


ABSTRACT

Laser Cooling and Trapping of Atoms
A thesis submitted for the degree of Doctor of Philosophy

Christopher G. Townsend, Merton College, Oxford
Michaelmas 1995

A detailed experimental and theoretical investigation of a magneto-optical trap for
caesium atoms is presented. Particular emphasis has been placed on achieving high
spatial number densities and low temperatures. Optimizing both of these together
enables eflicient evaporative cooling from a conservative trap, a procedure which has
recently led to the first observations of Bose-Einstein condensation in a dilute atomic
vapour.

The behaviour of a magneto-optical trap is nominally determined by four inde-
pendent parameters: the detuning and intensity of the light field, the magnetic field
gradient and the number of trapped atoms. A model is presented which incorporates
previous treatments into a single description of the trap that encompasses a wide range .
of its behaviour. This model was tested quantitatively by measuring the temperature
of the cloud and its spatial distribution as a function of the four parameters. The max-
imum density was found to be limited both by the reabsorption of photons scattered
within the cloud and by a reduction of the confining force at small light shifts. The
nonlinear variation with position of the restoring force was found to be significant in
limiting the number of atoms confined to a high density. A maximum density in phase
space (defined as the number of atoms in a box with sides of dimension one thermal
de Broglie wavelength) of (1.5 £+ 0.5) x 10™° was observed, with a spatial density of
1.5 x 10! atoms per cm?.

Cold collision losses from a caesium magneto-optical trap have been studied with
the purpose of assessing their influence on spatial densities. In contrast to previous
measurements of similar quantities, these measurements did not require the use of an
ultra-low (< 107!° Torr) background vapour pressure. The dependence of the cold col-
lision loss coeflicient 8 on the trapping intensity was measured to permit identification
of the different cold collision processes. The largest loss rates observed were those due
to hyperfine structure-changing collisions, with a coefficient § = (24+1) x 1071% cm3s~1.

A study is presented of a modified magneto-optical trap in which a fraction of
the population is shelved into a hyperfine level that does not interact with the trap-
ping light. In this so-called “dark” magneto-optical trap, improved densities of nearly
10'2 cm™ have been previously reported for sodium. The application of the technique
to caesium is not straightforward due to the larger excited state hyperfine splittings.
A simple theory for caesium is presented and its main predictions verified by mea-
surements of density, number and temperature. A density of nearly 10'2cm=3 was
indeed obtained but at a temperature substantially higher than in the conventional

magneto-optical trap.
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Chapter 1

Introduction

Much progress has been made in the effort to optically cool and confine large samples
of atomic vapour since the initial proposal in 1975 to damp the velocities of atoms
with laser light {37, 91]. The motivation behind the research has been both to develop
sources of cold atoms for use in fundamental experiments and to understand the basic
processes important at temperatures below 1 mK. Atoms routinely cooled in laser fields
to temperatures of a few microkelvin have been used for precision measurements, atomic
interferometry and atomic clocks, whilst the high densities that have been attained
have revealed a wealth of novel collision physics, not apparent at higher temperatures.
Recently laser-cooled atoms have been magnetically trapped and evaporatively cooled,
and this has led to the first observations of Bose-Einstein condensation (BEC) in a
dilute atomic vapour [1, 7, 22].

The magneto-optical trap (MOT) has been a crucial element in most of the above
types of experiment. Its scheme was proposed by Dalibard in 1987 [18] and realized
experimentally by Raab et al. [71] in the same year. A simple configuration of laser
beams and a quadrupole magnetic field is used both to slow and confine large samples
of neutral atoms, and densities in excess of 10!° atoms per cm? at temperatures of 10
microkelvin are readily attainable. The MOT is robust and convenient and for the
heavy alkalis can be formed in a low pressure vapour cell illuminated by diode lasers,
making it also cheap and compact.

Despite its widespread use the basic behaviour of the MOT 1is still far from be-
ing completely understood. In normal operation the optical thickness of the cloud is
significant and dramatic behaviour is induced by collective optical interactions. Un-
usual collision effects become dominant at low temperatures and in the presence of a
near-resonant light field and these can also influence the behaviour. In addition the po-
larization and amplitude of a laser field in three dimensions is usually not well known.
Thus generally the MOT is a complicated system of cooling and trapping forces radi-
cally modified by atom-atom interactions, and a complete theoretical model is difficult
to construct. To build a picture one relies on simple theories quantified by experimental
measurement, and part of this thesis has been aimed at using this approach to improve
the understanding of the MOT.

To attain the conditions necessary to observe collective quantum effects such as
BEC one is interested in obtaining a low temperature in combination with a high

]
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spatial density. For an atom of mass m the “thermal” de Broglie wavelength A is

defined by
h
A = 1.1
JormbaT (1)

where h is Planck’s constant and kg is the Boltzmann constant. If n is the spatial
density of atoms then the “density in phase space” p is the dimensionless quantity

p = nAd. (1.2)

For spinless particles confined to a box BEC occurs when p = 2.612.

In addition to investigating the fundamental behaviour of the MO, this thesis was
concerned with understanding how to optimize the phase-space density in the MOT
and in a variant of the MOT, the “dark” MOT. Both the MOT and dark MOT had
important roles in producing the conditions suitable for efficient evaporative cooling
in the recent experiments where BEC was observed in rubidium and sodium [1, 22].
Much work has already been done to find the limitations on cooling in the MOT.
The restrictions on compression have also been studied but much less thoroughly.
It was hoped that with careful and systematic -measurements of the MOT density
it would be possible to identify the limiting mechanism, and hence find a way to
increase the compression. In fact it was found that a number of separate processes
combine to produce limits on the phase-space density and a model will be presented
that generalizes existing treatments of the MOT to describe its behaviour over a wide
range of parameters. The understanding gained from this study played an important
part in successfully implementing the dark MOT for caesium.

The thesis is organized in the following way. In the remainder of this chapter there
is a brief explanation of the mechanism of the MOT and a summary of its historical
study which puts in context the experimental work presented here. Descriptions of the
basic MOT have appeared many times previously and so that given here is intended
only to provide the reader with sufficient background information to appreciate the
concepts in later chapters. In chapter 2 the model describing the different regimes of
MOT behaviour is presented with particular regard to the phase-space density that one
expects. Conditions in the trap depend on the detuning and intensity of the trapping
light, the gradient of the magnetic field and the number of trapped atoms, and the
aim 1s to construct an overall picture with semiempirical laws containing proportion-
ality factors that can be found by experiment. Chapter 3 gives a description of the
apparatus used in the experiments and the procedures developed for obtaining accu-
rate measurements of the number, density and temperature of the trapped atoms. The
experimental measurements themselves are presented in chapters 4-6. In chapter 4
the model described in chapter 2 is tested directly. The general features of the model
were confirmed and measurements supplied the required scaling parameters and helped
to reduce current uncertainties in various MOT parameters. Accurate measurements
were obtained for the first time of clouds extending spatially beyond the capture range
of the MOT restoring force. Chapter 5 describes a new technique for measuring intra-
trap collisional loss rates from a MOT, whose values were important for interpreting
the density behaviour of the MOT. Normally one expects to observe the eflects of
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such collisions only at very low background vapour pressures; the work presented in
this chapter shows that such measurements can be made at much higher (“typical”)
vapour pressures, and roughly to a comparable degree of accuracy as measurements at
low pressures. In chapter 6 the application of the dark MOT to caesium is described.
The scheme has been show to work in a straightforward way with sodium, allowing
most of the atoms to be confined to a hyperfine level which does not interact with
the trapping light and which leads to a significantly higher spatial density than in the
ordinary MOT. The extension to the heavier alkalis is more complicated. A model for
caesium is developed and tested experimentally to show that similar improvements in
density are indeed possible. Finally in chapter 7 some concluding remarks are made.

1.1 The magneto-optical trap

The MOT consists of a combination of four or more travelling laser waves intersecting
at the centre of a quadrupole magnetic field. The most common geometry is that
of three mutually orthogonal pairs of standing waves, comprising counter-propagating
beams of opposite circular polarizations. This was the configuration used for all the
experiments in this thesis.

The MOT was first demonstrated experimentally by Raab et al. [71] using sodium
atoms. The early studies of the MOT were interpreted using a “Doppler” model, in
which the force on a trapped atom arises from the imbalance in radiation pressures in
each of three pairs of laser beams due to differing Doppler and Zeeman shifts of the
beam frequencies in the rest frame of the atom. This description is a simple extension
of Doppler cooling theory [37, 91]. Even at this early stage it was recognized that
the optical thickness of a trapped cloud is significant in limiting the attainable density
[86, 75]. In 1989 the observation in sodium of molasses temperatures below the Doppler
cooling limit [55] invoked the development of “sub-Doppler” cooling theory based on
magnetic sublevels and polarization gradients [20, 84]. The applicability of this polar-
ization gradient cooling to the MOT was initially not obvious. Steane and Foot [78]
were the first to demonstrate that the new cooling mechanisms are not disrupted by the
magnetic field of the MOT. Their measurements of the spring constant, friction param-
eter and cloud temperature were not compatible with the Doppler model. Since then
Wallace et al. [88] and Kohns et al. [52] have reported sub-Doppler measurements in
rubidium, and Hope et al. [45] have measured sub-Doppler temperatures in a caesium
MOT with high magnetic field gradients. Drewsen et al. [25] have recently made many
useful measurements on a caesium MOT. Good introductions to the basic operation of

the MOT are to be found in [28] and [77].

1.1.1 Motion-induced orientation

When an atom moves at low velocity through a standing wave composed of counter-
propagating beams of opposite circular polarization, a population imbalance (orienta-
tion) can appear in the magnetic sublevels of the ground state parallel to the atomic mo-
tion. This causes the counter-propagating waves to be absorbed by different amounts,
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resulting in unbalanced radiation pressures and a net radiation force.

In a MOT comprising circularly polarized beams it is a highly sensitive motion-
induced orientation that is primarily responsible for the confining force at the trap
centre, and not the imbalance in scattering rates due to the different Zeeman and
Doppler shifts (Doppler forces). The radiation force arising from motion-induced orien-
tation was first explained by Dalibard and Cohen-Tannoudji [20] and Ungar et al. [84].
These original calculations were one-dimensional and semiclassical and gave analytical
and numerical treatments for the transition J = 1 — J’ = 2 (Dalibard and Cohen-
Tannoudji) and a numerical treatment for J = 2 — 3’ (Ungar et al.). There have
since appeared a number of other calculations for various transitions ‘and in differing
numbers of dimensions, attempting to gain physical understanding of the nature of the
force in general. Notably Mglmer [63] has made numerical calculations in one, two
and three dimensions for J = 1 — 2/, and Steane, Hillenbrand and Foot [79] have
presented both analytical and numerical one-dimensional calculations for J — J 4+ AJ,
for any J and AJ = 0,%1. Most of the treatments reported have been restricted to
low saturation of the atomic transition and to small atomic velocities.

This thesis has been concerned with the properties of the radiation force in the
MOT, and it therefore seems appropriate that some explanation of the motion-induced
orientation mechanism (if only brief) be given. A thorough explanation is given in the
seminal paper by Dalibard and Cohen-Tannoudji [20]. A qualitative understanding of
the mechanism is obtained as follows. In a 6t-0~ standing wave the laser polarization
is everywhere linear, but its direction rotates in a helix about the propagation axis
z with pitch A, the laser wavelength. The electric field intensity is independent of
position and therefore the energy of the light shifts, in particular those of the ground
state sublevels, do not vary with z. Thus there are no dipole or gradient forces, or
equivalently no stimulated redistribution of photons between the counter-propagating
beams. (Actually, some limited redistribution is possible in this type of standing wave,
as explained by Dalibard and Cohen-Tannoudji, and this introduces a reactive com-
ponent to the radiation force. However, Steane, Hillenbrand and Foot [79] show that
this is always much smaller than the dissipative contribution, i.e. that part due to the
population imbalance). To see how a force arises first consider an atom at rest at a po-
sition along the helix at which the linearly polarized light is along the direction z. The
appropriate eigenbasis for the ground state is the set of eigenstates | M, ) of the angular
momentum operator J,. The m-polarized light induces two effects. First, the sublevels
have light shifts proportional to the square of the Clebsch-Gordan coefficient for the
transition AM = 0, i.e. C¥. Secondly, the absorption and emission of light leads to a
steady-state ground state population distributed symmetrically among the sublevels,
i.e. there is an atomic alignment in the ground state along z. The m-polarization can-
not excite Raman transitions between the ground state sublevels and thus the ground
state coherences are all zero. In other words, the density matrix describing the ground
state sublevels is diagonal in the |M;) basis and the sublevel populations can be de-
scribed by rate equations. The steady-state populations can be found simply in terms
of the Clebsch-Gordan coeflicients by applying the condition of no net transfer of atoms
between sublevels to the rate equations. Now, in this alignment each |M,) basis state
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is composed of equal proportions of |M,) and | — M,) so that there is no population
imbalance along z. There is thus no net scattering force; this is intuitively obvious
from the symmetry in z (linear polarization perpendicular to z).

Now consider the atom to be at rest at a different value of z. The same argument
above applies but the alignment is induced along a different direction, z’. That is,
the density matrix is now diagonal in the |M,/) basis. Therefore, the effect of moving
through the polarization field is described in the original |[M,) basis by a coupling of
the sublevel states. The crucial point is that for these mixed states (J,) is no longer
zero. In other words, the breaking of the symmetry in z caused by motion invokes a
population imbalance along z, and a net scattering force results. It should be clear from
this description that inducing an atomic orientation initially requires the existence of a
atomic alignment. The latter requires at least three sub-levels and hence the simplest
transition that can exhibit motion-induced orientation is J =1 — 2.

In the paper by Dalibard and Cohen-Tannoudji [20] the effect of moving through
the helical laser polarization is initially considered as a perturbation on the atomic
alignment along z. This approach allows much physical insight into the orientation
mechanism. An atom with a velocity v sees the direction of the linearly polarized light
rotating at an angular frequency kv, where k = 27w/ is the wavevector of the light.
Transforming to a frame that moves with the atom and in which the polarization is
stationary, there is a perturbing magnetic field directed along z whose magnitude is
such that its Larmor precession frequency is equal to kv. In other words, extra to
the coupling between the atom and the fixed laser polarization there is a term in the
Hamiltonian H' = hkvJ,. To permit a perturbative treatment of this term it is assumed
that kv <« A, where A = Q2/24 is typical of the magnitude of the ground state light
shifts for a Rabi frequency  and a detuning § (strictly this expression is the light
shift in the limit of large detuning for a transition with a Clebsch-Gordan coefficient of
unity). First-order perturbation theory then gives solutions to the ground state optical
Bloch equations to first order in kv/A, if terms of order I'kv/éA can be neglected.
Thus the solution applies to large detunings, § > I', and the low-velocity dissipative
part of the radiation force is given exactly. The force is found to be proportional to
the ratio of the saturation parameter per beam s to the light shift A:

r
For~biszv (J=1=22) (1.3)

which implies that the force is frictional if the light shift is negative, i.e. if the detuning
is negative. The frictional force incurred by Doppler forces is Fpop, ~ hk*s(T'/8)v
[54] and thus Fio/Fpopp ~ 1/s > 1 at low saturation. The form of Eq. (1.3) is
easily understood. The factor hks accounts for the rate of momentum transfer for a
given population imbalance. The factor A~1 arises from the first order perturbation
theory: the degree of mixing of the |M,) sublevels (and thus the size of the population
imbalance) is inversely proportional to the energy splittings of the light shifted levels.

Steane, Hillenbrand and Foot [79] showed that the form of IXq. (1.3) remains un-
changed for higher J transitions, but significantly that the size of the force increascs
with J. This is because with increasing J the light shifts get closer together and the
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difference in the o+ and o~ transition rates from the stretched states (whose popula-
tion difference dominates the imbalance for J > 1) increases. The cumulative effect of
this is a force that increases roughly as J(2J + 1).

Coherence produced by the coupling between ground state sublevels for a moving
atom is at the heart of motion-induced orientation, and therefore it should be expected
that the friction force will become weak when the precession frequency kv of the per-
turbation H’ becomes too large to allow these coherences to build up. Coherences are
damped naturally at the optical pumping rate, so we would expect the force to be
linear in v only when kv <« I, where I is the width of the ground state (I = sI for
s < 1). The full velocity dependence of F;, is found by numerically solving the optical
Bloch equations. Steane, Hillenbrand and Foot [79] found that the velocity capture
range, defined as the velocity at which the force has a local maximum, is given roughly
by sd/k, which is equal to A/k at large detunings. This is much larger than the linear
region ['/k for large detunings. The capture range was found to decrease slightly with

J.

1.1.2 The Doppler MOT

Polarization gradient cooling works best at low saturation of the atomic transition. In
this regime the Doppler theory of the MOT does not give a good description of the
trap behaviour. However, the Doppler model is acceptable under the conditions usually
used to load the trap and is relevant to atoms in the process of being captured. It can
thus be used to predict the capture and escape velocities.

Ener
} gy M,
+1
huwo 0 J=1
P-us
P P S T T — <
NAUAUAUAUASP L o~ ~ U UL
47
J=0
0 z

Figure 1.1: Schematic diagram of a one-dimensional MOT for J =0 — 1"

A simple understanding of the Doppler forces in the MOT 1s obtained by considering
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the transition J = 0 — 1’ in one dimension, shown in Fig. 1.1. The quadrupole
magnetic field is assumed to be linear along the z direction over the region concerned,
and it removes the three-fold degeneracy of the upper level. For a two-level atom
illuminated by a single travelling wave a textbook calculation gives a force due to

scattering [57]:
I 0%/2
F = hk— 1.4
202/2 +T2%/4 4 62 (1-4)
where k is the wavevector of the light. For the helicities of the circular polarization
shown in Fig. 1.1 the detunings of the oF and o~ beams in the rest frame of an atom

with velocity v and at a position z are respectively

5t = §—kv—gupB/h (1.5)
8~ = 6+ kv+gupB/h. (1.6)
Thus for v > 0 and z > 0 the atom preferentially absorbs the o~ photons if § < 0

and its motion is thus opposed. The net scattering force produces both velocity and
position damping, as one can see by adding the contributions from each beam (valid

at low saturation only):

Fpopp = F(5+) — F(5_) ~ —2(kv+ guBB/ﬁ)(dF/d(S)gzao

= —av— Kz (1.7)

where a and « are respectively the damping coefficient and spring constant of the trap.
The solution to the equation Fp,,, = mdv/dt with the boundary condition v = 0 at
t = 0 and with the assumption of overdamped motion (a?/mk > 1) is

z = Ae " (1.8)

and thus the position is damped with time 7,,; = a/x.

In three dimensions two coils with currents in opposite directions create a quadrupole
field. Since there is cylindrical symmetry, V - B = 0 implies 0B,/0z = 0B,/0y =
(1/2)0B,/0z, where the coil axis lies along 2. It is then evident from the above discus-
sion that if the laser beams lie along the coordinate axes then there will trapping along
these directions. In fact trapping is obtained for all directions in space: a trapping
beam will induce AM = +1,—1 and 0 transitions for an atom travelling in a general
direction, but one can show by resolving the components of the polarization vector
that each pair of beams always produces damping, except at right angles to their axis
[77].

A MOT is conveniently loaded from a low pressure background vapour [66]. A
small fraction of atoms in the tail of the room temperature velocity distribution are
slowed sufficiently to be captured by the trapping forces, and they settle at the trap
centre. At equilibrium the number of atoms N is determined by a balance between the
loading rate 12 and the total loss rate from the trap, I':

dN
&~ R-NI=0 1.
T R (1.9)

= N = RI'. (1.10)
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When loading from a vapour under typical conditions the dominant loss is by collisions
with fast atoms in the vapour itself. Simple kinetic theory gives a collision rate

1
— = nyCo (111)
T

where € is the mean speed of atoms in the background vapour of number density n,
and o is the collision cross-section. This assumes that trapped atom-background atom
collisions dominate over collisions with other background species, but that the vapour
pressure is not so high that the collision time is shorter than the time for an atom to
be captured. This last assumption is true for vapour pressures below about 10~7 Torr
(typically it takes about 50 ms for a caesium atom to settle to the bottom of the trap).
From a simple estimate of the loading rate R [28], Egs. (1.10) and (1.11) give

N = Rr
= 0(3_5)4£ (1.12)

C o

where v, is the trap capture velocity, d the dimension of the trapping volume and C
a constant roughly equal to 0.2 [66, 28, 77]. This expression for N is independent of
the vapour pressure of the caesium when the assumptions mentioned above are valid,
which is generally the case over a pressure range of several orders of magnitude in a
high vacuum system.

The velocity capture range for polarization gradient cooling is determined roughly
by the linewidth I'V of the ground state. However, that for Doppler cooling is determined
roughly by the linewidth I' of the excited state. Since usually IV < I, Doppler forces
generally remain significant at much higher atomic velocities, and for this reason they
primarily determine the capture velocity of the MOT. In one dimension the capture ve-
locity is calculated by numerically integrating the equation of motion Fp,,, = mdv/dt
with suitable boundary conditions. Alternatively one can solve for the motion itera-
tively by computer [16]. A rough estimate of the capture velocity is found as follows.
An atom which surfs into the trap at resonance with the light, i.e. with a velocity such
that

kv =gugB/h, (1.13)
experiences the maximum scattering force
r Q22
Dopy = Nk = : 1.14
Depp = M9 274 1 022 (1.14)
The capture velocity for a trap radius r is then ve, = (4F]3”Oap‘;7'/m)1/2. For § = —2I",

() =T,dB/dz =15Gem™! and r = 5mm this gives vey, &~ 30 ms™.

1.1.3 The sub-Doppler MOT

If one evaluates a and & for the Doppler MOT one finds that the predicted motion is
in fact oscillatory. The overdamped motion that one observes in practice is due to the
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larger friction parameters that result from polarization gradient cooling. In a three-
dimensional MOT the relative phases of the trapping beams are not controlled and in
general there is both Sisyphus cooling [20] and motion-induced orientation. These both
contribute to the friction parameter whose detuning dependencé is consequently weak
[25]. On the other hand, a magnetic field has no first-order effect on Sisyphus cooling
and the confining force in the MOT arises from motion-induced orientation only.

The effect of a magnetic field parallel to the counter-propagating o*-0~ beams in
one dimension is readily understood from the Dalibard and Cohen-Tannoudji expla-
nation of motion-induced orientation [20]. In the reference frame rotating with the
laser polarization the perturbation is the sum of that due to the fictitious field and the
external field:

H = hkvJ,—pu,B
= hkv']z +gJ,U'BBJz
= hkJ,(v+ gsusB/hE). (1.15)

In other words, the zero of velocity is shifted and an atom is cooled to the finite velocity

_gipBB

vg = ” (1.16)

The magnetic field is linear in z and therefore this finite velocity reduces linearly
towards the origin, i.e. the effect of the magnetic field is to induce an harmonic force
with spring constant

UB dB
hk dz’
This equation forms a basis for modelling the spring constant in a real three-dimensional

MOT.

(1.17)

K = agg



Chapter 2

Atom-atom interactions in the
magneto-optical trap

2.1 Introduction

When the spatial density in the MOT is sufficiently dilute the trapped cloud behaves
only as a vapour of neutral atoms. That is, the gas behaviour is ideal except when the
atoms undergo short-range collisions. A theoretical understanding of the MOT in this
independent-particle regime has been obtained by applying the single-atom theory of
laser cooling in one dimension [14, 50, 11] to the case of a real MOT in three dimensions
[77, 25]. This has given qualitative scaling laws for properties such as the spring
constant and the trap radius, and experimental measurements have been used to test
the predicted trends and to supply proportionality factors [77, 52, 25, 88]. In practice,
however, low densities are difficult to obtain in the MOT. Under normal circumstances
the optical depth of the trapped cloud is significant and collective effects induced
by absorption from and reemission to the light field cause its behaviour to deviate
strongly from that of a system of independent atoms. In an early paper by Dalibard
[19] it was recognized that attenuation of the incident light by the laser cooled sample
itself acts to produce a long-range trapping force. Walker, Sesko and Wieman [86] were
the first to realize the significance of long-range repulsive forces arising from photon
exchange, so-called “multiple scattering” (or “radiation trapping”). Also of importance
are the collisional effects between trapped atoms, which at ultracold temperatures are
drastically modified by the presence of a near-resonant laser field (“cold collisions”).
The effects of atom-atom interactions in the MOT have generally attracted much
interest. Novel spatial distributions of trapped atoms can be induced by the collective
effects of multiple scattering, and these have been studied extensively [86, 75, 4, 36, 24].
Much theoretical and experimental effort has attempted to explain the exotic properties
of cold collisions at temperatures below 1 mK. There have also been practical incentives
for improving understanding of atom-atom interactions. In normal operation both
multiple scattering and cold collisions can limit the phase-space density that can be
reached in the MOT, and laser cooling methods attempting to attain the conditions
necessary for the observation of collective quantum eflects have had to address this

10
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problem. For example, the phase-space density attainable by evaporative cooling from
a magnetic trap increases as a function of its value before cooling, and in the recent
observation of BEC in rubidium by such a technique [1], optimization of the density in
a MOT was a crucial step in the precooling procedure.

It is extremely difficult to combine from first principles the effects of attenuation,
multiple scattering and cold collisions, all in the presence of polarization gradients, into
a single theoretical model [27]. The approach of this experimental thesis has been to
combine simple theories with experimental results to produce a set of semiempirical
equations describing the MOT. This general technique has been successfully applied
to the process of capture in the MOT [56].

This chapter describes the significant atom-atom processes, enabling a simple model
of the MOT to be constructed which encompasses the various different regimes of
behaviour. Testing of this model was the primary aim of the measurements presented
in chapter 4; however, the model is also of direct relevance the cold collision and
dark MOT measurements of chapters 5 and 6 respectively. On occasion it was found
experimentally that an expected trend of behaviour was not followed; in this instance
the experimental observation is briefly mentioned in this chapter and incorporated into
the model. The layout of the chapter is as follows. In Sec. 2.2 the model is described
and its assumptions explained. The model is applicable to a steady-state operation
of the MOT only. Sec. 2.3 considers the effect of suddenly changing the trapping
parameters (laser detuning, laser intensity, magnetic field gradient) from one steady-
state operation to another; this was the technique used in chapter 4 to attain high
phase-space densities. With such a procedure it is possible to obtain useful information
about the collisional mechanisms inducing loss in the MOT (chapter 5). Collisional
mechanisms are reviewed in Sec. 2.4.

2.2 The static MOT

We first consider the MOT to be in a steady-state. That is, the number of atoms
trapped remains constant in time, maintained by a dynamic equilibrium between cap-
ture and loss processes. Atoms experience a radiation force that can vary significantly
with distances comparable to the laser wavelength and on the timescale of the optical
pumping time. However, confined atoms typically move over distances on the scale of
a millimetre, and the position damping time in the trap is usually much longer than a
millisecond. We therefore assume that the atomic motion can be adequately described
by a trapping and damping force f that is averaged over several wavelengths and over
several cooling transition cycles. It is helpful to consider f to comprise a single-atom
trapping and damping force f° (i.e. the force in the low density limit), which is then
modified by the influence of the other atoms on the local radiation field. Near the trap
centre one generally assumes that atoms are slowed sufficiently for f° to have a linear
dependence on the atomic velocity v, so that for small displacements r from the zero

of the magnetic field one writes

2e,v) ==Y kir; — > aiu; (smallr,v) (2.1)
J J
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where «k and o are the spring constant and friction tensors of the damped harmonic
oscillator. One expects k;; to be proportional to the magnetic field gradient and thus
in the magnetic quadrupole field ., = kyy = k,,/2. At a distance from the trap centre
where the Zeeman shift is comparable to the light shift, f° is not a linear function of r;
similarly f is not a linear function of v when the Doppler shift k - v exceeds the light
shift. The non-linearity of the confining force as a function of position is an important
feature of the MOT and will be built into the model.

It will not be necessary to make any assumptions about either the friction or the
diffusion mechanisms. We merely suppose that their opposing effects balance to yield
an equilibrium temperature which, in the absence of atom-atom interactions, links the
velocity and position standard deviations {Av, Ar} via the equipartition theorem:

1 2 _ 1 2

2&,,Ar,~ = 2mAvi. (2.2)
It 1s important to appreciate that strictly the equipartition theorem only applies to
a system in thermal equilibrium, and that it is not immediately clear that that is
the case for a collection of laser cooled atoms. Normally one assigns a temperature
to a system when it is in thermal equilibrium with a much larger reservoir; under
such circumstances the velocity distribution is always Maxwell-Boltzmann. For a laser
cooled vapour there is interaction only with the laser field. Nevertheless, the solution of
the Fokker-Planck equation for a friction force proportional to velocity and with small
random excursions in momentum space that are independent of velocity (such as those
caused by random emission and absorption of photons) is a velocity distribution which
is Gaussian [76], and in this respect the assignment of a temperature to optical molasses
seems reasonable. The velocity distribution for a damped harmonic oscillator under the
same conditions of friction and momentum diffusion is also Gaussian (i.e. the presence
of a conservative trapping force does not affect the temperature); further the density
distribution is Gaussian, with standard deviation satisfying Eq. (2.2). In practice a
measurement of « in the MOT is usually a measurement of the ratio mAv?/Ar?. In this
instance the only assumption made is that the spring constant appearing in Eq. (2.2)
is identical to that of Eq. (2.1). That is, it must be ensured experimentally that the
restoring force is linear in position over the entire trap volume and that atom-atom
interactions are insignificant.

Atom-atom interactions change the local radiation field. In a complete model of
such mechanisms it would be necessary to include the effects of cold collision processes,
modified by the existence of the trapping light field. At ultracold temperatures the
timescale for collisions is comparable to the excited state lifetime, and thus the ab-
sorption and emission processes are inextricably linked to the collision dynamics and
in a complete description of the collision must be modelled together [30, 48]. Two
distinct effects arise from cold collisions in the MOT. A collision may give the partici-
pants sufficient kinetic energy for them to overcome the trap depth with the result that
they are ejected from the trap. In such an instance the collision contributes to “trap
loss”. Alternatively, a lower energy collision may not transfer sufficient kinetic energy
to cause loss, but will contribute to an overall heating of the trap. In the model of the
MOT that is to follow it has been possible to account for trap loss in a straightforward
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manner. However, the heating effect of cold collisions is not included. This is not
particularly satisfactory. A recent quantum Monte-Carlo simulation has predicted the
existence of significant heating at temperatures below the Doppler limit [44, 43].

With the neglect of collisional heating the main effect of atom-atom interaction is to
attenuate the incident field and produce a background field of scattered photons {27, 40,
39]. We will consider the influence this has on the average properties of the trapped
cloud, such as its temperature and average density, and neglect any effects on its
small scale structure [38]. Walker, Sesko and Wieman [86] found that the effect on the
density can be explained qualitatively as a modification to « to account for the repulsive
force from photon exchange. We use this idea as the basis of our model. We aim to
predict behavioural trends which can be tested experimentally; however the MOT
1s a complicated system of many multi-level atoms interacting with themselves and
with a complex light field, and there are many unavoidable inherent uncertainties, in
addition to practical difficulties, in measuring the large scale properties of the cloud for
a given set of trapping parameters (these problems will be discussed in the experimental
chapters). In keeping with the accuracy of measurement that is possible it is intended
that the model should enable the trap properties to be derived with an accuracy at
roughly the 50% level.

It will become evident that the behaviour of the MOT can be described in terms
of four different regimes. At small numbers of trapped atoms (typically less than
10*) the optical depth of the cloud is very small and multiple scattering effects can
be ignored. The atoms act independently. This regime will be termed “temperature-
limited” because the cloud size in the harmonic trapping potential is determined solely.
by the trap temperature. As more atoms are loaded into the trap scattering effects
become significant. In the multiple scattering regime the trap size is determined by
long-range repulsive forces. At still higher numbers of atoms, or at high field gradients
or low light shifts, the non-linearity of the spatial variation of the confining force is
important. A weakening of the spring constant is observed to occur within the spatial
distribution of atoms and the trap enters a “two-component” regime. Finally, if the
optical depth of the cloud is sufficiently large there is a significant probability that a
photon is scattered more than twice before it escapes the cloud. This fourth regime
occurs for high numbers of atoms (typically for greater than 10® atoms at a high
scattering rate), and is discussed in [56] and [51]. The regime was just accessible in
our experimental measurements, but was not of major concern and is only discussed
briefly.

The following definitions will be used. The absolute value of the detuning |wy, — wy|
of the laser frequency with respect to the atomic resonance frequency is denoted by 4.
In all the experiments a “red” detuning, w; < wp, was used. The natural linewidth
(FWHM) of the atomic excited state 6P3/, in caesium is I' = 27 x (5.22 £ 0.01) MHz
[72]. The definition of the Rabi frequency (1 in a light field of intensity I is taken to be

L |

B — 9
2 Is (2:3)
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where for an electric dipole transition in a two-level atom the saturation intensity Is is

1, ,T

Is = 3hck o (24)
(where h is Planck’s constant divided by 27, c is the speed of light and k = 27 /) is the
wavevector of the light). Eq. (2.4) is directly applicable to the 65,/ F =4, Mp =4 —
6P3/F' = 5, Mp: = 5 transition in caesium because decay via the electric dipole from
F' =5 can only be to F = 4 (i.e. the F = 4 — 5’ transition is a good approximation
to a two-level system) and because the Clebsch-Gordan coeflicient between stretched
magnetic sublevels is unity. The formula‘gives Is = 2.24 mW /cm?. Throughout § will
be used to refer to the Rabi frequency of a single laser beam; ,,; denotes that from
all six trapping beams.

2.2.1 Temperature-limited regime

If there is only a small probability that a photon scattered from a trapping beam will
interact with a second atom before leaving the trap, then multiple scattering effects can
be neglected. This is the case for small numbers of trapped atoms or low saturation of
the atomic transition. In this regime the gas behaves as a collection of N independent
atoms In a harmonic potential. The validity of assigning a temperature to this system
has already been discussed; the spatial distribution is Gaussian with r.m.s. radius along
each axis given by the equipartition theorem:

%K,,','T'?’T = -;—kBT (25)
where the subscript “T” is to emphasize the role of the trap temperature in fixing
the trap dimensions. In a magnetic quadrupole field «, = 2k, = 2k,, and thus r, =
rx/\/§ = ry/\/§ since the temperature is assumed to be isotropic (see Salomon et
al. [73] for a brief experimental discussion of temperature isotropies in optical molasses).
Defining r, = rr and k = &, the peak spatial atomic density for N atoms (at the centre
of the ellipsoidal Gaussian) is

N
2 (Varre)

Strictly one should not expect the distribution to be exactly ellipsoidal because in three
dimensions 7-transitions reduce the confinement along off-axis directions [71, 77]. An
important feature of Eq. (2.6) is that since the temperature is independent of the
number of atoms, the cloud density is proportional to number. This is not the case in
the other regimes to be discussed. From Eqgs. (1.2), (2.5) and (2.6) the density is phase

space 1s

nr = (26)

NR? ( K )3/2 2.1

P o3\ M

which thus increases rapidly with decreasing temperature.
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The origin of the spring constant  in the limit of low spatial density was described
in the Introduction. A magnetic field has a first-order effect only on motion-induced
orientation. Optical pumping among the Zeeman sublevels of the ground state induces
a population imbalance along the direction of motion which cools to a finite, rather
than zero, velocity. This finite velocity is proportional to the magnetic field and thus
distance from the origin in a quadrupole field. The result is a harmonic confining
force characterized by a spring constant & proportional to the friction parameter a. A
semiclassical expression for k was first derived in one dimension by Steane and Foot
[78] (see also Steane, Chowdhury and Foot [77] and more recently Drewsen et al. [25]).
They found a dependence independent of laser intensity and inversely proportional to
detuning for detunings larger than a couple of linewidths:

fco-I:—b— (for § > 2I") (2.8)
8 bo

where gr is the Landé g-factor of the ground state, b = dB/dz is the gradient of the
magnetic field, o is a constant of proportionality, and we will define by = 1 Gecm™!.
The form of Eq. (2.8) applies to any J — J' = J 4+ 1 transition [79] and has been
validated by a J =4 — 5’ quantum analysis in one dimension by Drewsen et al. [25].

