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Brief 

Objectives: 

1) Appreciate the distinction between linear and nonlinear spectroscopy. 

2) Understand the basics of working with Diode Laser, optical bench, Beam Splitter, 

wave-plates, mirrors, filters, polarizers etc., and gain import hands-on lab 

experience. 

3) Understand term states, fine structure, and hyperfine structure of rubidium. 

4) Record and analyze the Doppler-broadened 780-nm rubidium spectral line 

(linear optics). 

5) Record and analyze the Doppler-free saturated absorption lines of rubidium 

(nonlinear optics), and thereby determine the hyperfine splitting of the 52P3/2 

state. 
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ABSTRACT 
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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 efficient 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~ 5 was observed, with a spatial density of 
1.5 x 10 11 atoms per cm3 .

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 (< 10~ 10 Torr) background vapour pressure. The dependence of the cold col 
lision loss coefficient /3 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 (3 = (2±1) x 10~ 10 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 12 cm"3 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 12 cm~ 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 10 atoms per cm3 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 is 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

1
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spatial density. For an atom of mass m the "thermal" de Broglie wavelength A is 
defined by

~

where h is Planck's constant and ks is the Boltzmann constant. If n is the spatial 
density of atoms then the "density in phase space" p is the dimensionless quantity

p = nA3 . (1.2)

For spinless particles confined to a box BEG occurs when p = 2.612.
In addition to investigating the fundamental behaviour of the MOT, 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 is 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 effects 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 M01mer [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 + A J, 
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 cr+-<j~ 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 x. The 
appropriate eigenbasis for the ground state is the set of eigenstates \MX } of the angular 
momentum operator Jx . The yr-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. Cftf. 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 x. The 7r-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 \MX } 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 coefficients by applying the condition of no net transfer of atoms 

between sublevels to the rate equations. Now, in this alignment each \MX ] basis state
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is composed of equal proportions of \MZ ) and |   Mz ) 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, x'. That is, 

the density matrix is now diagonal in the \MX >} basis. Therefore, the effect of moving 
through the polarization field is described in the original \MX ) basis by a coupling of 

the sublevel states. The crucial point is that for these mixed states (Jz ) 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 x. 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 = 27T/A 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' = HkvJz . To permit a perturbative treatment of this term it is assumed 

that kv <C A, where A = H2 /2^ is typical of the magnitude of the ground state light 

shifts for a Rabi frequency 0 and a detuning 6 (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 fcu/A, if terms of order F/cv/^A can be neglected. 

Thus the solution applies to large detunings, 8 ^> F, 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:

Flo ~hk2s-v (.7=1-+2') (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 FDOPP ~ Hk 2 s(F/6)v 
[54] and thus Fi0 /Fr)opp ~ 1/5 >> 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 \MX } 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 Eq. (1.3) remains un 

changed for higher J transitions, but significantly that the size of the force increases 

with J. This is because with increasing J the light shifts get closer together and the
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difference in the <j+ and cr~ 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(1J + 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 H1 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 <C F', where F' is the width of the ground state (F' = sF for 
s <C 1). The full velocity dependence of F{0 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 s5/k, which is equal to A/fc at large detunings. This is much larger than the linear 
region F'/fc 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.

Energy

0 J = 1

-l

0

Figure 1.1: Schematic diagram of a one-dimensional MOT for J — 0  >  1'.

A simple understanding of the Doppler forces in the MOT is 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]:
r n2 /2 F = ** (L4)

where k is the wavevector of the light. For the helicities of the circular polarization 

shown in Fig. 1.1 the detunings of the cr+ and a~ beams in the rest frame of an atom 

with velocity v and at a position z are respectively

6+ = S-kv-gnsB/H (1.5)

(1.6)

Thus for v > 0 and z > 0 the atom preferentially absorbs the a~ photons if 6 < 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):

FDopp = F(S+ ) - F(S~) w -2(kv + 9fiB B/h)(dF/dS) s=5o
= —cxv — KZ (1-7)

where a and K are respectively the damping coefficient and spring constant of the trap. 

The solution to the equation FDOPP = mdv/dt with the boundary condition v = 0 at 

t = 0 and with the assumption of overdamped motion (a^/mK ^> 1) is

z = Ae-Kt/a (1.8)

and thus the position is damped with time rpos = a/ K,.
In three dimensions two coils with currents in opposite directions create a quadrupole 

field. Since there is cylindrical symmetry, V   B = 0 implies dBx /dx = OBy /dy — 
(l/2)dBz /dz, where the coil axis lies along z. 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 R and the total loss rate from the trap, F:

^ - R-NT = Q (1.9)
at

=> N = Rr~ l . (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

where c is the mean speed of atoms in the background vapour of number density n& 
and a 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 50ms for a caesium atom to settle to the bottom of the trap). 
From a simple estimate of the loading rate R [28], Eqs. (1.10) and (1.11) give

N = Rr

- cf^Y^ (112}~ C (^J 7 (L12)

where vc 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 F' of the ground state. However, that for Doppler cooling is determined 
roughly by the linewidth F of the excited state. Since usually F' <C F, 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 FD OPP — 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=gnB B/h, (1.13)

experiences the maximum scattering force

F O

The capture velocity for a trap radius r is then vcap   (4 F^ p̂ r / 'ra) 1 / 2 . For S = — 2F, 
H = F, dB/dz = 15 Gem"" 1 and r = 5mm this gives vcap w 30ms" 1 .

1.1.3 The sub-Doppler MOT

If one evaluates a and K 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 dependence 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 cr+-a~ 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' = HkvJz -iJ,2 B
= HkvJz + gj^iB BJz

(1.15)

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

( . 
(L16)

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 VB&BK = a - (L17)
This equation forms a basis for modelling the spring constant in a real three-dimensional 

MOT.



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 effects 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 BEG in rubidium by such a technique [1], optimization of the density in 

a MOT was a crucial step in the preceding 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

( sma11 r ' v ) I 2 - 1 )
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where K and a are the spring constant and friction tensors of the damped harmonic 
oscillator. One expects KH to be proportional to the magnetic field gradient and thus 
in the magnetic quadrupole field KXX — Kyy = /c^/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 {Au, Ar} via the equipartition theorem:

i/cit-Ar2 = l-m&vl (2.2)

It is 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 K in the MOT is usually a measurement of the ratio mAi>2/Ar2 . 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 K 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 
is 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 
104 ) 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 108 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 \U>L — LOQ\ 
of the laser frequency with respect to the atomic resonance frequency is denoted by 5. 
In all the experiments a "red" detuning, UL < u;0 , was used. The natural linewidth 
(FWHM) of the atomic excited state 6P3/2 in caesium is T = 2?r x (5.22 ± 0.01) MHz 
[72]. The definition of the Rabi frequency fi in a light field of intensity / is taken to be

ft 2 /— = —
n is
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where for an electric dipole transition in a two-level atom the saturation intensity Is is

/, = ^- (2.4)

(where h is Planck's constant divided by 2?r, c is the speed of light and k = 2?r/A is the 
wavevector of the light). Eq. (2.4) is directly applicable to the 681/2^ = 4, Mp = 4  > 
6Pa/2.F' = 5, MF> = 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 coefficient between stretched 
magnetic sublevels is unity. The formula gives Is = 2.24mW/cm2 . Throughout H will 
be used to refer to the Rabi frequency of a single laser beam; £ltot 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 TV 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:

1 o 1

where the subscript "T" is to emphasize the role of the trap temperature in fixing 
the trap dimensions. In a magnetic quadrupole field KZ = IK.X = 2/cy , and thus rz — 
r^/A/2 = ry /\/2 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 rz = TT and K, = KZ the peak spatial atomic density for TV atoms (at the centre 

of the ellipsoidal Gaussian) is

3 - (2-6)

Strictly one should not expect the distribution to be exactly ellipsoidal because in three 

dimensions 7r-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 Eqs. (1.2), (2.5) and (2.6) the density is phase

space is
NH3 //c

°B

which thus increases rapidly with decreasing temperature.
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The origin of the spring constant K 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 K 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:

Hk dz 
= Ko~ (for<5>2r) (2.8)

0 00

where gp is the Lande g-factor of the ground state, 6 = dB/dz is the gradient of the 
magnetic field, KQ is a constant of proportionality, and we will define 60 = 1 Gem" 1 . 
The form of Eq. (2.8) applies to any J  > J' = J + 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 KQ. There 
is 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 fojce thus allows K 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 K 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 /c, converted into values of KQ 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 KQ atom transition method reference

(10- 19 N/m)_____________________________________________________
0.4 Na 2 -4 3 "pushing" laser Raab et al. [71]
0.8 Cs 4-45 "pushing" laser Sesko, Walker, Wieman [75]
0.4 Cs 4-45 measured r fe T Drewsen et al. [25], fig 14
1 Cs 4 -4 5 measured r & T with few atoms Drewsen ei al. [25], table 1
0.5 Cs 4  > 5 imposed oscillating B field Hope et al. [45]
2.7 Cs 4 -45 beam imbalance Steane, Chowdhury, Foot [77]
3.0 "Cs" 1 -4 2 numerical calculation M01mer [62]
3.3 "Cs" 4  » 5 numerical calculation M01mer [62]
0.2 85Rb 3-44 imposed oscillating B field Kohns et al. [52]
2.5 85 Rb 3-44 measured r fe T; beam imbalance Wallace et al. [88]
2.0 ___87Rb 2-43 measured r & T; beam imbalance Wallace et al. [88] ^^^

limited it 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, AC 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 AC varies linearly with distance.

In summary, therefore, there are difficulties with all these methods, and experimen 
tal determination of AC still remains somewhat problematic. In addition it is not known 
how sensitive ACQ 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 AC.

The non-linearity of the spring constant was found to be an important issue in our 
experimental work. The spatial breakdown in AC 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 AC at low light shifts. One might expect a reduction in AC 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, i.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" 1 ). 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: n2 

kB T = c0 + cff n— (6 > 4 r, 0.05 r < n2 /^ < 0.4 r). (2.9)
The expectation of this variation stems from the original semiclassical prediction in one 
dimension by Dalibard and Cohen-Tannoudji [20]; subsequently M01mer showed (also 
semi classically) that the scaling remains unchanged in three dimensions [63]. Wallace 
et al. [88] have verified the form experimentally for both 85 Rb and 87Rb 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 
a+-a~ 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 lin_Llin and cr+-cr~ 
measurements on rubidium [31, 88], and the linJ_lin measurements on caesium [73], 
but not the cr+-<j~ 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 ^12 /T6 between 
0.05 and 0.4. Nevertheless a straight line could be fitted through all the data for 0.05 < 
n2 /F($ < 0.4 (i.e. temperatures up to about 30//K), to obtain Co/ks = 1 ± 0.5//K, 
Ca — 0.28 ± 0.05. In the following this pair of values for CQ and Ca is used.

When the constant term in Eq. (2.9) can be neglected, T oc J72 /$, which from 
Eqs. (2.9), (2.8) and (2.5) implies a cloud radius independent of detuning and number, 
and proportional to the Rabi frequency [77, 25]:

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 4 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 Frep 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 Frep (r) balances the harmonic restoring force  /cr. 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; it 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 5:

^ = 3. (2.11) 
lei

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 is 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  /cr in all directions, and therefore 
one must conclude that Frep must derive from the inelastic component of the scattered 
light. For moderate light shifts (£12 /8T < I) the fluorescence spectrum of spontaneously 
emitted (inelastic) light takes the form of three Lorentzians symmetrically positioned
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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 CTR is larger than that for absorption of a laser 
photon <?£,. 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   Frep (r) = nMS (rK - l (2.12) 
c \<JL /

where nMs(r) is the spatial density in the multiple scattering regime, Itot is the total 
light intensity, and where, as from the description above, the magnitude of Frep does 
indeed depend on the difference <JR   O~L. By applying the divergence theorem to this 
expression it is clear that Frep (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   Frep (r) 
to V   (ACF) for a balance of forces predicts finally

i/Cf*
(2.13)

The behaviour of the density is thus predicted from a knowledge of AC and the ratio
<TR/ vis

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/r2 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 10 12 cm~3 and larger.

One would proceed to evaluate Eq. (2.13) in the following way. In the first instance 

one assumes AC is given by Eq. (2.8). One then needs to find VR/VL- 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 £lt0t,8 ~^> F can be
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deduced using the dressed atom approach [15]. This leads to a complicated expression 
for PR which can be fitted to better than 30% accuracy for f^0< , S ^> F by the formula

(2.14)2F>
tot

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:

4- T2 4--f i -f tot tot . .
nMS = K ——— , oxtriri4      -75    T^T I2 - 15 )

8 K° 6 '" if ^«1. (2.16)
9 Xhr 60 tltot

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 CTR/CTL- For example consider the case of large detuning. The cross-sections 
CTR and &L 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 $lfot /62 
at large detuning. However, the cross-section for the inelastic light is roughly a factor 
<£2 /F2 larger than that for the elastic light because the former lies approximately at 
the transition frequency. Thus one would expect (CTR/CTL   1) to approach a constant 
~ Ojot/r2 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 nMS is that of «/<T|,, i.e. S3 . 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 S = \/2r\ 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 TIMS on $ and 0 was found to be much weaker than the prediction; 
for detunings above a linewidth or so the variation was roughly UMS °c

where CMS 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 

UMS represent the peak density of a Gaussian distribution. Further, since the density 

is now proportional to 6, one might expect a radius scaling as the^cube root of 6, 

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

1/3

This is to be compared with the radius TT given by equation (2.5). These two radii 

define the boundary between the temperature-limited and multiple scattering regimes. 

When TMS > rT 5 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 TV 1 /3 dependence has been 

verified by one-dimensional calculations [27, 40, 39] but a model for the variation with 

H and 6 has yet to be fully worked out. These additional effects of multiple scattering 

are of some relevance to densities. First, it would bex)f 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 kv. Steane, Hillenbrand and Foot 

[79] showed that the capture velocity vc of motion-induced orientation (defined as the 

velocity at which the force has a local maximum) is given roughly by kvc = 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 6 = 6 F, Q = 0.9 F, and was performed for a J = 4  >  5' transition, with 
magnetic field scaled for a ground state Lande factor gp = 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 gp = 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

(2.19)

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 Lande 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 TT — TMS- Using Eqs. (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:

/ \ ^/9 /or. rr\ I

N = nMS     . (2.20)
\ K J

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:

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 S > 4F and 0.05F < ffl/ST < 
0.4F 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 (~ 104 ) the trap is 
expected to be in the temperature-limited regime for most values of detuning and 
field gradient, whilst for larger numbers (> 106 ) it should be mostly in the multiple 
scattering regime. The variation of Eq. (2.21) with detuning and intensity is

It is interesting to notice that r? is much more sensitive to a variation in field gradient 
or intensity than TMS [compare the dependencies of Eqs. (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 TT- For example, when the field gradient 
is increased r? shrinks and thus the condition TT — TMS requires a smaller number of 
atoms; hence the boundary in the dB/dz — N plane lias a negative gradient. As the 
intensity is increased r? 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 TMS = ri. In defining this boundary it is recognized that TMS 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: {^2/T2 ,8/T} = (a) {0.5,4}, (b) {0.5,8}, (c) {2,4}, (d) 
{2,8}. The parameter values used are KQ = 1 x 10~ 19 Nm" 1 , CMS = 50, C\ = 1.4 (taken from the 
measurements described in chapter 4).

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

N = (2.23)

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

(2.24)sr
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 r? = r/ between the temperature-limited and two-component
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regimes (which becomes important at low fl, high 6) is given by

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 (TV > 5 x 10 7 ) 
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 N1 /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

noTr ~ constant (2.26)
TV 

=? —r ~ constant
rtr**J

oc Nl/2 (2.27) 

oc TV 1 / 2 . (2.28)

Linquist, Stephens and Wieman [56] found that the variation of radius with number 
was indeed well described by a TV 1 / 2 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 rT , rMs and r/ are defined in Eqs. (2.10), (2.18) 
and (2.19) respectively.

Small N TMS < rr < ri n cc. N, r independent of N
Medium N TT < nvis < H n independent of N, r oc N 1 /3
Large N___n < greater of {r^^Ms} 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 conditionsv"

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 N1 /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 MOT is specified 
by four parameters: the detuning 8 and Rabi frequeijcy ft of the trapping laser, the 
magnetic field gradient 6, and the number of trapped atoms N. ft and S are perhaps 
more usefully parameterized by the light shift ft 2 /6T 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 61, fli, Si 
chosen for an optimum steady-state number of atoms, 7Vi, but is subsequently switched 
rapidly to new values 62, ^2, $2 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 A^, which 
is much smaller than NI 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 rp05 /3, where rpos 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, rpos = a//c, and is ~ 30 ms 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 TV = N(t}. 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.



CHAPTER 2. ATOM-ATOM INTERACTIONS IN THE MOT 29

The preceding argument is quantified in the following way. The decay of N(t] 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 ~ 1 s under the 
conditions optimal for loading the trap and with background pressures ~ 10~8 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 /3n(r] per atom, where (3 is the cold collision loss coefficient [70], and 
their time scale for collisions is characterized by l//3n. Under certain circumstances 
we have measured (3 to exceed 10~ 10 cm3 s~ 1 (chapter 5); yet for densities not larger 
than a few 10 11 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 t by a steady-state model.

It is 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/rpos . 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 A^ <C NI (i.e. when the conditions are switched 
the loading rate, /?, becomes negligible) we have

-0nN. (2.29)
vJ. (/

Differentiating TV = nV with respect to time and combining the resulting expression 
with Eq. (2.29) divided by V gives the equation of motion

dn 1 dV ,
(2.30).

By putting V oc r3 oc e ~3t /Tpos we recognize that the second term on the right-hand 
side is due to the position relaxation:

3n
2 + —— . (2.31)

In the steady-state n - 0 which implies a collision-limited density n CL = 3//?rp05 . In 
practice there is always an additional n2 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
n <: n CL = -„ —— =   , (2.32) 

prpos a/3 '
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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  /3n2 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:

dTV   TV
= R- — -13 Jn2 (r,N)d3 r (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 T~ I per atom. The second accounts for losses due to cold 

collisions between the trapped atoms and depends on a rate coefficient (3 [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 TV 2 dependence.
Since the density is a parametric function of the trap number TV, 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) w 7Voo(l - e~rt ) where T = T~ I + pn, (2.34)

and TVoo =

Measuring the loading time F" 1 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 ~ 10~ 8 Torr, with trapping beams diameters ~ 10mm, and
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with trapping conditions optimal for loading. At this pressure the lifetime against 
background collisions is r ~ 1 s. Under these trapping conditions the MOT density is 
typically n ~ 1010 cm~3 (chapter 4) and ft is typically ~ 2 x 10" 11 cm3s~ 1 (chapter 5). 
Thus the lifetime against cold collisions is \fftn ~ 5s, which is a lot longer than r 
and is therefore generally not noticeable. Consequently traditional methods to study 
ft have resorted either to substantially increasing r (to in excess of 100s) by use of 
ultra-high vacuum systems [70, 74, 87], or to artificially increasing ft 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 1 K. 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 c much greater than those of the trapped atoms, such collisions occur at a
rate

1 _ crescPb- — nb orescc = . = (2.35)

where Pb and Tb are respectively the pressure and temperature of the background 
vapour and aesc is the collision cross-section leading to trap loss.

It is useful to have some idea of how r varies with the escape velocity, vesc . The 
steps involved in a simple estimate of this dependence are now outlined. First, we 
note that for r ~ 1 s at Pb ~ 10~8 Torr, Eq. (2.35) gives aesc w 14 x 10~ 14 cm2 . This 
implies that the collision duration, which might be thought of roughly as A/cre5C /c, is 
of the order of 10 ps. This time is much shorter than the 32ns lifetime of the GPa/2 
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 vesc 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:

(2.37)

where n is the order of the interaction: 3 for resonant dipole-dipole and 6 for van der 
Waals, and /(3) = 4, /(6) « 5.9. The interaction constants for the 6Si/2   6P 3/2 
transition in caesium are

3

- 6.56 x 1(T48 Jm3 [77] (2.39)

and C6 = 6.95 x 1(T76 Jm6 [47]. (2.40)

The actual cross-section is obtained by summing a^sc and <jgsc , 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 the excited state fraction to 
be 0.3 (typical for loading conditions) and vesc to be 15ms" 1 gives cresc « 14.1 x 
10~~ 14 cm2 . 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: r oc v^. 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 x 

(ftt)

where g(3) ~ 20.2 and g(6) ^8.1. When substituted with the relevant constants for 
caesium this gives o~tot ~ 200cresc for n   3 and atot ~ 5<Jesc f°r n   6. In other words, 
only a small fraction of the trapped atom-background vapour collisions actually cause 
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

v* = v 2 a(v) dv/(atot - aesc ) (2.42)



CHAPTER 2. ATOM-ATOM INTERACTIONS IN THE MOT 33

where a(v) is the differential cross-section for velocity transfers between v and v + 
dt>. 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 Od because 
the de-Broglie wavelength of the momentum transferred becomes comparable to the 
interaction distance, and interference effects are then important. Thus if \lo-tot/^ is 
taken as a measure of the interaction distance,

27r ^ (2.43)

where krei 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 direction1 . 
To estimate t> 2 , however, the classical form for cr(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 cr(v) becomes divergent. This 
amounts to saying that the mean deflection 9 w vv2 /c resulting from evaluation of 
the integral is much larger than Od. For example, for n = 3 Eqs. (2.41) and (2.43) 
give Oci ~ 10~4 radians, whereas for the values of vesc we consider 0 will turn out to be 
~ 10~3 radians.

