaooling
to magnetically trapped8’Rb. It took several iterations of the experiment to
arrive at an apparatus design and procedure which producedatmg limited
only by the dynamics of the atoms in the magnetic trap. As suchhe specic
details of the apparatus and procedure evolved as we learreatd improved the
process. To make clear to the reader when these changes were naadtktheir
e ect on the single-photon cooling process, | will present the prrimental
work in roughly chronological order. To this end, | begin wit a discussion
outlining the general steps used to codfRb via single-photon atomic cooling
common to all experimental iterations. This discussion serves asstarting
point for explaining the process and any detail or major deviens from this
procedure which we developed will be explained in the text ithe appropriate

context.

4.1 Overview of Single-Photon Cooling  8Rb

In this section | move beyond the general descriptions given @h. 1 dis-

cussing the single-photon cooling process and present a versiothef scheme
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used to cool®’Rb experimentally, emphasizing those features common to all
iterations of the experiment. This section represents an upted version of
our original paper proposing a single-photon cooling schemepagppriate for
8’Rb [94]. In all iterations of the experimental process a sampte#f magneti-
cally trapped 8’Rb was transfered into a conservative optical dipole trap via
the single-photon cooling process. The shape and constructiontioé optical
dipole trap varied with each iteration. For the sake of simplity, | will use a
generic optical potential in this overview of the single-phion cooling process

and describe the details of each iteration in later sections.

To obtain the magnetically trapped sample of’Rb, several steps are
taken. Atoms are initially loaded into the upper MOT from roan temperature
8’Rb vapor. A discussion of the design of the upper chamber and soumk
Rb can be found in Sec. 3.1.1. As the upper MOT is loaded, the publkeam
transfers®Rb atoms into the lower chamber where they are recaptured ime
lower MOT. When optimized, we are able to collect atoms in thliower MOT at
a rate of roughly 1@ atoms/sec. This rate drops o after a few seconds due to
saturation e ects. When loading the lower MOT we run approximéely 1.6 A
of current through the lower magnetic quadrupole coils theby producing a
magnetic eld gradient of B® = 8 G/cm (see Sec. 2.4 and Sec. 3.3 for more
details). The lower MOT beams are typically detuned 15MHz from the
jF =2i!'j F°=3i cycling transition, have a waist of 1cm and an optical

power of 7mW each.

We typically operated the lower MOT loading stage for approxnately
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1s, after which time  1C° 8Rb atoms were present. To e ciently trans-
fer these atoms into the magnetic trap they underwent two mor@repara-
tory steps in the lower chamber. The rst of these is optical molsses (see
Sec. 2.5.2.2). This step reduces the temperature of the atofnem 100-150 K
to approximately 10 K. During the optical molasses stage the MOT beams
are reduced in intensity by approximately 1/2, the frequencydetuning is in-
creased to 50 MHz from thejF = 2i!j F9= 3i transition frequency, and
the magnetic eld is shut o. The duration of this stage was nornally 5ms,
although, as will be seen in Sec. 4.4, we adjusted the duratioa tontrol the
temperature of the magnetically trapped atoms. Optical mokses leaves the
internal state of the atoms distributed among the various Zeeam magnetic
sublevels. To maximize loading into the magnetic trap we optdly pump
atoms into the jF = 2;mg = 2i state. This is accomplished by producing
a weak, uniform magnetic eld with the quadrupole auxiliarycoils to de ne
a quantization axis. Then a * polarized beam tuned to resonance with the
jF =2i!j F°%=2i transition frequency is sent along this axis, driving atoms
into the jF = 2;mg = 2i dark state. This process is very fast, taking place
in approximately 100 s, and results in an increased transfer e ciency at the

price of slightly heating ( 5 K) the atomic sample.

After being magneto-optically trapped, cooled, and placedio the
jF = 2;mg = 2i state, the atoms are ready to be magnetically con ned.
This is accomplished by turning o all optical elds and ramping the current

in the magnetic quadrupole coils to 10A in a few milliseconds. hIs cur-
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rent results in a magnetic eld gradient ofB® = 48 G/cm. Mode mismatch
between the optically pumped atomic sample and the magneticap results
in heating. The nal temperature of the magnetically trappa sample was
typically in range of 50-100 K. Under these conditions, the 1&* radius of
the magnetically trapped atomic cloud was 500 m. These atoms serve as
the initial condition for further cooling via the single-phdon cooling process

during which time they are transfered into an optical trap.

Then next step in the single-photon cooling process involves gion-
ing a conservative optical dipole trapped in the wings of the agnetically trap
sample. As stated in the introduction to this chapter, the detds of the opti-
cal dipole trap evolved as the experiment progressed. To kedpd overview
simple, | will introduce an optical trap representative of theactual potentials
used which encompasses their key features. The details of eadration of
the optical trap used during the experiments are discussed in thext several
sections. For now, consider a blue detuned optical sheet placesldw the mag-
netically trapped atomic sample. Because the sheet is tuned bel the atomic
resonance frequency, it produces a repulsive barrier. Thisrbar is capable of
levitating the atoms with su ciently high optical intensity. Figure 4.1(a) il-
lustrates the geometry under consideration. Figure 4.1(b) siuws the potential
landscape for atoms in thgF = 2; mg = 2i state due to the magnetic eld
gradient, gravity, and the optical sheet. For comparision, K. 4.1(c) shows
the potential landscape for atoms in thgF = 1; mg = 0i state due to gravity

and the optical sheet. Notice that atoms in this state are decolgd, to rst
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Figure 4.1: Overview of the single-photon cooling process. (@yoss-sectional
view of magnetically trapped atoms above a repulsive opticaheet. (b) E ec-

tive potential along the vertical (#) axis for atoms in thejF = 2; mg = 2i state

due to the combined potentials of a quadrupole magnetic e|dyravity, and a

repulsive optical sheet. (c) Potential for atoms in the magnetally decoupled
jF =1;mg =0i state.

order, from the magnetic eld and the tilt in the potential is due entirely to
gravity.

The idea behind single-photon atomic cooling is to transfer ghmag-
netically trapped atoms, which are in thejF = 2;mg = 2i state, into the
magnetically decoupledF = 1;mg = Oi state preferentially when they are
near their classical turning pointand close to the optical sheet. There are
two key ideas here that | want to make clear. First, by transfeing the atoms

from the magnetically coupled to the magnetically decouptestate near their
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turning points, they will have little residual kinetic energy After the state
transfer the atoms will fall onto the optical sheet which holdghem against
gravity. Second, by transferring the atoms near the sheet thewill acquire
little energy due to free fall. The state transfer is accompligd optically with

the depopulation beam (see Sec. 3.2.1.7).