The extension of Eq. (2.8) to a real three-dimensional trap is difficult because of the
inevitable existence of spatial variations in the light shifts and optical pumping rates
[77]. The pattern of polarization gradient is in general not optimal for motion-induced
orientation (i.e. some degree of Sisyphus cooling is always present) but crucially the
pattern is also alignment-sensitive. Despite this, measurements on three-dimensional
traps have been in general agreement with the dependence of Eq. (2.8). In Table 2.1
the reported measurements of k have been converted into measurements of 9. There
i1s a wide variation in these values. This is at least partly symptomatic of the large
systematic errors associated with each measuring technique, which are now briefly
discussed.

The scattering force from an additional “pushing” laser will displace the trap to a
position where its effect is balanced by the harmonic restoring force. A measurement
of the displacement and a knowledge of the pushing force thus allows & to be deduced.
However, the force is difficult to calculate accurately because of the uncertainty in
the orientation and optical pumping effects in three dimensions [78]. As shown by
Steane, Chowdhury and Foot [77] a more calculable effect is the pushing obtained by
introducing a small intensity imbalance into one of the trapping directions. In the limit
of low saturation the force is straightforwardly calculated in one dimension from the
motion-induced orientation equations of Dalibard and Cohen-Tannoudji [20]. However,
there still remain systematic uncertainties in the knowledge of parameters such as the
Rabi frequency; furthermore, the effect of mixed polarization in three dimensions still
introduces some uncertainty.

A measurement of the trap radius at given temperature allows « to be deduced
directly from Eq. (2.5). However, to be sure that the trap is indeed temperature-
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Table 2.1: Reported measurements of «, converted into values of ko using Eq. (2.8) to allow direct
comparison. In addition to the experimental results two theoretical values are given for “Cs” - these
are the results of a semi-classical, three-dimensional numerical calculation for an idealised atom with
parameters appropriate for caesium.

value of kg atom transition method reference

(10-1°N/m)

0.4 Na 253 “pushing” laser Raab et al. [71]

0.8 Cs 455 “pushing” laser Sesko, Walker, Wieman [75]
04 Cs 455 measured r & T Drewsen et al. [25], fig 14

1 Cs 455 measured r & T with few atoms  Drewsen et al. [25], table 1
0.5 Cs 455 imposed oscillating B field Hope et al. [45]

2.7 Cs 455 beam imbalance Steane, Chowdhury, Foot [77]
3.0 “Cs” 1 -2  numerical calculation Mglmer [62]

3.3 “Cs” 45 numerical calculation Mglmer [62]

0.2 8Rb 34 imposed oscillating B field Kohns et al. [52]

2.5 8Rb 314 measured r & T'; beam imbalance Wallace et al. [88]

2.0 87Rb 253 measured r & T'; beam imbalance Wallace et al. [88]

limited 1t is necessary to retain only a very small number of atoms. This reduces the
fluorescence signal and can make measurement of the trap dimensions difficult.

Finally, « has been cleverly measured by monitoring the phase response of trap
oscillations to an external oscillating force and comparing it to that expected for an
overdamped harmonic oscillator [52, 45]. In this method care must be taken to confine
the displacement of the trap to the region of space where & varies linearly with distance.

In summary, therefore, there are difficulties with all these methods, and experimen-
tal determination of « still remains somewhat problematic. In addition it is not known
how sensitive kg is to the exact pattern of polarization gradient in three dimensions.
A reasonable knowledge of the absolute value of the confining force is an important
requirement for a model of the density, and for this reason it was felt necessary to make
our own measurement of .

The non-linearity of the spring constant was found to be an important issue in our
experimental work. The spatial breakdown in « is the origin of the two-component
regime and will be discussed in detail in Sec. 2.2.3. Also of importance is a breakdown
in k at low light shifts. One might expect a reduction in « below that predicted by
Eq. (2.8) at a similar light shift to that at which the friction force begins to decrease
(Sec. 1.1.1). However, a recent semiclassical calculation in one dimension [25] suggests
that the breakdown in confinement follows more closely that of the temperature, i.e. the
breakdown of the ratio D/a. This is at odds with the measurements of Wallace et
al. [88]. They observed a minimum of temperature at a much lower light shift than that
at which the spring constant started to decrease and attributed this to the breakdown
in diffusion allowing cooling to a much lower temperature, i.e. D and a begin to fall
off (at least initially) at roughly the same rate, and thus their ratio remains small.

An early experimental study [78] showed that the temperature in a caesium MOT at
low atomic density is similar to that in the corresponding molasses, 1.e. to that obtained
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in the same physical system but with zero magnetic field gradient. More recently two
experimental studies [25, 88] have confirmed that the temperature in the low density
MOT is indeed identical to that in a molasses of the same laser field configuration (at
least for field gradients of order 10 Gem ™). For detunings larger than a few linewidths
and light shifts in the range indicated, the temperature in three-dimensional optical
molasses varies for circularly polarized beams in the same way as for linearly polarized

beams: )

0
kpT = Co+ Coh— (6§ >4T, 0.05T <N?/§ <04T7). (2.9)

The expectation of this variation stems from the original semiclassical prediction in one
dimension by Dalibard and Cohen-Tannoudji [20]; subsequently Mglmer showed (also
semiclassically) that the scaling remains unchanged in three dimensions [63]. Wallace
et al. [88] have verified the form experimentally for both ®*Rb and 3Rb and obtained
quantitative agreement with the latter with a semiclassical calculation that averages
over the relative phases of the molasses beams. Drewsen et al. [25] have provided
experimental verification for caesium.

It was felt necessary to make our own measurements of the temperature in a caesium
ot-0~ molasses for two reasons. First, agreement with the variation expected is a
good test of correct fundamental trap behaviour, and allows the boundary between
the temperature-limited and multiple scattering regimes to be established. Secondly,
quantum Monte-Carlo wavefunction analysis of three-dimensional optical molasses [12,
62] has recently given excellent quantitative agreement with. the linLlin and o%-o~
measurements on rubidium [31, 88], and the linLlin measurements on caesium [73],
but not the o*-o~ data of Drewsen et al. [25]. The results of the measurements are
described in chapter 4 but are quoted here in order to use them to build our semi-
empirical model. The results of Drewsen et al. [25] were verified. A slight departure
from a linear dependence on the light shift was observed for values of Q2?/I'§ between
0.05 and 0.4. Nevertheless a straight line could be fitted through all the data for 0.05 <
Q%/T6 < 0.4 (i.e. temperatures up to about 30 uK), to obtain Cy/kp = 1 £ 0.5 K,
C, = 0.28 £ 0.05. In the following this pair of values for Cy and C, is used.

When the constant term in Eq. (2.9) can be neglected, T o< 2%/§, which from
Eqgs. (2.9), (2.8) and (2.5) implies a cloud radius independent of detuning and number,
and proportional to the Rabi frequency [77, 25]:

\/hc Lo b" (2.10)

2.2.2 Multiple scattering regime

As atoms are loaded into a temperature-limited MOT the density increases accord-
ing to Eq. (2.6). Eventually when the number becomes sufficiently high (typically at
about 10* atoms, but strongly dependent upon the scattering rate) the reabsorption
of scattered photons within the cloud limits the density. Walker, Sesko and Wieman
[86] were the first to recognize the significance of photon exchange in the MOT. They
observed that as atoms were loaded at high density the cloud size grew rapidly to reach
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sizes that did not remotely correspond with the behaviour of an ideal gas for the trap
temperatures that were measured. Moreover, the density remained almost indepen-
dent of number and the spatial distribution was uniform rather than Gaussian. They
interpreted this behaviour as being due to long-range repulsive forces, and proposed a
simple model which led to a quantitative expression for a multiple scattering-limited
density, independent of number. Their general arguments, which are incorporated into
our model, were vindicated by the observation of unusual spatial distributions when
the trapping beams were slightly misaligned, in particular the formation of a ring of
atoms, or part of a ring of atoms, orbiting about a small central cloud at well-defined
radii. The existence of stable orbits at discrete radii was predicted by their model only
when the torque resulting from the beam misalignment was combined with the effect
of long-range repulsion.

In the multiple scattering regime the restoring and friction forces are still produced
by sub-Doppler mechanisms as in the low density limit, but the mechanisms are them-
selves modified. In the Walker, Sesko, Wieman model, the restoring force for an atom
remains simple harmonic but is opposed by a force arising from the cumulative effect
of inverse-square repulsions between pairs of atoms. In this picture the mechanism by
which the repulsive force arises relies entirely upon the modification of absorption and
emission profiles by the laser field. This can be understood intuitively with the follow-
ing description. Of interest is how the process of scattering at one point in the cloud
can contribute to the generation of a net repulsive force F,., at a different point in
the cloud. To prevent the cloud collapsing to the temperature-limited density given by
Eq. (2.6) we stipulate that F,.,(r) balances the harmonic restoring force —«xr. There
are two related mechanisms by which long-range forces are exerted. The scattering
of a photon out of a trapping beam (attenuation) causes a beam imbalance which on
average tends to compress the cloud [19]. On the other hand if the scattered photon
is subsequently reabsorbed then there is a momentum recoil which on average tends
to expand the cloud. There is a net repulsion force only if the latter exceeds the for-
mer; 1t is now argued that this only happens because some of the light is scattered
inelastically. According to Mollow [61] scattered light in a laser field has both elastic
(Rayleigh) and inelastic (fluorescence) contributions, with an intensity ratio that is the

saturation parameter s:
Iinel

Iel

Consider first the elastic component. The average scattering force on an atom is the
net absorption rate times the photon momentum, and thus because elastic scattering
only redistributes photon momentum flux spatially and does not change its total value,
and because the cross-section for absorption of an elastic photon 1s identical to that for
absorption of a laser photon, one must conclude that the divergence of any force that
elastic scattering produces is zero. A repulsive force with zero divergence is not con-
sistent with the symmetry of a force that balances —«r in all directions, and therefore
one must conclude that F,., must derive from the inelastic component of the scattered
light. For moderate light shifts (Q?/6T < 1) the fluorescence spectrum of spontaneously
emitted (inelastic) light takes the form of three Lorentzians symmetrically positioned

=s. (2.11)
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about the laser frequency, the Mollow triplet [61]. The most important consequence
of this spectral redistribution is a change in the absorption cross-section. The high-
est frequency component of the Mollow triplet lies close to the transition frequency,
and its absorption thus dominates the cross-section. For this reason the cross-section
for absorption of a reradiated photon og is larger than that for absorption of a laser
photon oz. The compression force from trapping beam attenuation is proportional
to the former; the repulsive force from reabsorption is proportional to the latter and
consequently there is net repulsion.

The argument above is similar to that invoked by Walker, Sesko and Wieman [86].
In a few simple steps they derived the following expression:

V- F,ep(r) = I‘C"tnMS(r)a,{ (% - 1) (2.12)

where nus(r) is the spatial density in the multiple scattering regime, Iz, is the total
light intensity, and where, as from the description above, the magnitude of F,., does
indeed depend on the difference ogr — 0. By applying the divergence theorem to this
expression it is clear that F,.,(r) only depends on the total number of atoms inside
the sphere of radius r. Thus a particular solution for n(r) is the uniform density
distribution n that was observed experimentally. In this instance equating V - F,,(r)
to V - (kr) for a balance of forces predicts finally

3kc

- Itota%(O'R/O'L - 1)

(2.13)

n

The behaviour of the density is thus predicted from a knowledge of k¥ and the ratio
orR/OL.

It is important to remark upon the assumptions of the Walker, Sesko, Wieman
model. It is assumed that the probability that a photon is scattered more than twice
inside the cloud is insignificant. If this is not the case then there is a different density
regime (to be described briefly later). The splitting of the atom-atom interaction into
repulsive and attractive parts has been formally justified by Ellinger, Cooper and Zoller
[27]. An important limitation is the inherent assumption that the forces between two
atoms fall off as the inverse square of their separation (this 1/r? dependence of course
leads to the divergence of the force being proportional to n(r), the force source density).
This only holds in the far-field limit, that is, when the mean separation of the atoms
is much greater than the laser wavelength [27, 40]; at smaller separations 1/r terms
become significant. Thus the model is of questionable value in caesium for densities of
the order of 102 cm™ and larger.

One would proceed to evaluate Eq. (2.13) in the following way. In the first instance
one assumes £ is given by Eq. (2.8). One then needs to find or/or. This ratio was
calculated numerically in [86] by convolving the emission and absorption spectra of a
two-level atom in a one-dimensional standing laser wave. Steane, Foot and Chowdhury
[77] produced an analytical approximation for the same situation. In [83] we reported
an improvement upon the estimate in [77]. Consider a two-level atom illuminated by
a single travelling wave. The fluorescence spectrum in the limit Q,¢, 6 > T can be
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deduced using the dressed atom approach [15]. This leads to a complicated expression
for og which can be fitted to better than 30% accuracy for Q4,6 > ' by the formula
0, 87—

OR
= 1= . 2.14
oL oT? §2 + (12, (2.14)

Substituting this into Eq. (2.13) and making use of Eq. (2.8) yields the following
expression for the MOT density in the presence of multiple scattering of photons:

(462 + T2 + 1202 ,)* (82 + 602,
= o o 2.15
TMS = R T RNATOA 52 — or? (2.15)
~ —Q—WEQ‘ZM lf 52 < 1. (2.16)

The important prediction is that the density should increase rapidly with decreasing
saturation of the atomic transition. This result is largely independent of the details of
calculating or/o. For example consider the case of large detuning. The cross-sections
or and oy, differ because the scattered light has an inelastic component. According to
Eq. (2.11) the fraction of the scattered intensity which is inelastic falls of as 2, /42
at large detuning. However, the cross-section for the inelastic light is roughly a factor
62/T'? larger than that for the elastic light because the former lies approximately at
the transition frequency. Thus one would expect (or/or — 1) to approach a constant
~ Q2 ./T? at large detunings, and this is indeed the prediction of Eq. (2.14). It is then
clear from Eq. (2.13) that the detuning dependence of nys is that of k/0?, i.e. 63, In
other words, the density increases dramatically at low saturation because the repulsive
force decreases rapidly due to its reliance on the probability of two scattering events.
As a further point, it is interesting to note that the denominator in Eq. (2.15) becomes
zero when § = +/2I, i.e. the existence of multiple scattering is tending to compress
the cloud. This is again understood from the Mollow triplet. At small detunings the
highest frequency component of the triplet is actually further from resonance than the
near resonant light field.

One would perhaps not expect the form of Eq. (2.15) to reproduce accurately the
density behaviour for the real case of caesium (with multiple magnetic sublevels) in
a three-dimensional laser field. However, the properties described in the preceding
paragraph are argued in a fairly general way and one might hope for their observation.
In fact it was found that Eq. (2.15) does not predict at all well the variation in density
under different scattering conditions. For possible reasons that will be discussed later
the dependence of nys on § and  was found to be much weaker than the prediction;
for detunings above a linewidth or so the variation was roughly nys oc 56%°Q~1:

b [(6T\'?
nms = Cwms o 2 (-) (6 >T) (2.17)

where Cys is a dimensionless parameter whose value is given by experiment, and where
the other constants have been chosen to allow easy comparison with Eq. (2.16). The
parameter ko has been included because it is expected that if the MOT has a large
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spring constant in the temperature-limited regime, then it will produce proportionately
large densities in the multiple scattering regime. However, no other assumptions con-
cerning the scaling of the spring constant in the multiple scattering regime are made,
other than that it is proportional to the magnetic field gradient.

The prediction that the density in the multiple scattering regime is independent of
number was found to be fairly good. However, uniform densities were only observed
when the scattering rate was high and the magnetic field gradient low; for the most part
the spatial distribution was well approximated by a Gaussian. We therefore choose that
nms represent the peak density of a Gaussian distribution. Further, since the density
is now proportional to b, one might expect a radius scaling as the.cube root of b,
which would imply that the ellipticity of the trapped cloud is reduced compared with
the temperature-limited regime [c.f. Eq. (2.10)]. We assume therefore that we can
approximate the cloud as a spherical distribution. The cloud volume is now dictated
by the density, and for N atoms has an r.m.s. radius given by

1 N 1/3
= ) 2.18
"MS \/27r (nMs) ( )

This is to be compared with the radius rr given by equation (2.5). These two radii
define the boundary between the temperature-limited and multiple scattering regimes.
When rys > rr, the cloud is not compressed to the temperature-limited radius, but
remains fatter due to the multiple photon scattering.

In the Sesko, Walker, Wieman study [75] the MOT temperature was observed to
rise as the number of trapped atoms was increased. It is now well established that

multiple scattering also causes the temperature of atoms to be different from that at
low densities. Two experimental studies have shown MOT temperatures increasing
above the molasses temperature by an amount proportional to the cube root of the
total number of trapped atoms [25, 17], although the exact dependence on the intensity
and detuning is still somewhat uncertain. Multiple scattering induces excess heating
by both enhancing the momentum diffusion and reducing the efficiency of polarization
gradient cooling (thereby lowering the friction force). The N 1/3 dependence has been
verified by one-dimensional calculations [27, 40, 39] but a model for the variation with
Q) and ¢ has yet to be fully worked out. These additional effects of multiple scattering
are of some relevance to densities. First, it would be .of interest to know whether the
degradation of the spring constant by multiple scattering is in part responsible for the
failure of Eq. (2.15). It was possible to address this issue by the temporal method
of measuring densities (Sec. 2.3 and chapter 4). Secondly, it will be shown later that
multiple scattering limits the density before it significantly raises the temperature, so
it will not be necessary to take the temperature rise into account when establishing
the boundary between the temperature-limited and multiple scattering regimes.

2.2.3 Two-component regime

The restoring force in the MOT is not a linear function of position over the whole
trapping region. Near the trap centre the effect of the linearly varying magnetic field
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is to modify the motion-induced orientation in such a way as to produce harmonic
confinement. However, outside this region the magnetic field is a large perturbation
on the process of optical pumping among the ground state magnetic sublevels and the
efficiency of the polarization gradient cooling is reduced, resulting in a weakening of
the restoring force. At large displacements from the trap centre only the Zeeman shifts
of various transitions to the excited state can provide confinement.

The non-linear variation with position of the MOT restoring force was observed
by Steane, Chowdhury and Foot [77] during intensity imbalance measurements. They
noticed that when the trap was displaced far from the trap centre (i.e. at large imbal-
ances) the brightest region of the cloud remained fixed in position while a fan of atoms
extended out into the region of higher magnetic field. This dispersive behaviour in the
higher field was cited as evidence for the breakdown of motion-induced orientation.
One would expect the non-linearity of the restoring force to have the following effect
on the spatial distribution in the MOT. When the trap is loaded with a small number
of atoms just- the central, strongly confined region is filled. As more atoms are loaded
the trap passes into the multiple scattering regime and starts to expand at (roughly)
constant density. Eventually the central region is filled and further atoms then spill
over into the weakly confining surrounding volume, spreading out to a much larger
radius. With a sufficiently large number of atoms, almost all the atoms occupy this
surrounding volume and the trap behaviour is predominantly determined by Doppler
forces, i.e. the presence of polarization gradients in the laser field no longer determines
the average temperature and density. The signature of the two-component regime is
thus a density distribution consisting of two components: a diffuse Gaussian ball ex-
tending out to a large radius, with a small, much more dense collection of atoms in the
centre. From the observations of Steane, Chowdhury and Foot [77] it is expected that
the diffuse ball should be sensitive to alignment and intensities of the trapping beams,
while the central region should not.

The boundary between the central and outer regions occurs at a radius such that
the Zeeman and light shifts in the ground state are roughly equal. This condition is
easily understood in one dimension. In the Dalibard and Cohen-Tannoudji picture of
motion-induced orientation [20], the effect of the rotating linear laser polarization is
replaced by a fictitious magnetic field in the reference frame in which the polarization
is stationary, and its magnitude is such that the corresponding Larmor precession
frequency is equal to the Doppler shift of the atom kb. Steane, Hillenbrand and Foot
[79] showed that the capture velocity v, of motion-induced orientation (defined as the
velocity at which the force has a local maximum) is given roughly by kv. = A, i.e. the
velocity at which the Doppler shift equals the light shift of the ground state. One may
qualitatively think of this as the velocity above which the Larmor precession frequency
of the magnetic field perturbation is too large to allow the ground state coherences to
build up. Thus in the presence of a real magnetic field one should expect the motion-
induced orientation to break down when its Larmor frequency equals the ground state
light shift, or in other words, when the Zeeman shift it induces equals the light shift. A
fully quantum mechanical calculation in one dimension has verified this semiclassical
argument [90]. Results of preliminary semiclassical calculations have predicted the
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Figure 2.1: Force on a stationary atom in a MOT, as given by a semi-classical numerical three-
dimensional calculation [62]. The points are calculated, and the line is a cubic spline fit to guide the
eye. The calculation used § = 6T, Q = 0.9T, and was performed for a J = 4 — 5’ transition, with
magnetic field scaled for a ground state Landé factor g = 1/4. The figure illustrates the general form
of the variation of the force with magnetic field.

same behaviour in three dimensions [62]. The variation of the force with magnetic field
from this calculation is shown in Fig. 2.1 for a J =4 — 5’ transition and with gr = 1/4
for the ground state, as appropriate for caesium. Defining r; to be the radius at which
the restoring force reaches a local maximum, the calculation yields the condition

hQO?
pBbT‘I — CJT (219)

for the boundary between the two regimes, where the constant C; is approximately
0.9 for the conditions just described. The calculation assumes the same Landé factor
in the excited state as the ground state which is not appropriate for caesium, but at
low saturation the result is not expected to be sensitive to this. Petrich et al. [68]
have recently reported two-component density regimes at high magnetic field gradients
and high detunings. It will be shown that Eq. (2.19) reproduces the onset of the
two-component behaviour in their data as well as in our own.
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2.2.4 Regime boundaries

We now bring together the equations describing the different regimes of trap behaviour.
The boundary between the temperature-limited and multiple scattering regimes is de-
fined by rr = rys. Using Egs. (2.5) and (2.18) this condition may be expressed in
terms of the number of atoms trapped when the cloud just reaches this boundary:

3/2
QWkBT) . (2.20)

N:nMS(

Making use of Eq. (2.8) and the scaling with field gradient of Eq. (2.17) the above
equation can be rearranged to find the variation of field gradient with number along

the boundary: s ,
1 /n 1

b= T (%S) (2mkpT)’ R (2.21)

Figures 2.2(a)-(d) show “phase diagrams” for the MOT in the magnetic field gradient
— number of trapped atoms plane, under different conditions of detuning and intensity
that are readily accessible by experiment. Eq. (2.21) marks the predicted boundary
between the temperature-limited and multiple scattering regimes and is indicated by
solid line. Note that the prediction is really only valid for § > 4I" and 0.05T < Q2/4T <
0.4T because of the restrictions on using Eq. (2.9) to give the molasses temperature.
The diagrams confirm that with only a small number of atoms (~ 10*) the trap is
expected to be in the temperature-limited regime for most values of detuning and
field gradient, whilst for larger numbers (> 10°) it should be mostly in the multiple

scattering regime. The variation of Eq. (2.21) with detuning and intensity is

_b_ o (Q2)5/2(5
bo

1

7 (2.22)

It is interesting to notice that rr is much more sensitive to a variation in field gradient
or intensity than rys [compare the dependencies of Eqgs. (2.10) and (2.18)]. Thus the
behaviour of the boundary as these parameters are changed is qualitatively understood
by just considering the effect they have on rr. For example, when the field gradient
is increased rr shrinks and thus the condition r7 = rus requires a smaller number of
atoms; hence the boundary in the dB/dz — N plane has a negative gradient. As the
intensity is increased rr also increases and so the boundary at fixed field gradient moves
to a larger number of atoms. This variation is perhaps a little counter-intuitiative as
one might expect a larger scattering rate to force the boundary to smaller N. By
contrast the variation in boundary position with detuning is in the direction expected;
however, the dependence is much weaker than for a corresponding change in intensity.
This is essentially because the spring constant is independent of intensity.

The boundary between the multiple scattering and two component regimes is de-
fined by rms = 1. In defining this boundary it is recognized that rys is not the true
extent of the trapped cloud; when the condition is satisfied it is expected that about
half of the atoms will be in the diffuse ball extending beyond r;. Using the defining
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Figure 2.2: Different regimes of behaviour of a magneto-optical trap. The curves show the positions
of the boundaries between the temperature limited, multiple scattering and two component regimes,
marked T, MS and 2 respectively on the diagrams. Each diagram (a-d) is for a different combination
of Rabi frequency and detuning, as follows: {Q?/T'?,§/T} = (a) {0.5,4}, (b) {0.5,8}, (c) {2,4}, (d)
{2,8}. The parameter values used are ko = 1 x 107*® Nm~!, Cms = 50, C; = 1.4 (taken from the
measurements described in chapter 4).

Egs. (2.18) and (2.19) we find that the number of trapped atoms when the cloud enters
the two component regime is

-+

Al \° 3 (Q2bo\°
N: (ﬂBb()) nMs (\/—2;01) (ﬁ'g) .

Again this may be rearranged to find a formula for the field gradient. The scaling is

(2.23)

b (2\"* 1
So this time the boundary position varies as a power of the light shift. The full

dependence of Eq. 2.24 is represented by the dotted lines in Fig. 2.2.
Finally, the boundary rr = r; between the temperature-limited and two-component
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regimes (which becomes important at low £, high §) is given by

b [ KT \* Q* C?ro
bo  \pgbo) 83T kgT

(2.25)

Under none of the conditions of Fig. 2.2 is the trap predicted to pass straight from the
temperature-limited to two-component regime.

Finally we should remark again that a trapped cloud of atoms is not a thermo-
dynamic system and thus the talk of regime boundaries and phase diagrams should
be considered in a very loose way. In particular the boundaries indicated in Fig. 2.2
should not be expected to represent sharp transitions. For example, when the cloud
begins to spill over into the two-component regime the confining force is weakened for
some fraction of the atoms so that, when averaged across the whole cloud, the average
spring constant is smaller than the value given by Eq. (2.8). Thus the average confine-
ment is slightly weaker than the model predicts and this will hasten the onset of the
two-component transition. Experimentally the changes between different regimes were
indeed observed to be smooth.

2.2.5 Optically thick regime

For completeness we now outline the behaviour when the trap becomes optically thick.
Sesko, Walker and Wieman [75] noticed that with large numbers of atoms (N > 5x107)
at high saturation of the atomic transition (saturation parameter per beam s ~ 5) the
radius of the trap began to increase more rapidly with number than the N'/3 depen-
dence predicted by Eq. (2.18). Correspondingly the density was observed to decrease
with number. Linquist, Stephens and Wieman [56] observed very similar behaviour
and offered the following explanation. If the optical depth of the trap becomes large
then there is eventually a significant probability that a trapping photon is scattered
more than twice. In this instance the repulsive forces from radiation trapping are in-
creased over those in the simple multiple scattering regime, and the cloud will tend
to expand. However, expansion reduces the optical depth and thus also the repulsive
forces, therefore tending to suppress expansion. An equilibrium is maintained such
that the optical depth of the trap roughly remains a constant (presumably of order
unity) as the number of atoms increases. Thus at fixed detuning and intensity

notrr & constant (2.26)
N
= —T ~ constant
r
=>r « N2 (2.27)
= nor «x N72 (2.28)

Linquist, Stephens and Wieman [56] found that the variation of radius with number
was indeed well described by a N'/? dependence.

The optically thick regime has not been of great importance in our experimental
work. We have generally only been interested in the behaviour of the MOT under
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Table 2.2: The various regimes of the MOT. The radii rp, rpms and r; are defined in Egs. (2.10), (2.18)
and (2.19) respectively.

Small N rmMs < rr < 1 n « N, r independent of N
Mediim N rp <rms < 1y n independent of N, r N/3
Large N r; < greater of {rpr,TmMs} two-component density distribution

conditions optimizing the sub-Doppler processes, i.e. at low saturation. However, it
has been noticed on numerous occasions that the MOT density under loading conditions
does_indeed vary with number, although no systematic study has been undertaken.

2.2.6 Summary of the static MOT

The three regimes that were relevant to our work are summarized in Table 2.2 and
examples of their boundaries are illustrated in Fig. 2.2. The regimes can be explained
in terms of the description of the MOT that has thus far been presented. The tempera-
ture and confinement at the centre of the trap are determined by polarization gradient
forces and by multiple scattering of photons between atoms. Normally multiple scat-
tering also limits the density, which is then almost independent of number. Under
special circumstances the density can be determined by the number of atoms and by
their temperature, but this is rare. The spatial distribution of the atoms changes when
the trap passes from the temperature-limited to multiple scattering regimes, but exper-
imentally we have observed that the cloud departs from its Gaussian shape to become
uniform only well after the density has become independent of number (i.e. at high sat-
uration and with large numbers of atoms). In other words, a Gaussian profile is not by
itself a sign that the cloud is temperature-limited. Multiple scattering of photons also
raises the temperature, the excess heating being proportional to N 1/3 A combination
of high magnetic field gradient and small light shift, or else a sufficiently high number
of trapped atoms, will cause the trapped cloud to spill outside the central strongly-
confining region of the MOT, leading to a two component density distribution and
the eventual disappearance of sub-Doppler temperatures. From the derivation of the
equations for Fig. 2.2 (Sec. 2.2.4) it is clear that the behaviour of the MO is specified
by four parameters: the detuning § and Rabi frequency 2 of the trapping laser, the
magnetic field gradient b, and the number of trapped atoms N. ) and § are perhaps
more usefully parameterized by the light shift ©?/4T" than the scattering rate since
the former appears in the formulae for the temperature [Eq. (2.9)], the semiempirical
density [Eq. (2.17)] and the onset of the two-component regime [Eq. (2.19)].

2.2.7 Limitations of the model

With regard to the MOT behaviour that has been observed, the model presented is
limited in two respects. First, a detailed prediction for the behaviour of the density
in the multiple scattering regime has not been incorporated. The model proposed by
Walker, Sesko and Wieman was found to give a poor representation of the observed
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trends, but this has been replaced only by a semiempirical formula. Nevertheless,
it will be possible to comment on the possibilities of various processes not included
in the Walker, Sesko, Wieman model (such as spatial confinement of atoms in optical
potential wells and the degradation of the spring constant by multiple scattering) being
the cause of the discrepancy. The second limitation is that the effects of the breakdown
of the sub-Doppler mechanism at low light shifts, in particular the weakening of the
spring constant, has not been included. This breakdown will be considered further
when the experimental results are discussed.

2.3 The time-dependent MOT

In practice it is generally not possible to study high phase-space densities in a steady-
state MOT. This is because the processes determining the total number of trapped
atoms are different from those determining the density and temperature, and the con-
ditions under which the number is optimized do not yield low temperatures and high
densities. From the description of the MOT presented thus far, it is clear that the
properties of trapped atoms near the magnetic field zero are determined by polariza-
tion gradient forces, and that these work efficiently at low saturation of the atomic
transition. By contrast, the forces which slow atoms from the background vapour suf-
ficiently to allow their eventual capture (by the sub-Doppler mechanisms) are Doppler
only, and are effective over the entire intersection volume of the trapping beams. The
slowing process is efficient at high saturation of the atomic transition. Therefore, to
observe MOT behaviour at high phase-space densities it is necessary to adopt the fol-
lowing transient procedure. The trap is first loaded with trapping parameters by, Q;, &;
chosen for an optimum steady-state number of atoms, N;, but is subsequently switched
rapidly to new values b,, {5, 82 which, according to the steady-state model of the MOT,
lead to higher densities and lower temperatures. In doing this one must be clear under
what circumstances the previous analysis of steady-state operation still applies because
when the parameters are switched the trapped number decays to a new value N,, which
is much smaller than N, because the conditions are no longer optimal for trapping large
numbers.

The suitability of the steady-state model is argued qualitatively in the following
way. The time scale for an atomic density to relax to a new equilibrium shape is
of order 7,,5/3, where 7,,s is the position damping time, i.e. the relaxation time for
an atom displaced from the trap centre to move back towards the origin. With the
assumption of spherical symmetry, 7,,; = a/k, and is ~ 30ms for a typical magnetic
field gradient (measurements of the position damping time are presented in Sec. 4.7).
Now if the number of atoms does not decay appreciably during this interval then the
previous analysis is valid. In other words, we can consider the state of the trap to
adiabatically adjust to a steady-state operation with parameter N = N(¢). On the
other hand, if the decay time of the trap is short enough to be comparable with the
position relaxation time then the decay itself will affect the compression. Indeed the
final density attained will clearly be reduced because the loss of atoms depletes the
density on the same time scale as the position relaxation attempts to compress it.
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The preceding argument is quantified in the following way. The decay of N(%) is
determined by two different types of collision processes. They are mentioned briefly
here in order to assess their potential for limiting the density, but are described more
fully in the following section. The first is the lifetime associated with collisions with
the room temperature background vapour. This lifetime is typically ~ 1s under the
conditions optimal for loading the trap and with background pressures ~ 1072 Torr,
as we used in our experiments. It becomes shorter when the trapping conditions are
switched to those of low saturation (since the trap is weaker), but generally does not
get close to encroaching upon the position relaxation time. It may thus be safely as-
sumed that this collision process cannot affect the density. The second type of collision
process is that which occurs between trapped atoms. These cold collisions induce trap
loss at a rate Sn(r) per atom, where 3 is the cold collision loss coefficient [70], and
their time scale for collisions is characterized by 1/8n. Under certain circumstances
we have measured § to exceed 107!° cm®s™! (chapter 5); yet for densities not larger
than a few 10'' cm™3 (as were the largest we observed) this second time scale is also
much larger than the position relaxation time. We conclude, therefore, that to a good
approximation the time-dependent MOT may be considered as a quasistatic system,
described at each time ¢ by a steady-state model.