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

~ <* <r(<Ttot ~ Ve

We note that since atot ^> ffesc an(i since vesc corresponds to a temperature ~ 1 K 
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 rtot because the relevant cross-section for its evaluation is <jiot — vesc ~ <?tot- 
If one makes the reasonable assumption that the heating is isotropic, then the excess 
temperature AT is (3/2)fcB AT = (l/2)mu2 , which leads to

RT = =    V- x / "° ,. (2.45)
dt 3kB (n - l)Ttot

The significance of this heating is now examined. Consider typical loading condi 
tions. With vesc = 15ms" 1 and a background pressure of 10~8 Torr Eq. (2.45) predicts 
RT ~ l.SKs" 1 for n = 3 and RT ~ 0.1 Ks" 1 for n = 6, where use has been made of 
Eq. (2.37) to evaluate rtot . With a fraction 0.3 in the excited level this corresponds

1 except 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 O.SKs" 1 . Now if ra is the MOT temperature 
damping time then the excess temperature this heating rate induces is AT = RTTQ - 
Recent measurements ([25] and chapter 5) suggest that ra lies on a timescale of 50//s 
thus implying that AT ~ 25/zK. This is much smaller than the 100 - 200/zK 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//K ([25], chap 
ter 4) are attained: a prediction of AT ~ 10~2 //K is obtained with n — 6 (i.e. very 
small excited state population), and when it assumed that tan 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 ra 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 ^$> &d 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 intra- 
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 T  > 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, kpT 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/r5 quadrupole-quadrupole 
potential for two excited atoms, or the 1/r6 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/r3 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/r3 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, Cs/r3 , is equal to the splitting between the dressed

field states, J52 -\- £lfot . 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/2?r. In the decoupled region the potential is much larger 
than ksT 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 6P3/ 2 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 81/2 -f Pa/2 
is resonantly excited at large separation r by the red detuned laser field. The atoms are accelerated 
towards each other by the r~3 potential and sometime later either emit a red-shifted photon (as 
shown) or change fine-structure state. The 81/2 +Pa/2 and 81/2 + 81/2 curves have been plotted using 
the appropriate values of Cz and CQ 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 6S + 6Pi/2 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 Ps/2 level. This can lead to associative ionisation (AI), 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 hyperfme 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 Cn/rn . For n ^ 3 there is always a maximum 

in the long-range potential caused by the rotational energy H2 l(l -f l)/2/zr2 of a relative 

angular momentum HI (where \i = m/2 is the reduced mass). This maximum occurs

at a separation
/ nl .r \i/(«-2)r-«=tiri)) (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 

3fcfiT/2 to the height of this maximum yields an estimate of the maximum permitted 

/ at a temperature T [47]:

max v max i -1- ) — h (n-2)Cn J

'n-2

n
(2.47)

Using Eq. (2.40) for the magnitude of the van der Waals interaction in caesium, this 

relation gives lmax — 2 at the Doppler temperature TD ~ 125//K. The corresponding 

value of rmax 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 < rmax for all but the lowest 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 A^/ > rmax .
A related question is at what temperature is quantum threshold behaviour observed, 

i.e. when is A^ 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]

00

(2.48)

lmax) (2.49)

where P denotes the scattering probability for the partial wave / (and is the quantum 

analogue of the classical differential cross-section <j(T,/)) 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. ??eq:aaphaseshift) give a 

familiar partial wave elastic scattering result). Assuming 5-wave scattering only then
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at a temperature T = 100 //K, (TT /k^el ) predicts a cross-section a of order 5 x 10~ 13 cm2 
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 Elastic 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 7 Li, for which the 
scattering length is known accurately to be negative by two-photon photoassociation 
spectroscopy and analysis of 7Li2 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(F2 =4or3) -» Cs2 -> Cs^ = 3) + Cs(F2 ) 
Cs(Fl = 4) + Cs(F2 = 4) -> Cs 2 -> Cs(Fi = 3) + Cs(F2 = 3) + 2A£/l/s

The resulting gain in kinetic energy for the first event, A^/s/2 per atom, corresponds 
in caesium to a velocity of about 5ms" 1 or, equivalently, a temperature of about 0.2K. 
Thus for these processes to cause loss the trap must be weak: under loading conditions 
the trap depth is typically ~ 2 K 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 /? 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 (3 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 hyperfme-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 useful 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 C$ and C& from Eqs. (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) 2 times that of the latter, i.e. from the discussion 
of ground state collisions, of the order of 1 fiK. One can also appreciate that because the 
Ca/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]:

ft oc < (,S»r) (2.50)
\ 0 /

63 / //r2 \ 3/5 *
where A =   I I w 115 MHz for caesium (2.51)

and that j3 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 /3 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 (3. 
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 /3 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 Boff 
in an 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 hyperfme structure on trap loss spectra. For detunings less than the 
spread of the hyperfme structure (< 450 MHz) the loss spectra for 85 Rb and 87 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 M01mer [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 TO, 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 852 nm the wavelength of the caesium D2 line coincides with the output of high 
power diode lasers. These convenient lasers have now i>ecome 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 100 mW 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 Alien 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 6Pa/2 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 1 s.

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 1 kHz 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~ 4 
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.



CHAPTERS. EXPERIMENTAL SETUP 46

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 6P3/2 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 

6 « 2F (for loading), up to 6 ~ 12F, 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  > 3' or 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  lOdB. The DBR 

laser was far more sensitive to optical feedback and it was used in conjunction with a 

commercial isolator providing   30 dB 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 

160MHz, again by a double pass AOM (Isomet), to give a net shift of  10 MHz,
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Figure 3.2: Arrangement of optics on the laser table.
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Figure 3.3: Plan view of the vacuum system and trapping optics. The arrangement of optics for the 
repumping light was that used for the spatial dark MOT.
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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 (6 « 11.5F), 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 1.5mm diameter input beams. At the vacuum 
chamber light from the two fibres was collimated1 to produce beams of approximately 
10mm 1/e2 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 10~4 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  > 5' 
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 251.4MHz from the F = 4 -> 5' 
resonance. This light was expanded to a diameter of 3 mm 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 85 MHz by an Isomet D302B voltage-controlled oscillator, and the 
slave AOM at 80MHz by a Gooch and Housego MDA080-1 fixed frequency oscillator. 
Both rf signals were amplified by 29 dB to generate ~ 2W of driving power. Selecting a

Strictly 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 Si and 

S2 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 TTL 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  10 dB 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 important 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
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of various relevant optical elements. To minimize uncertainty in assigning the origin 

of imperfections neutral density filters were inserted before the optical fibres and the 

protective glass plate in front of the CCD was removed (this led to interference patterns 

with the laser light).
Observations were the following. When sampled immediately after collimation from 

the fibre the trapping beam profiles were good approximations to Gaussian shapes, 

with deviations typically less than 5%. However, at distances of greater than 1 m 

(distance from fibre to MOT for each retroreflected trapping beam was around 3.5 m) 

the quality of the collimating lens became significant. Initial experiments used a plastic 

aspheric (Comar 80AP64) but this was observed to introduce a bright edge to the beam, 

probably due to spherical aberration. The best replacement was found to be a glass 

projection lens (diameter 7.6 cm, focal length 6.5 cm) which, for accurate collimation, 

gave no sign of distortion.

8

0^0

Figure 3.5: Trapping beam profile after passing through collimating and polarizing optics and once 

through the vacuum chamber.

Both mirrors (flat to ~ VlO) and polarizing beam-splitting cubes (TecOptics) 

caused noticeable imperfections to the spatial profiles. At least some of this was due to 

aperturing of the beams from the 1" optics: diffraction rings were clearly visible and 

their separations were typically 100   200 ^/m, compatible with the difference in Fresnel 

zone radii for the apertures and distances considered. These patterns were minimized 

but not entirely eliminated by careful positioning of the optics. Diffraction patterns due 

to visible imperfections on the optical surfaces were also noticed. The beam-splitting



CHAPTER 3. EXPERIMENTAL SETUP 53

cubes were observed to introduce additional interference patterns, presumably due to 

reflections from front and back surfaces, and the similar was true for mirrors without 
ground glass backs.

Fig. 3.5 shows a beam profile after passing through collimating lens (glass), zero 

order half waveplate (Fichou), beam-splitting cube, multiple order quarter waveplate 

and two vacuum chamber windows (anti-reflection coated and flat to ~ A/5) and at a 

distance of about 2.75m from the fibre. It was not desirable to introduce unnecessary 

distortions by focussing the trapping profile onto the CCD array and thus only the 

central region of the profile is shown. The figure shows that fluctuations are typically 

5 15% on spatial scales that range from 100   400 /mi. Effects of these fluctuations 
are referred to in chapter 4.

The effect of the MOT on the profile of a retroreflected beam was investigated. A 
retroreflecting mirror was replaced by a beam splitter that transmitted a small fraction 

of the incident trapping beam, and this was imaged. The diffraction pattern introduced 

by the scattering of 10 7 atoms at a low detuning (6 = 2F) is shown in Fig. 3.6. The 

decrease of intensity at the beam centre is roughly 30%, but at large detunings this 

should fall-off as the inverse of the absorption cross-section, i.e as 62 .

Figure 3.6: The diffraction pattern in a retroreflected trapping beam caused by absorption of light by 
the MOT. The image shown was that obtained by subtracting the intensity profile of the beam with 
the trap present from that with no trap present. The peak at the centre is thus an intensity minimum, 
and in the figure (for 10 7 atoms at S = 2F) is roughly 30% of the peak intensity. The dimensions of 

the profile are 8x8 mm.
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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 10"9-10~8 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 10~8 Torr, as 
on occasion lifetimes of up to 5 s were observed. The second method of loading was to 
trap directly from an unslowed thermal atomic beam, effusing from an oven positioned 
about 1 m 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 104-107 , 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 2 Gem"" 1 A" 1 [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 2.6cm. 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"" 1 A" 1 , as measured with a Hall effect probe, the 
coils gave gradients up to 40 Gem" 1 .
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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:

(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/iK 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 ~ 1 mG 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 /^K 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/zK 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 
6.6cm to maximize the collection solid angle (77/4^ ~ 3 x 10~3 ), and with a focal 
length of 15cm imaging was made 1:1. The photodiode had an active area of 41.3mm2 
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 Rf of an op-amp, and the number of atoms TV was then 
deduced by the formula

N =
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where Rsca t t is the photon scattering rate, a the radiant sensitivity of the photodiode 
(amps per watt), and / the fraction of light lost through the collection optics and 
caesium vapour. Careful estimates were made of / and 77, and Rscatt was deduced with 
the approach described in Sec. 4.3. From uncertainties in the knowledge of Rj, a, / 
and r? it was estimated that the scattered power was measured to an accuracy of about 
15%. With Rj = 20MfJ the photodiode response time was 100   200//s, and the limit 
to detection was about 106 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 
104 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 104 atoms or less it was necessary to be able to resolve 

trap diameters of order 100//m. 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 0.5mm (such as was produced by 108 atoms at 
a density of 10 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 106 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 x direction was imaged by a high quality 70mm 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 14.76cm. The resolution limit of the two lenses was tested 
by viewing the image of a raster of 30 /mi spacings, illuminated by a caesium discharge 
lamp and positioned at the lens-trap distance (m 28cm). Performance was quanti 
fied by defining the contrast of the imaged raster to be (7max   Imin)/(Imax + Imin)- 
Fig. 3.7 shows the variation in contrast of the Xenar image with /-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 //m structure was resolvable 
and typically apertures in the range /ll   /4 were used for experiments. The resolu 
tion limit for the Xenar lens was expected to be about 25//m because the CCD pixel 
size was roughly 8//m 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 /-stops. However, in mid-aperture range (/7   /20) the 30//m structure 
was also resolved.

In conclusion the two lens systems described provided sufficient image quality. The 
resolution limits of around 25//m introduced less than^a 10% correction to the smallest 
trap diameters of ~ 100//m. 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 (~ 104 atoms) at the magnetic field zero with the use of a high magnetic field 
gradient (40 Gem" 1 ) 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 (= (Imax - Imin)l(Imax + /mm)) of a 30/mi raster at the trap position as a 
function of /-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 DT55 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 l/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 

(TOP) 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 t 0 a cloud with initial r.m.s. velocity VQ will
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expand by a distance of order 2v0t0 — 2v0 (2h/g) 1 ^ 2 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 <f> is the r.m.s. diameter of the initial 
distribution, if

( / \ 2 / ,\ 2 
, /I O\ (3 ' 3)

where the equipartition theorem has been used in the last step. For caesium at 
T = 3//K and with (f> = 1mm this implies h ^> 6.5mm. The lowest sub-Doppler 
temperatures observed in sodium are T ~ 20/zK and in this instance the condition 
is h ^> 1 mm. 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~f3mu /2 into a time distribution with the transforming equation h — ut + gt2 /2 at 
constant h. This gives

N(t)dt = N(u)du 

^ N(t ) oc _1- ( 1 + -} a-"**'-'') 2 * 1 **/')2 /2 . (3.4)
vf V * /

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//K) and for probe distances h < 10cm 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 = 42cm the TOF shape is 
almost perfectly Gaussian with temperature given by

kB
' A - (3-5)

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 1 mW in each direction. Light was collected with a lens 
of focal length 5 cm 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



CHAPTER 3. EXPERIMENTAL SETUP 61

TOP signal

Time after release (ms)

Figure 3.8: Caesium TOP signals as a function of temperature and probe distance, demonstrating 
Gaussian and non-Gaussian TOP shapes. The solid lines correspond to a temperature of 2mK and 
the dotted lines to 200 //K, with the first pair of curves detected after a free-fall distance of 0.5 cm and 
the last pair after 10cm.

by transverse expansion for temperatures greater than about 20//K. The probe height 
was 2mm which, for the scattering rate the probe induced, was roughly the distance 
travelled before the atoms were scattered into the F = 3 dark level; no repumping light 
was used. One can compare the sensitivity of the TOF signal with that of detecting 
the trap fluorescence directly. At 10/zK the spread of the cloud after falling 42cm is 
about 1.5cm. Thus for a probe width of 2mm a maximum of ~ 10% of the atoms 
contribute to the photodiode signal. The collection solid angles for the photodiodes 
were roughly comparable as were the feedback resistors in the electronics. Thus overall 
the TOF sensitivity was about one tenth of that of the trap photodiode. Indeed to 
obtain a temperature for less than 106 atoms it was necessary to filter and amplify each 
signal and then average over many shots. The computer control program was coded 
to fit the TOF signals as soon as they were recorded so that the temperature in each 
cycle of trapping, cooling and dropping was known before the next cycle began.



CHAPTERS. EXPERIMENTAL SETUP 62

3.6 Computer control

The sequence of events during experiments was coordinated with a personal computer 
(386 25SX) 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 =to 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 it 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 Superieure, 
Paris 1 , 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

^aboratoire Kastler Brossel, Unite de recherche de 1'Ecole Normale Superieure et de PUniversite 
Pierre et Marie Curie, associee 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 a+-a~ 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 PI and P2 to avoid 

confusion.
For comparison with the traps PI 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 10~4 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 104   108 atoms, with trap lifetimes varying between 0.25   5s.
Trap PI was formed in a glass cell pumped by a 251s" 1 ion pump, which produced 

a pressure less than 3 x 10~9 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 10~8 Torr 
for 2s. The collected atoms were then cooled to 3/xK 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 PI) 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" 1 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 10~8 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 fim. Trap 
PI was observed by a single camera looking along a direction at 20° to the t/-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 PI and P2 was 12 /im, 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 F = 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 fi and detuning 5 the scattered power is [57]:

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
T*O T OO *

hu>L r r ^ (r} C2MM, t̂ot (r)/2 3
= ~/\T 2 J ^ M( V + n/4 + r2   02 M/2 d r7V Z J MM 1 ° +i / 4 + °A/M' U<oH r J/ Z

where CMM' ls the Clebsch-Gordaii coefficient connecting sublevels M, M' and
is the spatial density of atoms in the sublevel M. A standard approach to handle this
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situation [54] is to assume that the scattering rate per atom can be approximated as

(4.3)4-

where H2ot is taken to be 6ft 2 , and Ci and C2 are "average Clebsch-Gordan coefficients". 

One might expects C\ and C2 to be of the same order of magnitude, though not 
necessarily equal.
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Figure 4.1: Variation in trap fluorescence with detuning for a fixed number of atoms. The solid line 
is a least squares fit of Eq. (4.3) and yields C2 ft = 4r, with an uncertainty of about 5%.

To measure C2 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 5 then allows C2 
to be deduced, assuming that ft<ot is known. To make an accurate measurement of 

ft <0< 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 2F and 3F. An 

example of the variation in fluorescence observed is shown in Fig. 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 Ci 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 41.3mm2 ) had to be less than about 100/zs. 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 F and 2F, 
and detunings between 2F and 3F. The mean of all the measurements of C\ gave 
C\ ~ 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 Ci were found to be equal within a combined uncertainty that is 
almost entirely due to that in determining C\\ C\IC\ = 1 ± 0.2.

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\ should be similar to the average for all the transitions and all the polarizations,

i.e. for a 4   5' transition C\ ~ C\ ^ \/ll/(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 cr + — a~ 
optical molasses has yielded an excited state fraction consistent with C\ — 0.9i0.1, 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 C$, an<^ 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 jetroreflections. The solid line marks 
the average Cf = 0.73, and the standard deviation is 0.14 which is larger than a 10% systematic 
uncertainty arising from the estimate of ^ot at the trap centre. The filled circle shows the average of 
several measurements of C\ , with an error bar that is mainly due to the uncertainty in determining 
C|. The value of Cf at the same fi/F was measured in the same experimental run; by comparing 
the ratio of signals the uncertainty in concluding that C\jC\ — 1 is relatively unaffected by the 
uncertainty in knowing Q.
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5 = 5F, H = 0.71F [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\ = C\ = 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 TV 1 /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 TV  >  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 cr+-cr~ 

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 ~ 1 cm3 will impose a geometrical broadening on the TOF signal of width 

~ 5^K 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 2cm wide probe beam for temperatures greater than about 20//K, 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 effects 

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 (<C 1 mm3 ) and whose 

contribution to the final spreading is negligible (<C 1 /^K for a trap size of 1 mm3 falling 

through 40cm), 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 expand 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 106 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//K. 

This was confirmed by varying the trap number between 8 x 104 and 3 x 106 atoms 

and measuring the trap temperature at the fixed parameters 8 w 6F, i72 /$F ^ 0.1. 

Between 4 x 10 5 and 3 x 106 atoms the temperature was observed to change by < 10%, 

and below 4 x 105 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 106 .
The following TOF sequence was adopted. The trap was loaded with 5 — 2F, 

H = 1.5F and 6 = 10 Gem" 1 . The parameters {£, H) 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 {<£, ft} 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 8 < 4F, and at the lowest 

intensities for all detunings. We notice first that the temperature at low detunings is 

larger than the linear dependence on H2 /^F, as predicted to occur specifically in <j+-a~ 
molasses by M01mer [63], and as previously observed in rubidium [89] and caesium [25]. 

The data for 6 > 4F and T < 35 fiK is replotted in Fig. 4.3(b). For each detuning 

the temperature is clearly observed to pass through a minimum. When T < 10 //K, a 

linear fit to the data for tf/ST > 0.025 yields [see Eq. (2.9)]

C0 /kB = 1.9 ± 0.5 fiK, Ca -0.24 ±0.05 (ft2 /^r > 0.025, T < 10 fiK) (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 /^K gives

C0 /kB = 1 ±0.5/<K,a = 0.28 ±0.05 (ft 2 /^ > Q.025, T < 30 /d<). (4.5)
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Figure 4.3: Temperature measurements on atoms released from a <r+-cr~ optical molasses formed 
from three mutually perpendicular beam pairs. The complete data set is shown in (a), and the data 
for S > 4F, T < 35 //K repeated in (b). The symbol shape indicates the detuning as follows: S/T — 
1.9 ( ), 3.8 ( ), 5.7(0), 7.6 (D), 11.4 (V).
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The uncertainty in Ca 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 
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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 $l2 /6T K 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 85 Rb and 87Rb). According 
to the quantum formulation by Castin et al. [10] the temperature in molasses in the 
limit 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//K scatter in the data.

4.5 Measurement of ft
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
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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 AtF of the final steady-state number with an acquisition 

time resolution At and for a trap lifetime F" 1 . Thus for a typical loading from a 

background vapour of 10 7 atoms with F" 1 = 1 s, measurement would be limited to 

greater than 10 5 atoms for At = 20ms, 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 ~ 104 atoms were obtained, and by monitoring 

their loading it was possible to measure trap dimensions for as few as 103 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 103   106 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 ~ N1 /3 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 K 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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Figure 4.5: Variation of r.m.s. radius along the z-axis as a function of trap number, with the trapping 
parameters S = 3.4F, Q2 = 5.2F2 and b = 10 Gem" 1 . The data shown is the combination of three 
loading sequences with different final steady-state numbers, and each point represents the image 
acquired from one field of the CCD signal.

the transition position. These observations are also in agreement with the variations 
suggested in Sec. 2.2.4.

The last column of the first four rows of Table 4.1 list the results obtained in 
Oxford by converting the constant radii into values of AC. It has been assumed that the 
agreement of the molasses temperature measurements with those of Drewsen et al. [25] 
is good evidence for the reproducibility of Fig. 4.3, and thus the temperatures were 
not measured simultaneously with the radii (in fact it would have been exceedingly 
difficult to have obtained a TOP signal for only 103 atoms, spread temporally by their 
relatively high temperature of ~ 65   80 fiK at the parameter values indicated, and have 
simultaneously retained the temporal resolution in the detection required to resolve the 
signal). The spread in the values of /c0 of a factor ~ 2 is attributable to the uncertainty 
in the trap radius at small number (low intensity CCD images leading to the scatter 
observed in Fig. 4.5), and to uncertainty in the molasses temperature at the necessarily 
high light shifts. Also included in Table 4.1 are measurements taken in Paris; these used 
much lower intensities and generally did not reveal a temperature-limited trap, which
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Table 4.1: Information relevant to deducing the spring constant K. 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

Oxford
Oxford
Oxford
Oxford

PI
PI
P2

P2
P2
P2
P2

P2

«2 /r2

5.2
5.2
5.2
5.2
0.87
0.87
0.28

1
1
1
1

1

S/T

1.9
1.9
3.4
3.4
2.2
2.2
3

5
5
5
5

5

dB/dz
Gem- 1

10
30
10
30
58
31
9.5

9.5
9.5
9.5
9.5

5

TV/105

0.01
0.02
0.01
0.01
0.36
1
2.4

1
2.5
30
100

3.5

r
[im
50
30
51
40
23
37
47

37
49
99
150

71

K
(10~ 19

4.4
12.3
3.5
5.9
12
(4.7)
(0.95)

(1.5)
(0.95)
-
-

(0.4)

ACO
Nm- 1 )

0.85
0.8
1.2
0.7
0.44
(0.33)
 

(0.78)
(0.5)
-
-

(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 AC O . Therefore the conclusion is that 
AC O = (1 ±0.2) x 1(T 19 Nm- 1 for the trap in Oxford, ACO > 0.4 x 10~ 19 Nm" 1 for trap PI, 
and K0 > 0.8 x 10~ 19 Nm" 1 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 KQ 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 AC, 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 IO 5 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 ft = F in 
Table 4.1. In this case the density remained constant (at ~ 8 x IO 10 cm~3 ) for numbers 
of trapped atoms between IO5 and IO7 , implying that multiple scattering was limiting 
the density when there were as few as N ~ IO 5 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.



CHAPTER 4. PHASE-SPACE DENSITY IN THE MOT 76

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 K 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 difficult to detect, despite it often 
containing roughly the same number of atoms as in the narrower Gaussian. In fact to 
aid 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 mm2 ) 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. Fig 4.6(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). For 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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Figure 4.6: Observation of the two-component regime, (a) A horizontal line from the CCD image and 

(b) the corresponding TOF signal at fi = 0.75 F, S = 5.7 T, TV = 2 x 10 7 atoms. In (a) the CCD image 

is shown for two values of the magnetic field gradient: 6 = 45 Gem" 1 ( ) and 6 = 10 Gem" 1 (o). The 

solid line through the latter is a fitted curve comprising the sum of two Gaussians. In (b) the TOF 

signal is shown only for the case 6 = 45 Gem" 1 ; the fitted curve is also the sum of two Gaussians. The 

TOF signal at the lower field gradient (not shown) was well fitted by a single Gaussian.
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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) r oc i>]/c3 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)
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Figure 4.7: Sensitivity of the background Gaussian to alignment of the trapping beams. The filled 
circles represent the ^-profile obtained by summing a CCD image in the x-direction, and the solid 
line the best fit sum of two Gaussians with the horizontal position of each floated. The parameter 
values were £7 = 0.75F, 6 '= 5.7F, 6 = 40 Gem" 1 , and N = 1.4 x 10 7 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 Sees. 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 TOP 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 TOP 
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 TOP 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:

( \ _ L -r2 /a2 | i -r2 //2 (A c\
\ /  !  * \ /

where a 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) = (hi -f h<2}e~ r ' a -f/i2(e~r '   e~r ' a ) (4-7)

central region Doppler region

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

Ncentra , = 
NDoppier = 7r 3/ 2 /i 2 (/ 3 - <7 3 ).