The depopulation beam is tuned near thg= = 2i!j F°%=1i transition
frequency. Correspondingly, its function is to transfer atos from the jF =
2;mg = 2i state into the excitedjF°= 1;mgo = 1i state. Once excited, the
atoms quickly decay (26 ns). Calculation of the decay branching ratio is
discussed in Sec. 2.6 and the results are summarized in Fig. 2.12.irkBcated
in this gure we can optically pump 42% of the atoms into thgF = 1; mg = 0i
state in a single cycle. Experimentally we do somewhat better bause any
atom which decays into theF = 2 manifold is reexcited by the depopulation
beam and has another chance to decay into the = 1 manifold. We nd close

to 1/2 of the atoms decay into the desiregF = 1; mg = 0i state.

Ensuring that the atoms are transfered into the magnetically ecoupled
state near the repulsive optical sheet is a simple matter. One gnheeds to
form a second optical sheet from the depopulation beam and péat slightly
above the repulsive sheet (see Fig.4.2). Transferring the atommeferentially at
their turning points is also accomplished in a straightforwardnanner. In this
geometry, one would initially place the two sheets below the agnetic trap
beyond the turning point of even the most energetic atom and #n slowly

sweep the pair of sheets vertically towards the center of the maetic trap. If
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Figure 4.2: Depopulation sheet positioned a distande above the repulsive
sheet. To cool, both sheets are slowly swept vertically towardse center of
the magnetic trap center.

done slowly (see Sec. 1.4 for a discussion on the relevant time ss)dllee atoms
rst encounter the depopulation beam near their turning poits. The reader
may be alarmed because in this description the optical sheet gnton nes
the atoms vertically. There is no cause for alarm, because assdebed in
Secs. 4.2-4.4, the actual optical potentials used during thepgeriment formed

3-D con ning potentials.

The following three sections outline the development and egpmental
results of this cooling process. Each experimental iteration ates its main
features with the description just given, only di ering in details which will be

explained in context.
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4.2 Crossed Dipole Beam Con guration

This section reports on our rst experimental implementationof single-
photon atomic cooling with a magnetically trapped sample of’Rb. While
the results presented in this section did not merit publicationthey did o er
the rst evidence that the single-photon cooling process worlle We felt en-
couraged that with improvements to the experimental appartas and process,
single-photon atomic cooling could be made an e cient methadBecause of
this, these results are presented with somewhat less rigor than inet next two
sections which represent published work. In this experimentsan the later
iterations, we transfered atoms initially in thejF = 2; mg = 2i state from a
large volume magnetic trap into a smaller volume optical dide trap via the

single-photon cooling process.

During this iteration of the experiment the optical dipole rap was
formed from two crossed laser beams at a wavelength of 1064 nmclEadeam
originated from a multi-mode ytterbium ber laser with a maximum output
power of 10 W and a spectral bandwidtlk 1 nm. This optical trap was placed
above magnetically trapped atoms as shown in Fig. 4.3. Because laser
output frequency is well to the red of the D transition lines inRb, it formed
an attractive potential whose depth can be found from Eq. 2.58nd knowledge
of the trap geometry. Figure 4.4 shows the calculated potealilandscape for
atoms in the jJF = 2;mg = 2i state due to the magnetic and optical traps
as well as gravity. In this gure, parameters consistent with xperimental

values are assumed. The current in the magnetic coils is 15A, résyg in
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Figure 4.3: Schematic of crossed laser beams above a cloud of me#igally
trapped atoms. Gravity is in the 2 direction as shown in the gure.

a magnetic eld gradient of B® = 72G/cm (see Sec. 2.4 for a de nition of
this constant). Each dipole beam had 3.5W of power and a & waist of

approximatly 150 m.

As shown in Fig. 4.4 a small dimple is evident on the right hand side
of the potential, however it is too small to create a bound state Observe
that another state, jF = 1; mg = 1i, does have a bound state under identical
conditions. The potential landscapes for the two states are shovin Fig. 4.5.
The reason for formation of the bound state is that the magnetitlt is only

half of the value of thejF =2;mg = 2i state.

To transfer atoms from the magnetic trap into the optical trap we

added a depopulation beam parallel to a dipole beam. Duringpé experimen-
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Figure 4.4: The potential landscape for atoms in thgF = 2; mg = 2i state
due to the magnetic and optical traps as well as gravity.

tal runs reported here, the depopulation beam had approxinely 75nW of
power, a vertical 1/¢ waist of 16 m, and a horizontal waist of 54 m. This
corresponds to a peak intensity of 5.5mW/crf) about twice the transition
saturation intensity. As indicated in Fig. 4.6 the position of tre depopuation
beam relative to the optical dipole beams is an important pameter. If not
positioned correctly, transfered atoms will gain energy as #y fall down the
potential hill, possibly leading to trap loss. We found that o seting the de-
population beam 30 m below the center of the optical dipole beams yielded

the largest transfer of atoms.

At the start of the cooling process the centers of the magneticap and
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Figure 4.5: The e ective potential for the combined opticaknd magnetic traps
as well as gravity for atoms in thejF = 2;mg = 2i state (upper black line)
and atoms in thejF =1; mg = 1i state (lower red line).

optical dipole trap were separated by 750 m. To initiate the single-photon
cooling process the magnetic trap was moved upwards, towardsetcenter of
the dipole trap, by linearly ramping the current in a coil posioned above
the magnetically trapped atoms. Through experimentation wédound that a
ramp duration of 0.5 - 1s transfered the most atoms into the optal dipole
trap via the single-photon cooling process. As will be discussed irore detail
later, this ramp rate struck the optimal balance between allwing the atoms

to explore phase space and limiting trap loss due to heating anther e ects.

To image and count the transfered atoms, we isolated them from dlse

which had not undergone the single-photon cooling process. $iirall mag-
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Figure 4.6: Transition induced by the depopulation beam, degnding on the
spatial location of the beam. The solid line is the preferred ¢ation and will
lead to less heating than the dashed line.

netic elds were shut o to allow those atoms not optically trapped to fall
for 80 ms under the in uence of gravity. Then we blew away anyesidual
atoms in the F = 2 manifold by application of a beam resonant with the
jF = 2i !} F = 3i transition. The remaining atoms had undergone the
single-photon cooling process. These atoms were repumped inbe £ = 2
manifold and placed in freezing molasses. The resultant uoresw light was
collected and imaged on a CCD camera. Figure 4.7 indicatesetlmesults of
this experiment. Figure 4.7(a) was taken with no depopulatn beam present
during the experimental sequence. As expected, this image icates that no

atoms were transfered into the optical trap. Figure 4.7(b) wataken with the
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depopulation present and it indicates that atoms were transfed during the

100 mm 100 nm

Figure 4.7: Fluorescence image of atoms transfered into thetiopl dipole trap
via the single-photon cooling process (a) without and (b) witthe depopula-
tion beam present. In these images false color is used to represatamic
density. Red represents the densest region.

single-photon cooling process. This image indicates that the@tacally trapped
atomic cloud had a Eeradius of roughly 123 m, consistent with the known
dipole beam waists of 150m. Additionally, time-of- ight measurements (see
Sec. 2.8) indicate the temperature of the transfered sample be 12 K. Fig-
ure 4.8 shows the raw data used to measure this temperature. Uritorately,
the absolute atom number could not be determined because thember of

transfered atoms was too small for our system to measure.