It 1s nevertheless instructive to formulate an expression for a collision-limited den-
sity. This is found by equating the rate at which the density increases due to position
relaxation to the rate at which it decreases due to loss of number. The former is sim-
ply 3n/7p0s. The latter is more difficult to guess at but is found from the equation of
motion for the density. We derive this equation from the decay of the trap number.
Making the simplifying assumptions that cold collisions dominate the trap loss, that
the spatial density is uniform, and that N, < N (i.e. when the conditions are switched
the loading rate, R, becomes negligible) we have

dN
— ~ —fnN. (2.29)

Differentiating N = nV with respect to time and combining the resulting expression
with Eq. (2.29) divided by V gives the equation of motion
dn
dt
By putting V o r® o e=3!/7>* we recognize that the second term on the right-hand
side is due to the position relaxation:

—fn? —n=—. (2.30)

3
n=—pn?+ (2.31)

Tpos

In the steady-state n = 0 which implies a collision-limited density ncy, = 3/87,05. In
practice there is always an additional n® term on the right-hand side of Eq. (2.31) to
account for the density tending towards a multiple scattering-limited density in the

absence of collisions. We thus conclude that
3 3K
n g ncL = =
/BTPOS a/B

(2.32)
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where the last step assumes spherical symmetry. We note in passing that Eq. (2.30)
reveals that the density decreases at a rate —fn? due to cold collisional loss. If the
volume V is constant with time (i.e. constant with number, as in the temperature-
limited regime) then this result is obvious from Eq. (2.29). In various articles the
constant volume result has been quoted and subsequently applied to the general case
of a volume varying with time. The justification in doing this has been demonstrated
above.

2.4 Collisional processes

The rate equation (1.9) describing the number of atoms in the trap is more instructively
written in the following way:

N 3
—deR——T——ﬁ/nQ(r,N)dr (2.33)

where R is the loading rate described previously. The trap loss has now been separated
into two contributions. The first term represents collisions with the room temperature
background vapour at a rate 77! per atom. The second accounts for losses due to cold
collisions between the trapped atoms and depends on a rate coefficient 5 [70] and the
square of the spatial density.

The clearest manifestation of cold collisions is the trap loss represented by the
beta term above, and measuring this rate has been the basis of nearly all experiments
designed to study cold collision phenomena to-date. The measurement is usually made
by loading a small number of atoms into the trap from an atomic beam, and then
shuttering the beam and observing the subsequent trap decay. In the temperature-
limited regime the trap dimensions remain constant as the number decreases and thus
the decay due to cold collisions is distinguished from that due to collisions with the
background vapour by its N? dependence.

Since the density is a parametric function of the trap number N, the transient
solution to Eq. (2.33) is different in the temperature-limited and multiple scattering
density regimes. However, when loading from a vapour the trap passes into the latter
typically after only a small fraction of the final trapped number has been captured so
that, for all but the very shortest times, the density is roughly uniform and virtually
independent of number. It can then be taken outside the integral and solving Eq. (2.33)
then yields the following loading curve:

N(t) = No(1 —e ™) where ' = 7714 fn, (2.34)
and N, = RI'!

Measuring the loading time I'™! has been the basis of a recent method to determine 3
[41].

A vapour cell arrangement will load between 10" and 10® atoms when the back-
ground vapour pressure is ~ 1078 Torr, with trapping beams diameters ~ 10 mm, and
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with trapping conditions optimal for loading. At this pressure the lifetime against
background collisions is 7 ~ 1s. Under these trapping conditions the MOT density is
typically n ~ 10'° cm™2 (chapter 4) and B is typically ~ 2 x 107" cm3s™! (chapter 5).
Thus the lifetime against cold collisions is 1/8n ~ 5s, which is a lot longer than 7
and is therefore generally not noticeable. Consequently traditional methods to study
B have resorted either to substantially increasing 7 (to in excess of 100s) by use of
ultra-high vacuum systems [70, 74, 87], or to artificially increasing 8 by means of an
additional light field [74, 42, 41, 58]. In chapter 5 it is demonstrated that under certain
conditions the loss effects from cold collisions can be observed without the use of either
of these techniques.

2.4.1 Collisions with the background vapour

Under typical loading conditions the escape velocity from the MOT is of order 10 ms™1,
corresponding to a trap depth of about 1K. By comparison, the background vapour
is at room temperature and thus a background atom-trapped atom collision has the
possibility to transfer sufficient energy to the trapped atom to cause its ejection from
the trap. For a background vapour of density n;, whose atoms are travelling with a
mean speed ¢ much greater than those of the trapped atoms, such collisions occur at a

rate

1 escP
— = NpOescC = id ’ (235)
T kaBTb/8 ’

where P, and T, are respectively the pressure and temperature of the background
vapour and o, is the collision cross-section leading to trap loss.

It is useful to have some idea of how 7 varies with the escape velocity, v.s.. The
steps involved in a simple estimate of this dependence are now outlined. First, we
note that for 7 ~ 1s at P, ~ 1078 Torr, Eq. (2.35) gives 0esc = 14 x 10714 cm?. This
implies that the collision duration, which might be thought of roughly as |/o.../¢, is
of the order of 10 ps. This time is much shorter than the 32ns lifetime of the 6P/,
excited level in caesium and thus means that absorption and emission effects can be
neglected in a background collision calculation. A second step is to appreciate that
although a velocity transfer to the trapped atom of close to the escape velocity is small
compared to the relative velocity of the colliding atoms, it is still large enough to be
able to describe the scattering classically. That is, we are not dealing with scattering
close enough to the forward direction to warrant a consideration of interference effects.
Justification for this is given later when, for a different calculation, velocity transfers
much smaller than v are considered. A purely classical calculation greatly simplifies
the method which can then proceed in a similar vein to that outlined in [77]. There
the interaction potential was taken to comprise of only the longest range, spherically
symmetric interaction:

V(r) = - (2.36)
and the trajectory of the background atom was assumed to be unaffected by the finite
velocity acquired by the trapped atom. This yielded the following expression for the
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required cross-section:

o (f(n)0n>2/" (2.37)

€sc mvescé

where n is the order of the interaction: 3 for resonant dipole-dipole and 6 for van der
Waals, and f(3) = 4, f(6) =~ 5.9. The interaction constants for the 65,/ — 6P3/;

transition in caesium are

d2 3
Cy = = 32 ar (2.38)
4meg 4 \ 2
= 6.56 x 107* Jm?® [77] (2.39)
and Cs = 6.95 x 1077 Jm® [47]. (2.40)
The actual cross-section is obtained by summing o2 _ and o, , weighting each term

fractionally by the proportion of atoms in the ground and excited states.
Several features of Eq. (2.37) are worth noting. First, it gives good quantitative
agreement with observed escape cross-sections: taking thé excited state fraction to
be 0.3 (typical for loading conditions) and v.s. to be 15ms™! gives g, =~ 14.1 X
10~ cm?. Secondly, because it is often the case that the majority of trapped atoms
are in the ground state (for example when the scattering rate is lowered to produce
low temperatures or high densities) and, therefore, interact mainly through the van
der Waals force, the prediction is a lifetime against background collisions that varies
only slowly with escape velocity: 7 o< v!}/3. Finally, it is interesting to compare the
magnitude of the cross-section predicted by Eq. (2.37) with that of the total collision
cross-section. The total cross-section must be calculated quantum mechanically rather
than classically because the effects of forward scattering must be considered. It is
given on page 1324 of reference [59] in the limit of many partial waves (i.e. large
relative velocity of the colliding atoms):
C.\ (=1

Otot = g(n) (ﬁg)
where ¢(3) = 20.2 and ¢(6) ~ 8.1. When substituted with the relevant constants for
caesium this gives o1 = 200 0¢s. for n = 3 and oyt = 50, for n = 6. In other words,
only a small fraction of the trapped atom-background vapour collisions actually cause

(2.41)

trap loss.

In the light of this conclusion it is interesting to estimate the significance of the
heating effect from those glancing collisions not contributing to loss. The quantity of
interest is the mean heating rate per collision which, when combined with the temper-
ature damping time in the MOT, gives a collision-induced temperature. This can then
be compared to typical MOT temperatures to gauge its significance.

We first estimate the mean square velocity transferred to a trapped atom by a
collision not inducing loss. This is given by

v2 = /vm v20(v) dv/(0tor — Tese) (2.42)
0
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where o(v) is the differential cross-section for velocity transfers between v and v +
dv. The use of a classical expression for the cross-section in this instance requires
more justification because the integral (2.42) explicitly deals with very small scattering
angles. The classical approach always fails at some small deflection angle 6, because
the de-Broglie wavelength of the momentum transferred becomes comparable to the

interaction distance, and interference effects are then important. Thus if \/Otot/ T 18
taken as a measure of the interaction distance,

2 Ctot

~v

P - (2.43)

where k. is the relative wavevector of the colliding atoms. In particular for an inter-
action of the form (2.36) the classical cross-section becomes infinite as the scattering
angle tends to zero, and this is verified by the form of Eq. (2.37). By contrast, the
quantum mechanical cross-section is always finite in the forward scattering direction?.
To estimate v?, however, the classical form for o(v) will be used with the justifica-
tion that in the integral (2.42) the small scattering angles (small v) are given zero
weight at a rate faster than the classical expression for o(v) becomes divergent. This
amounts to saying that the mean deflection 6 ~ \/1?/'6 resulting from evaluation of
the integral is much larger than 4. For example, for n = 3 Egs. (2.41) and (2.43)
give 8, ~ 10~* radians, whereas for the values of v.,. we consider 8 will turn out to be
~ 1073 radians. |

So having justified a classical approach, the calculation is again straightforward.
o(v) is obtained by replacing ves. by v in Eq. (2.37) and differentiating with respect to
v. Evaluation of the integral (2.42) with this expression then gives

v? = v’ X X . (2.44)

We note that since ot > 0esc and since vy corresponds to a temperature ~ 1K
under loading conditions, this equation predicts an average heating per collision on the
scale of 1/200 x 1/2K = 2.5mK for the resonant dipole-dipole interaction. Equation
(2.44) is converted into a rate by dividing by the time between collisions; we write this
time as 7y,; because the relevant cross-section for its evaluation is 0ot — Gese X Tror-
If one makes the reasonable assumption that the heating is isotropic, then the excess

temperature AT is (3/2)kg AT = (1/2)mv?, which leads to

dT 2 esc
Mlese 7 . (2.45)

dt - 3kB(n - 1)Ttot (Utot - Jesc)

Rr =

The significance of this heating is now examined. Consider typical loading condi-
tions. With v.,. = 15ms™" and a background pressure of 1078 Torr Eq. (2.45) predicts
Ry ~ 1.5Ks™" for n = 3 and Ry = 0.1Ks™' for n = 6, where use has been made of
Eq. (2.37) to evaluate 7,,;. With a fraction 0.3 in the excited level this corresponds

lexcept for the special case of n =1 (Rutherford scattering) where the quantal cross-section is also
divergent (and identical to the classical result).
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to a net heating rate of approximately 0.5Ks™'. Now if 7, is the MOT temperature
damping time then the excess temperature this heating rate induces is AT = Ryp,.
Recent measurements ([25] and chapter 5) suggest that 7, lies on a timescale of 50 us
thus implying that AT ~ 25uK. This is much smaller than the 100 — 200 xK MOT
temperatures under typical loading conditions, and thus, as might have been expected,
the heating goes unnoticed. A similar conclusion is reached for conditions of low light
shift and large detunings at which the lowest MOT temperatures of 2—3 uK ([25], chap-
ter 4) are attained: a prediction of AT ~ 1072 4K is obtained with n = 6 (i.e. very
small excited state population), and when it assumed that tau is reduced at these low
scattering rates from its value under loading conditions by some factor-~ 3 (this is rea-
sonable from measurements to be presented later), and that 7, is relatively insensitive
to a change of scattering conditions [25].

To conclude, the excess heating from glancing collisions is effectively dissipated
in the MOT by the friction damping forces. By comparison in a purely magnetic
trap there is no damping and heating from such collisions has been observed [65].
Unfortunately for a magnetic trap the estimate given above is not applicable; trap
depths are orders of magnitude smaller than those of the MOT, and the condition
0 > 0., for the justification of a classical approach is no longer satisfied. This then is
rather an unusual example of a high energy collision (involving many partial waves)
which is untreatable classically.

2.4.2 Cold collisions
2.4.2.1 Introduction

Since the earliest days of optical trapping there has been much interest in the intre-
trap collision processes occurring at ultracold temperatures. An original motivation
was that trapped atoms might provide an atomic source free from the line broadening
and shifting associated with motional and collisional effects at higher temperatures.
However, it was immediately apparent from the first measurement of a sub-millikelvin
collision process [35] that unusual collisional effects are dominant at ultracold tempera-
tures and that these give rise to large collision cross-sections. For two reasons the field
of ultracold collisions has developed extremely rapidly. One has been the opportunity
to investigate new fundamental physics, which is not apparent at higher temperatures.
The other has been the practical reason that collisions are significant for attempts to
observe collective quantum effects in ultracold vapours. Here there has been the incen-
tive that understanding inelastic collision processes might lead to ways of minimising
two-body trap loss, which was shown in Sec. 2.3 to ultimately limit the density of an
optically trapped sample. Furthermore, the nature of elastic collisions is believed to
play an important role in the formation of a stable Bose-Einstein condensate [46, 80].

The novel features of low energy collisions in a laser field are several and arise
from the large de Broglie wavelengths and the influence of the radiation field on the
collision dynamics of slow-moving atoms. The effects are understood qualitatively as
follows. First there are interesting properties inherent to low temperatures. As " — 0
the collision rate of an inelastic process becomes constant but the relative velocity of
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the colliding atoms becomes vanishingly small. This leads to a divergent cross-section.
Furthermore, at the temperatures typically encountered in a MOT it is common for
cross-sections to involve only a few partial waves. That is, kgT is so small that only
the lowest angular momentum states can be sustained in a collision. Additionally,
at some characteristic temperature the de Broglie wavelength becomes comparable to
the spatial scale of the interaction, and there is then an onset of quantum behaviour.
It is then inappropriate to treat the collision semiclassically. The second important
feature is the effect of the radiation field on the interatomic potential. In the absence
of radiative effects the longest range interaction is the 1/r°* quadrupole-quadrupole
potential for two excited atoms, or the 1/r® van der Waals potential for ground state
atoms. In an optical field, however, the resonant dipole-dipole interaction between
ground and excited state atoms induces a much longer 1/r° interaction. The effect
of this interaction depends on the atom separation. At large separations, where the
atoms interact mainly with the field rather than with each other, the influence of the
dipole-dipole term on an intense field is to induce a 1/r® dependence on the long-range
potential [48]. For dressed states involving one excited state and one ground state
atom, both attractive and repulsive curves can be excited, but the attractive curve is
preferentially excited because the laser field is detuned to the red of the resonance.
Thus the interaction acts to preferentially capture atoms into an optical potential. At
small separations the collision dynamics for the attractive state is governed entirely by
the dipole-dipole interaction, i.e. the atom is completely decoupled from the laser field.
The transition between the coupled and uncoupled regimes occurs roughly at a distance
where the dipole-dipole potential, C3/r?, is equal to the splitting between the dressed

field states, 1/82 + Q2,,. In a MOT the latter is typically of the order of a few linewidths,
and it is thus seen from Eq. (2.38) that the dipole-dipole interaction is dominant over
separations up to of order A/2w. In the decoupled region the potential is much larger
than kgT and thus there is a large effect on the collision dynamics. The third feature
of low energy collisions is the novel role of spontaneous emission in the collision process
involving a resonant dipole-dipole interaction. The long range of the potential combines
with the small atomic velocities to give collision times so long that there is a significant
probability of spontaneous decay during the collision itself. The effect of decay is to
radically alter the collision dynamics, but more significantly to cause a large reduction
in the collision rate. In conventional time-independent scattering theory there is no
provision for a change in the total energy of the colliding pair, and it has been necessary
to find new approaches to describe excited state collisions at ultracold temperatures.
With reference to Fig. 2.3 cold collisions in caesium can be classified into one of
two distinct categories. In the first, termed ground state collisions, both atoms remain
in their ground electronic states throughout. They are subject to conservative atomic
forces only, as in a conventional collision, but because the van der Waals force is of
short range the collisions must be treated quantum mechanically. There are both
elastic and inelastic processes, and the cross-sections are extremely sensitive to the
details of the interaction potential, typically involving only the first few partial waves.
In the second type of collision, referred to as light-assisted collisions, one of the colliding
atoms is resonantly excited to the 6P/, level by the trapping laser field whilst the other
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Figure 2.3: Schematic diagram of a light-assisted collision process. The molecular level S;/5 + P3/2
is resonantly excited at large separation r by the red detuned laser field. The atoms are accelerated
towards each other by the =3 potential and sometime later either emit a red-shifted photon (as
shown) or change fine-structure state. The S;/5+P3/2 and S;/3+ S,/ curves have been plotted using
the appropriate values of C3 and C§ for caesium.

atom remains in the ground state. The atoms accelerate towards each other, rolling
down the long-range resonant dipole-dipole potential. After some travel distance the
collision terminates with either the emission of a red-shifted photon and consequently
a gain in kinetic energy when the atoms have separated (radiative redistribution),
or at sufficiently close distance by a change of state to the 65 + 6P/, level, with
a correspondingly large gain in kinetic energy (fine structure-changing collision). In
some of the other alkalis, notably sodium, there is a third category of collision involving
both atoms in the excited P3/; level. This can lead to associative ionisation (Al), a
signature of which can be detection of the emitted electron.

2.4.2.2 Groundstate collisions

This type of collision encompasses both elastic and inelastic processes. Studies of
the former have consisted of measuring frequency shifts in a laser-cooled atomic clock
[32, 85, 34] and the time for temperature thermalization in a magnetic trap [65, 23],
whilst the hyperfine state-changing collision is the most important example of the latter
and has been observed on several occasions [74, 42, 87] (see also chapter 5). In the
MOT the energy transfers from elastic collisions are small compared to the heating
and cooling effects of the trapping light field and consequently go unnoticed.

The nature of ground state collisions at low energies nicely illustrates the novel
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features of highly quantum mechanical cross-sections with few contributing partial
waves. Consider the attractive potential C,/r™. For n > 3 there is always a maximum
in the long-range potential caused by the rotatlonal energy RA(1+1)/2ur? of a relative
angular momentum Al (where yu = m/2 is the reduced mass). This maximum occurs

at a separation
1/(n-2)
nuCl,
ma:r:l =\ i~ 2.46
rmaz () (rﬂz(z+1)> (2.46)

and is crucially important to cold collisions because at low energies it restricts the
range of | that contributes to the cross-section. Equating the collision kinetic energy
3kpT/2 to the height of this maximum yields an estimate of the maximum permitted
| at a temperature T' [47]:

Imaz(lmaz + 1) = ("”f") [ (n3_’f327)10n] ("’ ;2> (2.47)

Using Eq. (2.40) for the magnitude of the van der Waals interaction in caesium, this
relation gives Iz = 2 at the Doppler temperature Tp ~ 125 uK. The corresponding
value of r,,,, is about 150 Bohr radii which is much larger than the separation at which
any energy exchange in a ground state collision can take place. The conclusion of this
is that under normal trapping conditions the existence of the barrier blocks access to
the region r < 1., for all but the Jowest angular momentum partial waves in a ground
state collision. This is a familiar idea in partial wave analysis: roughly speaking, a
wave with angular momentum [ does not contribute to the cross-section if its classical
impact parameter lies outside the interaction range, i.e. if Aggl > Tmaz.

A related question is at what temperature is quantum threshold behaviour observed,
i.e. when is \gg comparable to the interaction distance? Taking the interaction distance
to be that at which the energy shift is one linewidth (i.e. roughly the distance to
the decoupled region) gives the temperature to be several hundred microkelvin for
a caesium ground state collision. From the above angular momentum consideration
this suggests that when quantum effects set in only a few partial waves contribute
to the cross-section, and clearly as the temperature is decreased eventually only s-
wave scattering (! = 0) will remain. It is possible to appreciate the existence of very
large collision cross-sections at ultracold temperatures. The quantum mechanical cross-
section may be conveniently formalised as [35]

o(T) = (7/kiu) inH T,1) (2.48)

~ (W/krez)(lmax+1) P(T, lnaz) (2.49)

where P denotes the scattering probability for the partial wave [ (and is the quantum
analogue of the classical differential cross-section o(T,1)) and P its average over the
different [ involved. A calculation of P requires an accurate knowledge of the potentials
involved and is complicated, but it can be shown that P <1 for inelastic scattering
and P = 4 for elastic scattering (note the similarity of Eq ?7eq:aaphaseshift) give a
familiar partial wave elastic scattering result). Assuming s-wave scattering only then
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at a temperature T' = 100 uK, (7 /k2,) predicts a cross-section o of order 5 x 107! cm?
in caesium. This is at least four orders of magnitude larger than the cross-sections

measured at temperatures of 20 K and higher [35].

2.4.2.2.1 KElastic ground state processes. For evaporative cooling to provide
many orders of magnitude of cooling the initial elastic scattering rate must vastly exceed
any trap loss rates. Elastic scattering rates in a magnetic trap have been measured for
caesium by Monroe et al. [65] and for sodium by Davis et al. [23]. By loading the trap
asymmetrically and monitoring the time taken for the initially unequal temperatures in
the three mutually orthogonal directions to equalize, the elastic scattering cross-section
was deduced following a measurement of the density and an estimate of the average
number of collisions per atom required for thermalization. Accurate calculations of
the elastic cross-section are notoriously difficult because the theory is sensitive to the
position of the highest energy bound state. This state lies close to zero energy in
caesium, giving a large cross-section which is predicted to be sensitive to application
of an external magnetic field [82]. The sign of the scattering length is important to the
formation of a weakly interacting Bose condensate. Current theory predicts a stable
condensate for a positive scattering length and with a large number of condensed atoms;
for a negative scattering length a condensate is expected to contract, inducing large
two- and three-body loss rates with the resulting increase in density [8]. Bradley et
al. [7] have recently reported observation of a Bose condensate in “Li, for which the
scattering length is known accurately to be negative by two-photon photoassociation
spectroscopy and analysis of “Li, spectra.

2.4.2.2.2 Inelastic ground state processes. Hyperfine-state changing collisions
are of importance in the MOT because they have the potential to induce large trap
losses. Two ground state atoms collide with one or both ending up in the lower hyper-
fine level:

Cs(F1 =4)+ Cs(F, =4o0r3) — Csy — Cs(Fy =3) 4 Cs(Fy) + AEy,
Cs(F1 =4) +Cs(Fy =4) — Csy = Cs(Fy =3) + Cs(Fy = 3) 4+ 2AEy,

The resulting gain in kinetic energy for the first event, AE};;/2 per atom, corresponds
in caesium to a velocity of about 5ms™! or, equivalently, a temperature of about 0.2 K.
Thus for these processes to cause loss the trap must be weak: under loading conditions
the trap depth is typically ~ 2K and the losses are consequently suppressed. Indeed,
the first unambiguous report of trap loss due to ground state collisions [74] measured
loss rates from a caesium MOT at very low trapping beam intensities. As the intensity
was increased from the low starting value an initial rapid decrease in 3 was observed,
and this was attributed to the trap suddenly becoming deep enough to capture those
atoms ejected from the hyperfine-changing collisions.

The same study further revealed the significance of the hyperfine-changing colli-
sion as a potential mechanism for limiting the maximum density attainable in a MOT.
As the intensity was further increased the losses due to the hyperfine-changing colli-
sions were completely suppressed and a minimum 8 about a factor of 25 smaller than
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the starting value was observed. The losses then began to rise again with increasing
intensity due to the contribution from light-assisted collisions, but only at a rate pro-
portional to the trapping intensity. When the intensity was a factor six larger than
its starting value 8 was still an order of magnitude smaller than its initial value at
the lowest intensities. The conclusion of this is that hyperfine-changing collisions typi-
cally give the largest loss rates and furthermore under circumstances where the highest
densities are expected to be attained, i.e. at low scattering rates.

2.4.2.3 Light-assisted collisions

Collisions involving a single excited state have been the subject of much study, both
theoretical and experimental, because of the interesting characteristic that their col-
lision dynamics are determined by the long-range resonant dipole-dipole interaction
and by spontaneous emission. Such collisions are important in the MOT because al-
though the trap loss rates they induce are generally smaller that those of hyperfine-state
changing collisions, they produce loss for all trap depths. At low background vapour
pressures light-assisted collisions are typically the dominant source of trap loss, and
are the factor limiting the total number [2]. Their suppression in a dark MOT (see
chapter 6) was the key to the recent attainment of sub-microkelvin temperatures in
rubidium by evaporative cooling [69, 1].

A wuseful insight into the nature of a singly-excited state collision is obtained by
calculating the temperature for quantum threshold behaviour. An estimate of this
is easily made for caesium by comparing the constants C3 and Cs from Eqgs. (2.39)
and (2.40). They reveal that the spatial range of the dipole-dipole potential is of the
order of 20 times larger than that of the van der Waals potential. Thus the threshold
temperature for the former is ~ 1/(20)? times that of the latter, i.e. from the discussion
of ground state collisions, of the order of 1 K. One can also appreciate that because the
C3/r3 interaction is significant over a much larger distance, the height of the maximum
in the long-range potential (that induced by the rotational energy) is much reduced,
and thus more partial waves are able to contribute to the cross-section. The early
studies of cold collisions predated the discovery of sub-Doppler temperatures in the
MOT, and thus for the above reasons it was originally hoped that n = 3 collisions
might be modelled semiclassically with contributions from many values of | smearing
out quantum effects.

Gallagher and Pritchard [30] proposed such a model which has subsequently proved
to be useful in understanding the frequency dependence of light-assisted collision rates.
They envisaged that the loss rate comprises two factors. The first, and the most in-
teresting, is a dynamic factor accounting for the rate at which atoms reach the small
separation region in which the energy transfer (either fine structure change or radia-
tive redistribution) is sufficient to cause trap loss. They separated this term into an
excitation rate to the excited state curve, which is resonant at a particular separation r
depending on the laser field detuning, and an exponential survival probability against
spontaneous emission whilst accelerating on the attractive potential. The second factor
in the loss rate accounts for the energy transfer rate once the small separation region is
reached, and was estimated by considering the molecule to continually traverse the at-
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tractive well until the occurrence of reradiation or a fine structure-changing transition.
The dynamic factor gives the scaling of the loss rate with the laser field parameters.
By replacing the multiple excited state curves with a single effective potential and
assuming low saturation of the atomic transition, they predicted that the detuning

dependence of 3 should be [41]:

2
B —?) e~/ (55 T) (2.50)
2 \35 |
where A = % (3,;)56' ) ~ 115 MHz for caesium (2.51)
0903

and that (3 should increase linearly with the excitation rate to the excited state po-
tential. Loss from fine structure-changing collisions was predicted to dominate over
that from radiative redistribution. The form of Eq. (2.50) is readily understood. At
first B increases rapidly with increasing detuning because the survival probability is
greater if the atoms are excited at a closer separation; for larger detunings (greater
than approximately A/2) the loss rate decreases because of the reduction in numbers
of pairs of atoms at small separations.

Sesko et al. [74] were the first to confirm unambiguously the existence of light-
assisted collisions. The signature they looked for was the intensity dependence of .
As the trapping intensity was reduced (lowering the total saturation parameter from
about 0.8) a linear decrease in loss rate was observed, until at very low intensities
hyperfine-changing collisions set-in and the loss rate increased. The linear decrease
was interpreted as the linear dependence of 8 on the excitation rate. In fact, because
the trap depth also varies with trapping intensity and because reradiative redistribu-
tion releases a spectrum of kinetic energies, a linear variation is only expected if fine
structure-changing collisions are dominant. The same linear variation has also been
observed by Wallace et al. [87] in rubidium (see also chapter 5). Since it is not possi-
ble to vary the frequency of the MOT trapping lasers by more than a few linewidths,
Sesko et al. [74] investigated the frequency dependence of 3 by the use of an additional
“catalysis” laser. When the detuning of this laser was restricted to values greater than
~ 5 linewidths the effect of this additional light field was to produce an increased col-
lisional loss rate but without disruption of the trapping process. In this way the “trap
loss frequency spectrum” was probed. For caesium it was observed that the frequency
variation of 3 roughly follows Eq. (2.50), but that the detuning of the peak loss rate
was a factor ~ 6 larger than expected, and the absolute rates a factor between 2 and
5 larger than predicted.

The Gallagher-Pritchard model was refined first to account for fine structure [49]
and then saturation effects [5]. The modifications resulted in good quantitative agree-
ment with the caesium data of Sesko et al. [74], but there was subsequently disagree-
ment with similar measurements made on rubidium by Wallace et al. [87] and by Hoff-
man et al. [42]. Dulieu et al. [26] have recently shown that the agreement with caesium
was accidental. The study of Hoffman et al. [42] also illustrated the profound effect
of excited state hyperfine structure on trap loss spectra. For detunings less than the
spread of the hyperfine structure (< 450 MHz) the loss spectra for #Rb and 8"Rb were
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measured to be radically different, but at larger detunings no difference was observed.
In the light of the Gallagher-Pritchard model this observation is not too surprising.
The modification of the potential curves by the hyperfine interaction will change the
spatial variation of the excitation rate, and additionally there is the possibility that
more than one curve can be excited. Thus the collision dynamics can be expected to
be considerably different.

Semiclassical treatments of light-assisted collisions are now known to give poor
representation of the collision dynamics at sub-Doppler temperatures [6, 81]. For ex-
ample, interference effects induce a strong sensitivity to exact form of the potential
curves [26]. Holland, Suominen and Burnett [44, 43] have studied the evolution of
the time-dependent Schrodinger equation for a system of two-laser coupled potential
surfaces, with spontaneous decay included by. the stochastic Monte-Carlo method of
Dalibard, Castin and Mglmer [21, 64]. This avoids direct numerical evaluation of the
density matrix in two-dimensional position space which is not possible with current
computing resources [53]. The method lends itself particularly well to the study of
collisional heating from radiative redistribution, and has predicted significant heat-
ing at temperatures below the Doppler limit Tp, sensitive to both laser detuning and
intensity.



Chapter 3

Experimental Setup

3.1 Introduction

This chapter describes the features of the apparatus and measuring techniques that
were common to most of the experiments. In this work we were particularly concerned
with obtaining accurate measurements of the number of trapped atoms, and their spa-
tial distribution and temperature under different trapping conditions. The measuring
techniques developed to achieve this are fully described, including details of the data
acquisition and computer control of the experiments. An overview is given of the laser
system and optics and other apparatus used to operate the MOT. Much of the basic
apparatus was similar to that described in [76]. A number of the modifications, mainly
to the laser diodes, have already been documented in [16] and this material is not re-
peated here. In general detailed description of specific experimental aspects have been
left to the appropriate sections of the later chapters.

3.2 The diode lasers

3.2.1 General

At 852nm the wavelength of the caesium D, line coincides with the output of high
power diode lasers. These convenient lasers have now become almost standard in laser
cooling work with caesium and rubidium, and their use is becoming widespread in
other atomic physics applications.

In our experiments there were two independent diode laser systems. The main
trapping light was provided by a master-slave system which consisted of a grating-
stabilised master laser that injection-locked a slave laser of high output power. In
the alkalis the cooling cycle is never completely closed. Off-resonant excitation causes
leakage of atoms to a lower hyperfine level (see chapter 6), and this was counteracted by
a single laser which “repumped” the atoms back into cooling cycle. All the lasers were
Spectra Diode Labs GaAs index guided devices rated at either 100mW or 150 mW,
although for the dark MOT experiments a 50 mW DBR diode laser (also SDL) was

used as the repumping source.

42
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Both master and repumping lasers employed an extended cavity to reduce the laser
linewidth and sensitivity to optical feedback, and to allow for frequency selection.
Optical feedback was from the first order of a reflection diffraction grating which had
1200 lines per mm, was gold coated and blazed for first order at 750 nm, and was
positioned at a distance of about 3 cm from the laser chip in the Littrow configuration.
The grating was aligned parallel to the electric field vector to give a maximum output
transmission into zeroth order (~ 40%), and with this alignment feedback was ~ 35%.
Screw adjustments enabled coarse alignment of the grating whilst piezos provided fine
alignment. The procedure for collimation of the highly divergent output beam and
subsequent alignment of the grating for reliable operation is described in both [76] and
[16]. With the setup described it was possible to scan the laser wavelength manually
with the grating over some 10 nm, with single mode operation typically observed over
1 GHz. The laser linewidth in this arrangement should be less than 1 MHz, but is
sensitive to acoustic noise.

A severe disadvantage of the cavity-extended diode laser is the slow drift in its fre-
quency caused by thermal change of the extended cavity length. The laser and grating
were mounted on an invar base which was thermo-electrically cooled, in addition to
the temperature stabilization applied to the laser chip itself. Even with these measures
the laser frequency without active stabilization was observed to drift at a rate typically
faster than 1 GHz in 10 minutes (although noticeably slower when the lab was empty).
The stabilization method employed to overcome this drift is described below. Two
main designs of grating mounting were used during the course of the experiments, with
differing consequences for the frequency drift. One was a three-point mirror mount
with low voltage piezo stacks (75V) and Allen key adjustments at three corners (Pho-
ton Control ASM-15, ASM-20). The provision of vertical piezo control allowed easy
optimization of the lasing threshold current on a day-to-day basis, but the mount itself
was sensitive to fluctuation in external conditions in both horizontal (frequency tuning)
and vertical directions. The piezo material had a much larger thermal expansion than
the invar base (even considering the relative lengths) but there also appeared to be
drifts from electrical heating of the piezo and from the Photon Control voltage source
itself. A second arrangement utilised a high voltage piezo stack (500V) attached to
a secure two-point mirror mount. The grating was mounted on the end of the piezo
to give movement along the cavity direction. It was necessary to align the grating
manually and this would have been considerably easier with differential adjustment.
However, once the threshold current had been minimized this mounting arrangement,
was generally observed to be the more stable of the two. All lasers were housed inside
containers to shield from thermal air currents. This improved stability considerably
but the performance was fairly independent of the type of container - a simple cover
made from plastic and wood was as good as airtight.

3.2.2 Spectral characteristics of the slave laser

For understanding the behaviour of the MOT it was important to have a knowledge
of the spectral profile of the trapping light. Nominally the cavity-extended master
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laser has a linewidth considerably less than that of the 5.22 MHz natural linewidth of
the 6P3/; level in caesium, but it does not follow that this should always be true for
the slave, particularly if the injection-locking is poor. The theoretical locking range
depends on the slave intensity and the intensity injected, and a typical prediction for a
diode laser is of order 1 GHz [16], which is equivalent to a couple of milliamps. This is
indeed what was observed although the locking had a tendency to become very sensitive
when the injecting beam was not sufficiently well-aligned or was of low intensity.

The spectral distribution of the slave laser was investigated with a 1 GHz spectrum
analyser of finesse ~ 200. The appearance of the Doppler absorption profile, which
was the means usually used to assess the quality of injection-locking, was noted simul-
taneously. The open circles in Fig. 3.1 show the spectral distribution with sidebands
minimized by optimizing the slave current. The corresponding Doppler absorption sig-
nal was perfectly clean. The solid line is a best fit Lorenzian with a FWHM of about
4 MHz, which is very similar to the nominal instrumental width of the analyser and
is of the order of the expected linewidth of the laser. Thus the profile gives an upper
limit to the slave linewidth. The small sidebands that appear in Fig. 3.1 at £80 MHz
were induced by stray radiofrequency fields from (shielded) acousto-optic modulator
drivers. Importantly, the only effect on the spectral distribution when the slave current
was changed slightly so as to induce obvious noise on the Doppler absorption profile,
was that the size of these sidebands were much increased. That is, the width of the
Lorenzian was left unaltered.