Now if we deduce numbers NI and A2 from the two Gaussians whose sum fits the CCD 
image integrated along a direction, then from Eq. (4.6)
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Thus

•''centra/ —

•** Doppler —

where A TV =

AW (4.8)
(4.9)

(4.10)

Typically VijV\ ~ 100 and N2 /Ni ~ 2   5 and thus it is seen that the error AN in using 
NI and 7V2 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.
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Figure 4.8: Density at the centre of the cloud ( ), and number of atoms in the central component 
(D,V), as a function of magnetic field gradient, in the two component regime. The laser parameters 
were ft = 0.75F and 6 = 5.7F. 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 field
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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 — SOGcm"" 1 . 
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" 1 . 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 6" 1 rather 
than the more rapid 6~ 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 6~°'6 , 
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 6" 1 [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 
PI 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 Gem" 1 in the Oxford trap, the radius of the central component was 
84 /um, and 64^um, for detunings of 8.6F, and 11.4F respectively, and at H = 0.75F. 
These figures are consistent with r/ oc 6~ l , and imply C\ — 1.4 ± 0.3. Closer to the 
boundary between regimes, the radius of the central component varied more slowly with 
8. In trap PI with a field gradient b = 62 Gem" 1 , the radius of the central component 
was 45 //m at 5 = 9.5 F, ft = 0.9 F; 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

1 /"3
temperature above the molasses temperature decreased roughly as Ncentra / 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 nar = n^aN1 /3 in the multiple scattering regime. The 
temperature of the weakly-confined atoms was observed to vary in roughly the range 
100//K   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 PI, with £1 = 0.9T, 
N = 5 x 106 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 KoCus = 5 x 10~ 18 

1 (see Sec. 4.8), and C\ = 1.4 for the Oxford trap, C\ - 1.2 for trap PL

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 rpos (= a/K for 
spherical symmetry) for the new parameter values. This method contrasts to previous 
measurements of rpos [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 /9, it allows one to estimate the collision-limited density [Eq. (2.32)].

Vertical displacement (mm) 
1

0 100

Time (ms)

Figure 4.10: Displacement of the trap from the zero of magnetic field as a function of time; by 

weakening the trapping parameters {6,tt,b} from {1.9F, 1.4F, 10 Gem' 1 } to {5.75F, O.TSr^Gcm" 1 } 
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 rpos 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 50ms 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 (z), 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 is 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 rpos is determined by the above method is limited by two 

factors. First, each video field gives a signal integrated over a period of 20ms, which 

imposes a limit to the lowest value of rpos 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 20ms with only 20ms time resolution. The second limit to 

the accuracy arises from uncertainty in the floated value of rpos 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 rpos are indeed as have been 

measured previously [78, 25]. In Fig. 4.11 (a) rpos 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" 1 , confirming that at higher gradients rpos < 
20ms. 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 rpos 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 rpos 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 

Tpos 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 sufficiently refined, that the density in the MOT is sensitive to certain 

aspects of the trapping setup, such as trap alignment, making it difficult to compare
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Figure 4.11: Measurements of the position damping time rpos (— Q/K with spherical symmetry) as 
a function of detuning and field gradient. For (a) the detuning was 8 = 5.75F and for (b) the field 
gradient was 6 = 7 Gem" 1 . The error bars represent an estimated uncertainty in determining rpox 
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 is therefore evidence for the sensitivity of rpos 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 (£l2 /6r ~ 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" 1 ), as expected in the multiple 

scattering regime. By transiently switching the parameter values from those used for 

loading to b ~ 40 Gem" 1 , H2 /^F ~ 0.5 the density was increased by a factor ~ 15 to 
~ 1.5 x 10n 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 oc 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
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intensity and detuning, and for this the values C\ — C\ = 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 x 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 x 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\ = 0.7.
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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. Nx oc Axax and Ny oc Ay (Ty, where A{ was the height of the summed profile in the 
i th direction with width <7t-. Typically Nx and Ny 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 x 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 10~3 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" 1 ) 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 10~4 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 (300ms) 
led to ballistic expansion outside the detection probe for atom temperatures greater 

than about

4.8.3 The transient technique
Typically the following sequence of events was employed. The trap was fully loaded 
with ~ 106   10 7 atoms using suitable parameters {6, 0,6}, such as (2F,2r, 10 Gem" 1 }. 
The frame-grabbing boards were then triggered, the parameters switched to their cho 

sen values some 50ms later, and the subsequent decay of the trap then monitored with
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the x 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 final laser 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 ~ 103 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 exactly 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 (8 = 4P) 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 4.12: An example of the transient behaviour of the MOT number (o) and peak density ( ) after 
switching the parameter values {6, fi, b] to {5.75F, 0.95F, 40 Gem" 1 } to increase the density. Note that 
the density compresses from its value under loading conditions (a few 10 10 cm~3) to ~ 10 11 cm~ 3 in 
less than the 20 ms integration time of one video field - this is consistent with the position damping 
time measurements in Sec. 4.7.

intensity, and thus the same conclusion also applies to varying these parameters.

4.8.4 The density behaviour
The features deduced of the density behaviour were the following. First, in a vapour 
cell MOT one is nearly always concerned with a density limited by multiple scattering; 
only if one takes pains to trap fewer than ~ 104 atoms can one observe a volume 
that is truly temperature-limited (Sec. 4.5). The signature of the multiple scattering 
regime is a trap volume that is not constant as the trap unloads or, equivalently, a 
density that decreases at a slower rate than the number, as shown in Fig. 4.12. The 
fact that the density does not remain exactly constant as the number varies may be 
interpreted as some degree of influence from the temperature-limited regime, i.e. some 
remnant of transitionary behaviour. In accordance with this suggestion the rate at 
which the density decreased was observed to be larger when the scattering rate was 
smaller or when there were fewer atoms. Typically with a total saturation parameter
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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 {$7,6} = {1-5F, 15 Gem" 1 }. 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.



CHAPTER 4. PHASE-SPACE DENSITY IN THE MOT 93

0.15 and with 5 x 107 atoms, the number decayed at a rate approaching an order 

of magnitude larger than that of the density.

One observes that one cannot increase substantially a density limited by multiple 

scattering by reducing the scattering rate, contrary to the suggestion by Eq. (2.16). 

This same conclusion was deduced from measurements on traps PI and P2, and has 

been hinted at previously [25, 68]. More specifically, Fig. 4.14 shows that the Walker, 

Sesko, Wieman model was found to hold reasonably well at high scattering rates, where 

from Eq. (2.15) one would expect only a small increase in density by reducing the sat 

uration parameter. At lower scattering rates the density was observed to increase only 

slowly with decreasing light shift, roughly in accordance with Eq. (2.17). Eventually 

even this law was observed to fail, and for light shift parameters tf/ST < 0.1 - 0.2 

a breakdown in confinement occurred, i.e. the density actually decreased, as shown in 

Figs. 4.15(a) and 4.15(b).

Peak density (10 10 cm-3 )

1

0
8

6/r

Figure 4.14: Failure of the Walker, Sesko, Wieman model. The circles represent transient peak 

densities as a function of detuning obtained for ~ 5 x 10 7 atoms at b = 7 Gem" 1 and for Q = 2.IF 

(O) and £1 = 1.5F ( ). The dotted curves are representative of the Walker, Sesko, Wieman model 

and arise from the evaluation of Eq. (2.15), with the same scaling factor (w 0.5). One sees that the 

agreement with the data is poor for Q2 /£F < 0.4. The solid lines are the empirical law Eq. (2.17) 

with CMS ^ 63 for the higher intensity and CMS & 69 for the lower intensity. The two data sets were 
taken a month apart.
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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 6 atoms at 6 = 10 Gem" 1 and 8 = 1.9F, and in (b) represent the density of 
atoms in the central component of a two-component profile at 6 = 40 Gcm~ and Q = 0.75F, with a 
number varying between 10 6 and 10 7 atoms depending on the detuning. In both situations the density 
has decreased measurably at a light shift parameter Q 2 /JF ~ 0.1.



CHAPTER 4. PHASE-SPACE DENSITY IN THE MOT 95

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 ft2 /<£F < 0.2, a 

factor ~ 4 larger than the shift at which the temperature started to increase. However, 

it is 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 11 cm"3 . Figure 4.8 shows that useful increases are 

only obtained for gradients up to about 60 Gem" 1 ; 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"1 ) and a somewhat reduced light shift 

(n2 /$F ~ 0.3   0.5) maximum densities of 1   2 x 10 11 cm~3 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 CMS for each case. For the Oxford trap numerous measurements, 

including those of Figs. 4.14 and 4.15, gave

CMS/SO = (5.5 ± 2) x 10~ 18 NirT 1 (4.11)

where the error bar accounts for the average 30% discrepancy between data sets. Using 

KQ = (1 ± 0.2) x 10~ 19 NrrT 1 deduced from Sec. 4.5 gives2 CMS = 55 ± 25.
Measurements on trap PI showed the density limited by multiple scattering to scale 

roughly as b°-86OA for a majority of measurements. Imposing the law (2.17) gave a least 

squares fit CMs ^o = (5 ± 1) x lO^Nm' 1 , which with «0 = (1 ± 0.5) x lO^Nm' 1 

implies CMS = 50 ± 25.
Trap P2 yielded a value CMS/^O = (12 ± 3) x 10~ 18 Nm" 1 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

2 This value of CMS 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 6 = 5.75F and b — 1 Gem" 1 was measured 
to be about 30ms. The measurements of the cold collision loss rates in chapter 5 
demonstrated that generally the largest values of /3 in caesium arise from hyperfine- 
changing collisions, and are ~ 10~ 10 cm3s~ 1 . Evaluation of nCL with this value of 
gives the minimum possible collision-limited density, and is nCL = 3/Tpos j3 ~ 10 12 cm 
By contrast the actual density measured was ~ 5 x 10 10 cm~3 , confirming the initial 
assertion. One should note that rpos scales with field gradient so that the densities 
in excess of 10 11 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 10 atoms 
per cm3 , 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 11 atoms 
per cm3 , 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 (H2 < 0.5F2 ) 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 (H 2 ~ F2 ) 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 11 cm~ 3 , but that 
the temperature would continue to decrease. Thus one would hope that eventually a 
molasses temperature would be combined with a density ~ 10 11 cm~3 , yielding, in this
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Figure 4.16: Phase-space density versus field gradient. At 8 = 7.6F and £l = 0.75r 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/iK.

particular instance, p ~ 3 x 10~ 5 (although with a small number of atoms, probably 
less than 106 ). 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 maximum MOT density of ~ 2 x 10 11 cm~3 with the minimum molasses temperature 
of ~ 3 //K (Fig. 4.4) to give p ~ 1CT 4 . 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" 1 ) and 
expected molasses temperatures. One sees that for light shift parameters below about 
0.1, p falls below the (H2 /^)"2 prediction [Eqs. (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 ~ 7//K. It is thus suggested that the maximum value of p that one can 
obtain in the MOT is about 5 x 10~ 5 .

A means to avoid the breakdown in confinement is to create the required conditions
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Figure 4.17: Phase-space density as a function of light shift, normalized to b — 30 Gem" 1 with the use 
of Fig. 4.8. The spatial densities were measured and the temperatures taken to be those of molasses 

(Fig. 4.3). Each type of symbol corresponds to a different data run, with the accumulation of all data 
spanning a period of over six months. The values of fi/T are as follows: 1.15 (V), 0.75 (A), 0.75 (O), 1.5 
(0), 2.1 (D). The solid line is the prediction of the empirical model with CMS^O = 5.5 x lO'

for a high phase-space density transiently. In conclusion the following procedure is 

suggested to compress ~ 5 x 106 atoms to a density in phase-space of p ~ 10~4 . One first 

fully loads a MOT and then transiently switches {fi2 /£r, 6} to roughly {0.3,40 Gem" 1 } 

to produce the maximum spatial compression, ~ 10 11 cm~3 , in roughly the position 

damping time. The idea is then to switch to parameters that will give a temperature 

of 3 /^K, and cool before the density has time to decrease. The timescale for the latter is 

Tpos/3 which might be only a few milliseconds at a high field gradient, and this may be 

comparable to the time required to cool (in theory cooling ought to take only ~ 100//S 

but during our measurements it was always observed to take much longer than this). 

Thus it would be sensible to first reduce the field gradient rapidly back to its starting 

value prior to cooling.
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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 AC to be deduced when the laser beam intensity 
was fairly high; lower limits for the spring constant were obtained from traps PI and 
P2. There is a range of about a factor 10 in previously reported measurements of AC 
(shown in Table 2.1); the Oxford value is near the upper end of this range. These 
measurements lead to a value for AC O , 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, CMS- 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 H2 /^r 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 PI 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 = nA3 = 1.5 x 
10~ 5 . 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 

~ 10~8 Torr, with a high MOT density (greater than 10 10 cm~3 ) and with trap num 

bers in excess of 106 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 10~~ 10 Torr, and have worked specifically 

with trapped clouds of low density and thus small numbers of atoms (typically less 

than 104 ). 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 /3 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 (3 in caesium are presented and discussed.

5.2 General technique
To extract j3 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 
j3 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 /3n(r) also varies with number. 
In contrast the loss rate per atom due to background collisions r~ l 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 (109 cm~3 or less) it is necessary to have a very 
low vapour pressure in order that r 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 10~8 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 r 
and fln 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 (3 from knowledge of N(t) and n(t) 
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.

dt T 

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

dN N
   -k(3Nnmax (5.2) 

at T
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where the factor k is a constant that depends on the shape of the density distribution:

Jn2 (r)/nmax d3r

/n(r)d3r

For a Gaussian profile k = 2(2/?r3 ) 1/2 « 0.5. Both TV and nmax are functions of time 

and thus the general solution to Eq. (5.2) is

N(t) = constant x c-'/r-fc/J/n^Wdt^ ^

Thus to find 0 one numerically integrates the measured density with* respect to time 

and optimizes /?, r 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 TV, n and solving simultaneously for /?, r.
To be able to distinguish accurately the contributions /3n(t) and r~l 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 104 ) 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(t) = /i (*) (constant + RI2 (t)) (5.5) 

where

*'- (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 = RF~ l where F = r~ l -f k/3n}.
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 /?, r, 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 5.1: Fitting a non-exponential decay. In this example the MOT was fully loaded and then 
switched to the parameter values <J = 7.66F, fi = LIT and b = 40 Gem" 1 . In the subsequent decay the 
density ( ) decreased slowly, inducing the non-exponential shape in the decay of the trap number (o) 
that is clearly observed. The solid line is a least squares fit of Eq. (5.5) with /?, r, R and the overall 
scaling floated, and yields /3 = 1.6 x 10~ 11 cm3s~ 1 and T = 0.72s. The dotted line is the decay for 
this same value of T but with /3 = 0, and shows the relative contributions to the total decay from cold 
collisions and collisions with the background vapour.

F = 4   >  5' peaks in the saturated absorption spectrum. The light was directed down 
a monomode fibre, then collimated to a diameter of about 10mm and aligned over 
the trap position. Indication that the additional laser field was indeed increasing the 
collision rate was immediately apparent by a large drop in the steady-state trap number 

for catalysis intensities of a few milliwatts. That is, /3 was increased by the catalysis 

light such that /3n was comparable to or less than T~ I . Quantitative confirmation of 
this is shown in Fig. 5.2 which is interpreted as follows. For a trap with uniform density 
the steady-state number is N = RT~ l . If NO is the number without any catalysis laser, 
and if one writes f3 as the sum of the coefficient due to the trapping light, /30 , and that 
induced by the catalysis laser A/3, then one obtains

fca. (5.8)

Figure 5.2 shows that (N0   N)/N was proportional to the catalysis laser intensity
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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.

Ic and thus one concludes from Eq. (5.8) that A/? oc Ic . 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 /3n is comparable to r~ l in the central, strongly-confined region of 
a two-component profile, then in the outer, weakly-confined area j3n <^C r~ l 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 r~ 1 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 /3 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 J3 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 /? induced by the MOT light field.

The first point to make is that since one is looking to distinguish a decay rate (3n(t} 
against a background rate r~ l 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" 1 . A second key point 
is 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 5 ) 
yet still large enough to permit detection. For example, to measure /3 at high intensity
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(hot > 30mWcm~ 2 ) it was necessary to switch to 6 > 7F. 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 (3 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 k/3nr 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 (3 in the temperature-limited regime. From figure 1 in reference [74] (3 = 7.6 x 

10~ 11 cm3s~ 1 , nmax (t = 0) = 1.2 x 109 cm~3 and r = 132s thus implying k/3nr w 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 {3 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 r which is found from 

the behaviour at long times. Because /? 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 (3 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 (3
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 /3 from 
which deductions about collision-limited densities can be made.

An example of the variation of (3 with trapping intensity is shown in Fig. 5.3(a) 
and was obtained by switching the parameter values to S = 7.66F, 6 = 40 Gem" 1 and 
to the desired intensity. The corresponding values of the lifetime r 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 fl 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~2 the 
loading rate R was significant enough to prevent the number decaying below 2 x 105 
atoms, and (3 could not be accurately found. For the same reason values of r were 
not accurately determined for intensities greater than 30mWcm~2 . At low intensities 
the large values of /3 were generally well determined, but at the very lowest intensities 
(< 6mWcm~ 2 ) the image signals were low and the decays very quick (P" 1 < 100ms) 
and to find /3 it was necessary to fix r 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 /3 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 (3 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 f3 values is a least squares fit to the function (3 — 
A ie- Itot/Ir + A2 Itot and gives Ir = 1.1 mW, A2 = 1.2 x lO'^cmV^W- 1 . As ex 
plained in Sec. 2.4.2.3 the fact that (3 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 6 — 7.66F, b = 40 Gem" 1 and to the chosen intensity. The solid line through the /3 values is a 
least squares fit to the function /? = A\e~ lio *l lr + A^Itot where the two terms represent respectively 
the extinction of hyperfine structure-changing collisions and the linear dependence of light-assisted 
collisions with intensity.



CHAPTER 5. MEASUREMENT OF COLD COLLISION LOSSES 110

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 j3 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 j3 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 8 w F whereas those of Fig. 5.3 
were at 6 = 7.66F. 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 10~ 10 cm3s~ 1 , 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 (Sees. 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 r varies as v\^ for the van der 
Waals interaction. Thus Fig. 5.3(b) implies that vesc oc Ifot . 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 Cn /rn , 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 /3 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 1012 cm~3 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 ~ 10 12 cm"3 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

112
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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 (< 10~ 10 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 (~ 10~8 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 
is 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 852 nm 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 F = 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. OrT-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 

excitation 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 F = 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 F = 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", Nu 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 rmo/. The lifetime of atoms in 
this upper state before being depumped into the lower hyperfine level of the ground 
state is ru , 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 r<f before they are excited by the weak repumping light 
back into the cooling cycle. The equilibrium number in the dark level is Nd.

If Rrep and Rdep are respectively the repumping and depumping rates, then clearly

/V r R•i *1/ 111 J t-r^n , ,.
(6.1)

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:

(6.2) l ;

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 

fluorescence 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 « ^. (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 ru and possible density constraints on the 

maximum value of rd . 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 

K 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, a/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 p2 . Then in this regime the 

overall dependence of the dark MOT density is

^dMOT _ nMS 
HMS —

P

where the subscript "MS" indicates that this equation applies to the multiple scattering 

regime only. Clearly there is an increase in density when p < I. 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 r? is determined by the spring 

constant and the cloud temperature T, the three being related by the equipartition 

theorem:
i/erj = -kB T. (6.5)

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
Irp ——nMOT = _^    (66)
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Thus in this regime the dark MOT density decreases as p is reduced:

(_f\ 3/2 3/2 (6 7)
\ 1 rri I r V /\KBTJ

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 TJ and with an rms 

velocity v — -\JkpTjm. The mean distance they travel in a given direction is then of 
the order of A = vr<i and so broadening of the trap dimensions on this scale might be 
expected. To estimate this effect we can use A to define a density in a similar manner 
to Eq. (6.7) 1 . This gives

N m
Tu(l-p).

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 Eqs. (6.4), (6.7) and (6.8). Roughly speaking, the actual 
density at each p is given by that expression with the smallest value2 . 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 8 — 2F, 
a Rabi frequency per beam H = F and a field gradient dB/dz = 15 Gem" 1 . 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 KQ — lO'^Nm" 1 . A molasses temperature of 
60//K has been estimated from Fig. 4.3, and the MOT (p = I) density has been taken 
to be 3 x 10 10 cm-3 .

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

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

2 One 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  : 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 hyperfme 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

r
•>nat _ _ x ___________-^j__________ v

2 (A + 6)*

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 F1 = 4 -)  3 to the lower hyperfine 
ground state. The Rabi frequency 1744/ for the transition F = 4 -> 4' is related to that 
for the F = 4   »> 5' cooling cycle by a further ratio of line strengths:

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,

r 6 x (21/44)S7V2 15
2* (A + i)' X 36 (6J1)

which, with the above trapping parameters, gives a lifetime in the upper state of 
ru = l/R^p w 250 /zs. This lifetime is insensitive to the trap detuning because A ^> 6.

The trap number in Fig. 6.2(a) and Fig. 6.2(b) has been chosen to be 10 7 , 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 105 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 10~ 10 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 p2 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 //s. 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 fis 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 02 /^F ~ 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 1:

AT = C(^V*. (6.13) 
\ c J a

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 

vc oc d1/2 , and thus for fixed trapping parameters the trapped number depends on the 

fourth power of the trap dimensions, N oc d4 . Increasing the beam size is then the most 

straightforward method to load a large number. For example, with 60mm diameter 

beams Gibble et al. [33] loaded 1010 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

a = PggVg + Pe^e- (6.14)

pgg and pee 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]:

v
Pee ' 2 X V + QL/2 4- 

Pgg = 1-Pee - (6.16)

where £ltot — \/6ffc 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 is, therefore, larger than for the 

atoms in the ground state, which interact only via the weaker van der Waals force. 