This work served as experimental evidence that the single-pioa cool-
ing process worked and gave us encouragement that with impements we
could expect to transfer a larger number of atoms. Indeed, theert two

sections discuss experimental iterations with greatly impr@d performance,

143



Figure 4.8: Width of atomic distribution as a function of expasion time for
atoms cooled via the single-photon cooling process in the crdmsam con gu-
ration. Black squares indicate raw data while the red line shathe best t.
See Sec. 2.8.1 for details on the function used to t this data.

allowing for far more quantitative analysis.

The primary limitation in this iteration of the experiment was the short
lifetime of the optical dipole trap ( 0:7s). This lifetime set the timescale over
which we could accumulate and hold atoms. After an unsuccessfutexrnpt at
increasing the lifetime of this attractive optical dipole tap we decided to use
our Verdi V10 laser (see Sec. 3.2.2) to form a repulsive trap to trafer the
atoms into. Use of this technique did result in a substantial inceese in the

lifetime of optically trapped atoms ( 3:7s), allowing us to accumulate atom
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numbers su ciently large to quantify. This work serves as the bpic of the

next section.

4.3 \Optical Box" Con guration

This section discusses the second major experimental iteratio®5].
The major improvement made in this iteration was a change irhie construction
of the optical dipole trap. We stopped using the multi-mode y&rbium ber
lasers (1064 nm) to form an attractive potential and began usinthe Verdi
V10 (523 nm) to form a repulsive potential to transfer the atomsnto. The
initial steps of loading atoms in to the magnetic trap was the sae as that

used in the previous section and described in Sec. 4.1.

A thermal cloud of 8’Rb atoms is initially produced in a magneto-
optical trap and then cooled in optical molasses. Subsequentlyoas in the
jF = 2i hyper ne ground state are loaded into a magnetic quadrupolerdap
with a radial eld gradient of 75 G/cm. We trap approximately 1:7 10° atoms

at a temperature of 90 K in a cloud with a 1=eradius of 550 m.

After the magnetic trap is loaded, an optical dipole trap is psitioned
above it. The optical dipole trap originates the Verdi V10 whth is split
into three beams. Each beam passes through a dual-frequency wsto-optic
modulator, and the rst order de ections are tightly focused n one dimension
to form parallel sheets. Each individual sheet has a&# beam waist of 10 m

200 m and a power of 0.7 W. The three pairs of sheets are crossed to form

a repulsive \box-like" potential, with dimensions 100 m 100 m 130 m
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and a depth ofkg 10 K, shown pictorially in Fig.4.9(a).

Figure 4.9: (a) Cross-section of the optical box positioned abethe cloud of
magnetically trapped atoms. In this illustration, two pairs d Gaussian laser
sheets propagate parallel to the x-axis. A third pair (not visike) propagates
parallel to the y-axis and completes the optical box. (b) Absgtion image
along the z-axis of approximately 5 10 atoms trapped in the optical box.

In this cross sectional view only two of the three pairs of sheetse
visible. The pair con ning the atoms along thez’(vertical) direction are re-
ferred to as the horizontal sheets. Likewise, the pair con ninthe atoms along
the ¥ direction are referred to as the vertical sheets. Both the haontal and
vertical sheets propagate along the ‘axis. To con ne the atoms along the
R direction, two more sheets elongated vertically propagatdang the y* axis

serving as \end caps."

Figure 4.10 shows the calculated optical dipole potential @uto the
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Figure 4.10: Calculated optical dipole potential due to theptical box under
experimental conditions. (a) 2-D slice of the optical dipole gtential in the
x-y plane located atz = 50 m. (b) Potential along 2 with x = y = 0. (¢)
Potential along X with y =0 and z = 50 m. (d) Potential along ¥ with
x=0andz= 50 m.

optical box under experimental conditions. Quadrant (a) of k. 4.10 displays
a 2-D slice of the calculated optical dipole potential in an ¥- plane located
at z = 50m (the location of the center of the lower horizontal sheet).
The central well present in this gure is used to con ne the trarsfered atoms.
Figure 4.10(b) displays the calculated optical dipole potdmal along the 2
direction midway between the vertical sheets and end caps € y = 0). The

two peaks in this graph re ect the potential due to upper andawer horizontal
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sheets. Figure 4.10(c) shows the calculated potential alongeth® direction

with y=0and z= 50 m. Similarly, the two peaks re ect the potential due
to the end caps. The slight curvature of the potential (away frm the peaks)
is due to the nite Rayleigh length of the lower horizontal shet. This sheet
is focused asymmetrically and therefore has a Rayleigh lengissociated with
each transverse dimension. The Rayleigh length associated withet tight

vertical focusing isZr = 590 m. Finally, Fig. 4.10(d) shows the potential
along the y* direction with x = 0 and z = 50 m. Here, the two peaks
are due to the vertical sheets. The pronounced curvature of thgotential

(away from the peaks) is due to the 200m horizontal beam waist of the lower

horizontal sheet.

The accumulation of atoms into the optical box, a conservates trap,
requires an irreversible step. This need is met by optically poping the atoms
that transit the optical box to the F = 1 manifold with the depopulation
beam. The beam is near resonant with the®_,(F = 2) ! 5P3;,(F%= 1)
transition and focused to a £€ waist of 8 m 200 m at the center of the
box. Magnetically trapped atoms in theF = 2 manifold are excited by the
depopulation beam and decay with 84% probability to the= = 1 manifold
(mg = 1;0), where they are no longer on resonance with the depopulatio
beam. Because the gradient of the Zeeman shift of these states isalien
than that of the initial state, the contribution from the magnetic eld to
the total potential is reduced, creating a trapped state in tle optical box in

manner identical to that discussed in the previous section. Fige 4.11 show
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the potential landscape due to the combined magnetic eld, djgal dipole
trap, and gravity for atoms in the jJF = 2;mg = 2i and jF = 1;mg = Oi

states, as well as the desired position of the state transfer.

Figure 4.11: The potential landscape due to the combined magprc eld,
optical dipole trap, and gravity for atoms in thejF = 2;mg = 2i and jF =
1, mg = 0i states. Atoms are transfered from thgF = 2; mg = 2i state into
the JF = 1;mg = 0i state by the depopulation beam at the position indicted
by the dashed vertical line.

As atoms accumulate in the optical box, the outermost trajectioes of
the magnetic trap are depleted by the depopulation beam. Fonaximum load-
ing into the optical box, we adiabatically translate the cengr of the magnetic
trap towards the optical box by applying a linear current ranp to an auxiliary

magnetic coil located above the atoms.
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Before imaging, we isolate the optically trapped atoms by swahing
o the magnetic trap, allowing untrapped atoms to fall underthe in uence
of gravity for 80 ms. Additionally, the depopulation beam is tuned o and a
beam resonant with the 5,-,(F =2) | 5P3;-,(F°= 3) transition blows away
any residual atoms in theF = 2 manifold. The remaining atoms are those
which have undergone single-photon atomic cooling. These ats are pumped
to the F = 2 manifold and illuminated with freezing molasses for 30 ms. Téh
resulting uorescence is imaged on a charge-coupled deviceJ@) camera and
integrated to yield atom number. Spatial information is obained by imaging

with absorption rather than uorescence as in Fig. 4.9(b).