3.2.3 Frequency stabilization

Frequency reference signals for master and repumping lasers were generated from
Doppler-free saturated absorption, obtained with two similar optical arrangements [16].
The laser frequency was dithered (see below) to enable a phase-sensitive detector to
generate a dispersion-shaped error signal, centred on the appropriate hyperfine tran-
sition. This error signal was fed back onto the grating piezo via an integrator with a
time constant of about 1s.

The exact method for dithering and integrating the frequency error signal differed
for the two lasers. For the repumping laser the piezo voltage was a 1kHz oscillator
which produced a peak-to-peak dither amplitude of 10 MHz. In early experiments light
from the master laser was passed through a low frequency AOM before directed into
the saturated absorption spectroscopy, and dither was imposed by oscillating the AOM
driving frequency. The error signal was integrated by computer. The were two ma-
jor disadvantages with this setup. First, the saturated absorption spectroscopy optics
needed to be realigned whenever the AOM frequency was significantly changed. Thus
the only means to change the trapping frequency transiently was to alter the voltage on
the master piezo, but in doing this the locking point was lost. The unlocked frequency
was observed to drift over several MHz during a period of a few seconds, which was
very unsatisfactory for precise measurements of time-varying MOT properties such as
number and volume. Secondly, the laser had to be left unlocked when the computer,
which was also used to control experimental sequencing, was asked to perform a differ-
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Figure 3.1: Spectral profile of an injection-locked slave laser as seen with an optical spectrum analyser
of instrumental width ~ 5§ MHz (open circles). The slave current was that which optimized the Doppler
absorption profile. The solid line is a best fit Lorenzian, and has a FWHM of 4 MHz. An offset of 10~*
was added to the analyser signal such that plotting on a logarithmic scale was possible; the Lorenzian
has been equally offset.

ent task. For example, during early temperature studies the laser was left unlocked for
about 50 ms during the time-of-flight routine whilst the detuning and intensity of the
trapping beams were altered, and this was long enough to cause significant scatter in
the data. This rather idiosyncratic design was replaced by a system with a standard
integrating circuit and with an AOM between the master and slave lasers, thereby mak-
ing it possible to keep the master laser locked to the line at all times. The frequency
dither was produced by oscillating the laser current (£1 MHz at around 10kHz), and
the trapping frequency could then be switched by changing the AOM driving frequency.

With the above locking schemes it was generally possible to maintain the laser
frequencies to ~ 1 MHz for periods of hours between mode hops.
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3.3 The optical setup

3.3.1 General features

The lasers and associated optics for the saturation spectroscopy, frequency shifting and
shuttering of the beams were arranged on an optical table. The light was transported
to the optics for the trap itself through single-mode optical fibres which gave excellent
quality intensity profiles and removed the necessity of realigning the trapping optics
on a daily basis; both of these features were important for attaining consistent density
measurements (see Sec. 4.8). Frequency detunings relevant to the caesium 6P3/, hy-
perfine structure were obtained by single or double passing light through one or two
acoustic-optic modulators (up to 125 MHz), and these also enabled precise control of
intensity and also rapid switching.

The important requirements for the light in the measurements presented in this
thesis were (a) trapping light whose detuning could be rapidly increased from a value
§ =~ 2I" (for loading), up to § ~ 12I', and whose intensity could be rapidly reduced down
to some small fraction (say 0.2) of a saturation intensity per beam (i.e. a total trapping
intensity of ~ 3mWcm™?2). In both instances the final laser parameters needed to be
fixed accurately for several seconds or longer. (b) The option to repump on either
F=3—-3or F=3— 4, again with the facility to reduce the intensity, (c) a time-
of-flight probe beam at resonance with F' = 4 — 5, (d) the provision of additional
repumping light (also of switchable intensity) and of light at resonance with F' = 4 — 4’
(“depumping” light) for the dark MOT.

The optical layout designed to meet the above requirements is shown in Fig. 3.2.
The arrangement of trapping optics around the vacuum chamber is shown in Fig. 3.3,
with the detailed layout of the dark MOT optics (chapter 6) included for completeness.
It should be pointed out that during the course of the eighteen months of experiments
the arrangements on both tables were almost continually being altered as the need

arose.

3.3.2 Details of the optical and laser systems

The light from each laser diode was collimated with an anti-reflection coated plastic
aspheric lens, designed specifically for laser diodes (Corning P.M.O. 350110), and a
pair of anamorphic prisms (Melles Griot) was used to make the elliptical beam cross-
section more circular. Each laser was optically-isolated with a home-designed isolator
(for design details see [76]), with isolation deduced to be only about —10 dB. The DBR
laser was far more sensitive to optical feedback and it was used in conjunction with a
commercial isolator providing —30dB of isolation (Halbo Optics 1579-7).

After the optical isolator a small fraction of the beam from the master laser was
split off for saturation absorption spectroscopy to permit the laser to be locked on
resonance to the F' = 4 — 5 transition at all times. The remainder of the light
passed twice through an AOM (Isomet) to shift its frequency down by 170 MHz before
injection-locking the slave. The light from the slave was shifted up in frequency by
160 MHz, again by a double pass AOM (Isomet), to give a net shift of —10MHz,
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the hence the detuning for loading the MOT. Increasing the driving frequency of the
master AOM in this arrangement gave a wide range of trap frequencies. Furthermore,
double passing the AOM meant that the alignment of the master light into the slave
laser remained almost unaltered with change of frequency, so that it was possible to
transiently switch the detuning and simultaneously retain good injection-locking. The
AOM through which light from the master passed had a centre frequency at 110 MHz
at which frequency the trap detuning was —60 MHz (& ~ 11.5T"), and trap detunings
in excess of —80 MHz were readily accessible.

After the light from the slave had been passed through the AOMs it was split into
two beams which were transported separately by optical fibres to the vacuum chamber,
and the output from these formed the horizontal and vertical trapping beams. All fibres
used in the experiments were single-mode and nonpolarization-preserving, supplied by
Point Source. They had mode-matching lenses permanently attached to the input end,
and typical transmissions were 50% for 1.5 mm diameter input beams. At the vacuum
chamber light from the two fibres was collimated! to produce beams of approximately
10mm 1/e? diameter (accurate measurements the of beam sizes are recorded in [16]),
and the horizontal beam split to generate trapping light along orthogonal horizontal
directions. All three independent trapping beams were aligned to intersect at the
magnetic field zero, with retroreflections superimposed upon the initial directions to an
angular accuracy of better than 5 x 107* rad (judged by eye); the alignment procedure
is described in Sec. 4.8.

The facility to repump on either F =3 — 4’ or F = 3 — 3’ was made possible by
locking the repumping laser to the highest frequency crossover peak in its saturated
absorption spectrum, and then single passing its light through an AOM driven at
100 MHz (Crystal Techology). Either the +1 or —1 order was optimized depending on
the required frequency. The repumping light was transported to the vacuum chamber
by a third optical fibre.

The frequency of the time-of-flight probe needed to be close to the F' = 4 — &
resonance. This light was conveniently obtained directly from the master laser, before
its frequency was shifted. In the work on the dark MOT F = 4 — 4’ light was required.
This was obtained by passing a beam from the master laser twice through an AOM
(Crystal Technology) to shift its frequency down by 251.4 MHz from the F' =4 — &’
resonance. This light was expanded to a diameter of 3mm and directed straight into

the vacuum chamber.

3.3.3 Frequency and intensity control

The logic for the frequency and intensity control of the trapping beams is shown
in Fig. 3.4. To generate the —10 MHz detuning used to load the MOT the master
AOM was driven at 8 MHz by an Isomet D302B voltage-controlled oscillator, and the
slave AOM at 80 MHz by a Gooch and Housego MDAOQ80-1 fixed frequency oscillator.
Both rf signals were amplified by 29 dB to generate ~ 2W of driving power. Selecting a

1G¢trictly the horizontal beams were made to converge slightly to account for a typical 15% intensity
imbalance between a trapping beam and its retroreflection.
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Figure 3.4: Arrangement for frequency and intensity control of the trapping beams. Switches S1 and
S92 were respectively used to select one of two detunings and to extinguish the light.
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second detuning was achieved by switching the master AOM driving signal to that from
a Marconi 2019A signal generator, whose frequency was preselected remotely by GPIB
link with the control computer. The switch was a Minicircuits ZSDR-230, activated
by a T'TL signal from the computer. This method enabled sub-millisecond switching
(much faster that the Marconi itself could change frequency).

The trapping intensity was varied by changing the activation voltage to the slave
AOM driver, and thus the power supplied to the AOM. To generate a voltage-to-
intensity calibration the computer sampled the signal from a photodiode placed in
one of the trapping beams whilst smoothly varying the driver voltage. The resulting
lookup table enabled rapid switching to a chosen intensity level. This was rather
essential because the trapping intensity was observed to vary with activation voltage
in a fashion which was highly non-linear and which tended to change on a daily basis.
For time-of-flight measurements it was important to be able to extinguish completely
the trapping light. This was the purpose of the second Minicircuits switch shown in
Fig. 3.4 which provided an extra —10dB of isolation.

A problem with altering the driving power to an AOM is that for a period of seconds
after a switch the angular deflections of the AOM orders tend to wander slightly due to
thermal effects. In the optical setup shown above this caused a change of coupling into
the optical fibres and consequently a variation in the trapping intensity, sometimes by
as much as a factor of two. For both the density and cold collision measurements it
was 1mportant to be able to switch to an accurately constant intensity. The problem
was solved almost completely with a simple positive feedback scheme. After switching,
a tiny fraction of the trapping light was measured with a photodiode in both the
horizontal and vertical directions and the signals sampled by the computer. An average
error signal was calculated and a correction voltage sent to the AOM supply. Inevitably
it was impossible to correct exactly for the differing drifts induced in two AOMs by
changing their driving powers by the same amount. However, typically the drift of the
total intensity was minimized to less than 5% during a period of 10s.

The AOM generating the repumping frequency was driven at 100 MHz by a second
voltage-controlled oscillator, and that for the depumping light at 125 MHz by a Marconi
TF 2015 signal generator. Power amplification was as described above. It was necessary
to be able to vary the intensities of both these frequencies. Clearly this had to be done
in a different way to the method described above for the fixed frequency oscillator. The
approach in both instances was to attenuate the rf signal before amplification with a
Minicircuits ZMAS-3 current-controlled attenuator. A simple op-amp circuit converted
an analogue voltage from the computer into the required current. Stabilization of both
repumping and depumping intensities was with procedure very similar to that for the
trapping intensity.

3.3.4 Trapping beam quality

An important consideration during the study of the MOT density was the sensitivity of
the compression to the quality of the trapping beam wavefronts and polarizations. The
former was assessed by profiling the trapping beams with a CCD after the insertion









CHAPTER 3. EXPERIMENTAL SETUP o4

3.4 Other trapping apparatus

3.4.1 The vacuum chamber

The MOT was formed at the centre of a large stainless can built by VG Special Systems,
pumped by an oil vapour diffusion pump (Edwards E04K), and with the provision of
a liquid nitrogen-cooled shield [76]. The MOT lifetime under conditions of vapour
loading was typically in the range 0.25-1.5s which suggests that accessible pressures
were in the range 107°-1078 Torr. For time-of-flight measurements (see below) a six-
way cross was added to the bottom of the chamber the centre of which was at a distance
of 42 cm from the magnetic field zero.

3.4.2 The caesium source

Two methods of trap loading permitted a wide range of steady-state trap numbers to
be attained. The first was to capture atoms released from a caesium oven attached
to the side of the chamber [76]. When the oven was run substantially above room
temperature for a period of a few days the sides of the chamber became coated with
caesium, and the trap loaded from a background vapour with a pressure of probably a
few 10~8 Torr. This typically resulted in the loading of between 107 and 108 atoms, with
trap lifetimes in the range quoted above. The intensity imbalance due to absorption
by the background caesium vapour was typically 15% and, as mentioned previously,
was compensated in the horizontal direction by slightly converging the beams. On
the other hand, if the sides of the chamber were not sufficiently coated then the trap
would load directly from the beam of atoms effusing from the oven. This typically
gave less than 107 atoms with an average pressure of probably less than 1072 Torr, as
on occasion lifetimes of up to 5s were observed. The second method of loading was to
trap directly from an unslowed thermal atomic beam, effusing from an oven positioned
about 1m from the trap centre. Varying the flux of atoms in the beam, changing the
oven temperature or partial shuttering of the beam, enabled the trap number to be
varied in the range 10*~107, and trapping beam imbalances were reduced to only a few
percent. However, lifetimes were never observed to exceed 5s.

3.4.3 The magnetic field coils

Early experiments used a coil design that produced a magnetic field gradient of just
over 2Gem ™A1 [13], but continuous currents were limited to 4 A; above this there
was heating which led to outgassing and an observable decrease in the trap lifetime.
For the majority of the experiments a better coil design was used whose specific details
are given in [16]. These coils had 60 copper turns each and were separated by a
distance roughly equal to the coil diameter of 2.6 cm. To give good heat dissipation
the coils were wound around massive copper formers and supported by thick copper
bars, but significant heating was still observed for continuous operation above 4 A.
However since they produced 10 Gem™'A~! as measured with a Hall effect probe, the

coils gave gradients up to 40 Gem™".
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3.4.4 Nulling coils

The effect of an external magnetic in one dimension was described in chapter 1. The
friction force cools to a finite velocity given by:

B
vp = — 2 (3.1)

(note comparison with Eq. 2.8). The magnitude of the Earth’s magnetic field is of
order 0.5G, and for caesium this implies from Eq. (3.1) a heating of order several
hundred microkelvin. By comparison temperatures of below 3 uK have been measured
in caesium molasses [73] which implies that the Earth’s field must be nulled to an
accuracy of order 10 mG.

Three pairs of coils surrounding the vacuum chamber were used to cancel the field.
Originally the zero was found by removing the chamber and observing the Hanle effect
in a rubidium vapour cell positioned at the centre of the coils [76]. This was accurate
to ~ 1mG but the reintroduction of the chamber changed the field by an unknown
amount, estimated to be of order 10 mG. A more satisfactory approach is to minimize
the temperature of atoms by varying the current through the coils. The time-of-flight
signal was observed at conditions of large detuning and low intensity such that a min-
imum MOT temperature in the range 3 — 10 uK was expected (the exact temperature -
depending upon the optical thickness of the cloud - see Sec. 4.4), and the currents then
adjusted until this was observed. Typically at 3 uK the zero was found to better than
0.5 K which, from the sensitivity of temperature to magnetic field measured in [16],
implies that the Earth’s field was cancelled to ~ 5mG.

3.5 Measuring techniques and data acquisition

3.5.1 Fluorescence detection

The trap number was deduced by calibration of the scattered fluorescence for reasons
outlined in chapter 4.

In early experiments light was detected with a Radio Spares RS 651995 photodiode.
The light was collected with an uncoated aspheric lens (Melles Griot) and then split
so that an image was simultaneously formed on a camera and on the photodiode. The
lens was positioned just beyond a vacuum chamber window to enable its diameter of
6.6 cm to maximize the collection solid angle (n/4m ~ 3 x 1072), and with a focal
length of 15 cm imaging was made 1:1. The photodiode had an active area of 41.3 mm?
which represented a compromise between being able to maintain signal for a variation
in trap position of up to few millimetres (see Sec. 4.7), and minimizing stray noise and
junction capacitance. The current from the photodiode was converted into a voltage
V across a feedback resistor R of an op-amp, and the number of atoms N was then
deduced by the formula

V
N = | |
Rf(n/47r)Rscatthwa<l ha f) (3 2)
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where R,..:: is the photon scattering rate, « the radiant sensitivity of the photodiode
(amps per watt), and f the fraction of light lost through the collection optics and
caesium vapour. Careful estimates were made of f and 7, and R, was deduced with
the approach described in Sec. 4.3. From uncertainties in the knowledge of Ry, a, f
and 7 it was estimated that the scattered power was measured to an accuracy of about
15%. With R; = 20 MQ the photodiode response time was 100 — 200 s, and the limit
to detection was about 10° atoms (at a high scattering rate).

For a number of experiments it was necessary to measure trap fluorescence substan-
tially weaker than the photodiode system described above was capable of detecting,
and often to combine this simultaneously with knowledge of the spatial distribution of
the trap. It was thus convenient to obtain both measurements from a CCD. Standard
video fields integrate intensity over a 20 ms period and typically this allowed less than
10* atoms to be detected (at a high scattering rate) with a collection angle more than
20 times smaller than that for the photodiode. Nearly all measurements of number in
this thesis were made with CCD detection.

The camera used was a CCIR monochrome Cohu 4750 which is one of the most
sensitive unintensified detection devices available. It was calibrated for scattered power
in the following way. A pinhole was illuminated with a caesium discharge lamp and
imaged onto the CCD with a telephoto lens (the intensity was reduced by neutral
density filters). The image was captured with a frame grabber (Sec. 3.5.3) and the
total pixel count induced by the light calculated. This was converted into a power
calibration by measuring the power incident onto the CCD with a calibrated power
meter. The resulting conversion was accurate to about 10%. With the additional
uncertainty in determining the collection solid angle the power deduced from the CCD
was estimated to be similar in accuracy to that deduced from the photodiode. This was
tested by deducing the trap number simultaneously with the two devices. Agreement
was found to about 20%, thus confirming the independent calibrations and their stated

accuracy.

3.5.2 Trap imaging

For reasons discussed in chapter 4 the MOT was nearly always viewed simultaneously
with two cameras. These pointed in orthogonal horizontal directions at 45° to the
trapping beams. |

To measure the cloud size of 10* atoms or less it was necessary to be able to resolve
trap diameters of order 100 um. There were potentially three factors affecting the
quality of imaging. First, for large lens apertures spherical aberration is significant
and causes off-axis rays to be spread in the image plane. Secondly, for apertures that
are too small diffraction will limit resolution. Finally, for a given magnification the
ultimate limit to resolution is determined by the size of the CCD pixels.

The suitability of different lenses was investigated. Initially it was hoped that a
single aspheric lens would be of sufficient quality, and an aspheric was tried in the 1:1
imaging setup described above. It was found, however, that that unless the lens was
apertured down to less than the central 1 cm the smearing appearance from spherical
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aberration of an image size of order 0.5 mm (such as was produced by 10® atoms at
a density of 10'® cm™3) was very noticeable. The effect of spherical aberration is to
redistribute energy from the high to the low intensity regions and thus misrepresent the
spatial distribution of atoms, and it will become apparent in chapter 4 that this was
very undesirable for a number of the measurements. Moreover, to reduce the spherical
aberration sufficiently to adequately image 10® atoms it was necessary to aperture the
lens to just a few millimetres, resulting in a considerable reduction in image intensity
and a regime where diffraction effects were beginning to become important.

Only by using compound lenses specifically designed to minimize aberration effects
was the quality of imaging found to be sufficient for the smallest traps. For the ma-
jority of measurements the z direction was imaged by a high quality 70 mm telephoto
lens (Xenar) ground and coated for the visible, and the y direction by a telescope
arrangement of two identical achromatic doublets of focal length 25 cm (Melles Griot
01 LA 229) with a companion aplanatic meniscus lens (Melles Griot 01 LAM 229) to
shorten the focal length to 14.76 cm. The resolution limit of the two lenses was tested
by viewing the image of a raster of 30 um spacings, illuminated by a caesium discharge
lamp and positioned at the lens-trap distance (=~ 28cm). Performance was quanti-
fied by defining the contrast of the imaged raster to be (Inaz — Imin)/(Imaz + Imin)-
Fig. 3.7 shows the variation in contrast of the Xenar image with f-stop. One sees that
the resolution was most seriously degraded at small apertures, and a simple order of
magnitude estimate of the Rayleigh criterion indeed suggests that spreading on this
spatial scale is to be expected for apertures of only a few millimetres. Interestingly at
large aperture, where the effect of spherical aberration was quite apparent, the resolu-
tion was not seriously degraded. At mid-apertures the 30 um structure was resolvable
and typically apertures in the range f11 — f4 were used for experiments. The resolu-
tion limit for the Xenar lens was expected to be about 25 um because the CCD pixel
size was roughly 8 um and the demagnification of the image was 2.8 (measured). The
doublet pair, although a configuration nominally minimizing spherical aberration and
optimized specifically to perform well at maximum aperture [60], did not give quite as
high a maximum contrast as the Xenar lens, and aberration was considerably worse
at equivalent f-stops. However, in mid-aperture range (f7 — f20) the 30 um structure
was also resolved.

In conclusion the two lens systems described provided sufficient image quality. The
resolution limits of around 25 um introduced less than'a 10% correction to the smallest
trap diameters of ~ 100 um. It was of course necessary to ensure that the lenses were
accurately focussed, and this was checked frequently. The procedure was to form a
tiny trap (~ 10* atoms) at the magnetic field zero with the use of a high magnetic field
gradient (40 Gem™') and a low scattering rate, and focus the trap by eye with a large
lens aperture to minimize the depth of field.

The imaging was calibrated by measuring the image size of an object of known
dimension at the equivalent of the trap distance, and this was generally accurate to
about 3%. Comparison of the z dimension of a trap deduced from the two orthog-
onal directions provided a check on the combined consistency of calibration and lens

focussing, and this was typically good to ~ 10%.
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Figure 3.7: Contrast (= (Imaz — Imin)/(Imaz + Imin)) of a 30 um raster at the trap position as a
function of f-stop of a Xenar 70 mm telephoto lens.

3.5.3 Image acquisition

In early work camera signals were recorded onto video tape and subsequently replayed
in freeze-frame mode into a Data Translation Fidelity 100 frame-grabbing board to
acquire images of the screen. This had a number of severe disadvantages. Acquiring
images for several seconds of experiment from freeze-frame was incredibly tedious and
prone to error. Resolution was limited to 40 rather 20 ms because freeze-frame interlaces
adjacent fields. Finally, with the eventual use of the compound lenses described above
the images of the trap occupied only a small fraction of the screen and it was extremely
wasteful of hard disk space to record full screen images. The Fidelity 100 board was
purchased on the understanding that Data Translation would provide commercial code
capable of allowing the acquisition of full screens at a maximum capture rate of every
other field with a 486 PC with EISA bus, but this software never became available.
During the course of the work Data Translation marketed the Vision EZ series of
frame-grabbers that permit acquisition of some small fraction of the screen up to the
maximum capture rate of every field. Two DTS5 boards were used to digitize simul-
taneously the signal from each camera in real-time, vastly improving the productivity
rate. With the facility to control acquisition with a trigger voltage it was possible to
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synchronize the information from each camera to within 20 ms.

The EZ board has a number of modes of operation including a live mode, in which
the camera signal is sent directly to the output screen, an acquisition mode which
digitizes the camera signal onto the onboard RAM, and a freeze-frame mode which
displays the contents of the onboard RAM. Digitization is at a resolution of 768 x 512
pixels with 256 grey scales. The ability to capture only a small area of the screen
allowed the flexibility to optimize the capture speed, data size and capture duration.
The acquisition rate depends proportionally on the area being captured, on the speed
of the computer bus, and to a small extent on the computer processor speed. On a
486 DX50 with EISA bus the largest grid that could be captured at the maximum rate
of every field was 128 x 64 pixels, which is about 1/24th of the total screen area and
corresponds to 8 K of data storage. Note that in fact this corresponds to a square grid
because each field contains only alternate lines of the screen. The maximum grid size
allowed was 256 x 128 which was captured at a rate of every fourth field. Sample code
was supplied with the board and this was adapted by Dr. N. H. Edwards into a program
newcap that met the evolving requirements of acquisition, generation of trap profiles
and non-linear fitting. A necessary feature of the program design was the writing of
data to a ramdrive to avoid the 64 K data allocation limit imposed by standard C. For
example, with a 2 MB drive it was possible to acquire consecutive fields for grid sizes
of 128 x 64 continuously for more than 24s. The computers used for acquisition were

a 486 DX50 and a Pentium P90.

3.5.4 Measurement of temperature

Doppler spectroscopy of a laser-cooled vapour is generally not possible because the
Doppler width is typically much less than an atomic linewidth. To measure directly
sub-Doppler temperature one usually looks for a ballistic effect. Early molasses exper-
iments recorded the fraction of atoms escaping from confinement after the laser beams
had been switched off for a known time, and this was related to the initial velocity
distribution. This approach is very sensitive to the initial spatial distribution in mo-
lasses, and for temperatures below the Doppler limit one must account for the effect of
gravity. The first measurement of sub-Doppler temperatures [55] used a time-of-flight
(TOF) technique, and this has now become standard. The atoms are allowed to fall
under gravity and a probe beam, located at some chosen distance below, records the
ballistic expansion from which one inferes the temperature distribution.

For caesium atoms with a Maxwell-Boltzmann velocity distribution, a fall through
a distance of 42cm (as was used in these experiments) yields a TOF signal that is
very accurately Gaussian. The initial trap shape is of no consequence. However, for
lighter atoms such as sodium the TOF shape may be non-Gaussian if the distance to
detection is too small or if the atoms are hot. It is instructive to understand why
this is so. The problem is a simple calculation in classical mechanics. A TOF signal
deviates from Gaussian because (a) the initial shape of the trap is not Gaussian, and
(b) the atoms are accelerating as they pass through the probe. An assessment of (a)
is straightforward. For a free-flight time ¢y a cloud with initial r.m.s. velocity vy will
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expand by a distance of order 2ugty = 2vo(2h/g)'/? where h the distance to the probe
and g the acceleration due to gravity. Size effects are unimportant if this expansion is
much larger than the initial trap size. That is, if ¢ is the r.m.s. diameter of the initial

distribution, if
2 2
g( ¢ gm (¢
h> = = = -
> 2 (21)0) 2kgT (2) (3:3)

where the equipartition theorem has been used in the last step. For caesium at
T = 3pK and with ¢ = 1mm this implies A > 6.5mm. The lowest sub-Doppler
temperatures observed in sodium are T ~ 20 uK and in this instance the condition
is h > 1mm. In fact usually it would not be possible to combine the lowest MOT
temperatures with a cloud size as large as 1 mm, and thus it can be seen that size
effects are nearly always negligible. By identical reasoning the effect of a finite width
probe beam is also usually negligible.

Effect (b), however, can be much larger. Intuitively one would expect this to be the
case for small probe distances (where the ballistic velocities are low and thus the effect
of acceleration large) and for high trap temperatures (in which case the cloud is large
and thus takes longer to pass through the probe). The exact shape of the TOF signal
is found by expressing the initial Maxwell-Boltzmann velocity distribution N(u) =
Ae=Pm™*/2 into a time distribution with the transforming equation h = ut + gt2/2 at
constant h. This gives

Nt)dt = N(u)du

1 $2
= N(t) X —— (1 + z%) e—mgﬁ(t—to)2(1+to/t)2/2. (34)

VT

Fig. 3.8 shows Eq. (3.4) for caesium at two different temperatures and for two different
probe distances. One can appreciate that for sodium atoms near their Doppler limit
(240 uK) and for probe distances h < 10 cm the TOF shape will be significantly non-
Gaussian and one has to fit the complete form of Eq. (3.4) to the signal (as was done
in [55]). However, it is clear that for caesium atoms with h = 42 cm the TOF shape is
almost perfectly Gaussian with temperature given by

mu?
ks
2 A 42
mqg*At
= 3.5
. (3.5)

T =

where At is the r.m.s. radius of the TOF signal.

In the experiments the TOF probe was resonant with the F' = 4 — 5’ transition
and was retroreflected to double the intensity and to prevent pushing of the atoms.
Typically the power was 1mW in each direction. Light was collected with a lens
of focal length 5cm and diameter 4.5 cm and focussed onto a large area photodiode
(Hamamatsu S1337-1010BR, 10 x 10mm) whose response time of ~ 0.5ms was fast
enough to resolve the lowest temperatures (3 uK). The width of the probe was limited
by the window size of the six-way cross and was roughly 20 mm, implying a loss of signal
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3.6 Computer control

The sequence of events during experiments was coordinated with a personal computer
(386 255X) equipped with two interface boards (National Instruments) to provide dig-
ital and analogue input and output. The basic structure of the control program was
designed and written in C by Dr. K. P. Zetie. The use of the computer to control
switching and attenuation of the light and to read several photodiode voltages has
already been mentioned. Added to this list was control of magnetic coil current, pro-
viding voltage scan for the piezo of the master and synchronizing the image capture
with the two frame-grabbing boards. Serial links from the computer £o the two com-
puters acquiring the image data allowed the two versions of newcap to be controlled
remotely.



Chapter 4

Measurement of phase-space
density in the magneto-optical trap

4.1 Introduction

The original aim of the work presented in this chapter was to determine the processes
which limit the spatial density in a MOT, with a view to their suppression. In pursuing
this aim 1t became apparent that it would be necessary to measure some fundamen-
tal trap parameters, such as the spring constant and molasses temperature, in order
to reduce uncertainties in interpreting the density behaviour. Performing these mea-
surements has provided the additional benefits of both reducing current uncertainty
in these fundamental properties, and providing a test of the model presented in chap-
ter 2. It has thus enabled a description of the MOT which embraces a wide range of its
behaviour. With the widespread use of the MOT as a convenient source of cold, dense
atoms an empirical understanding between experimental parameters and phase-space
density is of general interest.

During the course of the work it was necessary to consider the possibility that
the spatial density in the MOT is unexpectedly sensitive to the quality of the trap
alignment and the spatial profile and polarization of the trapping beams. For this
reason we took the opportunity to complement the work completed in Oxford with an
independent study of MOT densities on two traps at the Ecole Normale Supérieure,
Paris!, undertaken by Dr. Andrew Steane and co-workers. The results of this combined
survey are reported in [83]. In the following description of the work the emphasis
is necessarily placed upon that undertaken in Oxford; however, where appropriate,
complementary results from Paris are also presented. It will be made clear where this
is the case.

The chapter is organized in the following way. In Sec. 4.2 relevant features of the
experimental setup in Oxford are summarized, and are compared to those of the two
Paris experiments. To deduce the number of atoms trapped in the MOT from the
fluorescence they emit it is necessary to know the distribution of population among

11,aboratoire Kastler Brossel, Unité de recherche de I’Ecole Normale Supérieure et de I’Université
Pierre et Marie Curie, associée au CNRS, 24 rue Lhomond, F-75231 Paris CEDEX 05, France.
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the ground state sublevels. A measurement of this distribution is described in Sec. 4.3.
In Sec. 4.4 measurements of the temperature in ot-o~ optical molasses (equal to
that of a low density MOT) are presented, confirming those reported by Drewsen et
al. [25]. In Sec. 4.5 our own measurements of the confining force at the trap centre are
presented, and with the technique employed it is deduced that multiple scattering limits
the density before it heats the cloud. Sec. 4.6 is concerned with the two-component
density regime. It is demonstrated that the trapped cloud can easily extend beyond
the point at which the confining force breaks down spatially, and measurements of the
capture range for strong confinement are reported, showing reasonable agreement with
the simple theory described in chapter 2. The behaviour of the cloud as it extends
beyond the capture range is investigated in both real and momentum space. Sec. 4.7
demonstrates how the technique of transiently reducing the scattering rate in the MOT,
in addition to allowing access to densities at low saturation of the atomic transition,
also permits a determination of the position damping time. The variation of this time
with detuning is presented and compared to a previous measurement [25]. The density
measurements themselves are described and presented in Sec. 4.8 and compared to
previous measurements. Finally phase-space density is discussed in Sec. 4.9.

4.2 Experimental arrangements

Unless otherwise stated, all commentary in this chapter refers to the experiment in
Oxford; the two traps in Paris shall be specifically labelled traps P1 and P2 to avoid
confusion.

For comparison with the traps P1 and P2 some features of the experimental setup
described in chapter 3 are worth summarizing. The trap in Oxford was formed at the
centre of a large stainless steel vacuum chamber pumped by a diffusion pump. The
chamber windows were anti-reflection coated and were of high optical quality. The
trapping light was spatially filtered using single-mode optical fibres. Two horizontal
trapping beams were produced with light split from one fibre, and light from a second
fibre produced a vertical beam, with each beam retroreflected back upon itself from
outside the vacuum chamber to an angular alignment of better than 5 x 107* radians.
With this optical arrangement care was taken to maintain as much as possible the
optical quality of the spatially filtered beams. With the use of a minimum number of
optics, all of high quality, it was found that deviations from perfect Gaussian profiles
after a single pass through the chamber typically consisted of 5—15% fluctuations in
the intensity, with spatial periods ranging up to a few hundred micrometres. Three
methods could be employed to load the trap: vapour loading, “semi” vapour loading
and beam loading. In combination these enabled steady-state trap numbers to be varied
in the range roughly 10* — 10® atoms, with trap lifetimes varying between 0.25 — 5.

Trap P1 was formed in a glass cell pumped by a 25 Is7! jon pump, which produced
a pressure less than 3 x 107° Torr. The trap was loaded from a second magneto-optical
trap about 60cm above it, housed in another chamber of the same vacuum system.
The upper trap collected atoms from a caesium vapour at a pressure ~ 3 x 107® Torr
for 2s. The collected atoms were then cooled to 3 1K and allowed to drop through a
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tube down to the lower trap, which caught them. About 20% of the atoms collected
in the upper trap could be transferred to the lower trap in this way. The lower trap
(trap P1) was formed using retroreflected laser beams; the walls of the glass cell were
not anti-reflection coated and were not of good optical quality, neither were the beams
spatially filtered.

Trap P2 was formed in a glass cell pumped by a 251s™! ion pump. The cell was
roughly spherical with 6 flat regions (uncoated) to form windows for the trapping
beams. The trapping light was spatially filtered and divided into 6 independent beams
before being passed into the cell. The background gas in the cell was predominantly
caesium at a pressure of a few 1078 Torr; the trap captured slow atoms from this vapour.

In all three experiments calibrated CCD video cameras were used to observe the
fluorescence of the trapped cloud of atoms, and deduce the density (see Sec. 4.8). In
Oxford the trap was observed simultaneously with two cameras positioned orthogonally
and at 45° to the horizontal trapping beams, with a resolution of about 25 um. Trap
P1 was observed by a single camera looking along a direction at 20° to the y-axis (and
occasionally at right angles to this); trap P2 was observed along the (0,1,1) diagonal.
The resolution of the optics for both traps P1 and P2 was 12 um, and was measured
by imaging a series of pinholes of various sizes.

In all experiments light was provided by diode lasers locked to the correct detuning
from the caesium resonance using saturated absorption spectroscopy. Each trap had
light near-resonant with the ' = 4 — 5’ transition, and “repumping” light on the
F =3 — 4 transition to remove atoms from the lower hyperfine level of the ground
state. Since time-dependent measurements of the density could extend over several
seconds, it was important to ensure that the laser detunings were stable to within a
MHz on this timescale.

4.3 The fluorescent emission

To calculate the trap number from the emitted fluorescence it is necessary to make an
estimate of the average scattering rate per atom. For a two-level atom illuminated by
a single travelling wave of Rabi frequency € and detuning ¢ the scattered power is [57]:

r 02/2
9022+ I2/4 + 62

P = fle (41)

In the MOT, however, the Rabi frequency and electric field polarization are both
complicated functions of position, and the presence of magnetic sublevels in the alkalis
means that one must in addition consider the existence of position-dependent transition

th / Ching S8 (r) /2 3
= ° d°r 4.2
1\%\:4/ 52 + I'2/4 4 Cypp o (r) /2 (4-2)

where Cuar is the Clebsch-Gordan coefficient connecting sublevels M, M’ and nas(r)
is the spatial density of atoms in the sublevel M. A standard approach to handle this

rates:
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situation [54] is to assume that the scattering rate per atom can be approximated as

P ~ h _]:: Cvl2flt20t/2
=LY 1 T2/4 + CI0L, )2

(4.3)

where Q2 , is taken to be 6922, and C, and C, are “average Clebsch-Gordan coefficients”.
One might expects C; and C; to be of the same order of magnitude, though not
necessarily equal.