That is, cre > og . 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] 

in the dark level only undergo ground state collisions. It then follows that the ratio of 

dark MOT to MOT equilibrium numbers is

NdMOT 1 -f Pee (^el^g ~~ 1)
_ (6 17) 

NMOT \+pee (ae /ffg -\)p' V ' ;
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Clearly NdMOT > NMOT 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 pee might be about 0.3, the classical 
estimate by Steane et al. [77] discussed in Sec. 2.4.1 predicts ae/ag ~ 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 pee decreases, the prediction by Steane et al. [77] is that 
the ratio of cross-sections varies with the trap escape velocity vesc as

C/ f> 1 /O  « v~slc/3 , (6.18)

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~n 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 o- + and a~ 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 R± from each beam fixed by the usual expression for a two-level atom:

r n
2 H2 /2 + P/4 + (6 ± kv ±

where fj. 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 mF = ±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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absorb 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:

T\ = 4~, where (6.20)

_VT —
am rn 61

, ^(6 '22)

and Dp is the momentum diffusion coefficient, a is the friction coefficient and hk 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 < 0.85 the fractional 

discrepancy in size increases roughly as p~3/4 , which implies that the temperature is 

increasing fractionally as p"3/2 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 is an 

excess heating. A correlation mechanism of this type is general and should occur in a 

real 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 AU were to each 
spend exactly a time t in the dark level, then the profile resulting from free travel would 
clearly be a Gaussian of width t&v. However, the absorption of a repumping photon in 
the dark level is a random event with a mean time between absorptions T&. That is, the 
survival probability in the dark level decays exponentially with time constant r&. Thus 
the profile resulting from the free travel is a sum of Gaussians weighted exponentially:

/*oo 

JO
where = — and I'd A = Td Av. (6.23)

The shape of this integral is very similar to an exponential with decay distance I/A, 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 r^.
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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 50 mW 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 10~4 . 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 / = 40 cm placed a distance 

2/ 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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Figure 6.4: Arrangement of beams in the horizontal plane of the spatial dark MOT.

Spot sizes between 1.3mm and 6mm diameter were tried. Best confinement of 

the atoms in the "hole" (without decreasing the trap loading rate significantly) was 

obtained for sizes between 3.5 and 4.5mm. All the experiments referred to in this 

chapter were performed with a spot size of 3.5mm.
Aligning the spot with the centre of the trap proved to be simple. First it was 

aligned with the centre of the repumping beams which themselves were centred on the 

trap position. Then one beam was blocked and the trap'viewed along an axis at a small 

angle to the unblocked beam. The spot was translated until its darkened image was 

visible moving over the trap. This procedure was then repeated for the other beam. 

To observe the image clearly it was sometimes necessary to reduce the overall intensity 

of the repumping beam in order to get a large fraction of the atoms into the dark state.

Imaging the spot reduced the repumping intensity at the trap position by one to 

two orders of magnitude. However, this was only sufficient to reduce p slightly from 

unity if saturation of repumping in the surrounding capture region was also maintained. 

To reach large dark state fractions depumping was essential. About 100/zWcm~ 2 of 

F = 4  >  4' light was shone into the trap and this reduced p to about 0.15. Higher 

values of p were then obtained by means of an auxiliary beam of repumping light 

which illuminated the cloud directly; the intensity of this "fill-in" beam was controlled
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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 F = 4  >  4' depumping 
light. A small number of atoms (< 106 ) was loaded from a low vapour pressure with 
the trap detuning set to  2F, a Rabi frequency per beam of 1.5F and a magnetic 
field gradient of 10 Gem" 1 . The trapping laser detuning was then switched to  4F 
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 off 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 //s) followed 
by the depumping beam 50//s later. The repumping light was switched off with a 
fast shutter a few hundred microseconds after this (the heating effect from the 50/is 
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 2 cm 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 
p = 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 ( ) 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^Wcm~2 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/iiWcm~ 2 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" 1 the Doppler 
shift is more than three linewidths.

Fraction in bright state, p N/NMAX

-0.2

-0

0 0.05 0.1 0.15 0.2 0.25 0.3 

Repumping intensity (mWcm~2 )

Figure 6.6: Saturation measurements with repumping laser: o for the cooling cycle (p scale),   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

p = (6.24)

with the total intensity Itot 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 Itot , and a similar rate 

equation for the repumping rate from a repumping intensity Irep . 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 /9 ee(°re/cr5   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, <Je /<J5 . 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 cre /<j5 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 

cre /<75 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 NdMOT/NMOT ~ 5 - 7. The qualitative conclusion 

of this behaviour is that cre /<J5 varies more quickly than the u~|/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 S =  2F, Q = 0.9F and dB/dz = 15 Gem" 1 . The solid line is Eq. (6.17) 
with a best fit parameter <re /cr3 « 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 11 cm~3 was reported. This 
was obtained under conditions of high magnetic field (40 Gem" 1 ) and a reduced light 
shift parameter (tl^/ST < 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 
6 = 2F. The trapping intensity was then reduced to decrease the light shift parameter 
to fi2 /£F % 0.5, and simultaneously the magnetic field gradient was increased from 10 
to 40 Gem" 1 . The combined effect of this was to increase the MOT density by roughly 
a factor 4 to about 5 x 10 10 cm~3 . After a wait of 100ms 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 stot defined by

' (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 11 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.
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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. For 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 

~ 10~8 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 p2 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~ l ). 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(l   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) 4- 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 0 (defined by Eq. 2.33) from the cold collision contribution to the decay is 

8 x 10~ n cm3 s~ 1 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 < 50ms 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 a/. [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 (<J5 oc v~£f3). 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 < 106 ), 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 11 cm~3 . 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" 1 ) and consequently the maximum den 
sity reached was just over 10 11 cm"3 . 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" 1 . 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 40Gcm~ over an 
order of magnitude fewer atoms were loaded than at 15Gcm~ 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" 1 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
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did not invoke the very rapid decays seen in the temporal dark MOT.
A density variation with p using this technique is shown in Fig. 6.9 for around 10 7 

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/zK, 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 1012 cm"3 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 6 — 2F, fi = 0.9F and dB/dz = 15 Gem" 1 were used to trap between 4 x 10 6 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" 1 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 ^/K.

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 indeed
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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 2mWcm~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 11 cm~3 maximum 
density in Fig. 6.9 with the density > 4 x 10 11 cm"3 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/is 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" 1 . 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 40 mWcnT 2 available for trapping and with 
the trap detuning and field gradient near optimal for efficient loading, typically 10 7 
atoms were loaded into the MOT. This could be increased to close to 5 x 10 7 atoms 
but only by increasing the caesium vapour pressure substantially above its standard 
operating value (~ 10~8 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 
expected3 . However, when the light shift parameter ft2 /£F 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 1} 2 /£F = 0.2 and 
at 6 = 2F is about 30 /iK, 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//K 
is just over 10 12 cm~3 , i.e. no significant increase over the density at ~ 100/zK. 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 12 cm"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 10 atoms, and densities approaching 10 12 cm~3 
were reached by confining 99% of the atoms to the dark level at low field gradients 
(10   15 Gem" 1 ). 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" 1 ), 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 12 cm~ 3 were observed, an improvement by a factor ~ 5 over the best

3 More precisely there was a slow trend in the density which was probably the small variation of 

the p = 1 (MOT) density with trapping intensity.



CHAPTER 6. THE CAESIUM DARK MOT 140

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~ 5 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 12 cm~3 at a temperature of 3 jj,K 
implies p ~ 6.5 x 10~4 , and as a starting condition for loading into a magnetic trap 
and subsequent evaporative cooling this compares extremely favourably with recent 
experiments observing EEC 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 11 cm~3 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
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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 its main features justified by measurement of temperature, number and density.
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Laser Cooling and Trapping

1 INTRODUCTION
Laser cooling and trapping of neutral atoms is a rapidly expanding area of physics research that has

seen dramatic new developments over the last decade. These include the ability to cool atoms down to
unprecedented kinetic temperatures (as low as one micro Kelvin) and to bold samples of a gas isolated in
the middle of a vacuum system for many seconds. This unique new level of control of atomic motion is
allowing researchers to probe the behavior of atoms in a whole new regime of matter where deBroglie
wavelengths are much larger than the Bohr radius. Undoubtedly one of the distinct appeals of this
research is the leisurely and highly visible motion of the laser cooled and trapped atoms.

In this experiment you will operate a laser trap that is equal or superior in performance to what is
used in many current research programs. This experiment uses the lasers and saturated absorption
spectrometers used in the laser spectroscopy experiment' and thus you should have done that experiment
before doing this one. A small fraction (- 10%) of the beams of each of the two lasers goes to their
respective saturated absorption spectrometers. This allows for precise detection and control of the laser
frequencies, which is essential for cooling and trapping. The remainder of the laser light goes into the
trapping cell.

Section 2 of this write-up provides a brief introduction to the relevant physics of the atom trap,
section 3 discusses the laser stabilization, section 4 explains the optical layout for sending the laser beams
into the cell to create the trap, section 5 explains the trapping cell construction and section 6 discusses the
operation of the trap, measurement of the number of trapped atoms, and measurement of the time the
atoms remain in the trap.

2 THEORY AND OVERVIEW
We will present a brief description of the relevant physics of the vapor cell magneto-optical trap. For

more information, a relatively non-technical discussion is given in Ref. 2, while more detailed
discussions of the magneto-optical trap and the vapor cell trap can be found in Ref. 3 and Ref. 4,
respectively.

2.1 LASER COOLING

The primary force used in laser cooling and trapping is the recoil when momentum is transferred
from photons scattering off an atom. This radiation-pressure force is analogous to that applied to a
bowling ball when it is bombarded by a stream of ping pony balls. The momentum kick that the atom
receives from each scattered photon is quite small; a typical velocity change is about 1 cm/s. However,
by exciting a strong atomic transition, it is possible to scatter more than 107 photons per second and

produce large accelerations (104  g). The
radiation-pressure force is controlled in such
a way that it brings the atoms in a sample to a
velocity near zero ("cooling"), and holds
them at a particular point in space
("trapping").

The cooling is achieved by making the
photon scattering rate velocity-dependent
using the Doppler effect.[5] The basic
principle is illustrated in Figure 1.  If an atom
is moving in a laser beam, it will see the laser
frequency n laser  shifted by an amount
-( )v c/ n laser , where v is the velocity of the
atom along the direction of the laser beam. If
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Figure 1.  Atomic scattering rate versus laser frequency.
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the laser frequency is below the atomic
resonance frequency, the atom, as a result of
this Doppler shift, will scatter photons at a
higher rate if it is moving toward the laser
beam (v negative), than if it is moving away.
If laser beams impinge on the atom from all
six directions, the only remaining force on the
atom is the velocity-dependent part, which
opposes the motion of the atoms. This
provides strong damping of any atomic
motion and cools the atomic vapor This
arrangement of laser fields is often known as
"optical molasses”.[6]

Will scatter photons at a higher rate than
those moving in the same direction as the
beam. This leads to a larger force on the
counter propagating atoms.

2.2 MAGNETO-OPTICAL TRAP

Although optical molasses will cool
atoms, the atoms will still diffuse out of the
region if there is no position dependence to
the optical force. Position dependence can be
introduced in a variety of ways. Here we will
only discuss how it is done in the
"magneto-optical trap" (MOT), also known as
the "Zeeman shift optical trap," or "ZOT." The
position-dependent force is created by using
appropriately polarized laser beams and by
applying an inhomogeneous magnetic field to
the trapping region. Through Zeeman shifts of
the atomic energy levels, the magnetic field
regulates the rate at which an atom in a
particular position scatters photons from the
various beams and thereby causes the atoms to
be pushed to a particular point in space. In
addition to holding the atoms in place, this
greatly increases the atomic density since
many atoms are pushed to the same position.
Details of how the trapping works are rather
complex for a real atom in three dimensions,
so we will illustrate the basic principle using
the simplified case shown in Figure 2.

In this simplified case we consider an
atom with a J = 0 ground state and a J = 1
excited state, illuminated by circularly
polarized beams of light coming from the left
and the right. Because of its polarization, the

beam from the left can only excite transitions to the m = +1 state, while the beam from the right can only
excite transitions to the m = -1 state. The magnetic field is zero in the center, increases linearly in the
positive x direction, and decreases linearly in the negative x direction. This field perturbs the energy
levels so that the Dm = +1transition shifts to lower frequency if the atom moves to the left of the origin,

Velocity

Atom

Force

Force

Velocity

Laser beam

Figure 2. With the laser tuned to below the peak of atomic
resonance.  Due to the Doppler shift, atoms moving in the
direction opposite the laser beam will scatter photons at a higher
rate than those moving in the same direction as the beam.  This
leads to a larger force on the counter-propagating atoms.

s- s+

B<0
force

s- s+

B=0
force=0

s- s+

B>0
force

J=0

J=1
m=+1m=0m=-1

s-s+ 0
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Figure 3. One dimensional explanation of the MOT. Laser beams
with opposite helicity polarizations impinge on an atom from
opposite directions. The lasers excite the J= 0 to J = 1 transition.
The laser beam from the right only excites the m = -1 excited state,
and the laser from the left only excites the m = +1 state. As an
atom moves to the right or left, these levels are shifted by the
magnetic field thereby affecting the respective photon scattering
rates. The net result is a position-dependent force that pushes the
atoms into the center.
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while the Dm = -1transition shifts to higher frequency.
If the laser frequency is below all the atomic transition
frequencies and the atom is to the left of the origin, many
photons are scattered from the s + laser beam, because it
is close to resonance. The s - laser beam from the right,
however, is far from its resonance and scatters few
photons. Thus the force from the scattered photons
pushes the atom back to the zero of the magnetic field. If
the atom moves to the right of the origin, exactly the
opposite happens, and again the atom is pushed toward
the center where the magnetic field is zero. Although it is
somewhat more complicated to extend the analysis to
three dimensions, experimentally it is simple, as shown
in Figure 4. As in optical molasses, laser beams
illuminate the atom from all six directions. Two
symmetric magnetic field coils with oppositely directed
currents create a magnetic field that is zero in the center
and changes linearly along the x, y, and z axes. If the
circular polarizations of the lasers are set correctly, a
linear restoring force is produced in each direction.
Damping in the trap is provided by the cooling forces
discussed in section 2.1. It is best to characterize the trap
"depth" in terms of the maximum velocity that an atom
can have and still be contained in the trap. This
maximum velocity vmax is typically a few times Gl  (Gl

is the velocity at which the Doppler shift equals the natural linewidth Gof the trapping transition, where
l  is the wavelength of the laser light).

A much more complicated three-dimensional calculation using the appropriate angular momentum
states for a real atom will give results which are qualitatively very similar to those provided by the above

analysis if: (1) the atom is excited on a transition where the upper
state total angular momentum is larger than that of the lower state
F F F 1Æ ¢ = +( )  and (2)  v m≥ ( )hG / /2 1 2 where m is the mass of the

atom. This velocity is often known as the "Doppler limit" velocity.' If
the atoms are moving more slowly than this, "sub-Doppler" cooling
and trapping processes become important, and the simple analysis
can no longer be used.[7] We will not discuss these processes here,
but their primary effect is to increase the cooling and trapping forces
for very slow atoms in the case of F F 1Æ +  transitions.

We will now consider the specific case of rubidium (Figure 5).
Essentially all the trapping and cooling is done by one laser which is
tuned slightly (1-3 natural linewidths) to the low frequency side of
the 5S F 2 2P F 31/ 2 3/ 2= Æ ¢ =  transition of 87Rb. (For simplicity we
will only discuss trapping of this isotope. The other stable isotope,
85Rb, can be trapped equally well using its F 3 F 4= Æ ¢ =
transition.) Unfortunately, about one excitation out of 1000 will
cause the atom to decay to the F=1 state instead of the F=2 state. This
takes the atom out of resonance with the trapping laser. Another laser
(called the "hyperfine pumping laser") is used to excite the atom from
the 5S F = 1 to the 5P F = 1 or 2¢  state, from which it can decay back

s-

s+

s-

s-

s+

s+

Magnetic
coils

Polarized
light

Figure 4. Schematic of the MOT. Lasers beams are
incident from all six directions and have helicities
(circular polarizations) as shown. Two coils with
opposite currents produce a magnetic field that is zero
in the middle and changes linearly along all three axes.
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Figure 5. 87Rb energy level diagram
showing the trapping and hyperfine
pumping transitions. The atoms are
observed by detecting the 780 nm
fluorescence as they decay back to the
ground state.
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to the 5S F = 2 state where it will again be excited by the trapping laser.

In a vapor cell trap, the MOT is established in a low pressure cell containing a small amount of
rubidium vapor.[4] The rubidium atoms in the low energy tail ( v v< ªmax 20 m / s) of the
Maxwell-Boltzmann distribution are captured in the laser trap. If the trap is fumed on at t=0, the number
N of atoms in the trap will increase with the same functional form as that of a capacitor charging,

N t N e t( ) = -( )-
0 1 /t , (1)

where t is the time constant for the trap to fill to its steady state value N0 and is also the average time an
atom will remain in the trap before it is knocked out by a collision. This time is just the inverse of the loss
rate from the trap due to collisions. Under certain conditions, collisions between the trapped atoms can be
important, but for conditions that are usually encountered, the loss rate will be dominated by collisions
with the room temperature background gas. These "hot" background atoms and molecules (rubidium and
contaminants) have more than enough energy to knock atoms out of the trap. The time constant t can be

expressed in terms of the cross sections s, densities n, and velocities of rubidium and non-rubidium
components as:

1
t

s s= +n v n vRb Rb Rb non non non . (2)

The steady-state number of trapped atoms is that value for which the capture and loss rates of the
trap are equal. The capture rate is simply given by the number of atoms which enter the trap volume (as
defined by the overlap of the laser beams) with speeds less than vmax. It is straightforward to show that

this is proportional to the rubidium density, vmax
4 , and the surface area A of the trap. When the

background vapor is predominantly rubidium, the loss and capture rates are both proportional to
rubidium pressure. In this case N0 is simply:

N
A v

v0

4

0 1=
Ê

ËÁ
ˆ

¯̃
. max

sRb avg

, (3)

where v kT mavg = ( )2 1 2/ / , the average velocity of the rubidium atoms in the vapor. If the loss rate due to
collisions with non-rubidium background gas is significant, Eq. (3) must be multiplied by the factor
n v n v n vRb Rb avg Rb Rb avg non non nons s s/ +( ) . The densities are proportional to the respective partial pressures.
Finally, if the loss rate is dominated by collisions with non-rubidium background gas, the number of
atoms in the trap will be proportional to the rubidium pressure divided by the non-rubidium pressure, but
t will be independent of the rubidium pressure.

As a final note on the theory of trapping and cooling, we emphasize certain qualitative features that
are not initially obvious. This trap is a highly over-damped system; hence damping effects are more
important for determining trap performance than is the trapping force. If this is kept in mind it is much
easier to gain an intuitive understanding of the trap behavior. Because it is highly over-damped, the
critical quantity vmaxis determined almost entirely by the Doppler slowing which provides the damping.
Also, the cross sections for collisional loss are only very weakly dependent on the depth of the trap, and
therefore the trap lifetime is usually quite insensitive to everything except background pressure. As a
result of these two features, the number of atoms in the trap is very sensitive to laser beam diameter,
power, and frequency, all of which affect the Doppler cooling and hence vmaxHowever, the number of
trapped atoms is insensitive to factors which primarily affect the trapping force but not the damping, such
as the magnetic field (stray or applied) and the alignment and polarizations of the laser beams. For
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example, changing the alignment of the laser beams will dramatically affect the shape of the cloud of
trapped atoms since it changes the shape of the trapping potential. However, these very differently
shaped clouds will still have similar numbers of atoms until the alignment is changed enough to affect the
volume of the laser beam overlap. When this happens, the damping in three dimensions is changed and
the number of trapped atoms will change dramatically. Of course, if the trapping potential is changed
enough that there is no potential minimum (for example, the zero of the magnetic field is no longer within
the region of overlap of the laser beams), there will be no trapped atoms. However, as long as the
damping force remains the same, almost any potential minimum will have about the same number of
atoms and trap lifetime.

2.3 OVERVIEW OF THE TRAPPING APPARATUS.
Figure 6 shows a general schematic of the trapping apparatus. It consists of two Vortex™ diode

lasers, two saturated absorption spectrometers, a trapping cell, and a variety of optics. The optical
elements are lenses for expanding the laser beams, mirrors and beamsplitters for splitting and steering the
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Figure 6. Overall optical layout for laser trap experiment including both saturated absorption
spectrometers.
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beams, and waveplates for controlling their
polarizations. To monitor the laser frequency, a small
fraction of the output of each laser is split off and sent
to a saturated absorption spectrometer. An electronic
error signal from the trapping laser's saturated
absorption spectrometer is fed back to the laser to
actively stabilize its frequency. The trapping cell is a
small vacuum chamber with an ion vacuum pump, a
rubidium source, and windows for transmitting the
laser light. In the following sections we will discuss
the various components of the apparatus and the
operation of the trap.

The key to the cooling are the three mutually
perpendicular laser beams that cross within the
trapping cell, from which another three are derived by
retro-reflecting them (see the detail of Figure 7).
Figure 6 shows the three laser beams derived using
three beamsplitters.  The arrangement may be
somewhat different in your setup.

3 LASER STABILIZATION
As mentioned above, two lasers are needed for

the trap. A few milliwatts of laser power are plenty for
hyperfine pumping ( F = 1 F = 1,2Æ ¢ ), but the
number of trapped atoms is nearly proportional to the

amount of power in the trapping laser ( F = 2 F = 3Æ ¢ ). Setting up and using the trap is much easier
with at least 5 mW of trapping laser power, although it can work with less. The trapping laser must have
an absolute frequency stability of a few megahertz. This requires you to actively eliminate fluctuations in
the laser frequency, which are usually due to changes in the length of the laser cavity caused by
mechanical vibrations or temperature drifts. This is accomplished by using the saturated absorption signal
to detect the laser frequency and a feedback loop to hold the length of the laser cavity constant.

The laser servo control system is far less complicated as first appears.  As intimidating as the servo
box inputs, outputs, switches and dials seem, the principles are relatively straightforward.  The Vortex™
laser frequency is controlled by a piezo voltage.  As its frequency is tuned and scanned near a hyperfine
level of interest the output from saturated spectroscopy setup (that is, from the photodiode preamplifier)

looks more or less like Figure 8 (or perhaps an
upside-down and/or backwards version of it).  The
purpose of the laser servo controller is to maintain
the laser frequency to the “red” side of atomic
resonance, about halfway down the curve shown
in the figure.  At that point the photodiode
preamplifier produces an output that has been
labeled as Vref.The servo controller box stabilizes
the laser frequency by adjusting the piezo voltage
such that the photodiode amplifier output remains
at Vref, or nearly so.  Briefly it does so by
decreasing the piezo voltage when the photodiode
voltage falls above Vref and increases the piezo
voltage when the photodiode rises above Vref.