The density of atoms loaded into the optical box via single-phon
atomic cooling is sensitive to multiple parameters. The intentyi of the de-
population beam strongly a ects the nal density; it must be set o balance
e cient pumping into the F = 1 manifold with trap loss due to heating and
other loss mechanisms. A more detailed discussion of this point isen in the
next section. Figure 4.12 shows a plot of the number of atoms bed into the
optical box via single-photon atomic cooling as a function ahe power in the
depopulation beam. In this experimental con guration, we raximize density
in the optical box with a peak depopulation beam intensity of pproximately

8 mW/cm?2.

In addition to the depopulation beam intensity, transfer intothe optical
box is highly a ected by both the duration and range over whib the mag-

netic trap is translated. The optimal duration of this transldion is mainly
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Figure 4.12: The number of atoms loaded into the optical boxa single-photon
atomic cooling as a function of the power in the depopulatioheam.

dependent on two competing factors. Long translation times pmit phase-
space exploration by atoms in the magnetic trap, allowing a e complete
exchange of kinetic for potential energy before an atom enagers the optical
box. However, the nite lifetime of atoms in the optical box ( =3:7 0:1s
in the presence of the depopulation beam) limits the translain time. We
achieve highest density with a translation time of approximaty 1:2 s. Given
this time scale, the translation range loading the largest atomumber into the
optical box is empirically determined. We translate the optal box from an
initial separation (relative to the center of the magnetic tap) of 800 m to a

nal separation of 100 m.
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To study the dynamics of the loading process, we look at the ineren-
tal loading for a constant translation velocity. We start with the center of the
magnetic trap 800 m below the optical box and then translate it vertically at
a velocity of 750 m/s. Figure 4.13 displays the fraction of atoms captured as
a function of the nal separation between the magnetic trap ad the optical
box. The slope of this plot indicates that the local loading i increases with
decreasing separation until about 100m. Additionally, it is clear from this

plot that atom capture is not increased by translating beyondhis point.

We study loading without translating the box (i.e. at a xed sepa
ration) to understand the dynamics of single-photon atomic ading in more
detail. Figure 4.14 shows the number of atoms loaded into thetical box as
a function of time for several separations. All curves exhibit agsitive initial
slope indicative of the local loading rate. As the magnetic tais depleted
by the depopulation beam, the loading rate decreases and thesé becomes
dominated by trap losses. We nd both the loading rate and the trp loss
rate to be inversely related to the separation between the magtic trap and
optical box centers. The former re ects the dependence of theading rate on
the local density of magnetically trapped atoms. The latter sugests a higher
rate of escape out of the optical box for smaller separations. Ehimay be
attributed in part to an increased temperature caused by colions between
atoms in the optical box and atoms in the magnetic trap. For tke two smallest
separations (200 m, 400 m) we calculate initial collision rates of (08 Hz,

0:5 Hz) respectively. However, these rates diminish as the depoptidaa beam
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Figure 4.13: Incremental atom capture at a xed translation elocity. The
center of the magnetic trap is initially displaced 800 m below the optical
box and is translated vertically at a velocity of 750 m/s. The endpoint of
the translation is varied, and the atom capture, normalizedd the maximum
number, is plotted as a function of the nal separation betwee the traps.
Error bars indicate statistical uncertainties.

reduces the density of magnetically trapped atoms in the viaity of the optical
box. We thus consider collisions non-negligible for¢ (250 ms, 500 ms) which
provides an upper bound of (@, 0.25) collisions per atom in the optical box.
A large fraction of these collisions will cause immediate trap$s on account
of the shallow box depth ( 10 K), but a few will raise the temperature. We
believe, however, that this e ect is overshadowed by atoms taming the op-

tical box far from their classical turning points. In contrast to adiabatically
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translating the magnetically trapped atoms toward the optial box (as in Fig.
4.13), which yields a kinetic energy distribution independe of translation
endpoint, we abruptly turn on the optical box and depopulatbn beam for the
data in Fig. 4.14. In this situation, many atoms now transit theoptical box
far from their classical turning points, and if captured they catribute to an

increased kinetic energy distribution and rate of escape.

Figure 4.14: Captured atom number as a function of loadingrtie. Data are
given for separations between the optical and magnetic tragoters of 800 m,
(s),600 m(l ),400 m (n), and 200 m (t ). Error bars indicate statistical
uncertainty, and dashed curves are drawn through the data pas to guide
the eye. The slopes are initially dominated by the loading ratinto the optical
box. After some time, the loading rate decreases due to the dejpda of the
magnetic trap, and the slopes become dominated by escape outle box.

We performed Monte-Carlo simulations of the dynamics in the ag-

154



netic trap and transfer into the optical box. Atom trajectories are propagated
through phase-space, in which a subspace representing trappedtestain the
optical box has been de ned. As atoms reach this subspace theyarounted
as trapped. These simulations show an inverse relationship beewethe load-
ing rate and the separation between the magnetic trap and ogtil box centers

in agreement with the experimental results.

Of utmost importance to the utility of this cooling technique is its
ability to compress phase-space. With the single-photon atongooling scheme
described in this section, we extract 5 10° atoms at a temperature of
7 K from the magnetic trap. We compare this with the number of abms
captured out of the magnetic trap without the depopulation am. This is
just a conservative dipole trap: atoms that are caught inside # box at low
enough kinetic energy will be trapped, while all others wilbe lost. We measure
a factor of 23 3 increase in atom number using the single-photon atomic
cooling method with nearly identical velocity distributions. We do not resolve
the internal magnetic states in our measurement. The atoms irhé magnetic

2

trap are in the F = 2 manifold, but can be in the mg = 1 and mg

magnetic sublevels. The atoms caught in the optical box are ihé F = 1
manifold but can be in themg = 1 and mg = 0 magnetic sublevels. The
factor of 23 refers to atom number, not directly to phase spacesdsity. The
increase in the latter would be a factor of 12 in the worst case segio, if all
the atoms in the magnetic trap were in theF = 2, mg = 2 state and the

atoms in the dipole trap were equally distributed between théwo magnetic
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sublevels.

The increase in phase-space density demonstrated here is limitey
technical constraints and does not represent a fundamentaitiit to this pro-
cess. In the next section an improved version of the experimentgsesented in
which the atomic transfer e ciency is limited only by the dynamics of atoms

in the magnetic trap.