Trap fluorescence (arb. units)
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Figure 4.1: Variation in trap fluorescence with detuning for a fixed number of atoms. The sohid line
is a least squares fit of Eq. (4.3) and yields CoQ = 4T, with an uncertainty of about 5%.

To measure C, the fluorescent power scattered by a fixed number of atoms in the
MOT was measured with a photodiode as the detuning was switched rapidly between
starting and final values. A fit of Eq. (4.3) to the variation with ¢ then allows (3
to be deduced, assuming that €, is known. To make an accurate measurement of
Q,,; account was taken of the effects on the beam intensity such as loss during the
retroreflection, convergence of the laser beams, and absorption by the trapped cloud.
To ensure that the optical thickness of the cloud remained reasonably constant (and
thus minimizing the absorption effect that the cloud itself had upon the average inten-
sity) the change in detuning was kept fairly small, typically between 2" and 3I'. An
example of the variation in fluorescence observed is shown i IFig. 4.1.
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A possible approach to determining C} is to measure the change in fluorescent power
incident on the photodiode as all but one of the trapping beams are rapidly switched
off, all other conditions remaining unchanged. The single remaining (circularly polar-
ized) beam quickly optically pumps the atoms into the stretched state |F = 4, M = 4),
and one measures the scattered power, now given by Eq. (4.1), before the atoms are
pushed away by this beam. Taking into account the factor six change in the average
light intensity, and the value of C; already measured, the ratio of the photodiode signals
before and after cutting the beams allows C) to be deduced. The following procedure
was adopted. The MOT was first fully loaded. The trapping beams were then extin-
guished rapidly with the AOMs (in less than a microsecond), and a mechanical shutter
positioned in the retroreflecting arm of the vertical trapping direction was closed. The
AOM controlling the vertical light was then switched back on to induce fluorescence
from a single beam. To enable the preferred quantization axis to lie along the vertical
direction it was necessary to turn off the magnetic field gradient before the optical
pumping stage. It was found that in order to be able to time-resolve the decay of the
fluorescence signal under the pushing effect of the single beam, the response time of
the photodiode (RS 651995 41.3 mm?) had to be less than about 100 us. The reduced
gain this incurred meant that a measurement was only possible at high saturation of
the atomic transition where the fluorescence signal was large.

The results of both experiments are shown in Fig. 4.2, and represent measurements
made over a period of several months, thus encompassing a number of trap realign-
ments. All measurements were made with Rabi frequencies lying between I' and 2T,
and detunings between 2I' and 3I'. The mean of all the measurements of C; gave
C2 = 0.73 £ 0.14, with the most likely cause of the scatter being the combination
of fluctuations in the intensity of the beam intensity profiles with the different trap
alignments. C; and C; were found to be equal within a combined uncertainty that is
almost entirely due to that in determining C2: C2/C2 =140.2.

One might suppose that because the light in the three-dimensional interference
pattern of a MOT has all kinds of polarizations at different places, so the value of C?
and C?2 should be similar to the average for all the transitions and all the polarizations,

i.e. for a 4 — 5’ transition C? ~ C? ~ /11/(3 x 9) ~ 0.4. These results show that
this reasoning is not valid. The measured values indicate that an atom spends more
time in a magnetic sublevel that interacts strongly with the light, i.e. the coupling
between the atoms and the radiation field is stronger than a simple average over all
possible coupling strengths, thereby raising the overall fluorescent scattering rate. This
optical pumping process is at the heart of the Sisyphus effect which is predominantly
responsible for the friction force in the MOT. In addition, optical potential wells tend
to cause atoms to spend more time in regions where their interaction with the light is
the strongest, since the light shift of the ground state is most negative for the atomic
state having the greatest coupling with the light (for a laser field detuned red of the
atomic resonance). Therefore the measurements may be interpreted as experimental
evidence that one or both of these physical processes is indeed present.

A quantum Monte-Carlo calculation for F' = 4 — 5 in a three-dimensional ot — o~
optical molasses has yielded an excited state fraction consistent with C12 =0.940.1, at
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Figure 4.2: Squares of the average Clebsch-Gordan coefficients, deduced by the methods described
in the text. The open circles are measurements of C2, and were taken over a six month period with
numerous different trap alignments and two different trapping beam geometries. The main cause of
the scatter is probably spatial fluctuation in Rabi frequency at the trap position arising from 5-20%
spatial inhomogenities in the trapping beam profiles and their retroreflections. The solid line marks
the average C2 = 0.73, and the standard deviation is 0.14 which is larger than a 10% systematic
uncertainty arising from the estimate of Q2,, at the trap centre. The filled circle shows the average of
several measurements of CZ, with an error bar that is mainly due to the uncertainty in determining
C2. The value of C2 at the same /T’ was measured in the same experimental run; by comparing
the ratio of signals the uncertainty in concluding that C%/C3 = 1 is relatively unaffected by the
uncertainty in knowing §2.
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§ = 51", @ = 0.71T [9]. Note, however, that these parameter values are different from
those used in the experiment, and that in the calculation the phase differences between
the three standing waves were kept constant whilst in the experiment they fluctuate.

In subsequent calculations of the trap number the values C? = C? = 0.7 £ 0.2
have been used. The discrepancy with the use of C? = C2? = 0.4 is generally less
than 50%. Wallace et al. [87] calculated the excited state fraction by assuming an
equal distribution among the sublevels, and compared it to that measured from the
photoionization rate. Agreement was found to within 20%.

4.4 Temperature measurements

With a setup in Oxford similar to that described above, it was previously verified
that there is a heating of the trap above the molasses temperature in the multiple
scattering regime by an amount proportional to N'/3, in agreement with the initial
observation by Drewsen et al. {25]. The experiment has been described in detail in [16]
and is summarized in [17]. The scaling of the excess temperature with detuning and
intensity was found to be roughly the same as that reported in [25], but the molasses
temperature, determined by the temperature in the N — 0 limit, was not in good
agreement. The reason for this discrepancy was suggested to be the sensitivity of
the temperature in three dimensions to the relative phases of the circularly polarized
beams. This has been observed theoretically in a semi-classical calculation by Wallace
et al. [89].

The reasons for wanting to measure accurately the temperature in caesium ot-o~
molasses were cited in chapter 2. There are two ways to prepare a molasses. The
simplest is to rely on those atoms in the background vapour with velocities small
enough to be slowed in the intersection volume of the laser beams. Typically this is a
total number less than that attainable in a MOT [25]. This method was not employed
because (a) despite the large trap-TOF probe separation of about 40cm, a source
volume of ~ 1cm?® will impose a geometrical broadening on the TOF signal of width
~ 5uK and with a shape that is somewhat uncertain; this is larger than the lowest
molasses temperatures of a few microkelvin, (b) a source volume of this size combined
with the long free-flight time causes a substantial fraction of the atoms to fall outside
the 2 cm wide probe beam for temperatures greater than about 20 uK, and (c) it was
intended to measure the molasses temperature as a function of the trapping intensity,
but the intensity over the intersection volume is (generally) not uniform. The eflects
of (a) and (c) can be reduced by measuring the temperature of a thin slice of the
molasses only [73], but they are avoided completely by releasing atoms into molasses
from a MOT, i.e. loading a MOT and switching the magnetic field gradient off. This
gives a small initial size which is comparable to the trap volume (< 1 mm?®) and whose
contribution to the final spreading is negligible (< 1 pK for a trap size of 1 mm? falling
through 40 cm), and the light intensity is uniform over the cloud. Further, the number
of atoms in the molasses is as large as that in the MOT.

However, releasing directly from a MOT has the disadvantage for measuring the
molasses temperature (i.e. the temperature in the low density limit) that the ensuing
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molasses is of high density. One must wait for the cloud to ezpand under the repulsive
forces from atom-atom interactions and from diffusion through molasses in order for
the excess heating from multiple scattering to subside. This typically takes up to 50 ms
[25]. Unfortunately we found that on this timescale it was difficult to get the cloud to
expand uniformly and not to be pushed to one side by the imbalance in the trapping
beam intensity, which had a large effect in the absence of the confining magnetic
field. Thus the problems of geometrical broadening and uncertainty in the cooling
intensity are reincurred, made worse by the fact that the effect of the imbalance, and
thus the intensity region into which the cloud is pushed, depends on the intensity and
detuning, i.e. the very parameters against which one wishes to measure the molasses
temperature. Indeed it was observed that as the time for expansion was allowed to
increase to much longer than 50 ms the measured temperature generally continued to
decrease, suggesting cooling in a low intensity outer region of the intersection volume.
The problem was avoided by working with a sufficiently small number of atoms to
avoid heating from multiple scattering. By loading from the thermal atomic beam it
was possible to trap less than 10® atoms and, with electronic low-pass filtering and
amplification, to retain a reasonable TOF signal. According to both [25] and [17] the
excess heating from multiple scattering with this few atoms is less than about 1 uK.
This was confirmed by varying the trap number between 8 x 10* and 3 x 10° atoms
and measuring the trap temperature at the fixed parameters § ~ 6I', Q*/éT" ~ 0.1.
Between 4 x 10° and 3 x 10% atoms the temperature was observed to change by < 10%),
and below 4 x 10° atoms by much less than this. It was thus not necessary to give
time for cloud expansion, and pushing of the cloud centre was thus avoided. Therefore,
this approach removed any variation in the position the cloud during cooling. In what
follows the trap number was just less than 10°.

The following TOF sequence was adopted. The trap was loaded with § = 2T,
) = 1.5 and b = 10 Gem ™. The parameters {4, {2} were then switched to the required
values. After a wait of a few milliseconds the magnetic field gradient was switched
off, followed by the light about 10ms later. The results for all {4,02} are shown in
Fig. 4.3(a). Each point represents the average of between one and ten shots, depending
on the strength of the TOF signal; this tended to be weak at § < 4T, and at the lowest
intensities for all detunings. We notice first that the temperature at low detunings 1s
larger than the linear dependence on Q2/4T, as predicted to occur specifically in 0*-o~
molasses by Mglmer [63], and as previously observed in rubidium [89] and caesium [25].
The data for § > 4 and T < 35uK is replotted in Fig. 4.3(b). For each detuning
the temperature is clearly observed to pass through a minimum. When T < 10uK, a
linear fit to the data for Q2/8T > 0.025 yields [see Eq. (2.9)]

Co/kp =1.9+£0.5 uK,C, =024 £0.05 (Q°/6T > 0.025,T < 10 uK) (4.4)

in agreement with the results of [25] for this temperature range. However, in addition,
a slight departure from a linear dependence on the light shift is observed. Forcing a
straight line fit through all the data for T' < 35 uK gives

Cofkp = 1405 pK,C, = 0284005 (Q2/6 > 0.025,7 < 30uK).  (4.5)
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Figure 4.3: Temperature measurements on atoms released from a ot-o0~ optical molasses formed
from three mutually perpendicular beam pairs. The complete data set is shown in (a), and the data
for § > 4T, T < 35 uK repeated in (b). The symbol shape indicates the detuning as follows: §/I" =

1.9 (@), 3.8 (W), 5.7 (0), 7.6 (O), 11.4 (V).
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The uncertainty in C, is almost entirely due to an estimated 15% uncertainty in the
average intensity of the laser field at the position of the trapped cloud.

Minimum temperature (pK)
5 T T T T T

5/T

Figure 4.4: Minimum temperature as a function of detuning, to be compared to the data of Drewsen
et al. [25]. The error bars have been estimated from the scatter on the temperature measurements

near the minima.

The temperature minima at low saturation occur at ?/§I" & 0.025, in quantitative
agreement with the breakdown point observed by Drewsen et al. [25], but a factor two
smaller than that observed by Wallace et al. [89] (for both 3Rb and 8"Rb). According
to the quantum formulation by Castin et al. [10] the temperature in molasses in the
Jimit of large detuning is a function of the light shift and the angular momentum only.
However Fig. 4.4 shows that the minimum temperature was measured to decrease
slightly with increasing detuning; this data is in excellent quantitative agreement with
figure 7 of [25]. A shifting of the minimum to lower light shifts with higher detuning
is just resolvable above the 0.5 4K scatter in the data.

4.5 Measurement of s

It was important to be certain that the magnitude of the spring constant was compa-
rable to previous reports, not reduced by imperfections in the optical setup, such as



CHAPTER 4. PHASE-SPACE DENSITY IN THE MOT 73

the use of only three rather than six independent trapping beams. The information
that has been obtained has helped to reduce the uncertainty illustrated by Table 2.1,
and the study has been useful in understanding the difficulties in measuring the spatial
properties of the MOT in the temperature-limited regime.

The chosen method was to measure the radius of a temperature-limited trap and
deduce k from Eq. (2.5), knowing the temperature. The difficulty with this procedure is
that it must be ensured that the conditions are such that the trap is indeed temperature-
limited, i.e. that the trap dimensions are independent of the trap number. A simple
way to be sure of this is to measure the size of the cloud as the trap loads, and use the
radius in the limit of small number to deduce «; this has the advantage that one can
see exactly how constant with number the dimensions are. This idea was implemented
with the following techniques. The basic procedure was to switch on the magnetic
field coils and acquire images of the subsequent loading with the fast frame-grabber.
However, one sees immediately from the loading equation (2.34) that it is impossible to
detect fewer than a fraction AtI" of the final steady-state number with an acquisition
time resolution At and for a trap lifetime I'"!. Thus for a typical loading from a
background vapour of 107 atoms with I'"! = 1s, measurement would be limited to
greater than 10° atoms for At = 20 ms, the time difference between consecutive video
fields. To extend detection to a much smaller number it is necessary to reduce the
final number in the trap. This was achieved by loading the trap from a very low
background pressure, attained by shuttering the thermal loading beam completely,
and thus permitting capture only from the small residual vapour inside the vacuum
chamber. In this way tiny traps of ~ 10* atoms were obtained, and by monitoring
their loading it was possible to measure trap dimensions for as few as 10 atoms. In
addition, it was straightforward to combine the information from the loading curves for
these tiny traps with that obtained for larger traps, loaded under the same trapping
conditions but from the unshuttered thermal beam. By varying the oven temperature,
and thus the beam flux, it was possible in this way to measure the variation of trap
volume with number over the range 10° — 10° atoms, and thus establish the boundary
between the temperature-limited and multiple scattering regimes.

A typical variation of the trap radius with number for a high trapping intensity is
shown in Fig. 4.5, and clearly demonstrates the transition from temperature-limited to
multiple scattering-limited behaviour. It is noticeable that the change from constant to
r ~ N3 variation [c.f. Eq. (2.18)] is gradual rather than sharp. An important obser-
vation was that at lower beam intensities the trap was never unambiguously observed
to be temperature-limited. That is, the trap radius began to increase as soon as it was
detected, so it was not possible to be sure that the radius would not be smaller with
less than 103 atoms. This is evidence for the prediction in Sec. 2.2.4 that the boundary
between the two regimes moves to lower number with decreasing intensity. In this
instance a measurement of the smallest detected radius would only give a lower limit
for x rather than its absolute value. The transition between the regimes was observed
equally clearly with other parameter values listed for the Oxford trap in Table 4.1. It
was noticed that at the lower field gradient the radius remained constant with number
to larger numbers, but that at the lower detuning there was no discernible difference in
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Table 4.1: Information relevant to deducing the spring constant «. In the final columns, the spring
constant is calculated by assuming the trap is in the temperature limited regime and by taking the
temperature from Fig. 2.1. For the measurements from Paris when the trap was obviously not in the
temperture limited regime no value is given, and when the trap was close to but not quite temperature-
limited the value is given in brackets.

Trap Q¢/T? §/T dB/dz N/10° r K Ko
Gem™! pm  (1071° Nm~1)
Oxford 5.2 1.9 10 0.01 50 4.4 0.85
Oxford 5.2 1.9 30 0.02 30 123 0.8
Oxford 5.2 34 10 0.01 51 3.5 1.2
Oxford 5.2 34 30 0.01 40 5.9 0.7
P1 0.87 22 58 0.36 23 12 0.44
P1 0.87 22 31 1 37 (47  (0.33)
P2 0.28 3 9.5 24 47  (0.95) -
P2 1 5 95 1 37 (15)  (0.78)
P2 1 5 95 25 49  (0.95) (0.5)
P2 1 5 9.5 30 99 - ~
P2 1 ) 9.5 100 150 - -

P2 1 5 5 3.5 71 (0.4) (0.4)

is further evidence for the predicted intensity dependence of the boundary between the
two regimes mentioned previously. The results in Table 4.1 with the smallest N are
those which give the most reliable lower limit for x¢. Therefore the conclusion is that
ko = (140.2) x 10719 Nm™! for the trap in Oxford, ko > 0.4 x 107!° Nm™~! for trap P1,
and ¢ > 0.8 x 1071 Nm™! for trap P2. The results are inconsistent with the lowest
values indicated in Table 2.1. By employing the technique of monitoring the variation
of trap volume with number the two main problems which can lead to underestimates
of ko, were avoided, namely residual multiple scattering of photons and excursions of
the trapped cloud into the non-linear region of the confining force.

As well as providing values for k, the studies lead to the following deduction about
multiple scattering. This is that, as the number of atoms in the trap increases, the
cloud radius starts to increase well before the temperature does. This is shown clearly
by Fig. 4.5, where multiple scattering increased the trap volume by a factor of more
than three when there were 5 x 10° trapped atoms. The study of temperature in [17],
on the other hand, implies a temperature increase of less than 10% with this number
of atoms. There is also evidence for this assertion in the results for trap P2 at @ = T"in
Table 4.1. In this case the density remained constant (at ~ 8 x 10'° cm™2) for numbers
of trapped atoms between 10° and 107, implying that multiple scattering was limiting
the density when there were as few as N ~ 10° atoms in the trap. The conclusion for
the phase-space density is that multiple scattering limits the phase-space density first
by limiting the density; the temperature increases only at higher numbers of trapped

atoms.
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4.6 Nonlinearity of the confining force

This section describes a study of the two-component regime, whose onset was observed
at high magnetic field gradients and reduced light shifts and with a reasonably large
number of atoms, typically greater than 107.

The obvious signature of the spatial breakdown of « is the two-component density
profile described in Sec. 2.2.3. To observe this the trap was loaded under normal
conditions and then the magnetic field gradient was transiently switched to a higher
value, and simultaneously the intensity was reduced and/or the detuning was increased.
Images of the cloud acquired were along the two orthogonal directions with the frame-
grabbers during the subsequent 100ms. A sample two-component profile is shown
by the filled circles in Fig. 4.6(a). This profile was obtained from a single horizontal
line of a CCD image, and has been fitted with the sum of two Gaussians of differing
radii and peak heights. For comparison the distribution of the same atoms at a much
lower field gradient is also shown (the open circles); this exhibits a square profile,
characteristic of the multiple scattering regime. It is important to emphasize that the
peak densities of the two Gaussians in the two-component regime could differ by a factor
of up to 100, making the background Gaussian very diflicult to detect, despite it often
containing roughly the same number of atoms as in the narrower Gaussian. In fact to
ald the initial search for two-component profiles the two-dimensional CCD images were
summed horizontally (or vertically), in preference to working with a single line profile
only. This extra stage of integration exaggerated the height of the background profile
with respect to that of the central component by roughly the ratio of the two radii of
the Gaussians, and also served to improve the signal-to-noise ratio. It should also be
appreciated that the background profile could be easily missed unless a sufficiently large
area of the CCD image (> 1 mm?) was viewed. This is clear from Fig. 4.6(a), which
was captured with a 128 x 128 pixel grid (the largest grid size for which acquisition of
sequential video fields was possible).

With the signal from the background Gaussian so weak (it was sometimes as low as
the stray noise levels), it was important to be sure of the interpretation of a breakdown
in confinement. As a first step it was confirmed that the shape of the profile was
independent of the size of the imaging aperture, and thus not the result of spherical
lens aberration (this would cause off-axis rays to spread out in the image plane, thereby
inducing a trap profile possibly similar to the two-component profile observed). As a
second test the profile was observed in momentum space. Fig4.6(b) shows a TOF signal
obtained under the same conditions as for Fig 4.6(a). The shape is clearly also the
superposition of two Gaussians. The width of the background Gaussian corresponds to
a temperature much greater than the Doppler limit, and therefore this is experimental
evidence that only those atoms confined in the central region of the trap are efficiently
cooled by the sub-Doppler mechanisms, as one would expect. Moreover, the number
of atoms in the colder of the two velocity distributions was found to vary with the
trapping parameters in the same way as the number in the narrower of the two density
distributions (see below). Ior a third observation the decay rate of the number of atoms
in each Gaussian was measured. For parameter values near the transition between
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the two-component and multiple scattering regimes, the numbers in the central dense
region and its diffuse surround were seen to decay at comparable rates, and it seems
reasonable to attribute this to the weak dependence of the collision rate with the
background vapour with escape velocity (from Eq. (2.37) 7 o« v!/3 at low scattering
rates). However, well into the two-component regime the decay rate of the central
component was observed to suddenly increase, and its lifetime typically fell below
200ms. Such a rapid change did not occur in the decay of the diffuse surrounding
region. This transition may be interpreted as the point at which the trap is sufficiently
weakened for hyperfine structure-changing collisions to be able to contribute to the trap
loss. This additional decay mechanism is clearly more important for the central region
because the density there is much larger. As final evidence for a spatial breakdown
in confinement it was observed that the spatial shape of the background Gaussian is
indeed sensitive to alignment of the trapping beams, as predicted in [77] and reported
in [68], and as illustrated in Fig. 4.7.

Fluorescence profile (arb. units)

7000} :

6000 |- :

5000 F _
—2 -1 0 1

Distance along z-axis (mm)

Figure 4.7: Sensitivity of the background Gaussian to alignment of the trapping beams. The filled
circles represent the z-profile obtained by summing a CCD image in the z-direction, and the solid
line the best fit sum of two Gaussians with the horizontal position of each floated. The parameter
values were Q@ = 0.75T, 6§ =5.7T, b = 40 Gem™!, and N = 1.4 x 107 atoms. Notice how the process
of summing has exaggerated the shape of the background Gaussian (compare with Fig. 4.6). The
distribution of the weakly-confined atoms is clearly displaced with respect to those in the central
region, and the displacement was observed to depend upon the alignment of the z-trapping beam.

Calculation of the number of atoms in the central component allows comparison
of the observed behaviour with the predictions made in Secs. 2.2.3 and 2.2.4. The
TOF signal was able to provide useful information about the variation of the relative
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number (the signal was not calibrated for absolute number) in the central region with
different parameter values. This number was obtained as follows. The initial difference
in the spatial profile of the two velocity distributions (on a distance scale ~ 1 mm)
is negligibly small compared to the ballistic expansion of the cloud on falling through
42 cm. Thus the two components each contribute a Gaussian to the TOF signal, which
are similarly centred and with areas proportional to the number in that component.
In fact to make meaningful comparisons one must additionally stipulate that the TOF
probe beam illuminates all of atoms in the relevant component; a simple calculation
for a 2.5cm wide probe beam and a trap-probe separation of 42cm indicates that
due to the horizontal ballistic expansion of the cloud this is only the case for trap
temperatures less than roughly 30 K. Thus the TOF signal could be used to deduce
number information about the central component only. A calculation of the number
in the central component from the CCD image requires a little more thought because
(a) in the spatial profile the “Doppler atoms” do not penetrate into the sub-Doppler
region, and (b) in the process of summing the trap distribution along a particular
direction (such as inevitably occurs when the fluorescence is imaged onto the CCD)
signal is added from the diffuse surround onto that from the central region. Thus if the
two-component profile is fitted with a sum of two Gaussians, the numbers calculated
from each Gaussian individually do not correspond (exactly) to the populations of each
component. One can proceed with an estimate of the correction as follows. The density
distribution in the trap is well approximated by the sum of two Gaussians:

n(r) = hle_rz/"2 + hze_rz/l2 (4.6)

where o and [ are respectively the dimensions of the central peak and the diffuse
background, and where for simplicity spherical symmetry has been assumed. We now
suppose that rearranging the above expression into the following form can adequately
represent the division of population between the central peak and the surrounding

region:

n(r) = (b 4 ha)e™ 1 4 hy(e T — eI (4.7)
central region Doppler region

i.e. the diffuse surround only penetrates to roughly a distance o from the trap centre.
[t will be seen that the final division of population is insensitive to exactly how this
fall-off occurs. Equation (4.7) implies

Ncentral - 7T3/2(h1+h2)0'3

NDoppler - 7r3/2h2(13—‘0'3).

Now if we deduce numbers N; and N, from the two Gaussians whose sum fits the CCD
image integrated along a direction, then from Eq. (4.6)

N1 = 7T3/2h1 0'3

NQ = 7r3/2h2l3.
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Thus

Ncentral - Nl + AN .
Nbopter = Ny— AN (4.9)
3 Vi

1

o
where AN = Nzl—B = szz

Typically V2/V; ~ 100 and N,/N; ~ 2—5 and thus it is seen that the error AN in using
N; and N; to represent the two populations is in fact only a few percent. Thus clearly
the exact distribution of the Doppler atoms in the central region is not important.

(4.10)

Peak density (10! cm™3) Num. in central cpt. (107)
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Figure 4.8: Density at the centre of the cloud (®), and number of atoms in the central component
(4,V), as a function of magnetic field gradient, in the two component regime. The laser parameters
were € = 0.75I" and § = 5.7T". The open squares show the number in the central component of the
density distribution, as deduced from the CCD signal, while the triangles show the number in the cold
component of the velocity distribution, as deduced from the time of flight signal. The fact that these
two numbers agree is evidence that the colder atoms originate from the central part of the cloud.

Figure 4.8 shows the number of atoms in. the central component calculated from
both the density and velocity distributions, as a function of magnetic field gradient.
The density of the central component is also shown (see Sec. 4.8 for a description of
density measurements). The model of chapter 2 predicts a density proportional to ficld
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gradient if the atoms are in a regime limited by multiple scattering inside the sphere
with radius r;. This was only observed for field gradients up to about b = 30 Gem™!.
At the higher magnetic field gradients the scaling law suggested by the model clearly
no longer applies, for which we have no reasonable explanation. It seems unlikely from
the measurements of the position damping time in Sec. 4.7 and of the cold collision
rates in chapter 5 that this is due to a break-down of the static model at high field
gradients (and thus high densities) caused by large collisional loss rates. The results
imply that a useful increase in the density is only obtained for field gradients easily
produced in the lab, less than 60 Gem™'. This was a conclusion of the work by Petrich
et al. [68]. :

In Fig. 4.8 the number of atoms in the central peak exhibits the expected fall-off as
the magnetic field gradient is increased. However, the decrease is roughly as ™! rather
than the more rapid =2 predicted by Eq. (2.24). This may be interpreted as behaviour
in the transition region between the multiple scattering and two component regimes.
The observed radius of the central peak in this transition region varied roughly as 5%,
but for a MOT well into the two-component regime we should expect the radius to be
roughly equal to that of the sub-Doppler region, r;, with a dependence ™! [Eq. (2.19)].

A program of data acquisition and analysis was carried out for a range of different
parameter values and is shown in Fig. 4.9(a). Complementary measurements for trap
P1 are shown in Fig. 4.9(b). It was found that when the MOT was well into the
two-component regime (i.e. not close to the solid line shown) the radii of the central
components were indeed consistent with Eq. (2.19), though the restricted set of data
points (see Fig. 4.9) is not large enough to confirm this equation unambiguously. At a,
field gradient of 40 Gcm™! in the Oxford trap, the radius of the central component was
84 um, and 64 ym, for detunings of 8.6T', and 11.4T respectively, and at Q = 0.75T.
These figures are consistent with r; oc 7!, and imply C; = 1.4 £ 0.3. Closer to the
boundary between regimes, the radius of the central component varied more slowly with
§. In trap P1 with a field gradient b = 62 Gem™", the radius of the central component
was 45 pum at § = 9.5, Q@ = 0.9T; these figures imply C; = 1.2 + 0.3.

Some temperature information was also obtained. The temperature of the atoms
in the central peak was observed to decrease with number. At fixed detuning the
temperature above the molasses temperature decreased roughly as V Cle/:tm, as the mag-
netic field gradient was increased, although there was not sufficient data to be sure
of this. Because the change in density under these circumstances is roughly compara-
ble to that of the number in the central component (see Fig. 4.8) the implication of
this is that heating from multiple scattering is not strongly dependent upon density.
This is not what one would expect as the optical thickness of the trap, which one
may think of roughly as the probability that a scattered photon is reabsorbed before
leaving the cloud, varies as nor = n?/3¢ N'/3 in the multiple scattering regime. The
temperature of the weakly-confined atoms was observed to vary in roughly the range
100 uK — ImK, i.e. always above the Doppler limit. On the other hand the variation
of temperature with detuning and field gradient was similar to that exhibited by the
strongly-confined atoms, i.e. not what one would expect for atoms cooled by purely
Doppler forces. A possible reason for this is that the spatial transition between weak
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Figure 4.9: Parameter values at which density measurements were made. (a) Measurements on the
Oxford trap, with Q@ = 0.75T, N = 2 x 107 atoms. (b) Measurements on trap P1, with Q = 0.9T,
N =5 x 10° atoms. The symbol shape indicates whether the observed density distribution consisted
of a single narrow component (o), two components () (one narrow, one broad), or an intermediate
distribution (®). The density distribution was also observed at other parameter values; the Figure
indicates only those values for which a careful analysis was carried out. The solid curves in (a) and (b)
show the position of the boundary predicted by the model with the empirical values KgCmg = 5x 10718
Nm~! (see Sec. 4.8), and C; = 1.4 for the Oxford trap, C; = 1.2 for trap P1.

and strong confinement is not predicted to be sharp (Fig. 2.1).

4.7 The position damping time

The technique of transiently switching the MOT parameters from those producing
strong trapping forces and suitable for loading, to those giving much weaker con-
finement but which optimize sub-Doppler cooling and compression, was described in
Sec. 2.3. The densities achieved by applying such a method are described in the Sec. 4.8.
The procedure also enables a measurement of the position damping time for the fol-
lowing reason. Absorption by the background vapour and by the trapped cloud itself
always gives an intensity imbalance between a trapping beam and its retroreflection.
Consequently the trapped cloud is centred at a position displaced from the zero of
magnetic field such that this difference in intensity is compensated by an imbalance
in Zeeman tuning, i.e. so that there is no net absorption of trapping photons along
any direction. Thus if the trapping parameters are changed so that the optical ab-
sorption is reduced or the magnetic field gradient increased, the cloud will move to a
new equilibrium position nearer to the magnetic field zero. A measurement of the time
to undergo the displacement then yields the position damping time 7,,; (= o/« for
spherical symmetry) for the new parameter values. This method contrasts to previous
measurements of 7,, [78, 25] which have used either an external laser or uniform mag-
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netic field to displace the trap. The position damping time is an instructive quantity
to measure because it provides a further check that the MOT damping forces are be-
having as expected and, in combination with a measurement of the cold collision loss
rate 8, it allows one to estimate the collision-limited density [Eq. (2.32)].
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Figure 4.10: Displacement of the trap from the zero of magnetic field as a function of time; by
weakening the trapping parameters {4,,b} from {1.9T', 1.4T', 10 Gem™ '} to {5.75T, 0.75T,5 Gem™ !}
the trapping intensity imbalance was reduced and the MOT subjected to an impulse. The initial rapid
change in position is a measure of the damping time 7,0, whilst the slow decay at large times arises
from the decay of the trap number due to the weakened trapping.

The following procedure was adopted. The trap was fully loaded and then the
parameters were switched to their desired values. About 50 ms before the switch the
frame-grabbers for the two orthogonally-positioned cameras were triggered, and images
of the trap were then acquired for several seconds. As mentioned in chapter 2 a reduced
scattering rate nearly always results in a Gaussian-shaped trap; the profiles were thus
fitted to such a function to find the displacement of the trap centre. Analysis was made
of the vertical displacement of the images only because this corresponded directly to
the vertical trapping direction (2), and the use of two cameras provided a check for
consistency. Alternate video fields are displaced vertically by one pixel (interlacing)
and it was necessary to take this into account to extract a smooth variation of position
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with time, an example of which i1s shown in Fig. 4.10. The effect of position damping
is clearly observed as the initial rapid change in displacement. However, a much slower
change in position is also observed and this can be attributed to the decreasing optical
depth of the trap as the trapped number decreases. To extract the damping time the
variations were fitted with the superposition of an exponential and linear decay.

Figure 4.11 shows the variation of damping time with field gradient and detuning.
The accuracy with which 7,,s is determined by the above method is limited by two
factors. First, each video field gives a signal integrated over a period of 20 ms, which
imposes a limit to the lowest value of 7,5 that can be measured. This is not quite as
bad as one might at first suppose. The integral of an exponential returns the same
exponential, and thus one merely requires that enough trap movement is recorded to
be able to establish a reasonable value for the decay time; to do this it is sufficient to
record the trap position at roughly decay time spacings, i.e. it is possible to measure
a damping time of about 20 ms with only 20 ms time resolution. The second limit to
the accuracy arises from uncertainty in the floated value of 7,,, due to the additional
decay in the trap position due to the decreasing trap number, and is estimated to be
at around the 15% level. |

One first notes from Fig. 4.11 that the magnitudes of 7,,s are indeed as have been
measured previously [78, 25]. In Fig. 4.11(a) 7,.s varies with field gradient roughly
according to the inverse relationship prediced in Sec. 2.2.2. It was not possible to resolve
the decay for gradients larger than 10 Gem™!, confirming that at higher gradients 7,5 <
20 ms. This is an important deduction for assessing the significance of collision-limited
densities and will be further discussed in Sec. 4.8. Fig. 4.11(b) shows experimental
evidence for the sensitivity of 7,5 to trap setup. The values and dependence measured
are not in good agreement with those reported by Drewsen et al. [25]. However, in that
work it was observed that 7,,; was sensitive to the polarization of the trapping beams
along the relevant direction. As mentioned in Sec. 2.2.1 both the friction parameter
and the spring constant in the MOT are sensitive to the amount of Sisyphus cooling
present, and thus the beam polarizations. For the same reason one might suppose that
T,0s also be sensitive to the trap alignment, as Fig. 4.11(b) suggests.