The servo needs some help from you to get
started, however. The insides of the servo

Trapping
cell
Tr

Figure 7. Detail of laser beams that are sent through the
trapping cell. To simplify the figure, the l/4 waveplates
are not shown. Two beam paths are in the - horizontal
plane and a third is brought down and is then reflected up
vertically through the bottom of the cell. The retro-
reflected beams are tilted slightly to avoid feedback to the
diode laser.
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Figure 8.  Photodiode preamplifier output voltage (error
signal voltage) as a function of Vortex™ piezo (PZT)
voltage near the hyperfine line of interest.  The servo system
is meant to stabilize the laser to the desired frequency.
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controller box are schematically illustrated in Figure 9.  The shaded, dashed-outline boxes label the
various switches and knobs that are on the controller.  

3.1 SWEEP AND SETPOINT ADJUSTMENTS

The first order of business is to produce a triangular wave input using the function generator. Start
with a low amplitude and turn all biases and offsets to zero.  A few tens of Hertz, up to about 100 Hz is a
good frequency range to work with.  You will connect the function generator output to the BNC on the
servo controller box (labeled “Ramp In”) but before you do: 1. Switch the servo loop to “open” (switch
down) and the “Ramp” switch to “on” (switch up).  2. Turn the coarse ramp gain adjust knob all the way
down (counter-clockwise).  3. Connect the piezo output to an oscilloscope and not to the Vortex™
controller. Now connect the function generator to to the ramp intput connector on the servo controller
unit.  Turn the ramp coarse gain all the way up and then adjust the output of the function generator so that
the maximum piezo voltage allowed by the Vortex™ controller is not exceeded (±4.5 V).  From now on
you should not have to adjust anything on the function generator except perhaps its frequency.  Set the
piezo voltage on the Vortex™ controller to midway (50 V). Turn down the ramp gain on the servo
controller box and connect the piezo output to the Vortex™ piezo input.

BNC

Ramp on/off

BNC

PZT (piezo)
servo gain

adjust

Servo
amplifier

coarse fine
Ramp gain adjust

Ramp
amplifier

BNC

Ramp in
(from ramp
generator)

-1

Polarity +/-
Error in
(from photodiode
preamplifier)

BNC

Modulation in
(normally unused)

PZT bias
(coarse and fine)

Servo loop
open/closed

BNC

Monitor out
(to oscilloscope)

PZT/piezo out
(to Vortex™ controller)

Vset

Verr Vset -Verr

Figure 9.  Laser frequency stabilization servo control box.  Shaded and dashed boxes indicate the knobs and switches on the
controller unit.
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The next item of business is to zoom in on the rubidium hyperfine atomic transition of interest (e.g.,
the 5S F = 2  5P F = 3Æ ¢  transition of 87Rb.)  To do so you will use the ramp gain adjust and PZT bias
controls. Connect the photodiode preamplifier output to the “Error In” BNC of the servo controller.  Also
observe the photodiode preamplifier output with the scope.  Set the ramp gain to a relatively high value
until you see the various rubidium lines as described in the Doppler Free Saturated Absorption
Spectroscopy experiment.  Center the line of interest on the oscilloscope.  You can do so by adjusting the
PZT bias knob (coarse, at first) on the servo controller —you can also do it by setting the piezo voltage
on the Vortex™ controller directly.  Actually, the latter is a bit safer, as the input specifications will not
inadvertently be exceeded.  To zero-in on the line requires an iterative process.  The idea is to reduce the
sweep voltage of the piezo by decreasing the ramp gain, then re-centering the scan range to the desired
frequency with the piezo offset or the Vortex™ controller piezo setting, then reducing the ramp gain
again, and so onUsing the second channel of the oscilloscope used to monitor the photodiode
preamplifier output, connect the “Monitor output” of the servo controller box.  Be sure to note the
position of the scope trace zero for this channel.  At the same time, notice the value Vref of the photodiode
preamplifier output when it is halfway up the transition. The next step is to adjust the “Setpoint” value of
the servo controller.  It determines value of the voltageVset

  shown in Figure 9.  Notice what the circuit
does —the input to the servo amplifier is the difference, V Verr set- , where Verr  is the photodiode
preamplifier output voltage.  This difference is amplified and then (will later be) fed back to the piezo
voltage input of the Vortex™ controller. You should adjust the Setpoint knob so that the monitor output
passes through zero exactly at the point where the laser is halfway up the transition curve.  You can
overlap the monitor and photodiode preamplifier traces on the oscilloscope, then adjust the setpoint knob
so former traces crosses zero at the appropriate place.

3.2 ACQUIRING LASER LOCK

You are almost ready to “close the loop” and let the frequency servo do its job.  First turn the “Servo
gain” knob to midway between its minimum and maximum.  Second you must further zero-in on
frequency region of interest by adjusting the piezo sweep using the same iterative process as you did
above.   Continue reducing the ramp gain in steps until the laser frequency sweep covers just a small
region around the laser frequency of interest. Figure 8’s illustration is meant to be suggestive of this
process –the increasing thickness of lines is meant to show the decreasing frequency scans of the piezo
voltage.

Now you can close the servo loop by putting the loop switch in the up position.  If the laser is
properly locked the photodiode preamplifier output should be moving up and down a bit but stay near the
value Vref.  However, it is not entirely likely that the servo was able to “catch” lock on the first try.  Both
the servo gain and the polarity may need to be adjusted.  The polarity switch adjust the sign of the
feedback –you can see from Figure 9 that it merely enters or removes a –1 in the feedback loop. In
principle one can track through the electronics an know which polarity, + or -, is appropriate for the
feedback signal.  In practice, however, it is usually easier just to flip the polarity switch to discover
which position is correct.  If you choose the wrong sign, then the laser becomes stabilized to the wrong
side of the transition and laser cooling will not work!  

If the servo is not working, it is also possible that the servo gain is either too low or too high.  Too
low and there is simply not enough piezo voltage to retun the laser to the desired frequency when it drifts
away.  If the servo gain is too high the servo can go “crazy” by oscillating, or the servo can suddenly
jump and lock to some other (undesired) transition.  It is usually effective to turn the servo gain low and
then turn it up until the servo goes, or nearly goes, into oscillation.  Then set the gain just a bit lower and
redo the locking procedure.  

Detailed discussions of the saturated absorption spectrometer, the feedback loop circuit, and the
procedure for locking the laser frequency are given in Ref. 1, along with examples of spectra obtained.
You should already be familiar with all but the locking of the laser frequency. After a little practice one
can lock the laser frequency to the proper value within a few seconds.  
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Here we just mention a few potential problems and solutions Check that the baseline on the saturated
absorption spectrum well off resonance is not fluctuating by more than several percent of the
F = 2 F = 3Æ ¢  peak height. If there are larger fluctuations, they are likely caused by light feeding back
into the laser or by the probe beams vibrating across the surface of the photodiodes. Changing the
alignment and making sure that all the optical components are rigidly mounted will normally solve these
problems. Under quiet conditions and reasonably constant room temperature, the laser should stay
locked for many minutes and sometimes hours at a time. Bumping the table or the laser or making a loud
noise will likely knock the laser out of lock

3.3 STABILITY REQUIREMENT

[Optional note: Even under the best conditions, the system we have described is likely to have
residual frequency fluctuations of around 1 MHz. The trap will work fine with this level of stability but
these fluctuations will cause some noise in the fluorescence from the trapped atoms. For most
experiments this is not serious, but it can limit some measurements. If one has a little knowledge of servo
systems, it is quite straightforward to construct a second feedback loop that adjusts the laser current. This
current feedback loop should have a roll-on filter and high gain. (Because the laser current loop can be
much faster than the PZT loop, it can have a much higher gain.) This results in the current loop feedback
dominating for frequencies above a few hertz. However, the PZT loop gain is largest for very low
frequencies, and thus handles the DC drifts. The combination of the two servo loops will make the laser
frequency much more stable and will also make the lock extremely robust. We have had lasers with
combined PZT and current servo loops remain frequency-locked for days at a time and resist all but the
most violent jarring of the laser. A circuit diagram for the combined PZT and current servo loop can be
obtained from C. Wieman. This extra servo loop is a complication, however, which is not necessary for
your experiments.]

The requirements for the frequency stability of the hyperfine pumping laser are much less stringent
than those for the trapping laser. For many situations it is adequate to simply set the frequency near the
peak of the 5S F = 1 5P F = 2Æ ¢  transition by hand Over time it will drift off, but if the room
temperature does not vary too much, it will only be necessary to bring the laser back on to the peak by
slightly adjusting the PZT offset control on the ramp box every 5 to 10 minutes. If better control is
desired, the frequency of this laser can be locked to the peak of the F = 1 F = 1,2,  and 3Æ ¢ Doppler-
broadened (and hence unresolved) absorption line by modulating the laser frequency and using
phase-sensitive detection with a lock-in amplifier. The output of the lock-in amplifier is then fed back to
the PZT to keep the laser frequency on the peak. There is a lock-in amplifier in the lab that can be used if
desired. This provides a relatively crude frequency lock that is quite adequate for the hyperfine pumping
laser.

4 OPTICAL SYSTEM
The beams from the lasers must now be sent into the cell to form the trap. The basic requirement is

to send light beams from the trapping laser into the cell in such a way that the radiation-pressure force has
a component along all six directions. To motivate the discussion of the optical design for this lab, we first
mention the design used in most of the traps in research programs. In these research traps, the light from
the trapping laser first passes through an optical isolator and then through beam shaping optics that make
the elliptical diode laser beam circular and expand it to between 1 and 1.5 cm in diameter. The beam is
then split into three equal intensity beams using dielectric beam splitters. These three beams are circularly
polarized with quarter-wave plates before they pass through the trapping cell where they intersect at right
angles in the center of the cell. After leaving the trapping cell each beam goes through a second
quarter-wave plate and is then reflected back on itself with a mirror. This accomplishes the goal of having
three orthogonal pairs of nearly counter-propagating beams, with the reflected beams having circular
polarization opposite to the original beams.
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4.1 GEOMETRY

For this lab you use a modified version of this setup, as shown in Fig. 5. A number of the
expensive optical components (optical isolator, dielectric beam splitters, and large aperture high quality
quarter-wave plates) have been eliminated from the research design. The light from the trapping diode
laser is sent into a simple two-lens telescope that expands it. This is then split into three beams. The
operation of the trap is insensitive to the relative amounts of power in each of the beams. [You should
check how much the number of trapped atoms change with a factor-of-two difference in relative powers.]
However, the beam size as set by the telescope is of some importance. The number of trapped atoms
increases quite rapidly as the beam size increases and, as discussed below, the larger the beam, the less
critical the alignment. However, if the beams are too large they will not fit on the mirrors and it becomes
harder to see the beams due to their reduced intensity. Beams of about 1.5 cm diameter work well, but
avoid using beams much smaller than 1.5 cm in diameter because of the decrease in the number of
trapped atoms and the increased alignment sensitivity. The lenses in the lab will make a simple telescope
that expands the beam from the diode laser to this size.

Two of the three beams remain in a horizontal plane and are sent into the cell as shown in Figure 7.
The third is angled down and reflects up from the bottom of the cell. To simplify the adjustment of the
polarizations, the light should be kept linearly polarized until it reaches the quarter-wave plates. This will
be the case as long as all the beams have their axes of polarization either parallel (p) or perpendicular (s)
to the plane of incidence of each mirror. This is easy to achieve for the beams in the horizontal plane, but
difficult for the beam that comes up through the bottom of the cell. However, with minimal effort to be
close to this condition, the polarization will remain sufficiently well linearly polarized. If you think this
might be a problem you can check the ellipticity of the polarization by using a photodiode and a rotatable
linear polarizer. An eccentricity of 10 or greater on the polarization ellipse is adequate.

After they pass through the cell, the beams are reflected approximately (but not exactly!) back on
themselves. The reason for having an optical isolator in the research design is that even a small amount of
laser light reflected back into the laser will dramatically shift the laser frequency and cause it to jump out
of lock. In the absence of an optical isolator, this will always happen if the laser beams are reflected
nearly back on themselves. Feedback can be avoided by insuring that the reflected beams are steered
away from the incident beams so that they are spatially offset by many (5-10) beam diameters when they
arrive back at the position of the laser. Fortunately, for operation of the trap the return beam need only
overlap most of the incident beam in the cell, but its exact direction is unimportant. Thus by making the
beams large and placing the retro mirrors close to the trap (within 10 cm for example) it is possible to
have the forward and backward going beams almost entirely overlap even when the angle between them
is substantially different from 180°. This design eliminates the need for the very expensive ($2500)
optical isolator and, as an added benefit, makes the operation of the trap very insensitive to the alignment
of the return beams.

It is easy to tell if feedback from the return beams is perturbing the laser by watching the signal from
the saturated absorption spectrometer on the oscilloscope. If the amplitude of the fluctuations is affected
by the alignment of the reflected beam or is reduced when the beam to the trapping cell is blocked,
unwanted optical feedback is occurring.

4.2 POLARIZATION

The next task is to set the polarizations of the three incident beams. The orientations of the respective
circular polarizations are determined by the orientation of the magnetic field gradient coils. The two
transverse beams that propagate through the cell perpendicular to the coil axis should have the same
circular polarization, while the beam that propagates along the axis of the coils should have the opposite
circular polarization. Although in principle it is possible to initially determine and set all three
polarizations correctly with respect to the magnetic field gradient, in practice it is much simpler to set the
three polarizations relative to each other and then try both directions of current through the magnetic field
coils to determine which sign of magnetic field gradient makes the trap work. To set the relative
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polarization of the three beams, first identify the same (fast or slow) axis of the three quarter-wave (l/4)
plates. For the two beams that are to have the same polarization, this axis is set at an angle of 45°
clockwise with respect to the linear polarization axis when looking along the laser beam. For the axial
beam, the axis is oriented at 45° counterclockwise with respect to the linear polarization. This orientation
needs only to be set to within about ±10°. The orientation of the l/4 plates through which the beams pass

after they have gone through the trapping cell ("retro l/4 plates") is arbitrary. No matter what the plates'
orientations are, after the beams have passed though them twice, the light's circular polarization will be
reversed.

An optional experiment is to see what happens when you replace one or more of the three retro l/4
plates with retro-reflecting right angle mirrors. [1] Although this combination of mirrors does not provide
ideal l/2 retardance, it is fairly close. An added benefit of this approach is that two reflections off a

mirror usually result in much less light loss than one reflection and two passes through a l/4 plate.

4.3 HYPERFINE PUMPING LASER OPTICS

Minimal optics is needed for the hyperfine pumping laser. You need only send it through the two
lens beam expanding telescope in the lab to make a large roughly collimated beam (typically with a 2-3
cm diameter) and send it into the cell from a direction which will minimize the scattered light into the
detectors that observe the trapped atoms. The trap is insensitive to nearly everything about the hyperfine
pumping light, including its polarization. Why should you expect this to be the case based on how the
trap works?

5 TRAPPING CELL CONSTRUCTION
The primary concern in the construction of the trapping cell is that ultrahigh vacuum (UHV) is

required. Although trapped atoms can be observed at pressures of 10-5 Pa (~10-7 Torr), trap lifetimes long
enough for most experiments of interest require pressures in the 10^6 to 10-7 Pa range. There are three
main elements in the trapping cell: (1) a pump to remove unwanted background gas - mostly water,
hydrogen, and helium (helium can diffuse through glass), (2) a controllable source of rubidium atoms,
and (3) windows to transmit the laser light and allow observation of the trapped atoms. The major
components are depicted in Figure 10.

5.1 VACUUM PUMP

The cell is attached to an ion pump. In this pump the atoms are ionized in a high voltage discharge
and then embedded in the electrodes, thereby removing them from the system. The 5000 V needed to
make the pump operate is provided by a power supply that is attached to the back of the pump by a wire.
Although this wire has a grounded outer shield, and therefore in principle quite safe, it is wise to always
avoid touching it or the pump near the high voltage connector. The ion pump has the minor drawback
that it requires a large magnetic field, which is provided by a permanent magnet. The fringing fields from
this magnet can extend into the trap region and will affect the trap to some extent. Although the trap will
usually work without it, we put a layer of 0.75 mm (0.03 in) magnetically permeable steel sheet around
the pump to shield the trap from this field. For this same reason it is advisable to avoid having magnetic
bases very near the trap.

5.2 RUBIDIUM SOURCES

We will now discuss how to produce the correct pressure of rubidium vapor in the cell. The vapor
pressure of a room temperature sample of rubidium is about 5 x 10-5 Pa. This is much higher than the
10-6 to 10-7 Pa (~10-8 to 10-9 Torr) of rubidium vapor pressure that is optimum for trapping. At higher
pressures the trap will still work, but the atoms remain in the trap a very short time, and it is often
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difficult to see them because of the bright fluorescence from the un-trapped background atoms. Also, the
absorption of the trapping beams when passing through the cell will be significant. Thus you should
maintain the rubidium at well below its room temperature vapor pressure. Because it is necessary to
continuously pump on the system to avoid the buildup of hydrogen and helium vapor, it is necessary to
have a constant source of rubidium to maintain the correct pressure. Through chemical reactions and
physisorption, the walls of the cell usually remove far more rubidium than the ion pump does and the rate
of pumping by the walls depends on how well they are coated with rubidium.

In this experiment the rubidium vapor is produced by a commercial “rubidium dispenser” (locally
sometimes also referred to as a “rubidium getter”. The dispenser is several milligrams of a rubidium
compound that is contained in a small (1.0 x 0.2 x 0.2 cm) stainless steel oven. Two of these ovens are
spot-welded onto two pins of a vacuum feed-through, one of which is illustrated in Figure 10. When
current (3-5 A) is sent through the oven, rubidium vapor is produced. The higher the current, the higher
the rubidium pressure in the chamber. With this system it is unnecessary to coat the entire surface with
rubidium, and is in fact undesirable since the dispenser is likely to be exhausted before the surface is
entirely saturated. You should be able to produce enough rubidium pressure to easily see the background
fluorescence with as little as 3.4 A through the dispenser oven. The current through the dispenser is
controlled by the power supply under the table. Be careful not to turn the current higher than 6.5 amps
under any circumstances! If you do it will burn out the dispenser and ruin the experiment! You can see
how much rubidium is in the cell by sending the laser beams into the cell, setting the laser frequency to
the trapping transition (the saturated absorption cell should glow brightly) and look for fluorescence from
the atoms in the cell. If you can see any glow from inside the cell that goes away when the laser
frequency is tuned off the transition, there is more than enough rubidium for trapping.

After the current through the dispenser has been turned on, the rubidium vapor comes to an
equilibrium pressure with a time constant of about 5 min. When the current through the dispenser is
turned off, the rubidium pressure drops with a time constant of about 4 s if the dispenser has been on for
only a short while. With prolonged use of the dispenser, this time constant can increase up to a few
minutes as rubidium builds up on the walls, but it decreases to the original value if the dispenser is left
off for several days.

zero length
adapterPumpout

valve

Ion Pump

Rubidium
dispenser

bottom
window

Epoxied
glass cell

Figure 10. Drawing of trapping cell. The tubes on the cross have been elongated in the drawing
for ease of display. The Rb dispenser is inside a stainless steel vacuum tube; we show a
cut-away view in this drawing.
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The superior rubidium pressure control provided by the dispenser makes it possible to use high
pressures to easily observe fluorescence from the background vapor. This allows one both to check
whether the laser and cell are operating properly, and to have rapid response in the number of atoms
while optimizing trapping parameters. Once these tasks are complete, simply reducing the dispenser
current provides low pressures almost immediately. Low pressures are desirable for many experiments
because they yield relatively long trap lifetimes (seconds) and little background light from the
fluorescence of un-trapped atoms.

5.3 MAGNETIC FIELD GRADIENT

With the cell installed and the laser beams aligned, the final ingredients for trapping are the magnetic
field coils. A gradient of up to about 0.20 T/m (20 G/cm; normal trap operation is at 10-15 G/cm) is
needed. This is provided by two freestanding coils 1.3 cm in diameter with 25 turns each of 24 gauge
magnet wire and a separation of 3.3 cm. The coils are mounted on either side of the cell such that the
current travels through the loops in opposite directions and the coil axes are collinear with one of the laser
beam axes.

6 OPERATION OF THE TRAP AND MEASUREMENTS ON IT

6.1 OBSERVATION SYSTEM

An inexpensive CCD TV camera and monitor are used to observe the trapping cell. This will show
the cloud of trapped atoms as a very bright white glow in the center of the cell. Because of the poor
response of the eye at 780 nm, the trapped atoms can be seen by eye only if the room is quite dark. For
aligning the trapping laser beams you can use the IR phosphorescent card or a piece of white paper if the
room is darkened. A 1 cm2 photodiode with a simple current-to-voltage amplifier is used for making
quantitative measurements on the trapped atoms. It is placed at any convenient position that is close to the
trap, has an unobstructed view, and receives relatively little scattered light from the windows. The
photodiode is used to detect the 780 nm fluorescence from the atoms as they spontaneously decay to the
ground state from the 5P3/2 level. This measurement can be quantified and used to determine the number
of trapped atoms. The same or a similar photodiode can also be used to look at the absorption by the
trapped atoms and to monitor the rubidium pressure in the cell by measuring the absorption of a probe
laser beam.

Although the trap fluorescence is large enough to easily detect with the photodiode, it can be
obscured by fluorescence from the background rubidium vapor or by scattered light from the cell
windows. Over a large range of pressures, the fluorescence from the background gas will be smaller than
that from the trapped atoms. However, the scatter from the windows is likely to be significant under all
conditions. The scattered light background will simply be a constant offset on the photodiode signal. For
studying small numbers of atoms in the trap, however, the noise on this background can become a
problem. In this case, you can use a lens to image the trap fluorescence onto a mask which blocks out the
unwanted scattered light but allows the light from the trapped atoms to reach the photodiode.

6.2 TRAP OPERATION

When the cell and all the optics are in place, the first step is to turn on the dispenser to put rubidium
into the cell. Initially, monitor the absorption of a weak probe beam through the cell to determine the
rubidium pressure. Although the trap will operate over a wide range of pressures, a good starting point is
to have about 1%/cm absorption on the F=2 to upper states transition in the region of the trap. At this
pressure it is possible to see dim lines of fluorescence where the trapping beams pass through the cell
when the trapping laser is tuned to one of the rubidium transitions. It is often easier to identify this
fluorescence by slowly scanning the laser frequency and looking for a change in the amount of light in
the cell. While absorption measurements are valuable for the initial setup and for quantitative
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measurements, in the standard operation of the trap, use the setting on the dispenser current and/or the
observation of the fluorescence to check that the pressure is reasonable.

After an adequate rubidium pressure has been detected, the magnetic field gradient is turned on and
the lasers are set to the appropriate transitions. If the apparatus is being used for the first time, it will be
necessary to try both directions of current through the field coils to determine the correct sign for
trapping. The trapped atoms should appear as a small bright cloud, much brighter than the background
fluorescence. Pieces of dust on the windows may appear nearly as bright, but they will be more localized
and can be easily distinguished by the fact they do not change with the laser frequencies or magnetic
field. If the trap does not work (and the direction of magnetic field and the laser polarizations are set
correctly) the lasers are probably not set on the correct transitions. The trapped atom cloud may vary in
size; it can be anywhere from less than 1 mm in diameter to several millimeters. Blocking any of the
beams is also a simple method for distinguishing the trapped atoms from the background light.