4.4 \Optical Trough" Con guration

This section discusses the third, and current, experimental itation of
the single-photon cooling process [96]. As will be discussed insttgection,
the transfer e ciency of this iteration of the experiment is limited only by the
dynamics of the atoms in the magnetic trap. In other words, athitoms which
reach the depopulation beam with an energy less than the opaictrap depth
are cooled and transfered into the optical trap via the singlphoton cooling
process. The major changes made in this iteration were in thensiruction and
placement of the optical dipole trap and the method of introdcing magnet-
ically trapped atoms into the depopulation beam near theirlassical turning
points. Both of these improvements are discussed in more detaillbe. To-
gether these changes resulted in a system performance increasa fafctor of

15.

As in the previous two iterations, atoms were initially loadednto a
MOT, cooled with optical molasses, optically pumped, and thenransfered

into the magnetic trap. While we were able to vary both the nurber Ng and
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temperature Tg of atoms loaded into the magnetic trap, typical values used
during these experiments werdNg 5 10’ atoms andTg 40 K. The
number and temperature of atoms loaded into the magnetic tpawas varied

by controlling the MOT beam detuning.

The presence of the repump beam during the MOT, optical molasses,
and optical pumping stages ensures that the magnetically trged atoms are
in the 5°S,»(F = 2) hyper ne manifold. This manifold contains two mag-
netically trappable states: jF = 2;mg = 2i and jF = 2;mg = 1li. The
purpose of the optical pumping stage is to populate thg= = 2; mg = 2i state
preferentially over thejF = 2;mg = 1i state. While helpful, this process
iIs not 100% e cient and so there is a distribution of the two stats in the
magnetic trap. Later in this section we will calculate the amont of phase
space compression achieved by the single-photon cooling procdssdo this,
we must nd the phase space density of the atoms in the magnetic a This
calculation requires knowledge of the number of magnetitaltrapped atoms
in the JF = 2;mg = 2i state. Unfortunately, our imaging method does not
distinguish between atoms in thgF =2; mg =2i andjF =2; mg = 1i states,
so the atoms in these two states must be separated before imagingtt the
number of interest. We achieved this separation by setting the agnetic eld
gradient to a value capable of levitating atoms in thgF = 2;mg = 2i state
against gravity, but not atoms in the jF = 2;mg = 1i state. Figure 4.15
shows the number of atoms remaining in the magnetic trap as arfction of

the current in the quadrupole coils. As seen in this gure, below 8A a sud-
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den decrease in atom number occurs. This is the current valuelt& which

Figure 4.15: Number of atoms in magnetic trap as a function ohe current in
the quadrupole coils. Below a current of 8 A the eld gradient is insu cient
to support atoms in thejF = 2;mg = 1i state against gravity.

atoms in the jJF = 2;mg = 1i are not supported against gravity. Likewise
currents below 4 A do not support atoms in either state against gravity.
Using this data we determined that approximately 70% of the mamgtically

trapped atoms are injF = 2; mg = 2i state and the remaining fraction are in

the jJF =2;mg = 1i state.

The optical dipole trap evolved in this iteration of the expement from
an \optical box" into an \optical trough.” At the time we were using the
optical box, we discovered that a box lid was not needed to cone atoms in
all of the magnetic sublevels, gravity was su cient to do the jobfor some. By

removing the lid, we were able to divert more optical power &m the laser
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used to construct it into the remaining ve sheets, deepening th&ap. The
optical trough extends this line of reasoning by only requinig the use of four

Gaussian sheets. Fig. 4.16 illustrates the geometry of the opticeough. Two

Z lg
P
' N

end caps

optical trough

Figure 4.16: Geometry of the optical trough. Two Gaussian lasesheets in
a V' shape propagate along thex tirection. Two more vertically elongated
sheets propagating along the ‘axis intersect the "V' and serve as end caps.
The end caps are separated by 116n. With gravity along the 2-axis, this
trough creates a trapping potential in all directions.

Gaussian laser sheets in a V' shape propagate along thelifection. Two
more vertically elongated sheets propagating along theakxis intersect the V'
and serve as end caps. The end caps are separated by Ih0 With gravity
along the z-axis, this trough creates a trapping potential irall directions. As
before, each sheet is formed by asymmetrically focusing a cil@ubeam with a

cylindrical lens (see Fig. 3.21). At the location of the traphe sheets have4¢
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waists of 200 10 m. The measured and calculated trap depth is 10 K.

Figure 4.17 shows the calculated potential of this optical dole trap
in the -2 plane centered between the end caps aloxg Fhis potential was

calculated using Eqg. 2.53, the trap geometry, and assuming easheet had

Potential (K)
30
20
10
0 A
-100 mm i -100 nm
0 <_y—> 0
100 mm 100 nm

Figure 4.17: \Optical Trough" potential in the 4-2 plane centered between the
end caps.

1W of optical power. The presentation in this gure requires xplanation.
In this gure gravity ( 2) points from the lower corner of the plot towards
the vertex of the potential. The trough levitates atoms agaist gravity and
con nes them along they*dimension with the aid of gravity. Figure 4.18 show
the same potential from a side perspective allowing one to see tphetential
depth more easily. Figure 4.19(a) shows the calculated potéaitalong a line
parallel to 2 intersecting the trough at its geometric center. Figure 4.18)
shows the calculated potential along the trough vertex. Theucvature of the

base of this potential is due to the nite Rayleigh length of tle beams forming
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Figure 4.18: Side view of the optical trough potential dispiang the trap
depth.

the "V

One further change made during this iteration was that we plzed the
optical trough below the magnetically trapped atoms in comtst to the last
section in which the optical box was placed above the magneti@p. Placing
the trough below the magnetically trapped atoms is a more favable geometry
because atoms do not have to climb an optical potential hill tenter the optical
trap. This is clearly advantageous for this cooling processebause atoms
climbing a potential hill subsequently fall down it, increasig their kinetic
energy in the process. This places a lower limit on the nal tengrature of

the sample.

As described in the previous two sections, the depopulation beatrives
atoms from thejF = 2;mg = 2i state into the 5S;(F = 1) manifold. It

does this by exciting them into thejF°®= 1;m = 1i state from where they
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Figure 4.19: (a) Calculated potential along a line paralleto 2 intersecting
the trough at its geometric center. (b) Calculated potentibalong the trough
vertex.

spontaneously decay. Atom decay from this excited state into éh5S,-,(F =
1) manifold with 84% probability (see Sec. 2.6). The remainghatoms decay
back into the 5Ps-,(F = 2) manifold and are subsequently re-excited by the
depopulation beam. Because all atoms in the?S;—,(F = 1) manifold couple
to the magnetic eld more weakly than atoms in the initial jF = 2; mg = 2i
state, they could in principle all be trapped. However, the bnaching ratio
causes the nal population to be predominantly in themg = 0;1 sublevels.
For the purpose of calculating the nal phase-space density, wanly consider

atoms in the mg = 0 sublevel.

The depopulation beam travels parallel to the two Gaussian shise
which form a V' as shown in Fig. 4.20. It is located a distancle, above the
trough vertex and focused to a € waist of approximately 10 m. This beam

is detuned 35MHz below the B,,(F =2) | 5%P3»(F%= 1) transition.
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Figure 4.20: Geometry of the optical trough and depopulatio beam. The
depopulation beam is parallel to thex”axis and is positioned a distancd,
above the vertex of the trough.