4.8 Density measurements

4.8.1 Introduction

This section summarizes the understanding obtained of the compression forces in the
caesium MOT, and represents careful measurements extending over a period of many
months. It was originally hoped that by studying the density accurately it would be
possible to compare its behaviour closely with the predictions outlined in chapter 2,
in a similar manner possible with MOT properties such as the spring constant. This
would allow identification of the dominant density-limiting mechanism with a view to
its possible suppression. However, it became apparent as the technique for measuring
the density was sufliciently refined, that the density in the MOT is sensitive to certain
aspects of the trapping setup, such as trap alignment, making it difflicult to compare
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Figure 4.11: Measurements of the position damping time 7, (= a/k with spherical symmetry) as
a function of detuning and field gradient. For (a) the detuning was é = 5.75T and for (b) the field
gradient was b = 7Gem™!. The error bars represent an estimated uncertainty in determining po,
from the fits to the position relaxation. The open and filled circles represent measurements taken
some six months apart and thus with differing trap alignments. The discrepancy in (b) between these

two sets of data 1s therefore evidence for the sensitivity of 7,,, to the details of the polarization field.
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data sets quantitatively and to make definite assertions about the trends. This be-
haviour is perhaps a little disappointing in view of the seemingly robust nature of the
MOT in some other respects. For example, it has been noted previously (such as in
[25]) and was observed during our study that it is possible to trap atoms very easily
with laser beams that do not have good quality incident wavefronts and whose polar-
izations are far from circular, i.e. it is not difficult to optimize the Doppler forces for
loading. In addition, it was observed during the molasses temperature measurements
(Sec. 4.4) that sub-Doppler temperatures are insensitive to the trap alignment and the
distribution of intensity among the six beams, as previously remarked in [73] and [88].

However, it has been possible to reach qualitative conclusions about the density be-
haviour, aided by elimination of uncertainties in fundamental trap properties through
the measurements described earlier in this chapter. The main deductions were as fol-
lows. Under nearly all circumstances the MOT density is limited by multiple scattering.
Only with very few atoms does the trap pass into the temperature-limited regime (as
was demonstrated in Sec. 4.5). From measurements of the position damping time and
cold collision loss rates it has possible to deduce that none of the densities observed was
close to being collision-limited. In the multiple scattering regime the Walker, Sesko,
Wieman model only gives reasonable agreement with the observed behaviour at high
scattering rates, where one expects the changes in density to amount only to small
factors [Eq. (2.15)]. At lower scattering rates the density increases only slowly with
decreasing light shift [roughly as Eq. (2.17) rather than Eq. (2.16)] and eventually at
a low light shift (Q2/6T ~ 0.1 — 0.2) a breakdown in confinement is observed, i.e. the
density begins to decrease. This requirement of having to be well into the multiple
scattering regime for the expected theory to apply is an interesting observation be-
cause a similar conclusion was reached in the study of the dark MOT (chapter 6)
from a different perspective. On the other hand the density does increase roughly
linearly with increasing field gradient (for b < 40 Gem™), as expected in the multiple
scattering regime. By transiently switching the parameter values from those used for
loading to b ~ 40 Gem ™, Q%/6T ~ 0.5 the density was increased by a factor ~ 15 to
~ 1.5 x 10" cm™3.

4.8.2 The measuring technique

The density was deduced by a fluorescence method; other possible approaches are
discussed later. Two related techniques were investigated. The first was to convert into
a total number of atoms the power emitted by the cloud into a known solid angle, and
to deduce from this the density by measuring the cloud radius with a CCD: n o N/r3.
The power was calculated from either the signal from a photodiode circuit of known
characteristics or by integrating the total signal falling on the CCD camera, calibrated
for intensity. The other technique was to use the fact that, assuming the cloud is well
imaged onto the CCD array, the video signal S is proportional to the integral of the
density along the “line of sight”, so that the density can be deduced with the equation
n~ S/r.

For both methods one needs to know the scattering rate per atom for a given



CHAPTER 4. PHASE-SPACE DENSITY IN THE MOT 87

intensity and detuning, and for this the values C} = C2 = 0.7 measured in Sec. 4.3
were used. The second method has two potential advantages over the first. First,
the radius only appears as a single power and thus the calculation is less sensitive to
errors in measuring the trap dimensions. Secondly, one measures the density averaged
along only one direction rather than three. With this reduced averaging one can make
a better estimate of the peak density of a non-symmetric distribution; this can often
be useful because at high scattering rates the effects of multiple scattering lead to
decidedly non-Gaussian distributions. On the other hand, the method is more sensitive
to imaging aberration, in particular to spherical aberration because this removes energy
from the high intensity regions. These advantages and disadvantages were investigated
directly by calculating the density with each method for identical CCD images. Even
under loading conditions, when the trap profile was not usually Gaussian, the two
approaches agreed to better than ~ 30% in their estimates of the peak density, and
at lower scattering rates the agreement was much better than this; these discrepancies
are much less than other sources of error described below. It was decided that the first
method should be the preferred approach for the reason that for low intensity images
the signal-to-noise ratio is much improved by using information from the whole of the
image, rather than from a single pixel signal S.

The specific steps in the calculation of a density were as follows. The CCD image
from each camera (pointing along z or y) was summed horizontally and vertically
over the acquired grid to obtain “average” trap profiles with improved signal-to-noise
ratio. Gaussian functions were least squares fitted to these four profiles to yield trap
dimensions for the z and y directions, and two for the z direction; the latter were
compared to check for correct focussing of the two cameras. For each image the average
background signal per pixel was estimated from the average of the offsets obtained from
the two Gaussian fits; this background level was then used to calculate the total count
due to trap fluorescence. For low intensity images it was sometimes necessary to sum
only over a selected region of the acquired grid, i.e. to isolate as many background
pixels from the summation as possible. This was satisfactorily achieved by selecting
to sum only over a cross shape of chosen width, centred by eye on the trap. The pixel
count was converted into a number of atoms and combined with the trap dimensions
to give a density; in all that follows we refer to the peak density. For traps with a
two-component profile the average (summed) profiles were fitted to the superposition
of two Gaussians, as described in Sec. 4.6. However, in this instance the density of
the central component was miscalculated by only ~ 30% by fitting the profile just to
a single Gaussian.

It is important to appreciate the uncertainties in the calculation of the density.
There were several sources of systematic error. First, in determining the emitted
power per unit solid angle the uncertainties in using either the photodiode (gain resistor
tolerance, amps to watts conversion, collection solid angle, reflection losses) or the CCD
(calibration, collection solid angle, reflection losses) were both estimated to be ~ 15%.
Trap numbers deduced simultaneously with these two devices (with different collection
optics) agreed to ~ 20%, thus confirming these estimates. Secondly, in converting the
emitted power into a number of atoms one relies on the measurement C:=C?=0.1.



CHAPTER 4. PHASE-SPACE DENSITY IN THE MOT 88

At low scattering rates only the accuracy of the estimate of C? is significant; this
was found to be accurate to ~ 20% in Sec. 4.3. However, one should appreciate that
C? might well vary with laser parameters or trap alignment, in which case this error
will tend to be more random than systematic. Finally, the accuracy of the volume
calibration was around 10%. In addition there were various origins of random error.
The most obvious of these was random fluctuation in both the trap fluorescence and
the trap dimensions, the cause of which was not investigated. The time scale for the
changes was observed to extend from much less than that of the 20 ms integration time
of the CCD to somewhat longer, and densities calculated from consecutive video fields
tended to differ in general by ~ 10%. A question to be addressed was‘the consequence
of extracting the trap dimensions and number from a fit to a trap profile that was
not quite Gaussian. One would expect the error incurred (in calculating the peak
density) to vary with trapping characteristics such as number of atoms and the exact
trap profile (i.e. the trapping beam alignment), and thus have most influence between
different data sets. An estimate of the size of the effect was found by comparing
the number totals calculated from the two “orthogonal” profiles for each CCD image,
i.e. Ny oc Ao, and N, x A,o,, where A; was the height of the summed profile in the
i*" direction with width o;. Typically N, and N, were observed to agree to better than
10%. A third source of error was the small variation in selection of camera aperture and
in correct focussing of the imaging optics. With the use of two cameras both of these
could be checked for consistency and generally they contributed combined errors of less
than 10%. The principal reason for using two cameras was to account for the difference
between the cloud dimensions in the horizontal plane (by symmetry one would suppose
that the z and y dimensions ought to be equal). At high scattering rates there could
be up to a factor of two difference in size, whilst at lower scattering rates agreement
was generally good to ~ 30%. Finally, and most importantly, it was observed that the
MOT density was sensitive to small changes in trapping beam alignment; this could
be up to a factor of two for retroreflecting beams clearly misaligned (> 2 x 1073 rad).

In light of the above discussion the following accuracy is suggested. The absolute
value of the density was only certain to ~ 50%. After careful (and consistent) re-
alignment of the trap, measurements with the same parameter values were generally
comparable at the 30% level. Measurements within a given set of data could be com-
pared to an accuracy of ~ 10 —20%. These uncertainties are in general agreement with
those quoted by Linquist et al. [56]. ‘

It is instructive to outline the method adopted for accurate alignment of the MOT,
as this was important in attaining some degree of long term consistency in the data. The
basic requirement was to ensure that the centres of the six trapping beams intersected
at the magnetic field zero. The position of the latter was readily marked by formation
of a steady-state trap, but only accurately enough with a high magnetic field gradient
(40 Gem™") to sufficiently reduce the displacement of the atoms from the field zero
(caused by beam intensity imbalance). Indeed the capture efficiency of the MOT
decreases rapidly with increasing field gradient [45] so that increasing the field gradient
also ensured that the trapped number was small, reducing the optical depth of the trap
and thus further the effect of beam imbalance. The procedure was then the following.
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Under such conditions the position of the field zero with respect to the centre of each
of the independent trapping beams was assessed by moving a thin (< 1mm) object
across the beam area until its shadow in the beam caused the trap to disappear. If
necessary the positioning of the beam was then adjusted; in turn the retroreflection
for that beam was also realigned (to an accuracy of better than 5 x 10~* rad, by eye).
The procedure was then repeated for the other trapping directions. With these steps
(sometimes with a process of iteration) it was possible to position the trap to within
1 mm of the magnetic field zero. Indeed more often than not the displacement was no
more than one typically-sized trap diameter, i.e. of order a few hundred micrometres
(See Fig. 4.10). Often with the alignment as described the profile of the fully-loaded
trap (107 atoms) at the high scattering rate used for loading was far from Gaussian,
with the effects of multiple scattering causing instabilities and irregularities. To be
able to obtain accurate density measurements it was always necessary to lower the
scattering rate and reduce these effects.

Finally, other approaches to measuring the density should also be mentioned. The
main disadvantage with the fluorescence technique described is the uncertainty in know-
ing the distribution of population among the ground state sublevels. One avoids this
~ completely by optically pumping the atoms into a single sublevel and recording the
fluorescence induced by a single beam, as was demonstrated in Sec. 4.3. However, this
measurement is destructive and can be limited in detection sensitivity by the need
for fast time resolution. There have been two other reported approaches to measur-
ing densities but both suffer from essentially the same uncertainty as the fluorescence
technique. The first is to measure the absorption of a weak probe tuned to a resonance
(e.g. F = 4 — 4’ in caesium) to give the absorption length of the cloud; the same
probe can be scanned laterally across the cloud (or made wide enough to image the
cloud onto a CCD) to find the trap dimensions, and thus deduce the density. Appli-
cations of this technique to the MOT have been reported by Wallace et al. [87] (who
quote agreement with the fluorescence method to better than 20%) and by Hoffman,
Feng and Walker [41]. The second method is to deduce the number of atoms from the
fluorescence induced by a TOF probe (e.g. see Drewsen et al. [25]). The uncertainty
in the sublevel distribution in this instance is somewhat less than in the MOT because
the electric field in one dimension is calculable (the TOF probe is normally retrore-
flected to prevent pushing of the atoms). Drewsen et al. [25] quote an agreement of
this method of within a factor of two with the number deduced by fluorescence. We
were not able to implement this method because the long time-of-flight time (300 ms)
led to ballistic expansion outside the detection probe for atom temperatures greater

than about 30 uK.

4.8.3 The transient technique

Typically the following sequence of events was employed. The trap was fully loaded
with ~ 106—107 atoms using suitable parameters {4, Q, b}, such as {2I',2[,10 Gem™'}.
The frame-grabbing boards were then triggered, the parameters switched to their cho-
sen values some 50 ms later, and the subsequent decay of the trap then monitored with
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the z and y cameras for up to a few seconds. Before each run it was important to
measure the trapping beams intensities (the final intensity was calculated as a fraction
of the initial value, and the initial value could wander on a timescale of minutes to
hours depending on the particular stability of the alignment into the fibres), and to
check for good injection-locking into the slave laser at the chosen detuning (changing
the AOM frequency changed slightly the alignment of the locking beam - see Fig. 3.2).

The acquired frames from each camera were stored, analyzed and combined to
extract the variations of number, volume and thus density as functions of time. The
difference in trap fluorescence before and after switching was generally much larger than
that covered by the 8-bit dynamic range of a standard CCD. Thus it was necessary to
deduce the number of atoms from the emitted fluorescence at the finallaser parameters;
this was judged to be perfectly acceptable because over the range of final scattering
rates the initial number deduced was constant at the level of the random fluctuations
described above. A single camera was capable of detecting a change in trap number of
up to a factor of roughly 50; if required this could be extended up to a factor ~ 10° by
choosing complementary aperture settings for the two cameras.

To be able to interpret unambiguously the transient behaviour of the number and
density as the MOT unloaded it was important to be sure that the final laser parameters
.were sufficiently constant during the period of frame acquisition; this was particularly
important for the approach to determining cold collision loss rates that is described in
chapter 5. After some initial experiments in which the MOT detuning was changed
by jumping the voltage supplied to the piezo-grating in the extended laser cavity,
AOMs were employed to fix the final detuning exactly, as described in chapter 3. This
modification resulted in much improved TOF data [16]. Thermal drift of the trapping
intensity after switching (resulting from the combined use of AOM and fibres) was
corrected by the use of the feedback loop described in chapter 3. Generally drifts in
the total intensity were less than 5% over a period of 5s.

An example of a decaying trap number and the corresponding density variation with
time measured with the above procedure is shown in Fig. 4.12. Notice that because
the switching of parameters was not synchronized with the triggering of acquisition to
better than one field duration, the first density point is some combination of the initial
and compressed density. Notice also that the density varies much more slowly than the
number, as one would expect in the multiple scattering regime, but that it does not
remain ezactly constant. This was invariably observed to be the case and is the reason
for the slightly non-exponential trap decay, as discussed in chapter 5.

Figure 4.13 demonstrates the necessity to measure the density transiently by show-
ing a variation of the steady-state number and density as functions of increasing de-
tuning. The point illustrated is that at only twice the detuning that one would use to
load the trap (§ = 4T') the capture efficiency of the trap is much reduced. This results
in loss of signal, but more significantly the MOT nears the temperature-limited regime
for which the density decreases with number [Eq. (2.6)], as shown. Thus to investigate
any reasonable range of detuning in the multiple scattering regime, the detuning must
be changed transiently after first loading a large number of atoms. The capture effi-
ciency of the MOT also decreases with increased field gradient and reduced trapping
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Figure 4.13: (a) Steady-state number and (b) the corresponding peak density as a function of increas-
ing detuning, with parameters {§2,b} = {1.5T', 15 Gem™ '}, The solid line in (b) serves only to guide
the eye. The sharp fall-off in steady-state number with detuning illustrates the need for transient
variation of detuning.
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Figure 4.15: Evidence for spatial breakdown in confinement at low light shift. The density measure-
ments in (a) were with 10° atoms at b = 10 Gem™?! and 6 = 1.9T, and in (b) represent the density of
atoms in the central component of a two-component profile at b = 40 Gem™! and Q = 0.75T, with a
number varying between 10¢ and 107 atoms depending on the detuning. In both situations the density
has decreased measurably at a light shift parameter Q2/6T ~ 0.1.
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The breakdown in confinement occurs at a reasonably low light shift, but neverthe-
less at a much larger light shift than that at which the sub-Doppler cooling mechanism
was observed to fail (Fig. 4.3). The breakdown could be explained in terms of a re-
duction of the spring constant, and this would be in agreement with the findings of
Wallace et al. [88] that were briefly discussed in Sec. 2.2.1. In that work evidence for
such a reduction was presented, and indeed was observed to occur at Q?/6I" < 0.2, a
factor ~ 4 larger than the shift at which the temperature started to increase. However,
it 1s not possible to determine unambiguously from the results presented whether that
reduction was due to the MOT entering the two-component regime and so experiencing
a reduced average restoring force, or whether, as the results presented here suggest,
the confinement process was vanishing altogether.

Although the multiple scattering-limited density was found to be relatively insen-
sitive to the laser parameters, it could be substantially improved by increasing the
field gradient, as already shown in Fig. 4.8. This was the only means to compress
the MOT density to in excess of 10! cm™3. Figure 4.8 shows that useful increases are
only obtained for gradients up to about 60 Gem™'; using gradients higher than this
simply decreases the extent of the strongly confining region at the trap centre, thus
reducing the maximum number that one can confine to high density. With a combi-
nation of an increased field gradient (40 Gem™') and a somewhat reduced light shift
(Q2/6T ~ 0.3 — 0.5) maximum densities of 1 — 2 x 10'' cm™ were attained.

Comparing measurements from the three independent traps allowed an assessment
of the sensitivity of the MOT density to optical setup. This is conveniently quantified
by an estimate of Cys for each case. For the Oxford trap numerous measurements,
including those of Figs. 4.14 and 4.15, gave

Cmsko = (5.5 +2) x 107 Nm™ (4.11)

where the error bar accounts for the average 30% discrepancy between data sets. Using
ko = (1 £0.2) x 10~!° Nm~! deduced from Sec. 4.5 gives? Cys = 55 £ 25.

Measurements on trap P1 showed the density limited by multiple scattering to scale
roughly as b98§%* for a majority of measurements. Imposing the law (2.17) gave a least
squares fit Cyusko = (5 & 1) x 10718 Nm™!, which with ko = (1 £0.5) x 107! Nm™"
implies Cums = 50 £ 25.

Trap P2 yielded a value Cusko = (12+3) x 1071 Nm™" which is a factor of about
two larger than those obtained in the other two traps. There is the possibility that this
improved density is evidence for the sensitivity of the density to the optical quality of
the trapping beams, as the main difference in the optical setup of trap P2 was that
it was composed of six independent trapping beams, rather than three retroreflected
beams. If this is the case then it implies that refraction and diffraction of the trapping
beams by the MOT changes the retroreflected travelling wave sufficiently to halve the
confining force.

Finally, it was possible to deduce that none of the densities observed were limited
by collisions. It is clear from the equations presented in Sec. 2.3 that the transient
behaviour of a density limited by collisions would be identical to one limited by multiple

2This value of Cums was erroneously quoted in {83].
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scattering only, except that the maximum compression attained would be reduced.
Thus unambiguous confirmation of the existence of a collision-limited density would be
the observation of an improvement in density after 3 had been reduced. Alternatively
if the expression (2.32) for the collision-limited density is shown to be much larger
than the densities measured then this is convincing evidence that collisions are not
significant. This was indeed found to be the case, an example of which is the following.
From Fig. 4.11 the position damping time at § = 5.75I" and b = 7 Gem ™! was measured
to be about 30ms. The measurements of the cold collision loss rates in chapter 5
demonstrated that generally the largest values of 8 in caesium arise from hyperfine-
changing collisions, and are ~ 107'° cm3s~!. Evaluation of nc¢p, with this value of 3
gives the minimum possible collision-limited density, and is ng, = 3/7,0s0 ~ 102 cm™3.
By contrast the actual density measured was ~ 5 x 10'°cm™3, confirming the initial
assertion. One should note that 7,,; scales with field gradient so that the densities
in excess of 10! cm™3 that were obtained at high values of b were no nearer to being
collision-limited that the example just given.

4.8.5 Comparison with previous work

A large number of publications have cited MOT densities of several times 10'° atoms
per cm?®, generally quoted for conditions typical for loading. There have not been
many reported measurements on compressed traps. Measurements at high magnetic
field gradients were reported in [68], with quoted compressions of order 2 x 10! atoms
per cm?, in broad agreement with the results presented here. On the other hand, a
careful set of measurements is reported in [25] which is not in good agreement with
our results. In this work a MOT made from six independent beams was used and so
is comparable to trap P2. At low laser intensities (2* < 0.5I'?) the densities reported
in [25] are between 4 and 6.5 times higher than those measured under comparable
circumstances in trap P2, whilst at higher intensities (2> ~ I'?) they are more than a
factor 20 higher. It is not clear how to explain such a large discrepancy. The possibility
of sensitivity to trapping beam quality has been mentioned, but it seems unlikely that
this could produce such a large difference in confinement.

4.9 Phase-space density

From the prior discussions it is clear that a means to attain a high phase-space
density is simply to increase the magnetic field gradient. This is demonstrated by
Fig. 4.16 which shows measurement of p in the central component of a two-component
trap as a function of b. The increase of the spatial density was very similar to that
shown in Fig. 4.8. In fact the increase in p is also due to a reduction in temperature as
the number in the central component falls off, as discussed in Sec. 4.6 and as shown in
Fig. 4.16. From the discussion in Sec. 4.6 one would expect that at higher field gradients
than those shown the density would remain roughly constant at ~ 10 cm™2, but that
the temperature would continue to decrease. Thus one would hope that eventually a
molasses temperature would be combined with a density ~ 10! em™2, yielding, in this
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Figure 4.16: Phase-space density versus field gradient. At § = 7.6T and Q = 0.75I' measurements of
the temperature (O) and density (similar variation to that shown in Fig. 4.8) in the central component
of the phase-space distribution were combined to give p (®) [Eq. (1.2)]. With increasing field gradient
the number in the central component, and thus the excess heat from multiple scattering, is reduced;
for these parameter values the molasses temperature from Fig. 4.3 is predicted to be about 5 uK.

particular instance, p ~ 3 x 107° (although with a small number of atoms, probably
less than 10°). This is an increase in phase-space of some three orders of magnitude
over that under typical loading conditions.

From the above discussion it might be hoped that it would be possible to combine
the mazimum MOT density of ~ 2x 10 cm™3 with the minimum molasses temperature
of ~ 3 uK (Fig. 4.4) to give p ~ 107*. In fact due to the reduction in confinement at low
light shift previously discussed this would be difficult to achieve in steady-state MOT.
This is demonstrated quantitatively in Fig. 4.17 which shows the phase-space density
resulting from a combination of density measurements (normalized to 30 Gem™') and
expected molasses temperatures. One sees that for light shift parameters below about
0.1, p falls below the (22/§)~? prediction [Egs. (2.9) and (2.17)]. Equivalently one may
say that as far as optimizing the phase-space density is concerned cooling is effectively
limited to ~ 7pK. It is thus suggested that the maximum value of p that one can
obtain in the MOT is about 5 x 107°.

A means to avoid the breakdown in confinement is to create the required conditions
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4.10 Concluding summary

In summary, chapters 2 and 4 have presented an empirical model of the magneto-optical
trap which is a useful guide to identifying how the trap will behave under a variety of
experimental conditions. The model helps to identify which experimental conditions
lead to the highest phase-space densities in the trap. The model is based on a large
number of experimental findings, which have been presented.

The temperature in optical molasses, obtained by switching off the magnetic field
of the MOT, was measured for a range of values of the laser detuning and intensity,
and agreement was found with previous studies.

The radius of the atom cloud was measured when the number of trapped atoms was
low. This enabled the spring constant « to be deduced when the laser beam intensity
was fairly high; lower limits for the spring constant were obtained from traps P1 and
P2. There is a range of about a factor 10 in previously reported measurements of &
(shown in Table 2.1); the Oxford value is near the upper end of this range. These
measurements lead to a value for x¢, the first of the three parameters in the model.

The model predicts that when sufficient atoms are loaded into the MOT, the dis-
tribution in position and in velocity will consist of a dense, cold, central region, sur-
rounded by a relatively diffuse and hot region. This limits the number of atoms that
can be confined at high phase-space density. This effect was observed under a variety
of experimental conditions and confirmed the qualitative description provided by the
model. The observations include measurements of the distribution of atomic velocity
as well as position. A value was found for C}, the second parameter of the model.

The density of the MOT was measured under a range of different conditions and
used to deduce the third parameter in the model, Cys. A major observation was that
the density in the MOT varies much more slowly with laser detuning and intensity
than one would expect on the basis of a simple model of multiple scattering of photons
in the trapped cloud.

It was deduced that the multiple scattering process limits the phase-space density
mainly by its influence on the spatial density of the atoms, rather than by increasing the
temperature. The phase-space density falls below the prediction of the model for a light
shift parameter Q2 /6T" below about 0.1. This is caused by a reduction of the spatial
density, rather than an increase of the temperature. It indicates that the confinement
process in the MOT breaks down before the sub-Doppler cooling mechanism does.

Evidence has been cited that the maximum density one can obtain in a MOT
depends on the exact optical arrangement used to construct the MOT. The Oxford
trap and trap P1 used three retroreflected laser beams, whilst trap P2 used six laser
beams divided outside the vacuum system and directed independently to form the three
standing waves of the MOT. While the first two traps gave similar densities, the third
gave densities about two times higher under equivalent conditions.

The highest phase-space density that was observed was roughly p = nA® = 1.5 x
1075. This is about a factor 10 below the values reported in [25], a fact which we have
not been able to explain satisfactorily.

The densities that were observed were small enough that the MOT could be con-
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sidered to be in quasi-equilibrium at any time, even in its compressed phase. However,
a factor 10 increase in the density would bring the MOT into the regime where the
dynamics due to cold collisions will be as fast as the equilibration time for atomic po-
sition. These collisions would then be the factor limiting the density in a compressed

MOT.



Chapter 5

Measurement of cold collision
losses

5.1 Introduction

It became evident during the study of MOT density that information about cold col-
lisions can be inferred from the behaviour of a standard caesium vapour cell MOT.
This was somewhat surprising because at typical vapour cell pressures one expects
collisions with the background vapour to swamp all evidence of cold collisions induced
by the trapping field (as explained in Sec. 2.4). This chapter describes the effects ob-
served of cold collisions and explains how they were used to extract values for the cold
collision loss coefficient 3. The measurements were conducted at a vapour pressure
~ 1078 Torr, with a high MOT density (greater than 10'° cm™®) and with trap num-
bers in excess of 10® atoms. By comparison, experiments measuring similar loss rates
have in the past used the more complicated setup of a beam-loaded trap in order to
reach background vapour pressures as low as 107° Torr, and have worked specifically
with trapped clouds of low density and thus small numbers of atoms (typically less
than 10*). The differences between the two approaches will be discussed.

The obvious manifestation of cold collisions is trap loss. Experiments measuring
such loss rates can be broadly divided into two categories: those that have measured the
rates inherent to the trap, i.e. collisions induced by the trapping laser itself {70, 74, 87],
and those that have measured the increase in loss induced by an additional laser field
(the catalysis laser) [74, 42, 41, 67]. The use of the catalysis laser to investigate cold
collision dynamics was described in chapter 2. During the study of MOT density we
were interested in the possibility that some densities were limited by collisions, and
were thus concerned only with cold collision rates inherent to the caesium MOT.

The layout of the chapter is as follows. First there is a description of the manner
in which cold collisions were found to modify the trap loss rate, and the method for
deducing B is explained. Evidence is then presented to confirm that the effects were
indeed the result of cold collisions. The chapter proceeds with a general description of
the experimental and data analysis procedure, and compares the approach here with
that employed traditionally to measure cold collision rates induced by a trapping light

101
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field. Finally, measured values of 8 in caesium are presented and discussed.

5.2 General technique

To extract 8 from a trap loss rate one must separate its contribution to the total loss
from that due to collisions with the background vapour. Traditionally one measures
B due to the MOT trapping intensity by measuring the loss rate in the temperature-
limited regime. In this regime the trap density varies (decreases) with the number of
atoms and so the loss rate per atom due to cold collisions An(r) also varies with number.
In contrast the loss rate per atom due to background collisions 7~! is independent of
number. Thus the two collision mechanisms are distinguishable by the time dependence
of a trap decay. The MOT is loaded from a thermal beam which is subsequently
shuttered, and the decay of atoms with time is then monitored when the trap number
is sufficiently small for the volume to remain constant in time. Because the density in
the temperature-limited regime is small (10° cm™ or less) it is necessary to have a very
low vapour pressure in order that 7 is large enough for the two rates to be sufficiently
different.

Clearly the above procedure is not applicable to a vapour cell MOT with a pressure
of order 1078 Torr; one cannot switch off the loading mechanically, and under usual
conditions there are far too many atoms for the trap to be temperature-limited (of
course these two are related). In the multiple scattering regime the density is nominally
independent of the number of atoms and therefore so is the cold collision loss rate per
atom. Thus for a normal vapour cell MOT one expects that the two types of collision
process are indistinguishable. In fact it was found that this is not quite true. As
remarked in chapter 4 it was observed that when the parameter values of a fully-
loaded MOT were transiently switched to optimize the phase-space density, the decay
of the trap number was never quite exponential, as one would expect it to be if both 7
and fn were strictly independent of number. At early times the number decayed faster
than at later times, and the reason for this was that the density always decreased with
number. This behaviour of the number and density is apparent in Fig. 4.12. The weak
decrease of density with number is probably due to some degree of temperature-limited
regime behaviour.

With the behaviour described above one finds 8 from knowledge of N(t) and n(?)
in the following way. When the trapping parameters are switched the number decay is
described by Eq. (2.33). Assume first that the trap is made sufficiently weak that the

loading rate R may be considered to be zero, i.e.
dN N
E:—?—ﬁ/nQ(r,N) d3r. (51)

The last term in this equation may be expressed in terms of the peak spatial density,

n?na:z:-

dN __N_ kBNT, e (5.2)
dt T
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where the factor k is a constant that depends on the shape of the density distribution:

_ [ n*(r)/nmaz d3r.

; [ n(r) d®r

(5.3)

For a Gaussian profile k = 2(2/7%)/2 = 0.5. Both N and n,,, are functions of time
and thus the general solution to Eq. (5.2) is

N(t) = constant x g=t/7=kB [ mmaz(t) dt (5.4)

Thus to find 8 one numerically integrates the measured density with respect to time
and optimizes 3, T until Eq. (5.4) matches the measured variation N(t¢). One sees from
Eq. (5.2) that this procedure is equivalent to measuring the decay rate at two different
values of N, n and solving simultaneously for 3, 7.

To be able to distinguish accurately the contributions fn(t) and 7~! to the trap
decay it was often necessary to monitor a very large change in number (sometimes as
much as three orders of magnitude) in order that a sufficiently large variation in density
was recorded. However at small number (N < 5 x 10*) the decay was observed to tend
towards a small steady-state trap which is not accounted for by Eq. (5.4) because the
loading rate R has been neglected. If one includes R in Eq. (5.1) then Eq. (5.4) becomes

N(#) = I1(t)(constant + RIy(t)) (5.5)

where
L(t) = o—t/7—kB [ nmaz(t) dt (5.6)
Lit) = / I7(¢) dt. (5.7)

The last term on the right-hand side is the steady-state number that the decay tends
towards at long times. (For example, for the case where the density is independent of
number, the solution at long times is as expected N = RI'"! where I' = =1 + kBn).
Fig. 5.1 shows a typical non-exponential number decay, the corresponding decrease
with time of the density and a fit to the number of Eq. (5.5) with 3, 7, R and the overall
scaling floated. The contribution to the decay from the non-zero value of 3 is quite
clear. Specific procedure for obtaining and analyzing these curves will be described in

Sec. 5.4.

5.3 Confirming the interpretation of cold collisions

It was important to verify that the effects observed were indeed the result of cold
collisions. Verification was sought in three independent ways.

First, the effect on the non-exponential decay of increasing the cold collision rate
with far-detuned (catalysis) laser light was investigated. Light of several milliwatts at
a red detuning of 125 MHz from the F = 4 — 5 transition was generated by locking
a titanium-doped sapphire laser to the crossover peak between the F' = 4 — 4’ and
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Figure 5.2: Confirmation that an additional light field of large detuning increases the light-assisted
collision rate. The data shows that (No — N)/N is proportional to the catalysis laser intensity, which
by Eq. (5.8) implies that the induced collision rate is also proportional to the laser intensity. This is
what one expects for light-assisted collisions.

I. and thus one concludes from Eq. (5.8) that A8 « I.. This is what one expects
below saturation for light-assisted collisions (Sec. 2.4.2.3). Having deduced that the
far-detuned light was indeed increasing the cold collision rate, the crucial observation
was that when the MOT parameters were transiently switched the effect of the catalysis
light was to increase the non-exponential shape at the start of the decay.

A second idea was to test the results of the fitting procedure by taking advantage
of the very different spatial densities that exist in the two-component density regime.
One expects that if Bn is comparable to 77! in the central, strongly-confined region of
a two-component profile, then in the outer, weakly-confined area fn < 77! because
of the factor ~ 100 difference in density. Thus one can imagine of the following test.
If the MOT is switched to parameters that give a two-component profile and the
decay rate of the atoms that are weakly-confined is measured, then this rate should
be roughly the same as the value of 77! deduced in the manner described above from
the non-exponential decay of the central component. (They might not be exactly the
same because the large spatial spread of the weakly-confined atoms may reduce their
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average escape velocity). Unfortunately it turned out to be infeasible to implement
this idea fully. Under the conditions necessary to just enter the two-component regime
the decay rate due to cold collisions was only comparable to or less than that due to
background collisions, and this made it difficult to test the fitting procedure. In other
words, it was not easy to resolve the non-exponential component of the decay. The
reasons for this were that (a) a low intensity is required to obtain a two-component
profile (Sec. 4.6) and this reduces the value of 8 due to light-assisted collisions, and (b)
the loss rate due to background collisions increases faster with decreasing trap depth
than one would expect (further evidence for this will be presented in this chapter to
complement that already given in chapter 6). However, under these circumstances the
strongly-confined atoms did indeed decay at roughly the same rate as those weakly-
confined, as expected. An interesting observation was made when the trapping was
weakened to push the atoms further into the two-component regime. At a certain point
the decay rate of the central region increased rapidly whereas that of the surrounding
region did not. In Sec. 4.6 this was cited as evidence for the onset of hyperfine structure-
changing collisions contributing to loss, causing a considerably larger loss rate in the
central region because the density there is much higher.

For a third approach the dependence of 3 on the total trapping intensity was mea-
sured and compared to a previous measurement [74]. This data is presented and
discussed in Sec. 5.5.

5.4 Discussion of method

This section discusses the procedure adopted to maximize the usefulness of the tech-
nique presented. An explanation of the shortcomings of the method is given, including
a discussion of the factors limiting the accuracy, and a comparison is drawn with the
traditional method used to measure 8 induced by the MOT light field.

The first point to make is that since one is looking to distinguish a decay rate An(t)
against a background rate 77! it is advantageous to switch the parameter values to
those that give large densities. From chapter 4 it is clear that one almost attains the
maximum MOT density simply by increasing the magnetic field gradient sufficiently.
For loss measurements this is an ideal means to increase the density because one is
then free to measure 3 as a function of intensity and detuning. All measurements were
performed by transiently increasing the field gradient to 40 Gem™'. A second key point
1s that the method presented relies entirely upon the density varying with number in
the multiple scattering regime. This is a weak variation. To separate the cold collision
rate from the background collision rate accurately one requires the density to change
by, say, an order of magnitude, and as demonstrated by Fig. 5.1 this generally means
recording the number decay over some two to three orders of magnitude. Herein lies a
difficulty. Unless the parameters are switched to values that give very weak trapping,
the decay will tends towards a significant steady-state trap and therefore limit the
range over which the number varies. For this reason measurement was limited to a
saturation parameter low enough for the final steady-state number to be small (< 10°)
yet still large enough to permit detection. For example, to measure 3 at high intensity
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(liot > 30mWem™2) it was necessary to switch to & > 7I'. It can now be appreciated
that increasing the field gradient gave the additional advantage of weakening the trap,
thereby relaxing the extent to which the trap needed to be weakened by increasing the
detuning or reducing the intensity. It should be pointed out that conveniently it was
precisely the values of 8 at low scattering rates that were relevant to collision-limited
densities. Finally one should realize that as far as the background collision rate is
concerned, weakening the trap by reducing the scattering rate is to some extent offset
by the fact that the excited state population is small and thus interaction is via the
weak van der Waals force. Typically by switching to the parameter values described
above the product kBnt at t = 0 was roughly three, and this was fairly independent
of scattering rate.