6.3 MEASUREMENTS

Although many other more complicated measurements could be made with the trap, you should start
by making the two most straightforward measurements: the number of trapped atoms and the time that
atoms remain in the trap. If you have time after completing these, you can consider other experiments.
These measurements are both made by observing the fluorescence from the trapped atoms with a
photodiode. The number of atoms is determined by measuring the amount of light coming from the
trapped atoms and dividing by the amount of light scattered per atom, which is calculated from the
excited state lifetime. The time the atoms remain in the trap is found by observing the trap filling time and
using Eq.(1). To make a reliable measurement of the number of trapped atoms, it is crucial to accurately
separate the fluorescence of the trapped atoms from the scattered light and the fluorescence of the
background vapor. To do this one must compare the signal difference between having the trap off and
on. Therefore, the trap must be disabled in a way that has a negligibly small effect on the background
light. We have found that turning off or, even better, reversing the magnetic field is usually the best way
to do this. The magnetic field may alter the background fluorescence, but this change is generally smaller
than the signal of a typical cloud of trapped atoms. Check how big an effect this is. Once you have
determined the photocurrent due to just the trapped atoms, the total amount of light emitted can be found
using the photodiode calibration of 0.3 mA/mW and calculating the detection solid angle. The rate R at
which an individual atom scatters photons is given by
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where I is the sum of the intensities of the six trapping beams, G is the 6 MHz natural linewidth of the

transition, D is the detuning of the laser frequency from resonance, and Is, is the 4.1 mW/cm2 saturation

intensity. The simplest way to find D is to ramp over the saturated absorption spectrum and, when
looking at the locking error signal, find the position of the lock point (zero crossing point) relative to the
peak of the line. The frequency scale for the ramp can be determined using the known spacing between
two hyperfine peaks. A typical number for R is 6 x 106 photons / s atoms¥( ) . One can optimize the
number of atoms in the trap by adjusting the position of the magnetic field coils, the size of the gradient,
the frequencies of both trapping and hyperfine pumping lasers, the beam alignments, and the polarization
of the beams. More than 107 trapped atoms have been obtained when the rubidium pressure is large
enough to dominate the lifetime.

The filling of the trap can also be observed using the same photodiode signal. This is best done by
suddenly turning on the current to the field coils to produce a trap. The fluorescence signal from the
photodiode will then follow the dependence given by Eq. (1), as shown in Figure 11. This can be most
easily observed by sending the photodiode signal into a storage scope. The value of the 1/e trap lifetime t
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(the characteristic time an atom remains trapped) can then
be determined from this curve. Eq. (1) tells us that it is the
same as the time for the trap to fill to 1/e of its final value.
Lifetimes between a fraction of a second to a few seconds
are reasonable.

By changing the current through the dispenser, you
should vary the rubidium pressure and see how it affects
the number and lifetime of the trapped atoms. This can be
compared with the predictions of Eqs. (1) and (2) and can
be used to determine the collision cross sections if you also
measure the rubidium density in the cell. There are many
other experiments that can be done with the trapped atoms.
The choices are only limited by your imagination and/or
available equipment. You might look at how the number of
atoms and the lifetime depends on the various parameters
such as magnetic field, laser intensity, etc. You could also
think about how to measure the spring constant and

damping constant for the trap. You can also turn off the magnetic field and watch the atoms spread out.
In this situation, known as optical molasses and discussed in references 6 and 7, the laser light provides
damping of the velocity but no trapping. In these conditions the atoms reach the lowest possible
temperatures, but it is necessary to use additional field coils to cancel the magnetic fields from the earth
and the ion pump. If you do, you will be able to watch the atoms spread out slowly (in a fraction of a
second or longer) if the laser is detuned well to the red of the resonance line.

We conclude with both a challenge and a warning about all such possible experiments: you are likely
to observe phenomena that have not yet been studied or are just being studied in research labs around the
world. Often you will not find explanations (or will find incorrect explanations) in the current research
literature, your instructor will not be able to provide much help, and the subject is too new for you to find
textbooks providing answers. On the other hand, this means that if you do observe new phenomena and
can explain them you will be able to publish your results in a scientific journal.
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8 Prelab Exercises

1. (Section 2.1)
Calculate the force on, and the acceleration of, the atoms when they are scattering photons at the

maximum rate from a laser beam. Include this result in your write-up. An atom can absorb and reemit a
photon every 2 natural lifetimes when it is in very intense laser light that is at the resonance frequency of
the atom.

2. (Section 2.2)
a) What is the purpose of the re-pumping laser?  What would happen in the MOT without it?  b)

Your MOT uses the 5S  F = 2 5P  F = 31/ 2 3/ 2Æ ¢  transition for the trapping and cooling transition and
requires a re-pumping laser for the 5S  F = 1 5P  F = 21/ 2 3/ 2Æ ¢  transition.  What other transition scheme
might work for trapping and cooling 87Rb with two lasers? Explain.

3. (Section 3)
Calculate how large a change in the length of a 3 cm laser cavity will shift the frequency by 1 MHz.

Hint: an integer number m of half wavelengths must fit in the cavity so 3 2 cm = ml / , and c = ln .

4. (Section 5.3)
Recall that the magnetic field is provided by two freestanding coils 1.3 cm in diameter with 25 turns

each of 24 gauge magnet wire and a separation of 3.3 cm. How much current do you need to get a
gradient of 15 G/cm? How much power? (Hint, the coils should get warm, but not burn up!).
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Abstract
We study polarization spectroscopy of Rb vapour. A weak probe beam
analyses the birefringence induced in a room temperature vapour by a strong
counterpropagating circularly polarized pump beam. In contrast to most other
work on polarization spectroscopy, we use a polarization beam splitting cube
and two detectors (rather than a polarizer and one detector) to analyse the probe
beam. The signal is in the form of a derivative of a Lorentzian. For theoretical
analysis we study the closed atomic transition 5 2S1/2 (F = 3) → 5 2P3/2 (F ′ =
4) in the D2 line of 85Rb. We study the time needed to redistribute population
among the m F states, derive an expression for the expected lineshape and
present experimental data in excellent agreement with theory. The polarization
spectrum provides an ideal error signal for frequency stabilization of a laser.
We describe the geometry and parameters for optimizing the error signal.

1. Introduction

Polarization spectroscopy is an example of a sub-Doppler spectroscopic technique with
counterpropagating pump and probe beams derived from the same laser [1–3]. The principle
of polarization spectroscopy is to induce a birefringence in a medium, with a circularly
polarized pump beam, and to interrogate this with a counterpropagating weak probe beam.
It can be regarded as a form of saturation spectroscopy, with the change of the (complex)
refractive index being proportional to the pump intensity, and as such is an example of a third-
order nonlinear effect [4]. Polarization spectroscopy in molecules is a useful technique for
combustion diagnostics, and is reviewed in this context in [5].

Most work on polarization spectroscopy has used a single detector, passing the probe beam
through (nearly) crossed polarizers [3]. In this work, we use two detectors, and a polarization
beam splitting cube, similar to the scheme employed by Hänsch and Couillaud for stabilization
of a laser frequency to a reflecting reference cavity [6]. In addition we study Rb vapour, which
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provides an easily saturable medium where one can neglect collisions and use a laser with a
linewidth less than the natural width of the transition. This is a rather different environment
to that studied in combustion diagnostics, where collisional relaxation in ground and excited
states, quenching, the finite laser linewidth and its multi-axial mode structure are important [7].

For closed transitions, we demonstrate that the polarization spectrum has a derivative
lineshape, which is ideal as a signal for actively stabilizing the laser frequency. The frequency
spectrum of the laser can be ‘locked’ to the atomic spectrum, with a width narrower than that of
the natural linewidth. Such ultra-stable lasers have many applications, ranging from precision
measurements to optical communications and laser cooling of atoms and ions. There has been
an explosion of interest in the field of laser cooling in recent years [8], where cold atoms can
be manipulated by light forces [9] and magnetic fields [10].

In the next section we obtain expressions for the polarization signal,and outline the benefits
of the method described in this paper. In section 3 we develop a technique for calculating the
anisotropy of the medium; section 4 contains the experimental results; in section 5 we discuss
issues relating to using the polarization signal for frequency stabilization of the laser and we
draw our conclusions in section 6.

2. Theory

It is desirable to obtain a polarization signal which has zero background. The conventional way
to achieve this is to use crossed polarizers in the probe beam, one before and one after the cell
containing the medium to be analysed. The probe does not transmit through to a photodetector
behind the second polarizer in the absence of the pump. The presence of the pump causes the
plane of polarization of the probe to be rotated through a small angle, � (calculated below).
Malus’s law can then be used to predict a transmitted intensity of I = I0 sin2 � ∼ I0�

2.
The method we employ here involves having the plane of polarization of the probe beam at
π/4 with respect to an analyser (a polarizing beam splitter). In the absence of the pump the
intensity in one arm of the polarizing beam splitter (Ix = I0 cos2 π/4 = I0/2) is equal to the
intensity in the other arm (Iy = I0 sin2 π/4 = I0/2). Subtracting these gives a zero signal in
the absence of the pump. When the pump is present, a rotation through a small angle, �, of the
plane of polarization of the probe leads to a difference of signals Iy − Ix = 2I0�. Therefore,
we expect a signal that is larger with the set-up used in this work compared to the conventional
technique. We now derive expressions for the amplitude and shapes of the polarization signals
obtained with the two methods.

The direction of propagation of the probe beam defines the z axis. We write the initial
state, which is linearly polarized in a plane at an angle ϕ with respect to the x axis, as

E =
[

Ex

Ey

]
= E0

[
cos ϕ

sin ϕ

]
. (1)

It is also convenient to rewrite this in terms of the circular polarization basis vectors,

E = E0

[
cos ϕ

sin ϕ

]
= E0

{
e−iϕ

2

[
1
i

]
+

eiϕ

2

[
1
−i

]}
. (2)

In propagating through the cell of length L, the beam’s components experience differential
absorption and dispersion on account of the gas and cell windows. The birefringence in the
cell windows is caused by the pressure gradient across them and the manufacture process. The
electric field of the probe beam after the cell is thus

E = E0

{
e−iϕ

2

[
1
i

]
e−ik+ Le−α+ L/2e−ikw+l +

eiϕ

2

[
1
−i

]
e−ik− Le−α− L/2e−ikw−l

}
. (3)
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Here k± = ω
c n±; n± are the refractive indices of the gas for the circular polarization

components which drive σ± transitions; α± are the corresponding absorption coefficients
and the kw± = ω

c nw± terms describe the phase change picked up traversing the window of
width l. The refractive indices of the windows can be complex; therefore, we write them as [3]
nw±l = bR± − i c

ω
bI±. We can rewrite this expression as

E = E0 exp

{
−i

[
ω

c
(nL + bR) − ibI − i

αL

2

]}{
e−iϕ

2

[
1
i

]
e+i� +

eiϕ

2

[
1
−i

]
e−i�

}
. (4)

Here,

� = ω

2c
(�nL + �bR) − i

(
L

4
�α +

1

2
�bI

)
, (5)

and

n = 1
2 (n+ + n−), α = 1

2 (α+ + α−), bR = 1
2 (bR+ + bR−), bI = 1

2 (bI+ + bI−)

�n = n+ − n−, �α = α+ − α−, �bR = bR+ − bR−, �bI = bI+ − bI−.
(6)

The probe beam is decomposed into horizontal (x) and vertical (y) components by the beam
splitting cube, and the difference in intensity (I ∝ |E |2) of the two components gives the
polarization spectroscopy signal:

Isignal = Iy − Ix

Isignal = I0e−αL−2bI cos

(
2ϕ + L�n

ω

c
+ �bR

ω

c

)
(7)

with I0 the intensity of the probe beam in the absence of the cell. So far, the analysis has
been exact. We now make approximations that simplify these results. The birefringence in
the cell is typically very small, and the rotation angle induced by the anisotropic medium,
� = 2π(n+−n−)

λ
L, is also very small. We assume that the laser frequency is scanned across

a single resonance (this is justified in section 3). The spectral profile of the difference in
absorption is a (power broadened) Lorentzian,

�α = �α0

1 + x2
, (8)

where �α0 is the maximum difference in absorption at the line centre, and x = ω0−ω


/2 is
the scaled detuning in units of half the (power broadened) linewidth, 
. Accompanying the
modification in absorption coefficient is a concomitant change to the refractive index of the
medium. The absorption coefficient and the refractive index are related by the Kramers–Kronig
dispersion relation [3], �n = c

ω0
�α0

x
1+x2 . For the typical case of the angular rotation induced

by the medium being small, the signal in equation (7) is maximized when ϕ = π
4 . In this

approximation the signal is

Isignal = −I0e−αL−2bI

(
L�α0

x

1 + x2
+ �bR

ω

c

)
, (9)

i.e. we obtain a signal that is dispersion shaped, being the derivative of the sub-Doppler
linewidth. This remains true for a wide range of angles, centred around ϕ = π

4 , at which
the maximum amplitude is obtained. This technique yields a dispersion shaped curve on
a zero background, which is ideal for frequency stabilization of the laser by ‘locking’ to
the polarization spectrum (see section 5). For the case of ϕ being small or close to π/2,
corresponding to the probe beam being nearly aligned with one of the axes of the beam
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splitting cube, the signal is of the form 1 − 1
2 (L�α0

x
1+x2 )

2. Under these conditions, the signal
is similar to a conventional absorption line in a broader dip, with a much smaller amplitude1.

It is interesting to compare the size and shape of the signal obtained here with that resulting
from the conventional experimental set-up with one detector. In that case, the analyser is a
linear polarizer slightly misaligned from the vertical. The probe beam is horizontally polarized
and a change in signal is detected when the plane of polarization of the probe is rotated. If ϑ

is the misalignment angle of the polarizer relative to the vertical axis, the transmitted electric
field is

Et = Ex sin(ϑ) + Ey cos(ϑ). (10)

The transmitted intensity is easily calculated, and simplifies in the case where the medium
induces a small angular rotation, see for example equation (7.41) of [3]. With this configuration,
there is a derivative contribution to the lineshape and a Lorentzian. The relative contribution of
each term depends on the anisotropy of the medium, the birefringence in the cell windows and
the misalignment angle. The coefficient of the derivative term is smaller in this expression than
in equation (9) by a factor of ϑ ′, where ϑ ′ = ϑ + �br

ω
2c . We will show in section 4 that this

makes the signal obtained with the method outlined in this work an order of magnitude larger.

3. The magnitude of the anisotropy of the medium

We have shown that the anisotropy of the medium can be represented by one parameter, the
differential line-centre absorption. We now turn our attention to studying how this depends on
the pump laser. The key issue is whether the complex interaction of a multi-level atom with
the pump beam allows a significant build-up of anisotropy in the time an atom traverses the
laser beam (the transit time).

The two-level atom model is insufficient to explain the hyperfine-resolved spectra of
alkali metal atoms on the D2 transition. For an atom with nuclear spin I , there are two
values of the angular momentum for the ground state (F = I ± 1/2), and four for the excited
state (F ′ = I ± 3/2, I ± 1/2). There are two transitions which dominate in polarization
spectroscopy, F = I + 1/2 → F ′ = I + 3/2 and F = I − 1/2 → F ′ = I − 3/2. This
is because these transitions are closed, i.e. the electric dipole selection rule (�F = 0, ±1)

prevents atoms from falling into the other ground state. For example, in 85Rb (I = 5/2)

the transitions F = 3 → F ′ = 2 or 3 have a decay channel to the F = 2 hyperfine level in
the ground state. Atoms in this level are very far from resonance (∼3 GHz) with the probe,
consequently they do not cause a rotation in the plane of polarization of the probe. As a result,
we expect the polarization spectroscopy signal to be greatly enhanced on the F = 3 → F ′ = 4
transition compared with F = 3 → F ′ = 2 or 3. For transitions from the other hyperfine
ground state, we expect F = 2 → F ′ = 1 to produce the largest polarization signal.

As the atoms start with a uniform distribution among the m F states, they need to absorb a
finite number of pump photons to redistribute the population asymmetrically. In order to see
how large a signal one might expect, we studied the number of photons per atom needed to
optically pump the population towards the equilibrium state. The calculations were performed
for the F = 3 → F ′ = 4 transition, for which the equilibrium state is F = 3, m F = 3.
Figure 1 shows the relative line-strength factors. A quantity of interest is the average number
of photons needed to transfer a given initial m F state into the equilibrium state. This was

1 Note that the sum of the intensities from the photodiodes gives a signal which is independent of the angle of
polarization of the probe beam, and corresponds to the absorption spectrum obtained in conventional pump–probe
spectroscopy without polarization analysis. This gives a convenient method of obtaining a reference spectrum to
locate the polarization features.
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Figure 1. The relative strengths of σ + and π transitions in the F = 3 → F ′ = 4 line in 85Rb.
The strengths of σ− transitions are obtained from the reflection of the σ + transitions, i.e. (3, −3)
to (4, −4) has the same strength as (3, 3) to (4, 4). The weakest transition has been scaled to be 1.
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Figure 2. The distribution of the number of photons needed to transfer atoms into the extreme
state, for different initial mF states. The Monte Carlo simulation had 10 000 atoms in each initial
state and used the line-strength factors of figure 1.

calculated by running a Monte Carlo simulation for 10 000 atoms in each initial state. Each
atom undergoes the transition F = 3, m F → F ′ = 4, m F ′ = m F + 1 on absorbing a pump
photon; the emission can be any one of the three F ′ = 4, m F ′ → F = 3, m F = m F ′ ± 1, m F ′ .
The probability of each spontaneous transition is calculated from the line-strength factors of
figure 1. The pressure in the cell is sufficiently low (∼10−7 mbar) that we can disregard the
effect of collisional redistribution of population in the excited state. The distribution of the
number of photons needed to transfer atoms into the extreme state, for different initial states,
is shown in figure 2. It is possible to calculate the average values analytically using Markov
chain analysis with the Chapman–Kolmogorov equations [11]. The comparison between this
method and the Monte Carlo method is summarized in table 1.

By combining the photon transfer distribution with the line-strength factors (optical
pumping times), we can model the time dependence of the anisotropy. As the line strength
factors vary by more than an order of magnitude, atoms in states with negative m F values will
take much longer to undergo a σ + transition. As a typical thermal speed for atoms in the vapour
is 300 m s−1, and the laser beams used in our experiments have widths of order 1 mm, the
typical transit time is a few microseconds. We therefore studied the evolution of the anisotropy
of the atoms on this timescale. Figure 3 shows the growth of anisotropy as a function of time,
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Figure 3. The growth of anisotropy as a function of time, for different pump laser intensities. For
a thermal speed of 300 m s−1 and a beam width of 1 mm, the average time spent in the beam is
3 µs.

Table 1. The average and standard deviation for the number of photons needed for an atom in a
given initial mF state to be optically pumped into the equilibrium state. The average is calculated
both by a Monte Carlo method and using Markov chains; the standard deviation is obtained from
the Monte Carlo simulation.

mF −3 −2 −1 0 1 2

Average 9.4 8.8 8.0 7.1 5.8 4.0
Standard deviation 4.0 4.0 4.0 4.0 3.8 3.5

for different values of pump intensity. The ‘trajectories’ of 10 000 atoms for a given m F state
(−3 � m F � 2) were followed, for different values of pump intensity. The initial distribution
among m F states was uniform. The time at which each atom absorbs a photon is recorded,
taking into account the intensity dependence of the optical pumping rate. Subsequently, the
atom falls into a particular m F state with probability determined by the relevant line strength
factors for spontaneous emission. The anisotropy for a given m F state is the difference in
absorption coefficients for σ + and σ− transitions. The ensemble anisotropy is scaled in terms
of units of the maximum anisotropy, when all atoms are pumped into F = 3, m F = 3. Figure 3
shows that for an intensity similar to the saturation intensity (easily exceeded in the case of Rb
vapour with diode lasers) a large anisotropy is established within the transit time.

4. Experimental results

The layout of the experiment is shown in figure 4. Both pump and probe are derived from
the same extended cavity diode laser (ECDL). The laser has a Sanyo DL-7140-201 chip,
collimated with a 4.5 mm focal length, aspheric lens, to give an output beam with spot radii
(1/e2 intensity) of 0.7 mm vertically and 1.4 mm horizontally. The counterpropagating pump
and probe beams overlap with a crossing angle of 12 mrad in a 50 mm long vapour cell,
containing 85Rb and 87Rb, in their natural abundances at room temperature. Neutral density
filters are used to vary the pump and probe powers independently. A half-wave plate is used to
rotate the plane of polarization of the probe beam with respect to the axis of the beam splitting
cube; a quarter-wave plate is used to convert the pump to have circular polarization. The two
output beams from the beam splitting cube are focused onto photodiode circuits, which record
a voltage linearly proportional to the incident intensity. Typically, only a small fraction of light
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ECDL to main experiment

thick glass slide

iris
half wave plate

thick glass slide

mirror quarter wave plate

Rb cell

beam splitting cube

photodetector

photodetector

pump beam

probe beam

Figure 4. The experimental layout. A thick glass slide picks off a fraction of light fed from the
ECDL, and a second glass slide picks off the probe beam. The (nearly) counterpropagating pump
and probe beams overlap in a 50 mm long Rb vapour cell. A half-wave plate is used to rotate
the plane of polarization of the probe beam with respect to the axis of the beam splitting cube; a
quarter-wave plate is used to make the pump circularly polarized.
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Figure 5. Spectra obtained with a quarter-wave plate inserted before the beam splitting cube.
(a) Absorption profile for the component of the probe driving σ + transitions, showing an enhanced
absorption in the region of the closed transition. (b) Absorption profile for the component of the
probe driving σ− transitions, showing diminished absorption in the region of the closed transition.
The pump-off trace is shown in grey.

is fed into the polarization spectrometer (up to a few milliwatts); the rest can be used for an
auxiliary experiment.

Our first experiment was to verify the conclusion of the last section, that an observable
anisotropy could be induced in a typical transit time. A quarter-wave plate was inserted before
the beam splitting cube, oriented such that it converted the circular polarization component of
the probe which drives σ +(σ−) transitions into vertically (horizontally) polarized light. The
output from the arms of the analyser then directly measures the absorption experienced by the
components driving σ + and σ− transitions. Figure 5 shows the data obtained. Each figure
has two traces, corresponding to the pump off and on respectively. With no pump, we obtain
the conventional Doppler broadened absorption spectrum. With the pump present, we see a
significant modification of the absorption spectrum at some frequencies. This can be mostly
attributed to hyperfine pumping into the F = 2 ground state. However, in the vicinity of
the F = 3 → F ′ = 4 transition we expect the absorption to be modified on account of the
anisotropy induced by the circularly polarized pump beam. Figure 5(a) displays the absorption
profile for the component of the probe driving σ + transitions, showing an enhanced absorption
in the region of the closed transition, whereas, in contrast, the absorption of the component of
the probe driving σ− transitions is reduced in figure 5(b). This demonstrates that an anisotropy
is established.
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Figure 6. Typical experimental results obtained with a weak probe beam (power ∼1 µW). The
upper trace shows the absorption spectrum for the transitions F = 2 → F ′ = 3, 2, 1 in 87Rb (left)
and for F = 3 → F ′ = 4, 3, 2 in 85Rb (right). The lower trace is the polarization spectrum. Each
absorption line in the upper trace has a corresponding dispersive feature. The strongest polarization
features arise from the closed transitions F → F ′ = F + 1.