The reason we choose to detune this beam from resonance can be ex-
plained by examining the data in Fig. 4.21. This plot shows theuorescence
signal from atoms transfered via single-photon atomic coolirep a function of
the depopulation beam detuning from resonance with the?S,,(F = 2) !
52P3,(F° = 1) transition frequency for a variety of intensities. The intensi-
ties used in this plot span nearly four orders of magnitude andese varied
by placing neutral density lters in the beam path. As seen in thegraph,
for a given detuning an optimal intensity can be found. We bedve this can
be explained as follows. Below the optimal intensity, the depaolation beam

does not excite atoms with unit probability and thus the trarsfer rate su ers.
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Figure 4.21: Fluorescence signal from atoms transfered via dsxghoton
atomic cooling as a function of the depopulation beam detumg from reso-
nance with the 3S;»(F = 2) | 5?P;,(F° = 1) transition frequency for a
variety of intensities. The intensity of the depopulation beanwas attenuated
with neutral density lters over nearly 4 orders of magnitude

To understand why too high an intensity hurts the transfer e ciency we note
that the depopulation beam scatters o of the chamber walls, kaing the

magnetically trapped atoms in (near) resonant light. Of cowse, light of this

frequency causes state transitions which cause atoms to be lostrr the mag-
netic trap. This e ect is bene cial to the single-photon cooing process when
it occurs at the location of the depopulation beam focus. Howek;, when the
transitions occur away from the depopulation beam focus, du® tscattered

and re ected light, the result is magnetic trap loss. This remogs atoms that
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could potentially have undergone the single-photon coolingrocess thereby
reducing the transfer e ciency. Therefore, the intensity anddetuning must be
set strategically to maximize the e ciency of the transfer proess. One may
wonder why higher transfer e ciencies occur at larger frequecy detunings.
We believe that this can be understood by comparing the scatieg rate in
the depopulation beam to the rate in the magnetic trap due to sttered light.
The rate at which atoms scatter near resonant light is found fra Eq. 2.73 by
multiplying ,, by the excited state decay rate. The result is

Sy =2 .
1+sp+4( =) 2

(4.1)

Srate =

wheresy 1=l ¢4 IS the saturation parameter, is the excited state decay rate,
and is the detuning from the resonance transition frequency.This equation
shows that the scattering rate is not a linear function of bearmntensity, rather
the scattering rate begins to saturate when atoms spend a signant fraction of
their time in the excited state. With this formula in mind, we are in a position
to compare the scattering rate at the depopulation beam focikigh saturation
parameter) with the rate in the magnetic trap (low saturationparameter) as a
function of depopulation beam detuning from resonance. We @i@ by writing
the scattering rate in the depopulation beam as

So =2

1+ 59+ 4( :)2: (4.2)

Sdepop =

While the amount of light scattered into the magnetic trap is tnknown, it must

be proportional to the intensity of the depopulation beam. Sicesy 1=l 4
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we may write
Sg =2 .
1+ so+4( =) 2

as an approximation to the scattering rate in the magnetic trp, where

(4.3)

Smag =

represents the fraction of light scattered from the depopulan beam into
the magnetic trap. Figure 4.22 is a plot of the ratio of the sc#gring rate
at the depopulation beam focus to that in the magnetic trap. ® make this

plot | assumedsy = 3, a reasonable value. For lack of better terms | have

1/a --

la+s,
1+s, |

Figure 4.22: Ratio of the scattering rate in the depopulatiorbeam (good)
to the rate in the magnetic trap (bad) as a function of depopution beam
frequency detuning. For a given saturation parameter in the epopulation
beam (heresy = 3) this ratio increases with increasing detuning.

labeled those scattering events that occur near the depopulat beam focus
as \good," while those which happen in the magnetic trap as \lh" What
this plot shows is that for a given saturation parameter in the dpopulation

beam, fewer atoms are scattered out of the magnetic trap at lg&r frequency
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detunings. The result of scattering events in the magnetic trags, of course,
trap loss. Trap loss reduces the atoms available to undergo theagie-photon
cooling process resulting in decreased transfer e ciency. By timing the

depopulation beam, we minimize this detrimental e ect.

Before discussing the cooling process itself, 1 would like to showeo
more calculation for completeness. Figure 4.23 shows the condd potential

due to the magnetic trap, optical trough, and gravity for atans in the initial

F=2, m.=2

depopulation beam

Figure 4.23: The combined potential due to the magnetic trgpptical trough,
and gravity for atoms in the initial jF =2;mg =2i and nal jJF =1;mg =0i
states along the vertical direction ¢). The dashed line indicates the preferred
location of the depopulation beam to minimize residual kinét energy.

jJF =2;mg =2i and nal jF =1;mg = 0i states along the vertical direction

(2). The dashed line indicates the preferred location of the depulation beam
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to minimize residual kinetic energy. Notice that in contrast tothe potential
produced by the optical box (Fig. 4.11), atoms do not have tdimb a potential
hill to reach the depopulation beam, resulting in a nal popudtion with less

residual kinetic energy.

In this iteration of the experiment, the cooling process wasiitiated by
adiabatically lowering the magnetic trapping potential. This is done by linearly
ramping down the current in the quadrupole coils in a timéamp , Which is
on the order of 1s. As the magnetic eld gradient is reduced, thatomic
cloud expands and the turning point of each atom (in the vertial direction)
approaches the depopulation beam which is held a xed distaeadelow the
magnetic trap. To ensure that each atoms encounters the depdation beam
near its classical turning point, the adiabaticity conditionh g i =t;amp 1 must
be satis ed, whereh gi is the average oscillation period in the magnetic trap.
We found this scheme to be advantageous over simply moving thenters of
the traps together, as in the previous two sections, because @duced optical

trap loss due to atomic collisions with magnetically trapped tams.

As discussed above, when the atoms encounter the depopulatioraine
they are driven from the initial jF = 2;mg = 2i state into the 5S,,(F = 1)
manifold. Once decoupled from the magnetic trap they fall to the optical

trough where they are captured.

Once the cooling process is complete, atoms transfered intoetlop-
tical trough via single-photon atomic cooling are imaged usinthe vertical

probe beam (see Sec. 3.4.1). To remove any residual atoms, alpmetic elds
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are switched o causing non-optically trapped atoms to free faunder the
in uence of gravity, as in the last section. Then a beam resonamwith the
5S1(F =2) | 52P5;,(F = 3) transition is used to blow away atoms not in
the 5°S,-»(F = 1) manifold. The remaining atoms have undergone the single-
photon cooling process. Then, the optical dipole beams are twd o and
a probe beam propagating along the-axis illuminates the atoms for 200 s.
This beam is subsequently imaged onto a CCD camera and comparteda
reference image taken with no atoms present. The result is iggated to yield
the total number of atoms present in the sample (see Sec. 2.8.Ijemper-
ature measurements obtained through the time-of- ight metbd are possible
by varying the delay between the release of the cloud and illunation by the
probe beam. Figure 4.24 shows an absorption image of approxbeig 1:5 10°
atoms trapped in the optical trough. In this image false colois used to repre-
sent atomic density, magenta being the most dense. The rapid degydiall-o
along thexX*direction is due to the end caps. The density gradient along thg

direction is due to the geometry of the trough.