It is instructive to make a comparison of the above performance with a measurement
of # in the temperature-limited regime. From figure 1 in reference [74] 8 = 7.6 x
107" cm3s™!, npee(t = 0) = 1.2 x 10°cm™ and 7 = 132s thus implying kfnt =~ 6.
Therefore for detecting the effects of 3 the two methods have comparable starting
points, with low background pressure traded for higher density. However, clearly in
the temperature-limited regime the density decreases much more rapidly with number,
and this means that to achieve the same level of unambiguity in the determination
of 8 and T one can afford to monitor the decay over a smaller change in number.
In the multiple scattering regime one is forced to monitor over a much longer decay,
which is eventually curtailed by the formation of a small steady-state trap, even for
very weak trapping forces. This extra complication in the decay introduced a certain
amount of ambiguity in the fitting, particularly in determining 7 which is found from
the behaviour at long times. Because (3 is determined mainly by the shape of the decay
curve at short times it was found to be somewhat less sensitive to the exact shape of
the decay at long times. Finally, measuring § in the multiple scattering regime does
have the distinct advantage that with a much larger number of atoms signals at low
scattering rates are considerably stronger.

In summary it is suggested that the technique we have developed has the advantages
of working in a simple vapour cell and allowing (3 to be determined with some reasonable
degree of accuracy at low saturation parameters. This was perfectly sufficient for the
investigation of collision-limited density. To obtain accurate measurements at standard
trapping parameters a measurement in the temperature-limited regime is probably
more applicable. )

In the light of the above discussions the following steps were taken to give the
best experimental accuracy. The volume of the MOT was never deduced from a single
camera alone, but always measured with two cameras. These were used with com-
plementary aperture settings to extend the dynamic range of detection to up to three
orders of magnitude. In addition particularly weak profiles were fitted over a cross of
narrow width rather than a grid in order to reduce the amount of unwanted noise being
summed into the profiles. When the width of this cross was narrower than the trap
width itself the total number of atoms had to be calculated from the fit parameters
rather than by integration of the total signal. The signal-to-noise ratio of the image
was also improved by summing profiles from several fields before fitting; this tended to
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be necessary only at long times where the loss in time resolution from such averaging
was unimportant. A crucial part of the experimental setup was the intensity-locking
system described in chapter 3; this ensured constant intensity to better than about 5%
over a period of 10s after switching.

5.5 Measurements of

The method outlined was used to measure the dependence of 3 on the total trapping
intensity. The reasons for choosing this particular measurement were three-fold. First,
comparison with previous measurements of the intensity dependence [74, 87] would
provide confirmation of the measuring technique. Secondly, only the intensity depen-
dence can reveal which particular cold collision mechanism is dominant at a given
intensity. Finally, one obtains the full picture of the absolute magnitude of 8 from
which deductions about collision-limited densities can be made.

An example of the variation of # with trapping intensity is shown in Fig. 5.3(a)
and was obtained by switching the parameter values to § = 7.66T", b = 40 Gem™! and
to the desired intensity. The corresponding values of the lifetime 7 against background
collisions are shown in Fig. 5.3(b). Comment should first be made on the accuracy of
the data. In general the fractional random scatter of the 3 values is comparable to
that of the caesium measurements in {74}, although considerably worse than those of
the rubidium measurements in [87]. Thus the method certainly served the original aim
of allowing qualitative assessment of 3. For intensities greater than 40 mWcm™? the
loading rate R was significant enough to prevent the number decaying below 2 x 10°
atoms, and B could not be accurately found. For the same reason values of T were
not accurately determined for intensities greater than 30 mWcm™2. At low intensities
the large values of 8 were generally well determined, but at the very lowest intensities
(< 6mWcm™?) the image signals were low and the decays very quick (I'"! < 100 ms)
and to find 3 it was necessary to fix T according to an extrapolation of Fig. 5.3(b). In
light of this discussion the following uncertainties are suggested. Random error was
typically ~ 30% except at the very lowest intensities where it was ~ 50%. A value
of B was found only to the absolute accuracy of measuring the density, and this was
previously estimated to be ~ 50%.

Both curves in Fig. 5.3 divulge interesting information. First, one notices repro-
duction of the distinctive variation of 8 described in Sec. 2.4.2.3. At low intensity the
trap is very weak and the kinetic energy released in a hyperfine structure-changing
collision is sufficient to overcome the trap depth and induce loss. The resulting loss
rate is large. As the intensity is increased the trap deepens and these collisions are
eventually suppressed, leaving only light-assisted collisions. The figure suggests that
the rate of light-assisted collisions increases linearly with trapping intensity.

The solid line through the 3 values is a least squares fit to the function 8 =
Are et/ Tt 4 Ayl and gives I, = 1.1mW, A; = 1.2 x 1072cm®s 'mW™L As ex-
plained in Sec. 2.4.2.3 the fact that § does increase linearly with intensity is evidence
for the dominance of fine-structure changing collisions rather than radiative redistribu-
tion. There are two further pieces of evidence to support this conclusion. First, very
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Figure 5.3: Variation of (a) the cold collision coefficient and (b) the lifetime against background
collisions with total trapping intensity. The data was obtained by switching the MOT to the parameter
values § = 7.66I", b = 40 Gem™" and to the chosen intensity. The solid line through the 8 values is a
least squares fit to the function 8 = Aje~Twot/Ir 4 A,I,,, where the two terms represent respectively
the extinction of hyperfine structure-changing collisions and the linear dependence of light-assisted
collisions with intensity.
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similar curves to that shown were obtained over a period of three months and encom-
passing several different trap alignments (although it was noticed, as in [87], that when
the trap was poorly aligned 8 did not vary significantly with intensity, presumably
because the trap was sufficiently leaky for hyperfine structure-changing collisions to
make a significant contribution to the loss at all intensities). Radiative redistribution
varies with trap depth and thus, one would expect, alignment. Secondly, the linear
dependence was also observed in caesium by Sesko et al. [74]. However, despite this
convincing evidence one should perhaps refrain from concluding unambiguously that
radiative redistribution is insignificant in caesium because (a) there are no definite
predictions of how quickly the rate should vary with trap depth, and-(b) its effect at
low intensity is potentially swamped by the turn-on of hyperfine structure-changing
collisions.

The values of 8 can be compared directly with those of Sesko et al. [74]. In the region
where light-assisted collisions are dominant measurements at common intensities are
in agreement to within a factor of two. In addition, the straight line gradients agree to
about 20%. Measurements in [74] were performed with § &~ I whereas those of Fig. 5.3
were at 6 = 7.66'. Thus one infers that the light-assisted collision rate has not varied
significantly with this detuning over this small range. This is in agreement with the
adapted version of fig. 3 of [74] republished in [42], but is at odds with the Gallagher-
Pritchard model [c.f. Eq. (2.50)]. The largest values of 3 are due to hyperfine structure-
changing collisions, with a maximum in excess of 2 x 1071° cm® ™!, in agreement with
[74] to within the experimental uncertainties discussed above. These maximum rates
were quoted in chapter 4 and combined with measurements of the position damping
time to conclude that none of the MOT densities observed were close to the collision
limit.

Fig. 5.3(b) shows that the background collision rate increases nearly linearly with
decreasing trapping intensity at low intensities. Together with the deductions made
from observations of the dark SPOT (Secs. 6.4.3 and 6.4.4.1) this is evidence to suggest
that the background collision rate for a weak trap is underestimated by a classical calcu-
lation. According to Eq. (2.37) a classical expression for 7 varies as v}/3 for the van der
Waals interaction. Thus Fig. 5.3(b) implies that ve,. o< I,. This rapid variation of the
escape velocity with intensity is not remotely predicted by a consideration of Doppler
slowing forces in the capture volume [56]. A possible reason for this failure was cited
in chapter 2. Although the collisions involve many partial waves, diffraction effects
are significant if the de Broglie wavelength of the momentum transfer is comparable to
the interaction distance. A quantum mechanical calculation of the differential angular
cross-section is generally finite in the forward scattering direction for a potential of
the form C,/r™, but the classical expression is divergent. Thus for traps with depths
comparable to the energy transfer at which the quantum and classical descriptions
differ significantly, the latter will tend to exaggerate the likelihood of a glancing colli-
sion leading to heating rather than loss. The quantum effects of high-energy glancing
collisions have been addressed previously [65, 3, 59].
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5.6 Concluding summary

In conclusion a method was devised that permitted cold collision rates to be measured in
a regime where one might expect the effect of background collisions to be overwhelming,
and without the need for the more complicated procedure of loading from an atomic
beam which is subsequently shut off. The accuracy of the technique was comparable
to previous measurements in caesium and the values of § obtained show that the MOT
densities reported in chapter 4 were not collision-limited.



Chapter 6
The caesium dark MOT

6.1 Introduction

The measurements presented in chapter 4 confirm that the highest phase-space density
attainable in the MOT is between four and five orders of magnitude short of quantum
degeneracy. Other trapping techniques permitting greater compressions or cooling to
lower temperatures are therefore of great interest. One such scheme is the dark MOT
or dark SPontaneous force Optical Trap (dark SPOT), which was proposed by Ketterle
and demonstrated by his group [51] to give a significant improvement over standard
magneto-optical trapping. Sodium densities approaching 10'2cm™2 were reached by
modifying the ordinary MOT in such a way that the atoms were confined mainly in a
hyperfine level outside the main cooling cycle. In this “dark” hyperfine level atoms are
isolated from the undesirable effects of the trapping light. For example, in the multiple
scattering regime the reabsorption of scattered light is significantly reduced, alleviating
the density-limiting and heating effects described in chapter 2.

The importance of the dark MOT, however, lies not just in the improved phase-
space density it can yield; indeed we will show that in caesium the phase-space den-
sities are usually lower than those in the MOT. Its value in providing conditions of
high density and large trapping numbers for efficient evaporative cooling has recently
been demonstrated. Atoms trapped in a dark MOT have been loaded into magnetic
traps and evaporatively cooled [69, 23], and this has led to the observation of BEC in
rubidium [1]. The realization of a caesium dark MOT could be similarly significant in
the effort to observe collective quantum effects in caesium.

This chapter describes the application of the dark MOT to caesium. Before this
work was started, only the study by Ketterle et al. in sodium [51] had reported im-
proved compression with a dark MOT. Notably, the investigation of the rubidium dark
MOT by Anderson et al. [2] made no mention of higher densities. During this work,
therefore, it was important to appreciate the similarities to and the differences from
the situation with much lighter sodium. A summary of the findings to be presented is
as follows. Significantly, we demonstrated that it is possible to achieve high densities
of ~ 1012 cm™ in the dark MOT of a heavy alkali. This compression represents almost
an order of magnitude improvement on the best density that we were able to attain
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in the conventional MOT. However, we find that in a static trapping scheme the large
hyperfine splitting of caesium makes the implementation of the technique much less
straightforward than in sodium. It will be shown that an unfortunate consequence
of this complication is a heating of the static dark MOT substantially above the mo-
lasses temperature, resulting in a phase-space density lower than that attainable in the
caesium MOT. A simple model for the dark MOT density is discussed and its main
assumptions investigated by Monte-Carlo simulation; the adequacy of this model for
accounting for the observed density behaviour under the conditions we have used is
verified. In a vapour cell arrangement [66] more atoms are trapped in a static dark
MOT than in a similar MOT by virtue of a reduced cross-section for- collisional loss.
Anderson et al. [2] showed that at very low vapour pressures (< 1071° Torr) this effect
can be significant, indeed it was crucial to the degenerate quantum conditions they
were able to attain by evaporative cooling [1]. At the moderate vapour pressures we
have used (~ 1078 Torr) the increase in number is a smaller effect. Measurements
are presented to illustrate this and are used to deduce information about the cross-
section for collisions between trapped atoms and the background vapour. Finally, it
1s demonstrated that forming the conditions of a dark MOT temporally also permits
high densities to be attained, but without the additional heating that is unavoidable
in the spatial configuration. However, the trapping times are observed to be extremely
short due to collisional losses. From the density dependence of the trap decay it is
deduced that the collisional losses are from both cold collisions processes and trapped
atoms-background vapour collisions. These fast decays render the trapping scheme
impractical and are themselves a density-limiting mechanism.

This chapter is organised in the following way. In Sec. 6.2 the dark MOT scheme is
fully explained. A simple model describing the trapped density, number and temper-
ature is considered and justified by a Monte-Carlo simulation of the basic processes.
The experimental setup for the realization of both spatial and temporal dark MOT is
described in Sec. 6.3. Section 6.4 records the experimental investigations and compares
them with the theory presented.

6.2 The dark MOT

The distinction between loading a large number of atoms and creating a high phase-
space density is of crucial importance for understanding the operation of both the
MOT and the dark MOT. The total number is predominantly determined by the cap-
ture process, i.e. the slowing of individual atoms by the Doppler cooling forces in the
intersection region of the laser beams. The density and temperature, however, are
determined by the polarization-gradient forces at the trap centre. The conditions for
loading the maximum number of atoms do not give the optimum phase-space den-
sity. It was for precisely this reason that the technique employed in chapter 4 was a
two-step process of first loading the MOT with a large number of atoms by using a
large scattering force, and then subsequently increasing the detuning or field gradient
or decreasing the intensity to produce cooling and compression. This transient pro-
cedure is of particular importance for caesium and rubidium because the temperature
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corresponding to the recoil limit for these heavy atoms, which can be approached by
the polarization-gradient cooling mechanisms, is over two orders of magnitude below
the Doppler cooling limit. Thus there is a large advantage in using parameters which
optimize the sub-Doppler mechanisms.

In the MOT, therefore, one reduces the undesirable effects of scattering by direct
reduction of the scattering rate. In the dark MOT the equivalent procedure is to shelve
atoms into the dark level, and thus reduce the time spent in the cooling cycle. The
concept of a two-stage process to reach high phase-space densities applies equally to
the dark MOT. Significantly, the original sodium experiment [51] illustrated that the
scattering conditions for the trapped atoms (i.e. their degree of confinement to the
dark level) can be altered whilst simultaneously maintaining the high loading rate of
the MOT. This is possible because the trapped atom cloud is localized near the trap
centre but the capture of atoms occurs throughout the whole volume of the trapping
beam intersection. Advantage can thus be taken of the spatial separation of loading
and trapping. We term this trapping scheme the spatial dark MOT. (In principle, one
could do the equivalent for the MOT simply by reducing the intensity of the trapping
beams at the trap position whilst maintaining a high intensity for efficient loading
of atoms around the outside of the beams). As pointed out by Ketterle, a transient
variation of the conditions is also perfectly possible. One can load a large number of
atoms into a MOT and then switch the conditions to those of a dark MOT, in a similar
manner to the transient procedure usually used in the MOT. We call this scheme the
temporal dark MOT. Investigations of both the spatial and temporal dark MOT in
caesium will be presented.

6.2.1 Population transfer

In a caesium MOT light at 852nm excites the highest frequency component of the
D2-line, corresponding to the transition from the upper hyperfine level in the ground
state to the upper hyperfine level in the excited state, the FF = 4 — 5' transition.
Spontaneous decay takes the atoms back to the original level, forming a closed cooling
cycle, as marked on Fig. 6.1(a). Trapping and cooling have been observed for other
transitions [71] but the forces are generally much weaker [79].

In the alkali atoms the cooling cycle is not completely closed. Off-resonant ex-
citation to the excited level one lower than that of the cooling cycle leads to de-
cay to the lower hyperfine ground state. In caesium this is the transition sequence
F = 4 — 4 — 3. The leakage out of the cooling cycle is normally counteracted
by a repumping laser beam which excites atoms out of the lower level on a transition
which enables them to decay back into the upper ground state level. Ketterle exploited
this feature of the alkalis in a novel way: by reducing the intensity of the repumping
laser sodium atoms were allowed to accumulate in the lower level, leaving only a small
fraction in the cooling cycle. This procedure is very straightforward in sodium, but
for heavier alkalis the excited state hyperfine splitting is larger and the off-resonant
oxcitation rate is much smaller. Thus to transfer the same population to the dark level
the repumping rate much be reduced much further. It is difficult to do this in the
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Figure 6.1: (a) Energy levels and relevant transitions in the D2 resonance line of cesium and (b)
control of populations using repumping and depumping.
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spatial dark MOT. In this steady-state trapping scheme the repumping is kept large
around the outside of the trapping volume in order to maintain a high loading rate,
whilst in the centre it is reduced by imaging a “hole” in the repumping beam at the
trap position (see Sec. 6.3). Although the imaging significantly reduces the repumping
intensity at the centre, small amounts of stray light are scattered into the trap from
the capture region outside and these are generally intense enough to prevent a large
population accumulating in the dark level. For this reason it is essential to have an-
other laser frequency which actively pumps atoms down into the lower level. This has
been referred to as “depumping” [51] and is indicated by the F = 4 — 4’ transition in
Fig. 6.1(a).

For simplicity in the following description, the repumping light is considered to be
resonant with the /' = 3 — 3’ transition, as indicated in Fig. 6.1(a). This transition
avoids the same upper level as the depumping light and thus removes the complication
of considering Raman processes. (Alternatively, the FF = 4 — 3’ transition could
be used for depumping and F = 3 — 4’ for repumping with slight changes to the
intensities to take account of the relative line strengths). In fact we have evidence
that such coherent effects are not particularly significant under the conditions we have .
used (Sec. 6.4.1), but their complete neglect allows treatment of the populations in the
upper and lower hyperfine levels with rate equations.

The essential features of our treatment of the dark MOT are illustrated in Fig. 6.1(b).
In the upper hyperfine level of the ground state, or “bright state”, N, atoms interact
with the trapping light, and for low magnetic fields their behaviour is similar to that
in optical molasses, with a temperature damping time 7,,,;. The lifetime of atoms in
this upper state before being depumped into the lower hyperfine level of the ground
state is 7,, and this is determined by the intensity of the depumping laser, with an
upper limit set by the off-resonant excitation rate. Atoms remain in the lower level or
“dark” level for a mean time 74 before they are excited by the weak repumping light
back into the cooling cycle. The equilibrium number in the dark level is V.

If R.e, and Ry, are respectively the repumping and depumping rates, then clearly

N u Ty Rr ep

— == . 6.1
Nd Td Rdep ( )

To characterize how “dark” the trap is, Ketterle et al. [51] used the parameter p to
denote the fraction of atoms in the bright state:

N,

A (6.2)
Nu + Nd

p=
We will assume that the presence of the depumping light does not interfere with the
sub-Doppler forces generated on the F' = 4 — 5’ cooling cycle. This assumption is good
if the population excited by the depumping light is small compared to that excited by
the trapping light, and this is true for the depumping intensities we have used. It
is then useful to think of p as the ratio of the dark MOT fluorescence to the MOT
fuorescence when switching rapidly from one to the other. We often deal with large
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fractions in the dark state in which case p is small and adequately approximated by

p v, (6.3)
Td
The value of p is adjusted by change of the depumping and repumping rates. However,
if the dark MOT is to yield its largest phase-space density then there are tempera-
ture constraints on the minimum value of 7, and possible density constraints on the
maximum value of 74. The reasons for this are explained in the following sections.

6.2.2 Dark MOT density

We now present a simple model for the dependence of the dark MOT density on
the parameter p. Of the density-limiting processes described in chapter 2 we will be
concerned mainly with the multiple scattering and temperature-limited regimes. In the
dark MOT the fraction of time an atom spends on the F' = 4 — 5’ cooling transition is
given by the factor p. With the above assumption that the presence of depumping light
is only a small perturbation on the cooling process, the concepts of a spring constant
« and friction coefficient a are still valid. The time spent on the cooling cycle before
being depumped into the dark level is short compared to the position damping time in
the trap, o/k. Therefore, as far as motion in the trap is concerned, the time-averaged
spring constant is reduced by the factor p.

In the multiple scattering regime the density is expected to be proportional to the
spring constant (Sec. 2.2.2), but the repulsion between atoms from the reabsorption of
scattered light is a two-body event and its rate will thus depend on the square of the
fraction of atoms in the cooling cycle, i.e. proportional to p%. Then in this regime the
overall dependence of the dark MOT density is

MOT

nMs
n%OT = ———~—p (6.4)

where the subscript “MS” indicates that this equation applies to the multiple scattering
regime only. Clearly there is an increase in density when p < 1. One may conveniently
interpret the form of Eq. (6.4) as only that fraction of atoms which remains in the
cooling cycle as being subject to the density-limiting processes that occur in the MOT.
In the temperature-limited regime the MOT radius rr is determined by the spring

constant and the cloud temperature T', the three being related by the equipartition
theorem:

lnrz = lk T (6.5)

T T gt '
The spatial distribution is close to Gaussian and, assuming the spring constant to be
isotropic, the peak density with N atoms is [from Eq. (2.6))

N
nMOT = —— (6.6)
( 27TT‘T)3
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Thus in this regime the dark MOT density decreases as p is reduced:

N & \?
dMOT _ 3/2 6.7
" (V2r)3 (kBT> P ¢

Here T' is the temperature in the dark MOT and we shall indicate later under what
circumstances this will differ from the temperature in the MOT.

There is a third density-limiting mechanism whose effect is enhanced as p is reduced.
The atoms in the dark state travel undamped for a mean time 7; and with an rms

velocity v = (/kgT/m. The mean distance they travel in a given direction is then of
the order of A = v7; and so broadening of the trap dimensions on this scale might be
expected. To estimate this effect we can use ) to define a density in a similar manner

to Eq. (6.7)!. This gives

"o («gv?)s (kT:T>3/2 (Tu(lp—— p)) ' (69

We refer to this regime as a “free travel-limited” density. It is clear that this process
will only be significant if the time spent in the dark state is sufficiently long, i.e. if a
given p is attained by means of low repumping and low depumping rather than high
repumping and high depumping. Thus the effect is inherently largest in the heavy
alkalis where the natural depumping rate is small.

Figure 6.2 shows how the dark MOT density varies with p in the three regimes
described above, according to Egs. (6.4), (6.7) and (6.8). Roughly speaking, the actual
density at each p is given by that expression with the smallest value?. The trapping
conditions for each plot have been chosen to illustrate the free travel-limiting effect at
small p and low repumping intensity, and the importance of trapping a large number of
atoms for attaining high densities. Common to each plot are a laser detuning § = 2T,
a Rabi frequency per beam Q = I' and a field gradient dB/dz = 15Gcm™". These
are trapping conditions not very dissimilar to those that might be used for loading the
trap. Values for other parameters under these trapping conditions have been estimated
from the measurements presented in chapter 4. The spring constant has been derived
from Eq. (2.8) with the measured value ko = 107 Nm™". A molasses temperature of
60 uK has been estimated from Fig. 4.3, and the MOT (p = 1) density has been taken
to be 3 x 10" cm™3. 1

In Fig. 6.2(a) the upper state lifetime has been made negligibly small which, by
Eq. (6.3), also implies that the time spent in the dark level can be neglected and
the effect of free travel thus ignored. This corresponds to the case of strong forced
depumping. By contrast, the depumping in Fig. 6.2(b) is only that which is naturally

1The exact shape of the profile caused by undamped travel in the dark level is addressed in
Sec. 6.2.5.

2One could argue that the density is more accurately represented by some sort of sum of the
contributions from the three regimes, e.g. radii added in quadrature. This is particularly relevant
at the small values of p where the two volume-limiting processes dominate, because their effects will
clearly add independently. However, the aim of this model is to predict a qualitative trend for the
density and to this end refinements of this sort can be ignored.
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Figure 6.2: Trap regimes as a function of the density and the fraction in the bright state p. The
boundaries are M: multiple-scattering density, V: Temperature-limited density, A: Free travel-limited
density. The trapping conditions for each plot are described in the text. Values for the spring constant,
molasses temperature and MOT density have been estimated from the measurements in chapter 4.
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present, i.e. there is no depumping laser. If A is the hyperfine splitting in the upper
excited state between the F' = 5 and F' = 4 levels, then a rate equation estimate of
this small off-resonant excitation rate is

6Q2,,/2 . Syr3
(A+8)2+4+602,,/24T2/4  Syz+ Syq

Rnat — g_ X

dep (69)
where the factors of 6 account for the intensity from six trapping beams and the last
term is the line strength weighting for the decay F' = 4 — 3 to the lower hyperfine
ground state. The Rabi frequency Q44 for the transition F' = 4 — 4’ is related to that
for the F' =4 — 5’ cooling cycle by a further ratio of line strengths: *

Qz‘y . 544/ _ 21
02 S 44

(6.10)

The hyperfine splittings in caesium are much greater than the natural linewidth and
hence much greater than the Rabi frequency when close to saturation. Therefore,

[ 6x(21/4002/2 15

nat ~ = 11
Rio ™ 5X—Atop  *36 (6.11)
QZ
i ~ 03[——— 6.12
(A 4+ §)? (6.12)

which, with the above trapping parameters, gives a lifetime in the upper state of
T = 1/ R3S = 250 us. This lifetime is insensitive to the trap detuning because A > 4.

The trap number in Fig. 6.2(a) and Fig. 6.2(b) has been chosen to be 107, which is
realistic for the trapping conditions stated under typical vapour cell loading. Fig. 6.2(c)
differs from Fig. 6.2(b) by having the substantially smaller number of 5 x 10° atoms.
In all three plots it has been assumed that the trap number remains constant as p is
varied. Although more atoms are loaded into a spatial dark MOT as p is reduced, the
effect is small unless vapour cell pressures are very low, typically less than 107'° Torr
(see Sec. 6.2.4 and Sec. 6.4.3).

The plots reveal some interesting features for the conditions we have considered.
They suggest that the general effect of undamped motion in the dark level is to lower
the density at small p and cause some small reduction of the maximum density. Nec-
essarily this is a qualitative observation because of the very simplified way Eq. (6.8)
has converted the effect of free travel into a limiting density. It is clear that under the
conditions presented, the weakening of the spring constant in the temperature-limited
regime will be the dominant factor limiting the maximum density, but that this limit
can be elevated to a higher density by trapping more atoms. Similar improvements
are possible by the use of a higher field gradient (to increase the spring constant) or
by cooling to a lower temperature (to reduce the temperature-limited volume). How-
ever, both of these techniques may be difficult to implement in a steady-state dark
MOT because the number of trapped atoms decreases dramatically with increasing
field gradient [45], and the use of forced depumping heats the trap (Sec. 6.2.3).
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6.2.3 Temperature and phase-space density

There are several temperature considerations in a dark MOT. First, the excess heating
in the MOT from the reabsorption of scattered photons (Sec. 2.2.2) is a two-body event
and will therefore decrease as p? in the dark MOT. Secondly, strong depumping can
heat the trap. A depumping rate large enough to reduce the lifetime in the upper
ground state to less than the molasses damping time causes the coherence between the
ground state sublevels in the sub-Doppler cooling mechanisms to be reduced. Drewsen
et al. [25] measured the molasses damping time in caesium to be about 40 us. This value
was fairly insensitive to the trap detuning because both the induced orientation and
Sisyphus cooling mechanisms contribute to the damping in a MOT, and their variations
tended to cancel. A time of 40 us is consistent with our measurements of the depumping
intensity required to heat molasses (Sec. 6.4.1). It is also several times smaller than the
estimate in the previous section of the upper state lifetime against natural depumping,
which is consistent with the observation of sub-Doppler temperatures in the caesium
MOT. A third temperature effect is suggested by the Monte-Carlo simulation described
in Sec. 6.2.5. An excess heating in the dark MOT which increases as p is reduced is
predicted. This is a result of a coupling between the velocity and position of atom
caused by its travel in the dark level. However, its magnitude has not been predicted
for realistic trapping forces. '

In the caesium spatial dark MOT the small natural depumping rate makes the use of
a depumping laser essential for attaining small p. From the temperature measurements
to be presented in Sec. 6.4.1 the depumping intensity required to reduce p to the value
~ 0.1 where a maximum in the density might be expected (Fig. 6.2), is that which is
expected to heat the trap above its molasses temperature by a factor ~ 2 —3. This is
what was observed (Sec. 6.4.4). This heating clearly limits the usefulness of the spatial
dark MOT as a technique in itself for attaining high phase-space densities. However,
this shortcoming can be avoided by application of a cooling scheme after the high
density has been attained. For example, one could change the dark MOT conditions
back to those of the MOT and then reduce the scattering rate to lower the temperature.
Because the temperature damping time in the MOT is much shorter than the position
damping time, this cooling can be achieved before the density has had a chance to
decrease. Alternatively a dark state cooling scheme could be applied directly to the
dark MOT (see [29] for example). _

High densities can be obtained in a temporal dark MOT without forced depumping;
it is then possible to simultaneously combine a large compression with a molasses
temperature. However, in anticipation of the results presented in Sec. 6.4, and In a
behaviour similar to that described in chapter 4 for the MOT, the spatial confinement
of the atoms in the dark MOT is observed to decrease when the light shift parameter
falls below about Q2/6T" ~ 0.2. Therefore, as in the MOT, the highest densities are
not compatible with the lowest achievable molasses temperatures of a few microkelvin.
For this reason it seems reasonable to suggest that the caesium dark MOT improves
upon the phase-space density attainable in the caesium MOT by the factor of a higher
density at the point of breakdown of confinement. It should be pointed out that the
improved density we have obtained implies a phase-space density which is still an order
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of magnitude below that reported by Drewsen et al. [25] in an ordinary caesium MOT,
a fact which we have not been able to explain satisfactorily.

6.2.4 Trapped numbers and lifetimes

As mentioned in Sec. 6.1, a possible motivation for using a spatial dark MOT is to
reduce the collisional loss rate from the trap, thereby increasing the number of atoms

that can be trapped. The expression for the equilibrium number of atoms loaded from
a background vapour at typical pressure was given in chapter I:

4
N=C (-”;) £ (6.13)
c/ o

In a small trap the Zeeman shifts are comparable to the linewidth and it is sufficient
simply to assume that the stopping distance is similar to that in Doppler molasses
with beams of the same diameter d. The capture velocity then has the dependence
v, o< d/2, and thus for fixed trapping parameters the trapped number depends on the
fourth power of the trap dimensions, N « d*. Increasing the beam size is then the most
straightforward method to load a large number. For example, with 60 mm diameter
beams Gibble et al. [33] loaded 10*° atoms into a MOT. Therefore, the emphasis in
our investigation of the dark MOT has not been to improve trapped numbers. We
have taken a given number and concentrated on maximising its density. However, in
this section we consider how measurements of the equilibrium number of atoms in a
spatial dark MOT can be used to determine relative collision cross-sections with the
background vapour.

The cross-section for collisions leading to the loss in Eq. (6.13) can be written as

O = Pgg0g + PecTe- (6.14)

pgg and pe. are the fractional populations in the ground and excited states respectively
and in a two-level atom approximation are given by the usual density matrix treatment
[57):
1 Q%ot/2
Pee — § X 2 2 2
27 82402, /2+T12/4
Pog = 1 — pee : (6°16)

where Q,,;, = V60 is the total Rabi frequency. Atoms in the excited state have a
strong dipole-dipole interaction with ground state atoms of the same species. Their
cross-section for collisions with the background vapour i, therefore, larger than for the
atoms in the ground state, which interact only via the weaker van der Waals force.
That is, 0. > 04. In the dark MOT, the fraction p of atoms that are in the cooling
cycle interact with the cross-section Eq. (6.14), whilst the remaining fraction (1 — p)
-1 the dark level only undergo ground state collisions. It then follows that the ratio of
dark MOT to MOT equilibrium numbers 1s

Navor 1+ pec(0e/0g = 1)
NMOT 1+pee (oe/ag_l)p.

(6.15)

(6.17)
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Clearly Nypor > Nupor because p < 1, which is simply a consequence of the dark
MOT having a larger fraction of atoms interacting via the weaker van der Waals force.

Under loading conditions, where typically p.. might be about 0.3, the classical
estimate by Steane et al. [77] discussed in Sec. 2.4.1 predicts o./c, ~ 6. For this case
the simple treatment above predicts a number ratio of about 2.5 in the limit of small p;
this is close to what was observed experimentally (Sec. 6.4.3). One might expect this
number ratio to remain relatively constant as the scattering rate is reduced by some
moderate amount because, as p.. decreases, the prediction by Steane et al. [77] is that
the ratio of cross-sections varies with the trap escape velocity v.,. as

Ze o w713 (6.18)
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which increases as the trap weakens.

Anderson et al. [2] have studied the dark MOT for rubidium in a very low-pressure
vapour cell trap. At 10~ Torr trap loss under loading conditions was dominated by
light-assisted intra-trap collisions rather than collisions with the background vapour.
As will be explained in Sec. 6.4.4.1, the probability of these events decreases as p in
the dark MOT for sufficiently large dark state fractions (see Sec. 6.4.4), and roughly
an order of magnitude increase in the trapped number was observed.

6.2.5 Monte-Carlo simulation of a dark MOT

A Monte-Carlo simulation has been developed to investigate the physics of the dark
MOT and in particular to verify the basic assumptions of the model that has been
presented. This work has been undertaken by Dr. N. H. Edwards. The approach has
been to use a simple one-dimensional model, and to look for qualitative trends in the
simulation results. This technique has been valuable in studying the standard MOT
[56].

The simulation works in the following way. Doppler forces only are considered, sub-
Doppler cooling and atom-atom interactions being neglected. This greatly simplifies
the calculations without necessarily altering the basic physics. Moreover, capture and
escape from the trap, which generally involve Doppler forces only, can be very usefully
studied. The position and velocity of an atom is recorded as it interacts with counter-
propagating ¢t and o~ red-detuned laser beams in the presence of a linearly varying
magnetic field. Photon absorption is treated as a random event but with the mean
excitation rate Ry from each beam fixed by the usual expression for a two-level atom:

r 02/2
3 02/24T2/4+ (6 + kv £ pzdB/dz)?

Ry (6.19)

where 4 is the atomic magnetic moment. Magnetic sublevels have also been ignored.
In a MOT the circularly polarized beams tend to optically pump the atoms to the fully
stretched states mp = +£F, and once an end state is reached the cooling transition
behaves much like J = 0 — 1. Moreover, a full sublevel treatment would not necessarily
makes the simulation any more realistic. In a real three-dimensional trap atoms tend to
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absor.b.photons from all six trapping beams and thus with respect to a fixed direction
transitions are stimulated by photons of mixed polarization.