An important issue in pump–probe spectroscopy relates to the power used for the probe
beam. Typically, one studies the modification of the spectra obtained for a range of pump
powers for a given probe power. However, the spectra obtained also depend strongly on the
probe power. This is due to the presence of two hyperfine ground states. Transitions of the
form F = I + 1/2 → F ′ = I + 1/2, I − 1/2 have electric dipole allowed transitions to the
other ground state, F = I − 1/2. This hyperfine pumping depletes the number of atoms in the
upper hyperfine ground state, which diminishes the absorption. The probe beam does not have
to be large compared with the saturation intensity for this effect to be important. Provided the
hyperfine pumping time is comparable to the transit time this mechanism will be significant.
For example, for the transitions F = 3 → F ′ = 4, 3, 2 in 85Rb, the line-centre transmission
increases monotonically from 66% for probe powers less than 1 µW to 87% for 200 µW.

Typical experimental results obtained with a weak probe (�1 µW) are shown in figure 6.
The data were taken with a pump power of 10 µW, and a probe power of 1 µW. The upper trace
plots the transmission through the cell as a function of laser frequency. Zero detuning is relative
to the F = 3 → F ′ = 4 transition in 85Rb. The saturated absorption/hyperfine pumping
spectrum [3] for the transitions F = 3 → F ′ = 4, 3, 2 in 85Rb, and F = 2 → F ′ = 3, 2, 1
in 87Rb are seen. The lower trace shows the polarization spectrum. Conventional ‘saturated
absorption’ spectra have six peaks—three features when the laser is resonant with transitions
F → F ′ = F ± 1, F ; and three cross over features when the laser is tuned halfway
between two resonances. In 85Rb, for transitions from the upper hyperfine ground state,
only F = 3 → F ′ = 4 gives a genuine saturated absorption feature; all other transitions have
a decay mechanism into the F = 2 ground state. This hyperfine pumping depletes atoms that
would have absorbed the probe; consequently, there is an increase in transmission. Similarly,
from the upper hyperfine ground state in 87Rb, only F = 2 → F ′ = 3 gives a genuine
saturated absorption feature. However, as predicted in section 3, the polarization signals for
the closed transitions F = 3 → F ′ = 4 in 85Rb and F = 2 → F ′ = 3 in 87Rb are expected to
be the largest—this is seen clearly in the figure. To obtain a signal for frequency stabilization
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Figure 7. Polarization spectroscopy with pump and probe powers 1.2 and 0.12 mW respectively.
The two bottom traces correspond to the signals from the separate arms of the beam splitting cube
(Ix and Iy ); the trace above these is the difference between them (the polarization spectroscopy
signal); the top trace is the sum of the bottom two (conventional ‘saturated absorption’ and hyperfine
pumping spectroscopy). The traces are offset vertically, for clarity.

of the laser, it is desirable for the derivative of the closed transitions to dominate. This is
achieved by increasing the power in both the pump and probe beams.

Figure 7 shows typical experimental results outside the weak-probe regime. These traces
were taken with a probe power of 120 µW and a pump power of 1.2 mW. The two bottom
traces correspond to the signals from the separate arms of the beam splitting cube (Ix and Iy);
the difference between these gives the polarization spectroscopy signal; the upper trace is
their sum (conventional saturated absorption/hyperfine pumping spectroscopy). The traces are
offset vertically, for clarity. Zero detuning in this figure is relative to the F = 3 → F ′ = 4 line
centre. Under these conditions, the polarization spectrum is dominated by the contribution
from the F = 3 → F ′ = 4 resonance. This spectrum is ideal for locking the laser: note
especially the absence of other zero crossings in the signal, in contrast to figure 6.

Figure 8 shows a comparison between the experimental and theoretical line shapes.
Figure 8(a) shows the signal obtained for the probe polarization oriented at ϕ = π/4. The
thick curve is a fit (the parameters �α0, a frequency offset and a vertical scaling were allowed
to float) to the form of equation (7). Experiment and theory show excellent agreement. (The
small ripples in the experimental signal at the extreme red detuning arise from the presence of
the other transitions.) The data are consistent with no significant cell window birefringence.
Figure 8(b) shows data obtained under the same conditions, with a rotation of the plane of
polarization of the probe to be ϕ = π/6. The parameters for the theoretical prediction are
identical to figure 8(a), apart from changing ϕ and allowing an offset. The signal is still a
derivative line shape, but with reduced amplitude. There is excellent agreement between the
reduction in amplitude predicted by our theory and that seen experimentally. We also compared
the magnitude of the signals obtained with the method outlined here and those obtained with
the conventional technique. The peak-to-peak signal we obtain is 20 times larger than that
obtained with a single detector and an offset angle of ϑ = 5◦.

Lifting the degeneracy of the different m F ground states by applying an external magnetic
field changes the polarization spectrum. Three pairs of coils along orthogonal Cartesian axes
around the cell were used to change the magnetic field. Experimentally, we find an optimal
signal when we completely cancel the earth’s field (optimal here meaning the largest signal
with the steepest slope through zero). We find a decrease in the peak-to-peak value of the
signal by a factor of two if the earth’s field is not cancelled. Adding additional fields in other
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Figure 8. (a) Signal obtained for ϕ = π/4. The thick line is a fit to the form of equation (7).
The thin curve is the experimental data. Experiment and theory show excellent agreement. The
anisotropy of the medium, the line centre and a vertical scaling were allowed to float in the fit.
(b) Data obtained under the same conditions, with a rotation of the plane of polarization of the
pump to be ϕ = π/6. The parameters for the theoretical prediction are identical to the main figure,
apart from changing ϕ and allowing an offset.

directions only served to reduce the signal. For large applied fields, the polarization spectrum
is severely distorted as the degeneracy of the Zeeman levels is lifted.

5. Laser frequency stabilization

The polarization signal of figure 7 is ideal for locking the laser. (Polarization spectroscopy has
already been used to stabilize the frequency of a diode laser for laser-cooling experiments [12].)
We built a feedback circuit taking the polarization signal as the input. Typically, we chose the
gain of the photodiode circuits such that we recorded an absorption signal of the order of a
volt; under these circumstances we obtained a polarization signal of a few hundred millivolts.
We did not amplify this signal further. The polarization spectroscopy signal was fed into an
integrator and the output fed through a low-pass filter, used as the feedback to the piezo-electric
transducer controlling the length of the external cavity of the laser. The laser locked tightly
to the polarization spectrum, and was very resilient against typical mechanical perturbations
found in a laboratory. The capture range is very broad, the nearest zero crossing in the
polarization spectrum being GHz away. Based on the polarization signal, we estimated the
locked linewidth of the laser to be 300 kHz for a 500 ms observation time. A higher stability
might be obtained by feeding back the high-frequency component of the feedback signal to
the laser current [13].

The location of the zero crossing relative to the centre of the F = 3 → F ′ = 4 transition
is dependent on the pump power, a factor which has to be taken into account. There are other
effects which lead to a slow drift of the zero crossing (quite a few of the optical components
used have temperature-dependentbirefringence properties). The polarization spectrum is ideal
for locking to the centre of the closed transition F = 3 → F ′ = 4. However, in laser-cooling
experiments, typically one wants to lock the laser to a frequency detuned a few linewidths to the
red of the transition for most effective cooling [9]. We achieve this by placing an acousto-optic
modulator in the polarization spectrometer and another in the main beam for the experiment.
This allows us to tune the laser frequency used in the main experiment with respect to the
centre of the transition. It is also possible to offset lock the laser to a frequency different to
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that of the zero crossing of the polarization spectrum2. For transitions from the lower ground
state, the zero-crossing polarization spectrum obtained can be used, when offset, to lock the
‘repumping’ laser to obtain a magneto-optical trap.

6. Conclusions

In this paper we have analysed theoretically a set-up for polarization spectroscopy using an
analyser and two detectors. This gives a dispersion lineshape which is significantly larger than
that obtained by the conventional single-detector approach. We modelled the evolution of the
anisotropy of the medium as a function of the atom–light interaction time, taking into account
the multi-level atomic structure and the different line strength factors. We showed that a pump
intensity of the order of the saturation intensity is sufficient to generate a significant anisotropy.
The presence of this anisotropy was demonstrated by observing the different absorption spectra
obtained with the left and right hand circularly polarized components of a probe beam. We
demonstrated that the lineshape of the polarization spectra is dependent on the probe power.
Outside the weak-probe regime we obtain spectra that are dominated by a single hyperfine
transition, which are ideal for frequency stabilization of the laser. Compared to dither locking
of a saturated absorption feature, the standard method used for frequency stabilization of the
laser, the method described here has the advantages of not needing a lock-in amplifier; having
a larger capture range and eliminating frequency modulation of the laser. The disadvantage of
this method is that the zero crossing does not necessarily coincide with the exact line position.
However, as adding the signals from the two photodiodes gives a reference saturated absorption
signal, it is easy to locate the zero crossing relative to the line centre.
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[6] Hänsch T W and Couillaud B 1980 Opt. Commun. 35 441
[7] Walewski J, Kaminski C F, Hanna S F and Lucht R P 2001 Phys. Rev. A 64 063816
[8] Chu S 1998 Rev. Mod. Phys. 70 685

Cohen-Tannoudji C N 1998 Rev. Mod. Phys. 70 707
Phillips W D 1998 Rev. Mod. Phys. 70 721

[9] Adams C S and Riis E 1997 Prog. Quantum Electron. 21 1
Metcalf H J and van der Straten P 1999 Laser Cooling and Trapping (Berlin: Springer)

[10] Hinds E A and Hughes I G 1999 J. Phys. D: Appl. Phys. 32 R119
[11] Pearman C 2002 Ultra stable lasers for atom cooling MSci Report Durham University
[12] Lancaster G P T, Conroy R S, Clifford M A, Arlt J and Dholakia K 1999 Opt. Commun. 170 79
[13] Rovera G D, Santarelli G and Clairon A 1994 Rev. Sci. Instrum. 65 1502

2 Such a scheme is used successfully in laser cooling experiments at Sussex University (E Hinds and C Vale, private
communication).



Frequency stabilization of a laser diode with use
of light-induced birefringence in an atomic vapor

Yutaka Yoshikawa, Takeshi Umeki, Takuro Mukae, Yoshio Torii, and Takahiro Kuga

We present a simple modulation-free technique to stabilize a laser frequency to the Doppler-free spectra
of an atomic vapor. Polarization spectroscopy with use of a balanced polarimeter allows us to obtain a
background-free dispersion signal suitable for high-speed and robust frequency stabilization. We em-
ployed the method to the 5S1�2 F � 23 5P3�2 F� � 3 transition of 87Rb atoms. The achieved feedback
bandwidth was approximately 100 kHz, and an efficient suppression of the frequency noise in a labora-
tory environment was attained. © 2003 Optical Society of America

OCIS codes: 140.0140, 300.6260, 000.2170.

1. Introduction

Stabilization of laser frequency is essential for vari-
ous researches, from fundamental to practical appli-
cations, in the fields of metrology, frequency
standards, and optical communications. A disper-
sionlike signal at the resonance frequency is often
required to lock the laser frequency to the center of
the atomic spectra with electronic servo controls.
The most popular way to obtain this signal is through
phase-sensitive detection with frequency modulation
spectroscopy,1–4 by which the first derivative of ab-
sorption profiles can be obtained. This enables us to
easily achieve a high signal-to-noise �S�N� ratio.
However, the bandwidth of the feedback is intrinsi-
cally limited by the modulation frequency and the
time constant of a lock-in amplifier. Because high-
speed modulators and lock-in amplifiers are expen-
sive, the overall apparatus for high-performance
frequency stabilization tends to be costly.

Alternatively, modulation-free electronic fre-
quency stabilization has been demonstrated by two
kinds of techniques. One is based on the Zeeman
shift-induced or two-color light-induced dichroism of
the atomic transition,5–7 which relies on the differ-
ence of two absorption signals with slightly different
centers to obtain a dispersionlike signal at the reso-

nance frequency. The other technique employs a
dispersion signal obtained by polarization spectros-
copy.8 It is one of the Doppler-free spectroscopic
techniques and can directly detect the atomic disper-
sion referred to as Doppler-free light-induced bire-
fringence �DLIB�. Over the years, this method has
been applied to stabilize dye lasers9 and laser di-
odes.10 However, in the basic scheme in which a
probe beam is detected through a sample placed be-
tween two nearly crossed polarizers, residual back-
ground light cannot be eliminated, and its amplitude
noise degrades the S�N ratio.11 Alternatively, a
slightly modified scheme using balanced detection be-
tween two orthogonal polarization components of the
probe beam was reported to observe background-free
DLIB spectra with a highly improved S�N ratio.12

However, to our knowledge, there has been no exper-
imental report on frequency stabilization of a laser
diode with this scheme.

Another advantage of the modulation-free methods
is that the achievable feedback bandwidth is limited,
in principle, only by the atomic-frequency response
approximately equal to the natural linewidth of the
transition �. For the D1 and D2 transitions of the
alkali metal atoms, � is on the order of several mega-
hertz, which is enough for high-speed frequency sta-
bilization to suppress the frequency noise in a typical
experimental environment, such as an acoustic noise
and low-frequency 1�f �flicker� noise of the laser di-
ode.13

In this paper, we demonstrate polarization spec-
troscopy using a balanced polarimeter consisting of a
polarization beam splitter �PBS� and a balanced de-
tector for the 5S1�2 F � 2 3 5P3�2 F� � 1, 2, and 3
transitions of 87Rb atoms. The obtained signal can
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be readily exploited as an error signal for robust and
high-speed laser diode-frequency stabilization. The
apparatus does not require any modulation devices or
lock-in amplifiers to achieve high-performance fre-
quency stabilization comparable with that with fre-
quency modulation spectroscopy. These capabilities
are suited for a wide range of applications, from high-
precision spectroscopy to laser cooling experiments.

2. Light-Induced Birefringence Signal

Let us first briefly summarize the principles of polar-
ization spectroscopy and quantitatively calculate the
signal profile of the DLIB. The model we will treat
here is based on the experimental setup schemati-
cally shown in Fig. 1. Let us consider a linearly
x-polarized probe beam propagating along the z di-
rection x̂E0 cos��t � k0z� passing through the atomic
sample of length L. Here, x̂ is a unit vector along the
x direction, � is the laser frequency, and k0 is the
wave number of the probe beam in a vacuum. The
sample is simultaneously pumped by a counterpropa-
gating, circularly polarized pump beam. Provided
that the pump beam sufficiently polarizes the atomic
sample, the absorption coefficient, �	 and ��, and the
refractive index, n	 and n�, for left-hand �
	� and
right-hand �
�� circularly polarized components of
the probe beam are no longer the same. The differ-
ence �� � �	 � �� represents the circular dichroism,
making the polarization of the probe beam elliptical,
whereas the difference �n � n	 � n� describes the
optical birefringence that induces the rotation of the
axis of polarization by �� � �nk0L�2.14 Here we
suppose that the transition frequency of the 
	 and

� transitions are the same. Since the frequency
dependence of n	 and n� are dispersive with the
same center, ��, which is proportional to their differ-
ence, also leads to a dispersion signal. Therefore, if
one can measure it, the steep slope around the reso-
nance frequency can be directly exploited for fre-
quency stabilization.9–11

The conventional way to measure the polarization
state after passing through the sample is to put a
polarizer in front of a detector. This scheme corre-

sponds to an experimental setup in which the half-
wave plate in Fig. 1 is replaced by a polarizer, and the
transmitted intensity is measured with a single de-
tector instead of the balanced polarimeter. Here we
assume that the transmission axis of the polarizer is
tilted at an angle of  with respect to the y axis. For
most practical cases, the quantities �� and ��L are
very small. The transmitted intensity from the po-
larizer It is then given up to the second order in ��
and ��L as

It�� � I0 exp���� L��sin2  � �� sin 2

� ���2 � ���L
4 �2�cos2 � , (1)

where I0 � �0c�E0�2�2, with �0 and c being the per-
mittivity and the speed of light in vacuum, respec-
tively, �� � ��	 	 ����2, and the factor I0 exp���� L�
represents a saturated-absorption spectrum. Here
we assume that the polarizer has an ideal perfor-
mance, i.e., its extinction ratio is infinity. The situ-
ation of  � 0 promises a complete background-free
measurement. However, the signal is a second-
order contribution of �� and ��L and is not the dis-
persion shape. Since the second term in the braces
is a required signal, the polarizer must be tilted
slightly so that the second term becomes much larger
than the third term. At the same time, however,
increasing  gives rise to an undesirable offset rep-
resented in the first term. Because this offset is
subject to the amplitude noise of the probe beam,8,11

one has to find the optimized angle o in order to
achieve the dispersionlike signal with a maximum
S�N ratio. By considering the dependence of each
term on , the optimized dispersion signal is obtained
when ����, ���L� �� �o� �� 1.

As an alternative way, one can use a balanced po-
larimeter consisting of a PBS and a balanced detec-
tor, as shown in Fig. 1, in order to measure only the
rotation of the polarization axis. Here the half-wave
plate rotates the polarization axis of the probe beam
by 45°, and the reflected and transmitted intensities
from the PBS correspond to the case of  � �45° in
Eq. �1�. Since the second term in Eq. �1� is maxi-
mum �minimum� when  � 	45° ��45°� and the
signs of the first and third terms are the same for  �
�45°, we can cancel out the background and second-
order terms by using the balanced detector, which
measures the difference as

�It � It�45°� � It��45°�

� 2I0 exp���� L���. (2)

For an optically thin sample ���L �� 1�, the leading
term of Eq. �2� is 2I0��, showing a complete disper-
sion signal with no background. In addition, its
magnitude is enhanced by a factor of 2�sin 2o �
1�o, compared with the conventional scheme with
the optimized angle �o� �� 1. Thus this DLIB spec-

Fig. 1. Schematic diagram of the experimental setup. ECLD,
external cavity laser diode; BS, beam splitter; ��4, quarter-wave
plate; ��2, half-wave plate; and PBS, polarization beam splitter.
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trum is well suited for the frequency-discrimination
signal.

3. Experiments and Results

A. Polarization Spectroscopy

The experimental arrangement is shown in Fig. 1.
The laser source was a grating-feedback external-
cavity laser diode �ECLD� in a Littrow configuration.
Its wavelength was 780 nm, and a laser beam of �0.2
mW was sampled for the polarization spectroscopy.
The pump and probe beams were led into a 5-cm-long
Rb vapor cell from opposite directions with a small
angle of �3°. The total power �intensity� was 0.1
mW �0.8 mW�cm2� and 25 �W �0.3 mW�cm2� for the
pump and probe beams, respectively. In the actual
experiment, the half-wave plate was carefully ad-
justed such that the output of the balanced detector
was zero in an off-resonant condition. The Rb cell
was kept at room temperature and enclosed by a
�-metal magnetic shield by which the residual mag-
netic field was reduced to less than 0.01 G. This
shield is essential for obtaining large and stable sig-
nals, because a stray magnetic field is disruptive in
two ways in the experiment. First, a transverse
magnetic field orthogonal to the optical axis acceler-
ates the decay between the magnetic sublevels, owing
to spin precession. Second, the longitudinal field in-
duces a magneto-optical effect owing to the resonance
frequency difference of the 
� components.5,6,15,16

This results in the additional rotation of the polar-
ization axis, which shifts the zero-signal level of a
DLIB spectrum. Therefore the field fluctuation
makes the locking point unstable. These effects will
be discussed later.

With this setup, we performed the polarization
spectroscopy of the F � 2 3 F� � 1, 2, and 3 transi-
tions of 87Rb atoms, as shown in trace A of Fig. 2.
The saturated-absorption spectrum recorded with
the same sweep range is also shown in trace B as a
reference. Six resonances, including three crossover
transitions, can be clearly identified in trace A; the

DLIB signal of each transition has a dispersion shape
as expected in Eq. �2�17 with a highly improved S�N
ratio over the conventional crossed polarizer scheme
reported in Ref. 10. In particular, the dispersion
signal for the F � 2 3 F� � 3 transition has the
largest amplitude and less offset, and is ideal for
frequency stabilization. The peak-to-peak line-
width of this transition is 16.8 MHz, which is some-
what broader than the resolution limit of the
saturated spectroscopy determined by twice a natu-
ral linewidth �2� � 12 MHz, owing to the power
broadening; the total saturation parameter s of the
pump and probe beams was 0.7, which produced the
net linewidth of 2�1 	 s�1�2� � 15.6 MHz.

We observed no significant difference between the
zero-crossing point of the dispersion signal for
the F � 2 3 F� � 3 transition and the center of the
saturated-absorption spectrum, as shown in the inset
of Fig. 2, whereas the other transitions had large
offsets, making the line center unclear. Because
this offset is due to the overlap of the long tails of the
neighboring dispersion profiles,9 a larger energy-level
spacing and a smaller magnitude of the neighboring
transitions result in a smaller offset. Here we esti-
mate this offset induced by the crossover transition of
F� � 2 and 3 to the center of F � 2 3 F� � 3
transition. The off-resonant rotation of the polariza-
tion axis is approximately given by ��max�e�2�,
where ��max is the peak-to-peak rotation angle of
polarization, �e is the peak-to-peak linewidth of the
dispersion signal, and � is the frequency difference
between the two transitions. Substituting the pa-
rameters of the present case, ��max � 1.0°, �e � 16.8
MHz, and � � 134 MHz, into this formula, we obtain
the rotation angle of approximately 0.06°, which cor-
responds to the frequency offset of only 500 kHz.

The quantitative calculation of the relative magni-
tude of the polarization spectrum requires the optical
pumping theory in systems of up to four levels with
various combinations of the Zeeman sublevels,18 but
this would be laborious and is not the aim of this
paper. Therefore we will indicate only the qualita-
tive interpretation of the spectrum in a complete
pumping limit. Let us consider the optical pumping
by the 
	-polarized pump beam. All of the atoms
are assumed to be transferred into the �F, mF� � �2, 2�
sublevel,19 as shown in Fig. 3. The signal magni-
tude is then proportional to the difference between
the relative transition strengths, S	 and S� of 
	 and

� transitions from this sublevel.11,18 The magni-
tude of S	 and S� are also shown in Fig. 3.

There are two reasons for which the signal of the
F � 23 F� � 3 transition was largest. First, S	 �
S� is 30 � 2 � 	28 �Fig. 3�a��, which is larger than
that of F � 23 F� � 1 and 2 transitions from the �2,
2� sublevel. Second, unlike the F � 23 F� � 1 and
2 transitions, the F � 23 F� � 3 transition is closed
owing to the electric dipole selection rules and is free
from hyperfine pumping, which depletes the number
of atoms in the F � 2 state and diminishes the DLIB
signal.