To properly judge the performance of the single-photon cooly process,
several e ects introduced by the geometry of the optical trogh should be
considered. For example, the height of the pump beam above ttteugh vertex
h, must be strategically set to optimize cooling. Figure 4.25 showise e ect of
h, on both the number of atoms transfered into the optical trouglvia single-
photon coolingNo and the vertical temperature of the optically trapped atoms

T(()Z). The temperature data was taken before atoms in the trough klatime to
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Figure 4.24: Absorption image of approximately 5 10 atoms trapped in
the optical trough. In this image false color is used to represestomic density,
magenta being the most dense.

come to thermal equilibrium and therefore does not represetemperature in
the thermodynamics sense, ratheTc(,Z) re ects the velocity distribution in the
vertical direction (see Sec. 1.6 for a discussion of this use of\iperature™).
Téz) increases monotonically withh,, re ecting the energy gained by atoms
during free fall from the depopulation beam to the trough veex. Atoms which
decay into the anti-trappedjF = 1; mg = 1i state gain additional energy from
the magnetic eld gradient. For values oth, > 100 m, this increase in energy
IS su cient to cause trap loss; atoms have enough energy to push twugh the
bottom of the optical trough. To minimize the temperature ofthe transfered
sample one should therefore minimize, so that atoms are depopulated near

the trough vertex. However, for small values of, the optical dipole beams
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Figure 4.25: Number (i) and temperature ( ) of cooled atoms as a function
of h, (height of the depopulation beam above the trough vertex). fie positive

slope och()Z) re ects energy gained by atoms in free fall. Foh, > 100 m,
the additional energy increases the loss rate from the opticalough. For
h, < 100 m spatial overlap of the pump beam and optical trough beams
reduces the excitation probability and hence the capture ta. The highest
phase-space density is achieved b =41 m.

overlap the depopulation beam. This partial occlusion of thelepopulation
beam decreases the chance an atom will undergo the depopulgtiransition,

resulting in a decreased transfer rate.

As discussed in Sec. 1.4 the recoil temperatuig = 362nK is the
fundamental limit to the single-photon cooling process. Howeweas indicated
in Fig. 4.25, the nal temperatures achieved during the singtphoton cooling
process are well above this limit even for the small values bf. If we where

cooling a 1-D ensemble then this residual energy could only béributed
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to capturing atoms away from their classical turning points (se Eq. 1.3 and
related discussion). But this is not the case here because we ardl wio the
adiabatic regime:hgi=tamp 5 10 3 1. Indeed, we estimate the energy
due to capturing atoms away from there classical turning poistto be only
0:5 K. This excess energy can be explained by noting that this press only
cools the magnetically trapped atoms along the vertical diension. Atoms
transfered into the optical trap retain their horizontal velocity, and due to the
geometry of the optical trough, energy in they dimension is quickly mixed

with the z dimension, accounting for the non-vanishingéz).

The measure of the e ectiveness of the single-photon coolingogess
is the amount of phase space compression it produces. For a giveitiah
phase-space density, the compression is maximized when the nalgse-space
density is maximized. Here we de ne the phase-space density of @tomic

ensembles in the usual manner [23]

— h ° 3=2.
=n W / nT y (44)

o w

=n

wheren is the atom number density and 4 is the thermal de Broglie wave-
length. The point on Fig. 4.25 corresponding to the highest plsa-space den-

sity is located ath, =41 m.

We now come to the issue of addressing transfer e ciency from the
magnetic trap into the optical trough. To do this we compare he transfer
e ciency of the single-photon cooling process to the maximumrénsfer e -

ciency expected in an adiabatic process transferring atomstiween the two
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traps. If we model the ensembles in both the optical and magnettrap with
Maxwell-Boltzmann velocity distributions and Gaussian spatihdistributions
we can arrive at a simple analytical formula predicting the tansfer e ciency
between the two traps via an adiabatic process. Strictly speailg, the mag-
netic and optical potentials are not harmonic, and theref@ the assumption
of a Gaussian spatial distribution is clearly an approximationdr our exper-
iment. However, we maintain this approximation because of theimplicity
and generality it a ords our expression predicting the transfee ciency. We
estimate that this assumption leads to an error of roughly 15%, hich does
not a ect the conclusions drawn from comparing the model wittexperiment.
Under an adiabatic transfer, the most atoms one could expect toansfer from
the large-volume, deep magnetic trap into the small-volumeshallow optical
trap is given by overlap of the the phase-space distribution oft@ms in the

two traps. Under the assumptions given above, we may write this exdap as
Y _
No_ ¥ JHTS
() (i)’

i=fxyy;zg B TB

(4.5)

whereNg (Ng), o ( ), and To (Tg) are the number, Eeradius and tem-
perature of the atoms in the optical (magnetic) trap, respedctely. In this for-
mula the product runs over all three orthogonal dimensions tallow for trap
anisotropy. Furthermore, this form is only valid when (g);Tg)) ( g);Téi))

is true.

Now we must consider the e ect of single-photon atomic cooling on

the transfer process. In a non-interacting ensemble, the singlaoton atomic
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cooling process compresses one dimension of the magnetic trapmetely
both in position and momentum space (neglecting a photon retpi This can
be expressed in Eg. 4.5 by setting the product over the verticalrdension @)
to 1. With this assumption we can write an upper bound on the exmted

transfer e ciency of the single-photon cooling process as
v

LU .
Y of 10 b
o= o o (e T “.6)
i=fxyyg B B

whereTg = Téi) re ects a thermalized magnetic trap, and g g‘) =2 (By)
re ects the anisotropic geometry of our magnetic quadrupolérap. We see
then, for a xed optical trap geometry and depth that . is determined by
the initial conditions in the magnetic trap. This expression an be simpli ed
even further by noting that for a thermalized ensemble the sizef the cloud
in the magnetic trap is function of its temperature g = g(Tg). Figure 4.26
shows a plot of the size of the magnetic cloud as a function of nmagic trap
temperature. We nd that a linear t of the measured radii in this regime

yields g =(25:8+5:5Tz K 1) m.