The main assumptions of the dark MOT model that has been presented are that
the spring constant is reduced by the fraction of time spent in the cooling cycle p,
and that the velocity distribution of the atoms in the cooling cycle is unaffected by
the free travel in the dark level. Appealing to the one-dimensional theories of Doppler
cooling and the Doppler MOT (28, 54] and also to the equipartition theorem, one would
then expect the following analytical expressions for the dark MOT temperature-limited
radius and velocity spread in the limit of low intensity saturation:

2 2 T

rr = 'UT';’, where (6.20)
2D, RI&*+0%/2+T1%/4
2 _ P _
oT am m 6T (6-21)
K = Kop
padB dB N? oI
wo = Trg, T R T gz ¢ T2y (6:22)

and D, is the momentum diffusion coefficient, a is the friction coefficient and Rk is the
photon momentum. ,

Simulations have been carried out for a range of repumping and depumping intensi-
ties that have been experimentally realistic, and the temperature and size distributions
compared to the one-dimensional expressions above. We have noticed two interesting
phenomena.

First, there is a variation in temperature as a function of p which is not predicted
by Eq. (6.21). As shown in Fig. 6.3, the trap size corresponds well to the analytical
expression close to p = 1 but diverges as p is reduced. For 0.01 <p S 0.85 the fractional
discrepancy in size increases roughly as p~3/4, which implies that the temperature is
increasing fractionally as p~3/% above the theoretical estimate. The reason for the
discrepancy appears to be a correlation between the velocity and position of an atom
caused by its travel in the dark level. Such a correlation can arise in the following way.
Untrapped travel may result in an atom moving outside the trap size determined by the
equipartition theorem. When repumped back into the cooling cycle, the atom is then
in a “non-equilibrium” position and its velocity is damped rapidly. There then ensues
a slow restoring of its position back to the cloud on the time scale of the position
damping time of Doppler forces. The drift velocity of this restoration process 1s an
excess heating. A correlation mechanism of this type is general and should occur in a
rea] three-dimensional trap with sub-Doppler forces. However, its significance in this
instance is unknown for the largest dark state fractions we have used experimentally
(p ~ 0.05). Suffice to say that its effect has not been observed, possibly because in the
temperature-limited regime the trap temperature is observed to be dominated by the
heating from the depumping light.

The second observation of interest is a change in the trap profile at low repumping
intensities, providing confirmation of the presence of free travel in the dark level. When
the mean free path becomes comparable to the trap size the spatial distribution of
the atoms begins to exhibit a two-component structure, with the wings of the profile
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Figure 6.3: One-dimensional Monte-Carlo (o) and theoretical (—) estimates of trap radius as a function
of the fraction in the bright state, p. The simulation agrees well with the theoretical estimate for p
close to unity.

extending out to large radius. This smearing of the distribution to the wings is easily
understood. If atoms with a Gaussian velocity distribution of width Av were to each
spend exactly a time ¢ in the dark level, then the profile resulting from free travel would
clearly be a Gaussian of width tAv. However, the absorption of a repumping photon in
the dark level is a random event with a mean time between absorptions 74. That is, the
survival probability in the dark level decays exponentially with time constant 74. Thus
the profile resulting from the free travel is a sum of Gaussians weighted exponentially:

oo - :
/ e~Ce TN d¢  where €= — and X =T1;Av. (6.23)
0

Td

The shape of this integral is very similar to an exponential with decay distance 1/, that
is, the profile is dominated by the exponential survival probability. In the temperature-
limited regime the total trap profile is roughly the convolution of this exponential with
the Gaussian of radius ry.
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6.3 Experimental setup

The dark MOT setup required modifications to the repumping arrangement used for
the ordinary MOT and the addition of a depumping beam.

A 50mW DBR laser was used as the source of repumping light, and was locked
to either the F = 3 — 4’ or F' = 3 — 3 transitions with the arrangement described
in chapter 3. The use of the AOM was essential to allow precise and fast control of
the repumping intensity for the temporal formation of the dark MOT. As described
in chapter 3 this control was achieved by electronic attenuation of the rf signal from
a voltage-controlled oscillator driven at 100 MHz, and a lookup table and computer
locking system allowed a particular repumping intensity to be quickly selected, switched
and maintained.

Fast and precise control of the intensity was necessary for the temperature mea-
surements described in Sec. 6.4.1. This was achieved with an identical setup to that for
the repumping light. The depumping beam was expanded by a telescope arrangement
of a pair of lenses to a diameter of about 3 mm, which was large enough to affect the
cloud of trapped atoms whilst having little influence on the capture process.

6.3.1 The temporal dark MOT

The temporal dark MOT was formed by reducing the repumping intensity transiently
in the MOT after loading. The trap decayed quickly as a result of a much reduced
trap depth, but its image was recorded transiently using the image acquisition system
described in chapter 3. The dark MOT parameter p was deduced from the ratio of
total fluorescence after the switch to that before.

6.3.2 The spatial dark MOT

The spatial dark MOT involves a more complex repumping arrangement but has the
major advantage that the dark MOT is maintained in a steady state. A region of
low repumping intensity surrounded by a region of high intensity was obtained by
intersecting two perpendicular repumping beams each with a “hole” in the middle.
The beam quality was good, since the mono-mode fibre which took the repumping light
from the optical table to the vacuum system acted as a spatial filter. The collimated
repumping beam passed through a microscope slide with a black spot of insulating tape
stuck onto it, the “dark spot”, which had a transmission of less than 10™*. The light
was then split to produce two orthogonal paths propagating at 45° to the trapping
beams as shown in Fig. 6.4. In each path the dark spot was imaged at the centre of
the trapping region using a pair of lenses of focal length f = 40 cm placed a distance
9f apart. The microscope slide was positioned one focal length before the first lens,
and the trap position was one focal length after the second lens. This optical system
left the Gaussian beam unchanged (i.e. it was a telescope with unity magnification).
Simply placing a spot in a beam without imaging caused Fresnel diffraction effects at
the trap centre because the beam paths were necessarily long due to the large size of
the vacuum chamber.
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by an electro-optical modulator (EOM) sandwiched between two crossed polarizers
(extinction ratio ~ 200 : 1) and with a supply voltage controlled remotely by computer.
Lower values of p were reached by detuning the repumping light away from resonance
by up to four linewidths (it was observed that this did not noticeably reduce the trap
loading rate). Combinations of these two procedures allowed p to be varied in the range
of roughly 0.05 — 1.

The fill-in beam was also used to measure the dark state fraction. The depumping
light was switched off and the EOM switched on in order to change conditions from
those of a dark MOT to those of a MOT in a few microseconds. Calibration of the
fluorescence after switching gave the number trapped in the dark MOT, whilst the
ratio of fluorescence before the switch to that after gave the dark MOT fraction.

6.4 Dark MOT experiments

6.4.1 Effect of depumping on trap temperature

To verify the heating effect of forced depumping (Sec. 6.2.3) the temperature of atoms
in optical molasses was measured for varying amounts of FF = 4 — 4’ depumping
light. A small number of atoms (< 10°) was loaded from a low vapour pressure with
the trap detuning set to —2I', a Rabi frequency per beam of 1.5I'" and a magnetic
field gradient of 10 Gem™. The trapping laser detuning was then switched to —4I’
and its intensity reduced to a few percent of its initial value to remove any residual
heating from multiple scattering. Simultaneously the field coils were switched oft and
the depumping light switched on to the required intensity. After a wait of a few
milliseconds the trapping beams were quickly extinguished (in less than 1 us) followed
by the depumping beam 50 us later. The repumping light was switched off with a
fast shutter a few hundred microseconds after this (the heating effect from the 50 us
of scattering between repumping and depumping transitions after switching off the
trapping beams was estimated to be less that 20% of the total heating effect that was
observed). The atoms fell the 42cm under gravity to the standing-wave probe beam
tuned to the resonance of the F' = 4 — 5’ transition, and the fluorescence from the
probe was recorded as a function of time. With this large trap-probe separation any
slight uncertainty in the initial trap size contributed negligibly to the uncertainty in the
temperature measurement, but the effect of sideways pushing on the weakly-confined
molasses by absorption of the depumping light was much exaggerated. Unless the
depumping beam was reflected back upon itself the atoms fell outside the 2cm wide
probe beam and no TOF signal was observed.

The variation in molasses temperature with depumping intensity is indicated by
the open circles in Fig. 6.5. Each data point represents an average of between one
and ten shots, with the strength of the TOF signal depending on the depumping
intensity. At higher intensities than those shown the loss of atoms through pushing
effect of the depumping light was too large to retain a signal. For the data shown the
J" — 3 — 4/ transition was used for repumping but very similar results were obtained
when repumping on F = 3 — 3'. The filled circles on the same figure are the molasses
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Figure 6.5: Molasses temperatures with (o) and without (e) depumping light.

temperatures with no depumping light and for these measurements single shots were
sufficient. Their trend confirms that the behaviour of the system was constant during
the measurements and their scatter indicates the minimum uncertainty of a single
temperature measurement.

The breakdown in efficiency of sub-Doppler cooling is clear. According to a rate
equation estimate similar to Eq. (6.9), an intensity of about 6 uWem™ of F' =4 — 4/
depumping light is required to reduce the lifetime in the upper ground state to the
molasses damping time of 40 us measured by Drewsen et al. [25]. This is consistent with
the data shown here: at this intensity the temperature has increased significantly (by
about 30%). At depumping intensities greater than about 50 yWem™ the TOF signal
started to exhibit non-Gaussian wings, indicating a non-Gaussian velocity distribution.
This is consistent with the idea of a breakdown in the cooling mechanism.

6.4.2 Saturation of repumping

In the MOT of a heavy alkali it is well-known empirically that the amount of light
required to saturate the repumping transition for atoms in the trapped cloud is much
less than that required to do the same for those atoms undergoing capture. This
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difference is a result of two factors. First, the intensity needed to achieve the former is
very small in the heavy alkalis because of the small natural depumping rate. Secondly,
an atom in the outer part of the trapping volume experiences various Doppler and
Zeeman shifts which effectively increase the detuning of the repumping laser away
from resonance. For example, for a typical capture velocity of 15ms™! the Doppler
shift is more than three linewidths.

Fraction in bright state, p N/Npyax
T
0.8+ 10.8
0.6 10.6
0.4t 10.4
0.2 10.2
ok 10

0 0.05 0.1 0.15 0.2 0.25 0.3
Repumping intensity (mWecm™?)

Figure 6.6: Saturation measurements with repumping laser: o for the cooling cycle (p scale), o for the
loading cycle (number scale, N), together with fitted theoretical curves (see text).

A measurement of these two different saturation processes is shown in Fig. 6.6. The
open circles are a measure of the repumping at the trap centre and were obtained by
reducing the repumping intensity transiently in a fully-loaded MOT, with p calculated
from the ratio of fluorescence after the reduction to that before. The filled circles are
measurements of the steady-state trap number as the repumping intensity was varied.
The solid curve through the open circles is a least squares fit of the equation

1
P T D2 /A (D + 6)7)

(6.24)

with the total intensity I, floated as a free parameter. Eq. (6.24) is a rate equation
estimate of the variation expected and is derived from Eqs. (6.1) and (6.2), the rate
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equation (6.9) for the natural depumping rate from the intensity I, and a similar rate
equation for the repumping rate from a repumping intensity I,.,. The curve through
the filled circles is a product of this first fit and a factor accounting for the shift in
detuning of the repumping light in the outer part of the trapping volume. The least
squares fit for this second curve suggests that the average size of the shift is of the
order of a linewidth at the edge of the trapping region [16].

As explained previously, it is precisely the spatial separation of repumping require-
ments which leads to the concept of the spatial dark MOT. Unfortunately this difference
in requirements, as illustrated by Fig. 6.6, is so large as to make the realization of a
significant population in the dark level impossible without the use of a forced depump-
ing. That is, it was found that the small amount of stray light scattered from the
outer trapping region into the centre was enough to keep p very close to unity. A
similar problem was found to occur with rubidium [2]. Slightly reduced values of p
were obtained by reducing the trapping beam intensity (to reduce the amount of stray
scattering) or by detuning the repumping light away from resonance (to reduce the
repumping rate), but to obtain large fractions it was found that depumping light was
essential.

6.4.3 Number and cross-section measurements

The variation with p of the number trapped in the spatial dark MOT for different
scattering conditions was measured. A typical trend is shown in Fig. 6.7. The solid
line is the least squares fit of Eq. (6.17) to the data points at p < 0.25 with the total
scaling and the product p.(o./o, — 1) floated as free parameters. It can be seen that
the equation gives a close match to the number variation at small values of p, but at
higher values, where there is little number variation, the agreement is very poor. The
larger numbers at small p were observed to decay when the conditions were switched
from dark MOT to MOT (in order to measure the number).

The observations described above were consistently observed at different scattering
rates and on many different experimental runs. The increase in number permits a rough
estimate of the ratio of excited to ground state cross-sections, o./0y. pee is estimated
from a knowledge of total trapping intensity in the manner described in Sec. 4.3 and
a ratio then follows by comparing the total increase in number with that predicted by
Eq. (6.17). Because the variation in number around p-= 1 is not accurately reproduced
by the formula, this procedure does not always yield the same value for o /o, as that
obtained by the least squares fit to the variation in number at small p. For this reason it
is estimated that the method described is only accurate to a factor ~ 2. The following
trends were clearly observed. At high scattering rates that might be typically used for
efficient loading of a trap (pee ~ 0.3) the dark MOT number was seen to increase by a
factor ~ 2 as p was reduced. This is the small gain predicted in Sec. 6.2.4 and implies
o./o, to be in the range 3.5 — 5.5. At lower intensities this ratio increased, reaching
the range 30 — 40 after a reduction of intensity by a factor ~ 3 (pee ~ 0.15). The
corresponding ratio of numbers was Nayvror/Nmor ~ 5—7. The qualitative conclusion

of this behaviour is that o./o, varies more quickly than the v)/3 dependence predicted
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Figure 6.7: Number in the spatial dark MOT as a function of the dark SPOT parameter, p. The
trapping parameters were § = —2T, Q = 0.9T and dB/dz = 15Gem™!. The solid line is Eq. (6.17)
with a best fit parameter o./0y & 35 for the data points at p < 0.25.

by Eq. (6.18). Further evidence of this is reported in the following section.

6.4.4 Density measurements

The absolute value of the densities reported in this section can be compared directly
with those quoted in chapter 4. Other considerations discussed in that chapter concern-
ing the determination of the density also apply. In particular, it was again necessary
to make use of two orthogonally-positioned cameras for obtaining trap images; in gen-
eral for p > 0.3 measurements of all three independent dimensions were necessary to
accurately determine the trap volume. For smaller dark state fractions it was suffi-
ciently accurate (to better than 10%) to use the two dimensions obtained from a single
camera, but the use of two cameras with different apertures permitted the dynamic
range of detection to extend down into the regime p < 0.05. It is estimated that each
density measurement is only accurate to 50% at the absolute level, mainly because
of the uncertainty in estimating the trapped number from the emitted fluorescence,
whilst measurements within a data set can generally be compared at the 10 — 20%
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level. In chapter 4 a best MOT density of about 1.5 x 10" cm™3 was reported. This
was obtained under conditions of high magnetic field (40 Gem™) and a reduced light
shift parameter (22/6I' < 0.3). This density is roughly a factor 15 higher than that
which was measured under the standard loading conditions, of which roughly a factor
5 was due to the increased gradient with the reduced scattering rate accounting for the
remaining factor of 3.

6.4.4.1 Temporal densities

The dark MOT is most easily realized in caesium by a transient reduction of the
repumping intensity. In the original sodium work [51] it was reported that this tem-
poral formation of a dark MOT produced compressions almost as large as those in
the spatial configuration. A temporal dark MOT in caesium was formed with the
following procedure. The MOT was fully loaded to roughly 107 atoms at a detuning
d = 2I'. The trapping intensity was then reduced to decrease the light shift parameter
to Q?/6T" ~ 0.5, and simultaneously the magnetic field gradient was increased from 10
to 40 Gem™!. The combined effect of this was to increase the MOT density by roughly
a factor 4 to about 5§ x 10!° cm™3. After a wait of 100 ms the repumping intensity was
then reduced and locked to the desired level, and the subsequent trap decay was then
monitored in an identical manner to that described in chapter 4. No depumping light
was used.

Crucially, compression in the temporal dark MOT was observed only when the
scattering rate of the trapping photons was high. The rate was found to be high
enough when the total saturation parameter s;,; defined by

Q?ot/2

Stot = F2/4 + 527 (6-25)

was greater than about 0.2. This requirement of a high scattering rate is equivalent to
specifying that the trap must be well into the multiple scattering regime [83]. When
the scattering rate was sufficiently high, large compressions were observed. As p was
reduced from unity a roughly linear increase in density was observed, as expected in
the multiple scattering regime [Eq. (6.4)], and at p = 0.15 the density had increased
to somewhere between 3 and 4 x 10' cm™3, an improvement by a factor of 2 — 3 over
the best density that has been attainable in our MOT. An example of this increased
compression is shown in Fig. 6.8. As p was reduced the trap lifetime was observed
to decrease rapidly. For p < 0.2 it was comparable to the 20ms resolution of the
detection system and for reasons discussed below this made it extremely difficult to
measure precisely the density. It was thus not possible to deduce information about
the maximum density attainable with this technique nor the density variation in the
temperature-limited and free travel-limited regimes.

When p was reduced below about 0.3 (for the trapping conditions described above)
it was noticed that the density profile began to exhibit a two-component structure. A
dense central Gaussian distribution was surrounded by a much more diffuse Gaussian
extending out to large radius. Typically the fraction of atoms in the central component
was in the range 0.5 — 0.7 for 0.04 <p<0.2 and the dark MOT densities quoted in
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Figure 6.8: Density in the temporal dark MOT as a function of the dark SPOT parameter. The
measurements are not accurate for p < 0.2.

this section are those of this central region. The shape was identical in appearance to
that profile described in chapter 4 when in the MOT at low light shifts or high field
gradients, the spatial breakdown of the spring constant was observed to occur within
the trapped cloud of atoms. However, the dimensions of the dense central region in the
dark MOT were measured to be roughly a factor p smaller than those in the equivalent
MOT, a fact which is not explainable by the simple condition Zeeman shift ~ light
shift [Eq. 2.19]. Nevertheless, we believe that the profile was not caused by free travel
in the dark level for the following reasons. First, the same two-component shapes
were observed at similar values of p in the spatial dark MOT with strong depumping.
With such depumping the free travel in the dark state is much reduced. Secondly, the
dimension of the underlying profile decreased (slowly) as the repumping intensity was
reduced, an effect which is opposite to the variation one would expect from free travel.

The reduction in trap lifetime as p was reduced was rapid. TFor p < 0.15 the
lifetime was observed to be shorter than the 20 ms integration time of a standard video
signal. Under these circumstances the standard signal is useless for determining the
trap density because the decay of the trap dimensions weights the integrated profile near
the trap centre in an undetermined way. Moreover, lifetimes this short are comparable
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to the time it takes for the density to compress (roughly one third of the position
damping time) and are then themselves a density-limiting factor (Sec. 2.3). The spatial
dark MOT is a very straightforward method for investigating densities at large dark
state fractions and for this reason it was not attempted to use the temporal method
(with, for example, a faster detection scheme) to study in any detail the temperature-
limited and free travel-limited density regimes. ,

It is interesting to consider the origin of the short lifetimes. By comparing the decay
rates of the dense central region and its diffuse surround, it was possible to estimate
the relative contributions of intra-trap cold collision losses and background vapour-
trapped atom collisions to the decay of the number in the central region. At p ~ 0.2
it was found that the contributions were similar (the vapour background pressure was -
~ 1078 Torr as usual).

The significance of cold collision processes in the dark MOT can be shown by the
following argument. In the MOT the collision events that are important involve each
participating atom to be (at least initially) in the cooling cycle. Their collision cross-
sections are thus reduced by the factor p? in the dark MOT and consequently the trap
loss rate they cause is reduced by at least the factor p (since the dark MOT density
only increases in multiple scattering regime, and then only as p~!). Therefore, for small
p these processes may be considered to be insignificant in the dark MOT. However,
exactly analogous events, involving one of the colliding atoms initially in the dark
level, are relevant in the dark MOT because the cross-sections for these events scale as
p(1—p). Thus in the multiple scattering regime, where the density increases as p, their
loss rate is only reduced from the similar process in the MOT by the factor (1 — p).
We thus conclude that, at least in the multiple scattering regime, the dark MOT and
MOT should have similar loss contributions from cold collision. This argument allows
us to identify the cold collision event contributing to the very rapid decays described
above. Accurate measurements of cold collision rates in a caesium MOT under different
trapping conditions have been made (chapter 5), and decay times as short as those seen
in the temporal dark MOT (< 50 ms) have only been observed when the MOT has been
sufficiently weak for hyperfine-changing collisions to make a contribution to trap loss.
The hyperfine-changing event which is significant in the dark MOT is

Cs(F =3)+ Cs(F =4) = Cs(F =3) + Cs(F = 3) (6.26)

and it is therefore suggested that this is the process predominantly responsible for the
cold collision component of the rapid decays. An estimate of the cold collision rate
coefficient 4 (defined by Eq. 2.33) from the cold collision contribution to the decay is
8 x 10~ em3s~! at p ~ 0.2. This is very similar to the caesium MOT hyperfine loss
rate measured by Sesko et al. [74].

The observation of a lifetime < 50 ms against background collisions when p < 0.2
is also not surprising. For this reduced repumping intensity we have just suggested
that the trap depth is small enough to be overcome by the kinetic energy released
in a hyperfine-changing collision. Similarly short lifetimes have been observed in the
caesium MOT when the trapping has been sufficiently weak (chapter 5). Furthermore,
these rapid decay rates in the MOT are observed to increase significantly as the trap
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depth is reduced. A similar observation was made by Wallace et al. [87]. It is interesting
to compare these observations with the classical estimate of the collision rate with the
background vapour made by Steane et al. [77] discussed in detail in Sec. 2.4.1 [and from
which Eq. (6.18) originates]. According to that calculation the background collision
rate should increase only slowly with decreasing trap escape velocity (o, oc v7}/3). This
is at odds with the experimental evidence just presented and is further support for the
remark made at the end of Sec. 6.4.3, that the ability of a weak trap to retain atoms
with small velocities is worse than a classical calculation would suggest. The failure of

a classical description was discussed in the previous chapter.

6.4.4.2 Steady-state densities

The spatial dark MOT permits a more comprehensive investigation of the density
regimes described in Sec. 6.2.2. In particular it allows easy access to the dark state
fractions for p < 0.2. ,

The following general observations were made of the behaviour of the dark MOT.
The density in the multiple scattering regime behaves in a similar manner to that of
the temporal dark MOT. There is no compression if the scattering rate is too low or
if the trapped number is too small (N < 10°), the latter being in agreement with the
predictions of the model presented. As p is reduced a two-component density profile
is eventually observed, although it is generally difficult to discern unless the density
in the central region is in excess of 2 X 10" cm™. When the conditions are right
for compression, the density is seen to increase in good accordance with Eq. (6.4).
The density rises by about an order of magnitude after which the trap enters the
temperature-limited regime, and further reduction of p then causes the density to

decrease.

For the reason illustrated by Figs. 6.2(b) and 6.2(c) the steady-state dark MOT
was operated under conditions optimal for loading a large number of atoms. The field
gradient used was necessarily small (15 Gem™) and consequently the maximum den-
sity reached was just over 10! cm™>. This is a similar improvement in the density to
that achieved in the MOT by transiently reducing the scattering rate and increasing
the field gradient to 40 Gem™'. For two reasons it is desirable to be able to use the
spatial dark MOT with a larger field gradient. First, the measurements in chapter 4
show that this would allow the dark MOT compression to start from a higher ini-
tial density, i.e. at a given dark state fraction the dark MOT density is then higher.
Secondly, an increased field gradient increases the trap spring constant thereby reduc-
ing the temperature-limited volume. The temperature-limiting effect then sets-in at a
higher density. However, as remarked in Sec. 6.2.2, the capture efficiency of a MOT
decreases sharply with increasing field gradient. For example, at 40 Gem™! over an
order of magnitude fewer atoms were loaded than at 15 Gem™ and no compression
was observed in the dark MOT. This problem was circumvented, however, by the use
of both spatial and temporal trapping. A large number of atoms was loaded into the
spatial configuration using the field gradient of 15 Gem™! and the gradient was then
increased transiently to produce extra compression. Because the trap depth is deter-
mined by the region of high repumping surrounding the trap, this transient procedure



CHAPTER 6. THE CAESIUM DARK MOT 137

did not invoke the very rapid decays seen in the temporal dark MOT.

A density variation with p using this technique is shown in F ig. 6.9 for around 107
atoms. It should be noticed that the starting (p = 1) density is indeed high. The solid
line is the linear compression expected in the multiple scattering regime [Eq. (6.4)] and
the dotted line is the fall-off predicted in the temperature-limited regime by Eq. (6.7).
The molasses temperature for the latter has been set to approximately 105 uK, which
is about a factor ~ 2 larger than would expected from the measurements of Sec. 4.4
for the trapping conditions used. This discrepancy is most likely to be the result of
the forced depumping. The maximum density of just under 10'2 cm=2 was the largest
observed in the dark MOT and is a factor ~ 5 larger than the largest compression

obtained in the MOT.
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Figure 6.9: Density in the spatial dark MOT as a function of the dark SPOT parameter, p. The
loading parameters § = 2T, Q = 0.9T and dB/dz = 15Gem™! were used to trap between 4 x 106 and
1.4 x 107 atoms (depending on p as shown in Fig. 6.7) and the field gradient was then transiently
increased to 40 Gem™! to produce the densities shown. The solid line is the density variation in the
multiple-scattering regime as predicted by Eq. (6.4), and the dotted line is that of Eq. (6.7) for the
temperature-limited regime, with a molasses temperature of 105 uK.

The data in Fig. 6.9 present the picture of a dark MOT density increasing in
the multiple scattering regime and subsequently decreasing in the temperature-limited
regime. Two checks were performed to confirm that the maximum densities were indecd
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temperature-limited. First, the trapping intensity was increased at the maximum den-
sity. The density was observed to decrease, consistent with the idea of increasing the
temperature-limited volume by heating the atoms (albeit with the temperature modi-
fied by the factor ~ 2 from the forced depumping). Secondly, it was verified that the
densities were not free-travel limited. To do this the beam expansion of the depumping
beam was reduced to increase the intensity of the F' = 4 — 4’ light at the trap centre to
about 2mWem™2. By varying the detuning of this depumping light and the intensity
of the repumping fill-in beam, the dark state fraction was kept constant at that value
giving the highest density (p ~ 0.1) whilst the relative amounts of depumping and
repumping, and thus the distance travelled in the dark level, was varied. No increase
in the maximum density was observed as the depumping rate was increased from the
minimum value required to reach p ~ 0.1 in the spatial configuration, confirming the
initial hypothesis. It should be appreciated, however, that the minimum amount of
depumping light needed to lower p to ~ 0.1 in the spatial scheme is itself large enough
to reduce substantially the lifetime in the upper ground state, and consequently the
free travel distance for a given p. However, by comparing the 8 x 10!! cm™ maximum
density in Fig. 6.9 with the density > 4 x 10! cm™ attained in the temporal dark MOT
with very similar trapping conditions (as explained in the previous section, it was not
possible to measure the maximum temporal density precisely), one can conclude that
the worst possible effect of free travel for the conditions used (i.e. when p ~ 0.1 is
attained by reducing the repumping intensity only) is to reduce the maximum density
by some factor of less than two. A reduction by this amount is consistent with the
prediction by the dark MOT model using the earlier estimate of 250 us for the lifetime
in the upper ground state against natural depumping.

The value of increasing the field gradient to improve the maximum density has been
demonstrated. Unfortunately the setup used in this work was only able to generate
gradients up to 45 Gem™'. The alternative methods to improve upon the maximum
density in Fig. 6.9 were investigated and are now discussed. In principle, the density
in the temperature-limited dark MOT is increased both by loading more atoms and
reducing the trap volume by cooling the cloud. However, it should be appreciated that
in caesium it is not immediately obvious that either of these steps should lead to a
significant improvement over that of Fig. 6.9. A higher density will occur at a smaller
value of p and will therefore require stronger depumping for its observation; in turn
this will generate additional heating which will tend to increase the temperature-limited
volume and thus reduce the density.

It was not possible to properly test the effect of loading more atoms on the density.
With a total beam intensity of around 40mWem™ available for trapping and with
the trap detuning and field gradient near optimal for efficient loading, typically 107
atoms were loaded into the MOT. This could be increased to close to 5 x 107 atoms
but only by increasing the caesium vapour pressure substantially above its standard
operating value (~ 107® Torr). The increased pressure had to be very close to that
value at which collisions with the background vapour prevent atoms from being cap-
tured, and the intensity imbalance between a trapping beam and its retroreflection was
correspondingly very large (estimated at around 40%). Under these conditions the trap
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was very unstable and its shape highly asymmetrical. It was consequently impossible
to make meaningful measurements of the density.

The effect of attempting to cool the cloud was investigated in the following way.
Under the conditions of Fig. 6.9 a near-maximum density (p ~ 0.15) was measured
for decreasing trapping intensities. At first the density remained roughly constant, as
expected®. However, when the light shift parameter Q?/6T was reduced below about
0.2 the density significantly decreased. This may be interpreted as the same breakdown
in spatial confinement at low light shifts that was observed in the MOT, and it implies
that no gains in density are to be made by cooling with a light shift parameter of less
than about 0.2. According to Fig. 4.3 the molasses temperature at 2/6T" = 0.2 and
at § = 2I' is about 30 uK, and we know that in the dark MOT the heating effect of
the forced depumping will double this temperature. Now according to the model of
the dark MOT the maximum density reached at this colder temperature of ~ 60 uK
is just over 10'2cm™3, i.e. no significant increase over the density at ~ 100 K. It
therefore seems reasonable to conclude that the maximum dark MOT densities that
were observed were very close to the maximum achievable with the trapping apparatus
available.

6.5 Concluding summary

The work presented in this chapter has demonstrated that the MOT can be applied
successfully to a heavy alkali to produce large improvements in density, and this should
pave the way for evaporative cooling of caesium atoms. The conditions that have
been used to reach densities of nearly 10'2cm™3 are considerably different to those
of the original sodium experiment. In that work an atomic beam and Zeeman slower
apparatus were used to trap more than 10'° atoms, and densities approaching 10'? cm™
were reached by confining 99% of the atoms to the dark level at low field gradients
(10 —15Gem™"). No forced depumping was necessary because the natural off-resonant
excitation rate into the dark level was high. We have trapped in a standard vapour cell
arrangement, and have compensated for the relatively small trapping number (~ 107
atoms) with an increased field gradient (40 Gem™'), applied transiently after loading.
In the spatial dark MOT configuration maximum densities were observed with 90% of
the atoms in the dark level and to obtain this dark state fraction depumping atoms
out of the cooling cycle was essential.

It has been found that the density behaviour of the spatial dark MOT is adequately
predicted by a simple model whose main assumption is that the trap spring constant
is reduced by the fraction of time each atom spends in the cooling cycle. The process
limiting the maximum density has been shown to be the temperature-limited volume.
In turn, the temperature determining this volume is dominated by the heating effect
of forced depumping. With a combination of spatial and transient trapping densities
of almost 10'2 cm~3 were observed, an improvement by a factor ~ 5 over the best

3More precisely there was a slow trend in the density which was probably the small variation of
the p = 1 (MOT) density with trapping intensity.
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attained MOT density, and an improvement by almost an order of magnitude over the
MOT density under identical trapping conditions. It should be mentioned once again
that this improved density in caesium is still a factor 3 lower than Drewsen et al. [25]
reported in an ordinary caesium MOT. We have suggested that free travel in the dark
level is not a significant density-limiting effect and have given evidence to support this.

The heating effect of optically pumping atoms out of the cooling cycle has been
demonstrated directly. The depumping necessary to reach the highest densities in a
caesium spatial dark MOT induces increased trap temperatures by some factor ~ 2—3.
Consequently, the spatial dark MOT is not a technique in itself for attaining high
phase-space densities. :

It has been shown that the dark MOT can yield high densities if the dark state
fraction is increased transiently. However, in this temporal scheme large background
vapour-trapped atom and intra-trap cold collision loss rates make the trapping life-
times exceedingly short and render the scheme impractical. Moreover, for dark level
populations of 80% or more the lifetime is reduced to a few tens of milliseconds or
less, which is comparable to the position damping time of an atom in the trap. In this
instance the decay itself is a density-limiting mechanism.



Chapter 7

Concluding remarks

The aim of the experimental and theoretical work described in this thesis was to under-
stand the processes limiting the phase-space density of caesium atoms in a magneto-
optical trap. The knowledge gained is summarized as follows. The study of the con-
ventional MOT indicated that p can be increased by over two orders of magnitude to
around 10~° by a combination of transiently increasing the magnetic field gradient and
simultaneously reducing light shift. In such a “compressed” MOT the density is lim-
ited by reabsorption of photons scattered within the cloud, and not by cold collisions.
At small values of the light shift parameter there is a reduction in the spatial density
of atoms and this prevents the maximum density being combined with the minimum
temperature. Consequently p is a factor ~ 3 smaller than one might otherwise hope
for. The investigation of the dark MOT revealed that the spatial density of caesium
atoms can be increased by roughly an order of magnitude but at a cost of considerable
heating due to optical pumping into the dark level. The phase-space density is con-
sequently lower in the dark MOT than in the conventional MOT. It seems possible,
however, that one could combine the high density of the dark MOT with the lowest
temperature attainable in the MOT by using a transient approach similar to that sug-
gested at the end of chapter 4. A spatial density of 10'? cm™ at a temperature of 3 uK
implies p = 6.5 x 107*, and as a starting condition for loading into a magnetic trap
and subsequent evaporative cooling this compares extremely favourably with recent
experiments observing BEC in atomic alkalis. For example, in the work with rubid-
ium [1] atoms loaded into a magnetic trap were first cooled and compressed, but only
to 20 uK and about 10* cm™ respectively. In fact, this value for the density is not
directly given in [1] but it is possible to make an estimate from other numbers given.
In the next few months there will be a working time-orbiting potential (TOP) trap in
Oxford for caesium atoms, similar to the one used for rubidium, and it will then be
possible to compare numbers more directly.

This work has attempted to understand the processes limiting the density itself. An
important observation was that the density in the MOT does not increase rapidly with
increased laser detuning and decreased intensity, the simplest explanation for which is
that the theory proposed by Walker, Sesko and Wieman does not account accurately
for the delicate balance between attractive and repulsive forces. The observation of a
much higher density in the dark MOT than in the conventional MOT indicates that

141



CHAPTER 7. CONCLUDING REMARKS 142

the repulsion effect of multiple scattering is best supressed by reducing the time spent
in the cooling cycle rather than reducing the scattering rate itself. It is interesting to
consider that it further suggests that the sensitivity of the MOT density to trapping
beam quality is unlikely to be responsible for the large discrepancy in the densities
measured in this work and those quoted by Drewsen et al. [25].

Aside from considerations of spatial densities and phase-space, this thesis has con-
tributed in other ways to the understanding of the caesium MOT. Observations of
the atomic density and velocity distributions in a cloud extending beyond the capture
region of the confining force were reported for the first time. Uncertainties in the
spring constant and of the temperature in optical molasses have been reduced, and
evidence for some degree of spatial confinement in the three-dimensional light field of
the MOT has been given. Effects of cold collisions have been measured and used to
assess their effect on the dynamics of the compressed MOT, and collision rates with
the background vapour for shallow traps have been studied in several different ways.
Finally, a simple model predicting the behaviour of the dark MOT has been described
and 1ts main features justified by measurement of temperature, number and density.
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