Figure 4.27 shows the experimentally measured transfer e cieres
along with the predicted upper bound, given in Eq. 4.6, for seval magnetic
trap temperatures. Data in this gure show fair agreement withEq. 4.6 below
40 K, but there is a trend of increasing e ciency, with respect to he upper
bound, with increasing temperature. We believe that this cabe understood
by noting that our derivation of ¢, is for a non-interacting ensemble. In this

case, the initial trajectories of atoms in the magnetic trapully determine the
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Figure 4.26: Radius of the atomic cloud in the magnetic trapsaa function
of temperature. We nd that a linear t of the measured radii in this regime
yields g =(25:8+5:5Tg K 1) m.

dynamics of the cooling process. Only a small fraction of thoseoans, repre-
sented by Eg. 4.6, will become trapped in the optical trough.nlreality, atoms
in the magnetic trap weakly interact through collisions. The aerage single

particle collision rate in the magnetic trap is given by
Z
= N1 nM®? shvidg (4.7

where N is the total number of trapped atomsn(+¥) is the atom number den-
: : : . I

sity, s Is the s-wave scattering cross section, an#,i = 16kgT=m is the

mean relative speed in a three-dimensional Boltzmann distriltion. The inset

in Fig. 4.27 shows the calculated average single particle ¢ailbn rate in the
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Figure 4.27: Experimentally measured transfer e ciencies (les) as a func-
tion of magnetic trap temperature. The solid line representshe predicted
upper bound capture e ciency given by Eq. 4.6. Inset shows theatculated
average single particle collision rate in the magentic trap.

magnetic trap as a function of temperature. As shown in the guw, there
is a monotonically increasing trend. The e ect of collisionssito rethermal-
ize the magnetic trap during the single-photon cooling pross, repopulating
trappable trajectories as they are depleted by the depopulan beam. There-
fore, transfer e ciencies are expected to be enhanced for weg interacting

ensembles, in agreement with the measured trend.

To gain further insight into the transfer process, we compared thrate
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atoms were removed from the magnetic trap by the depopulaticdbeam to the
rate they were loaded into the optical trough. Figure 4.28 shes the fraction
of atoms remaining in the magnetic trap as a function of the peent of the
current ramp down completed. As seen in the gure, atoms are reed

from the magnetic trap by the depopulation beam at a nearly ¢wstant rate

Figure 4.28: Fraction of atoms remaining in the magnetic tqaas a function of
the percentage of current ramp down completed. The total nuber of atoms
depopulated from the magnetic trap in this graph was approriately 3 10’
atoms.

during the cooling process. In this gure, the total number of ®oms removed
from the magnetic trap by the depopulation beam is roughly 3 10’ atoms.
For comparison, Fig. 4.29 shows the number of atoms accumuldtén the

optical trough as a function of the current in the quadrupolecoils. Despite
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the constant rate at which atoms are depopulated from the maetic trap, the

171 7
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Figure 4.29: Atom accumulation in the optical trough as a fuction of the
current in the quadrupole coils. Vertical lines indicate thepoint at which
the magnetic eld gradient produced by the current is no longr su cient to
levitate atoms against gravity for atoms in themg = 1 and mg = 2 magnetic
substates.

loading rate into the optical trough is clearly non-linear.This graph indicates
that atoms are more e ciently loaded at the end of the coolingsequence, when
the magnetic eld gradient is low. This trend may be explaind as follows.
As the magnetic gradient is reduced, atoms in the magneticglanti-trapped
JF =1;mg = 1i state gain less energy as they travel from the depopulation
beam to the optical trough vertex or walls. Therefore a smallefraction of
these atoms will have su cient energy to push through the bottomor sides of

the trough's potential. Also, at lower magnetic eld gradiens the magnetically
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trappable jF = 1;mg = 1i state is not levitated out of the optical trough
and becomes trappable in the optical trough. Together, theseects result in

an increased transfer e ciency.

The maximum transfer e ciency we have measured is:2(3)%. How-
ever, it is clear from Eq. 4.6 that this number can be trivialyincreased by in-
creasing the phase space overlap of the two traps. This could beamplished
by reducing the size and temperature of the magnetic trap or @neasing the
size and depth of the optical trough. It should also be noted thadbne can use
Eq. 4.6 to nd an expression for the increase in the phase-space digy of a

non-interacting ensemble undergoing this process:

|(32) Téz)
B (2) T(Z)
(0] O

For a xed optical trough geometry and depth, this ratio increases withTg in

spite of a corresponding decrease in transfer e ciency.

With initial magnetic trap parameters Tg =53 Kand g =515 m,
we have transfered 3 10° atoms at a temperature of 43 K with 0:3%
transfer e ciency. This corresponds to a peak phase-space derysdf 4:9(3)
10 4, which is roughly a 350-fold increase over the phase-space dgnsf the

magnetic trap.

4.5 Future Directions

The power of the single-photon cooling technique will only béully

demonstrated when it has been successfully applied to a speciesarmenable
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to other existing cooling techniques. The prospects of such a denstration
are particularly promising in light of recent work with supersaic beams which
produced trapped samples of paramagnetic atoms [97, 98] andlatules [99{
102] at tens of millikelvins in a simple room-temperature agatus. The
general nature of the single-photon cooling technique meatigat it can po-
tentially be adapted to cool and trap a large portion of these gzies, many of
which cannot be laser cooled with existing techniques. There $i@ven been
a proposal to use this technique to cool molecules [103], whiekisting laser
cooling techniques have failed to cool due to their complitad energy level

structures.

The main focus in our lab however will be the application of sgle-
photon atomic cooling to hydrogenic isotopes. The methods deibed in this
dissertation, with appropriate modi cations, are well suited b cooling and
trapping all three isotopes. In short, the proposed technique bims by seed-
ing a supersonic beam of neon with the hydrogenic isotope undeudy. After
entrainment, the hydrogenic beam will be brought to rest andrapped mag-
netically using an \atomic coilgun.” In fact, atomic hydrogen has already been
trapped in this manner [98]. Once trapped, the single-photocooling process
will proceed in a manner similar to that discussed in this dissertain. The
species will initially be in thejF = 1;mg = 1i state. These atoms will be
depopulated near their classical turning points by driving tem into the 2s
manifold via a two-photon transition at 243 nm. This long livel metastable

state will be quenched by application of a DC electric eld mig it with
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the short lived 2p state. Atoms which decay into theF = 0 manifold will be

trapped in an optical dipole trap formed from a standing wavefdight inside a
build-up cavity. This process is outlined in Fig. 4.30, whiclshows the relevant
energy levels in hydrogen.

AE

2s .2p

243 nm

122 nm

243 nm

F=1 | ' .. mg=1

1s
F=0

Figure 4.30: Energy structure of Hydrogen relavant to singlehmton atomic
cooling. Atoms magnetically trapped in thejF = 1;mg = 1i state will be
depopulated near their classical turning points by driving tem into the 2s
manifold via a two photon transition at 243 nm. This long livedmetastable
state will be quenched by application of a DC electric eld miig it with

the short lived 2p state. Atoms which decay into theF = 0 manifold will be
trapped in an optical dipole trap formed by a standing wave ofight inside a
build-up cavity.

The rst goal after trapping and cooling hydrogen and its isotpes will

be to push the limits of ultrahigh precision spectroscopy, espatly needed for
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tritium. Additionally, cooled and trapped tritium may serve as an ideal system
for determining the neutrino rest mass, as shown in a recent coptepaper
[104]. Perhaps most exciting to me is the proposed use of singlefon atomic

cooling on anti-hydrogen [105, 106] once it has been maguatly trapped [107].
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