The polarity of the dispersion signal can also be

Fig. 2. The Doppler-free spectra of 5S1�2 F � 2 3 5P3�2 F� tran-
sition of 87Rb atoms acquired by �A� polarization spectroscopy and
�B� saturated-absorption spectroscopy. The dashed line indicates
a ground level of the detector. An enlarged signal of the F � 23
F� � 3 transition is shown in the inset to indicate the relative
position of the two traces.
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understood by this simple picture. For the F � 23
F� � 2 transition, as shown in Fig. 3�b�, the �2, 2�
sublevel has no electronic excited state for 
	 tran-
sition. Therefore only the 
� component of the
probe beam interacts with the atoms. At this tran-
sition, S	 � S� is �5 �negative�, so the dispersion
shape of this transition is inverted compared with the
F � 2 3 F� � 3 transition. This signal inversion
also occurs for F � 23 F� � 1 transition owing to the
same reason �S	 � S� � �3�. Discussion of the
magnitudes and polarities of the crossover transi-
tions are also possible when the contributions from
the two concerned transitions are averaged.

B. Laser Diode-Frequency Stabilization

As already mentioned, the advantage of the present
method is not only the simplicity of the experimental
system but also the achievable bandwidth of the feed-
back. In the ordinary laboratory environment, a
major factor of the laser-diode frequency fluctuation
is acoustic noise up to 10 kHz and 1�f noise up to 100
kHz at most.13,20 These noises are still narrower
than the atomic response limit ��. Therefore these
noises can be suppressed with a simple electronic
servo with 100-kHz bandwidth.

In the experiment, we demonstrated frequency sta-
bilization to the F � 2 3 F� � 3 transition. We
applied the output signal from the balanced polarim-
eter to the P-I servo controller, and then fed the con-
troller output back to the driving voltage of the
piezoelectric transducer attached to the grating of the
ECLD and the injection current of the laser diode.
The bandwidth of the detector was 250 kHz, and that

of the overall feedback loop was 10 Hz for the piezo-
electric transducer and 130 kHz for the injection cur-
rent. Figure 4�a� shows the monitor trace of the
detector signal when the laser frequency was tuned to
around the center of the transition. From its power
spectrum, we identified the dominant frequency noise
as the acoustic and 1�f noise up to 40 kHz. The laser
linewidth within the detector’s bandwidth ��250
kHz� was calculated from the rms fluctuation of this
signal and the central slope of the dispersion profile.3
With the feedback off, it was �1.7 MHz. When the
feedback was turned on, the frequency fluctuations
were efficiently suppressed from dc to �100 kHz, and
the resultant linewidth was reduced to about 65 kHz.
Using this system, we continuously stabilized the la-
ser frequency for more than 1 day.

4. Discussion

The residual fluctuation of the stabilized signal was
still several times larger than the background noise
floor �the noise of the electronic circuits�, and there-
fore we evaluated the stability of the lock system by
the Allan variance of the error signal, as shown in
Fig. 4�b�. Although this diagnosis does not always
correspond to the frequency fluctuation directly, it is
simple and useful.3,4 When the averaging time was
2 s, the best stability was obtained as 8 � 10�14,
which corresponds to a fluctuation of 30 Hz. For a
longer term ��1 hour�, however, drift of the zero-
signal level, which is caused mainly by an additional
polarization rotation independent of the atomic bire-
fringence, becomes a major problem. We observed
that the spectrum showed a long-term fluctuation of
the entire offset, with the shapes of each transition
almost unchanged. The corresponding drift of the
locking point was �1 MHz�h. However, we could

Fig. 3. The ground-state population pumped by the 
	-polarized
light for F � 2 to �a� F� � 3, �b� F� � 2, and �c� F� � 1 transitions
of 87Rb atoms. The arrows and nearby numbers indicate the 
�

transitions and their relative strength, respectively.

Fig. 4. �a� Monitor trace of the output of the balanced polarimeter
with and without feedback. The laser frequency was initially
tuned around the center of the F � 2 3 F� � 3 transition. �b�
Allan variance of the output signal of the polarimeter when the
feedback is active.
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improve it to less than 70 kHz�h by enclosing the
apparatus in an acrylic box to prevent the ambient-
temperature fluctuation. Therefore we attributed
this drift to a temperature-dependent birefringence
of the Rb-cell windows and optical elements.5

We also checked the influence of magnetic fields on
the signal drift. We first applied a longitudinal
magnetic field to the Rb cell inside the magnetic
shield. As the field increased, the Doppler-
broadened structure grew linearly around the DLIB
signal. It then raised or lowered the zero-signal
level, depending on the direction of the magnetic
field, whereas the intensity of the DLIB signal was
almost unchanged. This can be regarded as the
magneto-optical rotation �MOR� or the Macaluso–
Corbino effect,15,16 in which �n at an absorption line
center no longer vanishes, owing to the Zeeman
shift.6 Because only the probe beam is involved in
this process, the resultant MOR is Doppler broad-
ened. This was verified by the fact that the DLIB
spectrum completely vanished but the Doppler struc-
ture still remained when we blocked the pump beam
before the Rb cell. The measured MOR was
0.03°��G cm� at the peak or the bottom of the Doppler
structure, which corresponded to a frequency shift of
approximately 0.7 MHz�G in our apparatus.

A transverse magnetic field in the Rb cell can de-
stroy the spin polarization and decrease the signal
magnitude. In fact, we observed that the DLIB
spectra diminished by a factor of five, accompanied
with a small change in the zero-signal level when we
opened the magnetic shield. We interpreted this as
follows. The transverse component of the external
magnetic field degrades the DLIB signal, whereas the
longitudinal component induces the MOR. There-
fore we conclude that eliminating stray magnetic
fields is an important and critical factor for obtaining
high-contrast, stable DLIB spectra.

5. Conclusion

We have demonstrated simple, low-cost, stable, and
high-speed frequency stabilization of an external-
cavity laser diode by using Doppler-free light-induced
birefringence in a Rb vapor. Polarization spectros-
copy with the balanced polarimeter allows us to cancel
out the background amplitude noise and second-order
birefringence and dichroism and to enhance the signal
magnitude for first-order birefringence. The obtained
signal had a pure dispersion shape and contained
wideband information about the laser frequency fluc-
tuations. Use of the obtained signal as a frequency-
discrimination error signal ensures robust, high-speed
frequency stabilization that suppresses the acoustic
and 1�f noise up to several tens of kilohertz in a typical
laboratory environment.

This work was supported by the Grants in Aid for
Scientific Research from the Ministry of Education,
Science, Sports, and Culture. After submission of
this paper, we found similar research.21 A prelimi-
nary report of the present locking scheme appeared
in Ref. 22.
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Frequency stabilization of a laser diode with use
of light-induced birefringence in an atomic vapor

Yutaka Yoshikawa, Takeshi Umeki, Takuro Mukae, Yoshio Torii, and Takahiro Kuga

We present a simple modulation-free technique to stabilize a laser frequency to the Doppler-free spectra
of an atomic vapor. Polarization spectroscopy with use of a balanced polarimeter allows us to obtain a
background-free dispersion signal suitable for high-speed and robust frequency stabilization. We em-
ployed the method to the 5S1�2 F � 23 5P3�2 F� � 3 transition of 87Rb atoms. The achieved feedback
bandwidth was approximately 100 kHz, and an efficient suppression of the frequency noise in a labora-
tory environment was attained. © 2003 Optical Society of America

OCIS codes: 140.0140, 300.6260, 000.2170.

1. Introduction

Stabilization of laser frequency is essential for vari-
ous researches, from fundamental to practical appli-
cations, in the fields of metrology, frequency
standards, and optical communications. A disper-
sionlike signal at the resonance frequency is often
required to lock the laser frequency to the center of
the atomic spectra with electronic servo controls.
The most popular way to obtain this signal is through
phase-sensitive detection with frequency modulation
spectroscopy,1–4 by which the first derivative of ab-
sorption profiles can be obtained. This enables us to
easily achieve a high signal-to-noise �S�N� ratio.
However, the bandwidth of the feedback is intrinsi-
cally limited by the modulation frequency and the
time constant of a lock-in amplifier. Because high-
speed modulators and lock-in amplifiers are expen-
sive, the overall apparatus for high-performance
frequency stabilization tends to be costly.

Alternatively, modulation-free electronic fre-
quency stabilization has been demonstrated by two
kinds of techniques. One is based on the Zeeman
shift-induced or two-color light-induced dichroism of
the atomic transition,5–7 which relies on the differ-
ence of two absorption signals with slightly different
centers to obtain a dispersionlike signal at the reso-

nance frequency. The other technique employs a
dispersion signal obtained by polarization spectros-
copy.8 It is one of the Doppler-free spectroscopic
techniques and can directly detect the atomic disper-
sion referred to as Doppler-free light-induced bire-
fringence �DLIB�. Over the years, this method has
been applied to stabilize dye lasers9 and laser di-
odes.10 However, in the basic scheme in which a
probe beam is detected through a sample placed be-
tween two nearly crossed polarizers, residual back-
ground light cannot be eliminated, and its amplitude
noise degrades the S�N ratio.11 Alternatively, a
slightly modified scheme using balanced detection be-
tween two orthogonal polarization components of the
probe beam was reported to observe background-free
DLIB spectra with a highly improved S�N ratio.12

However, to our knowledge, there has been no exper-
imental report on frequency stabilization of a laser
diode with this scheme.

Another advantage of the modulation-free methods
is that the achievable feedback bandwidth is limited,
in principle, only by the atomic-frequency response
approximately equal to the natural linewidth of the
transition �. For the D1 and D2 transitions of the
alkali metal atoms, � is on the order of several mega-
hertz, which is enough for high-speed frequency sta-
bilization to suppress the frequency noise in a typical
experimental environment, such as an acoustic noise
and low-frequency 1�f �flicker� noise of the laser di-
ode.13

In this paper, we demonstrate polarization spec-
troscopy using a balanced polarimeter consisting of a
polarization beam splitter �PBS� and a balanced de-
tector for the 5S1�2 F � 2 3 5P3�2 F� � 1, 2, and 3
transitions of 87Rb atoms. The obtained signal can
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be readily exploited as an error signal for robust and
high-speed laser diode-frequency stabilization. The
apparatus does not require any modulation devices or
lock-in amplifiers to achieve high-performance fre-
quency stabilization comparable with that with fre-
quency modulation spectroscopy. These capabilities
are suited for a wide range of applications, from high-
precision spectroscopy to laser cooling experiments.

2. Light-Induced Birefringence Signal

Let us first briefly summarize the principles of polar-
ization spectroscopy and quantitatively calculate the
signal profile of the DLIB. The model we will treat
here is based on the experimental setup schemati-
cally shown in Fig. 1. Let us consider a linearly
x-polarized probe beam propagating along the z di-
rection x̂E0 cos��t � k0z� passing through the atomic
sample of length L. Here, x̂ is a unit vector along the
x direction, � is the laser frequency, and k0 is the
wave number of the probe beam in a vacuum. The
sample is simultaneously pumped by a counterpropa-
gating, circularly polarized pump beam. Provided
that the pump beam sufficiently polarizes the atomic
sample, the absorption coefficient, �	 and ��, and the
refractive index, n	 and n�, for left-hand �
	� and
right-hand �
�� circularly polarized components of
the probe beam are no longer the same. The differ-
ence �� � �	 � �� represents the circular dichroism,
making the polarization of the probe beam elliptical,
whereas the difference �n � n	 � n� describes the
optical birefringence that induces the rotation of the
axis of polarization by �� � �nk0L�2.14 Here we
suppose that the transition frequency of the 
	 and

� transitions are the same. Since the frequency
dependence of n	 and n� are dispersive with the
same center, ��, which is proportional to their differ-
ence, also leads to a dispersion signal. Therefore, if
one can measure it, the steep slope around the reso-
nance frequency can be directly exploited for fre-
quency stabilization.9–11

The conventional way to measure the polarization
state after passing through the sample is to put a
polarizer in front of a detector. This scheme corre-

sponds to an experimental setup in which the half-
wave plate in Fig. 1 is replaced by a polarizer, and the
transmitted intensity is measured with a single de-
tector instead of the balanced polarimeter. Here we
assume that the transmission axis of the polarizer is
tilted at an angle of  with respect to the y axis. For
most practical cases, the quantities �� and ��L are
very small. The transmitted intensity from the po-
larizer It is then given up to the second order in ��
and ��L as

It�� � I0 exp���� L��sin2  � �� sin 2

� ���2 � ���L
4 �2�cos2 � , (1)

where I0 � �0c�E0�2�2, with �0 and c being the per-
mittivity and the speed of light in vacuum, respec-
tively, �� � ��	 	 ����2, and the factor I0 exp���� L�
represents a saturated-absorption spectrum. Here
we assume that the polarizer has an ideal perfor-
mance, i.e., its extinction ratio is infinity. The situ-
ation of  � 0 promises a complete background-free
measurement. However, the signal is a second-
order contribution of �� and ��L and is not the dis-
persion shape. Since the second term in the braces
is a required signal, the polarizer must be tilted
slightly so that the second term becomes much larger
than the third term. At the same time, however,
increasing  gives rise to an undesirable offset rep-
resented in the first term. Because this offset is
subject to the amplitude noise of the probe beam,8,11

one has to find the optimized angle o in order to
achieve the dispersionlike signal with a maximum
S�N ratio. By considering the dependence of each
term on , the optimized dispersion signal is obtained
when ����, ���L� �� �o� �� 1.

As an alternative way, one can use a balanced po-
larimeter consisting of a PBS and a balanced detec-
tor, as shown in Fig. 1, in order to measure only the
rotation of the polarization axis. Here the half-wave
plate rotates the polarization axis of the probe beam
by 45°, and the reflected and transmitted intensities
from the PBS correspond to the case of  � �45° in
Eq. �1�. Since the second term in Eq. �1� is maxi-
mum �minimum� when  � 	45° ��45°� and the
signs of the first and third terms are the same for  �
�45°, we can cancel out the background and second-
order terms by using the balanced detector, which
measures the difference as

�It � It�45°� � It��45°�

� 2I0 exp���� L���. (2)

For an optically thin sample ���L �� 1�, the leading
term of Eq. �2� is 2I0��, showing a complete disper-
sion signal with no background. In addition, its
magnitude is enhanced by a factor of 2�sin 2o �
1�o, compared with the conventional scheme with
the optimized angle �o� �� 1. Thus this DLIB spec-

Fig. 1. Schematic diagram of the experimental setup. ECLD,
external cavity laser diode; BS, beam splitter; ��4, quarter-wave
plate; ��2, half-wave plate; and PBS, polarization beam splitter.
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trum is well suited for the frequency-discrimination
signal.

3. Experiments and Results

A. Polarization Spectroscopy

The experimental arrangement is shown in Fig. 1.
The laser source was a grating-feedback external-
cavity laser diode �ECLD� in a Littrow configuration.
Its wavelength was 780 nm, and a laser beam of �0.2
mW was sampled for the polarization spectroscopy.
The pump and probe beams were led into a 5-cm-long
Rb vapor cell from opposite directions with a small
angle of �3°. The total power �intensity� was 0.1
mW �0.8 mW�cm2� and 25 �W �0.3 mW�cm2� for the
pump and probe beams, respectively. In the actual
experiment, the half-wave plate was carefully ad-
justed such that the output of the balanced detector
was zero in an off-resonant condition. The Rb cell
was kept at room temperature and enclosed by a
�-metal magnetic shield by which the residual mag-
netic field was reduced to less than 0.01 G. This
shield is essential for obtaining large and stable sig-
nals, because a stray magnetic field is disruptive in
two ways in the experiment. First, a transverse
magnetic field orthogonal to the optical axis acceler-
ates the decay between the magnetic sublevels, owing
to spin precession. Second, the longitudinal field in-
duces a magneto-optical effect owing to the resonance
frequency difference of the 
� components.5,6,15,16

This results in the additional rotation of the polar-
ization axis, which shifts the zero-signal level of a
DLIB spectrum. Therefore the field fluctuation
makes the locking point unstable. These effects will
be discussed later.

With this setup, we performed the polarization
spectroscopy of the F � 2 3 F� � 1, 2, and 3 transi-
tions of 87Rb atoms, as shown in trace A of Fig. 2.
The saturated-absorption spectrum recorded with
the same sweep range is also shown in trace B as a
reference. Six resonances, including three crossover
transitions, can be clearly identified in trace A; the

DLIB signal of each transition has a dispersion shape
as expected in Eq. �2�17 with a highly improved S�N
ratio over the conventional crossed polarizer scheme
reported in Ref. 10. In particular, the dispersion
signal for the F � 2 3 F� � 3 transition has the
largest amplitude and less offset, and is ideal for
frequency stabilization. The peak-to-peak line-
width of this transition is 16.8 MHz, which is some-
what broader than the resolution limit of the
saturated spectroscopy determined by twice a natu-
ral linewidth �2� � 12 MHz, owing to the power
broadening; the total saturation parameter s of the
pump and probe beams was 0.7, which produced the
net linewidth of 2�1 	 s�1�2� � 15.6 MHz.

We observed no significant difference between the
zero-crossing point of the dispersion signal for
the F � 2 3 F� � 3 transition and the center of the
saturated-absorption spectrum, as shown in the inset
of Fig. 2, whereas the other transitions had large
offsets, making the line center unclear. Because
this offset is due to the overlap of the long tails of the
neighboring dispersion profiles,9 a larger energy-level
spacing and a smaller magnitude of the neighboring
transitions result in a smaller offset. Here we esti-
mate this offset induced by the crossover transition of
F� � 2 and 3 to the center of F � 2 3 F� � 3
transition. The off-resonant rotation of the polariza-
tion axis is approximately given by ��max�e�2�,
where ��max is the peak-to-peak rotation angle of
polarization, �e is the peak-to-peak linewidth of the
dispersion signal, and � is the frequency difference
between the two transitions. Substituting the pa-
rameters of the present case, ��max � 1.0°, �e � 16.8
MHz, and � � 134 MHz, into this formula, we obtain
the rotation angle of approximately 0.06°, which cor-
responds to the frequency offset of only 500 kHz.

The quantitative calculation of the relative magni-
tude of the polarization spectrum requires the optical
pumping theory in systems of up to four levels with
various combinations of the Zeeman sublevels,18 but
this would be laborious and is not the aim of this
paper. Therefore we will indicate only the qualita-
tive interpretation of the spectrum in a complete
pumping limit. Let us consider the optical pumping
by the 
	-polarized pump beam. All of the atoms
are assumed to be transferred into the �F, mF� � �2, 2�
sublevel,19 as shown in Fig. 3. The signal magni-
tude is then proportional to the difference between
the relative transition strengths, S	 and S� of 
	 and

� transitions from this sublevel.11,18 The magni-
tude of S	 and S� are also shown in Fig. 3.

There are two reasons for which the signal of the
F � 23 F� � 3 transition was largest. First, S	 �
S� is 30 � 2 � 	28 �Fig. 3�a��, which is larger than
that of F � 23 F� � 1 and 2 transitions from the �2,
2� sublevel. Second, unlike the F � 23 F� � 1 and
2 transitions, the F � 23 F� � 3 transition is closed
owing to the electric dipole selection rules and is free
from hyperfine pumping, which depletes the number
of atoms in the F � 2 state and diminishes the DLIB
signal.

The polarity of the dispersion signal can also be

Fig. 2. The Doppler-free spectra of 5S1�2 F � 2 3 5P3�2 F� tran-
sition of 87Rb atoms acquired by �A� polarization spectroscopy and
�B� saturated-absorption spectroscopy. The dashed line indicates
a ground level of the detector. An enlarged signal of the F � 23
F� � 3 transition is shown in the inset to indicate the relative
position of the two traces.
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understood by this simple picture. For the F � 23
F� � 2 transition, as shown in Fig. 3�b�, the �2, 2�
sublevel has no electronic excited state for 
	 tran-
sition. Therefore only the 
� component of the
probe beam interacts with the atoms. At this tran-
sition, S	 � S� is �5 �negative�, so the dispersion
shape of this transition is inverted compared with the
F � 2 3 F� � 3 transition. This signal inversion
also occurs for F � 23 F� � 1 transition owing to the
same reason �S	 � S� � �3�. Discussion of the
magnitudes and polarities of the crossover transi-
tions are also possible when the contributions from
the two concerned transitions are averaged.

B. Laser Diode-Frequency Stabilization

As already mentioned, the advantage of the present
method is not only the simplicity of the experimental
system but also the achievable bandwidth of the feed-
back. In the ordinary laboratory environment, a
major factor of the laser-diode frequency fluctuation
is acoustic noise up to 10 kHz and 1�f noise up to 100
kHz at most.13,20 These noises are still narrower
than the atomic response limit ��. Therefore these
noises can be suppressed with a simple electronic
servo with 100-kHz bandwidth.

In the experiment, we demonstrated frequency sta-
bilization to the F � 2 3 F� � 3 transition. We
applied the output signal from the balanced polarim-
eter to the P-I servo controller, and then fed the con-
troller output back to the driving voltage of the
piezoelectric transducer attached to the grating of the
ECLD and the injection current of the laser diode.
The bandwidth of the detector was 250 kHz, and that

of the overall feedback loop was 10 Hz for the piezo-
electric transducer and 130 kHz for the injection cur-
rent. Figure 4�a� shows the monitor trace of the
detector signal when the laser frequency was tuned to
around the center of the transition. From its power
spectrum, we identified the dominant frequency noise
as the acoustic and 1�f noise up to 40 kHz. The laser
linewidth within the detector’s bandwidth ��250
kHz� was calculated from the rms fluctuation of this
signal and the central slope of the dispersion profile.3
With the feedback off, it was �1.7 MHz. When the
feedback was turned on, the frequency fluctuations
were efficiently suppressed from dc to �100 kHz, and
the resultant linewidth was reduced to about 65 kHz.
Using this system, we continuously stabilized the la-
ser frequency for more than 1 day.

4. Discussion

The residual fluctuation of the stabilized signal was
still several times larger than the background noise
floor �the noise of the electronic circuits�, and there-
fore we evaluated the stability of the lock system by
the Allan variance of the error signal, as shown in
Fig. 4�b�. Although this diagnosis does not always
correspond to the frequency fluctuation directly, it is
simple and useful.3,4 When the averaging time was
2 s, the best stability was obtained as 8 � 10�14,
which corresponds to a fluctuation of 30 Hz. For a
longer term ��1 hour�, however, drift of the zero-
signal level, which is caused mainly by an additional
polarization rotation independent of the atomic bire-
fringence, becomes a major problem. We observed
that the spectrum showed a long-term fluctuation of
the entire offset, with the shapes of each transition
almost unchanged. The corresponding drift of the
locking point was �1 MHz�h. However, we could

Fig. 3. The ground-state population pumped by the 
	-polarized
light for F � 2 to �a� F� � 3, �b� F� � 2, and �c� F� � 1 transitions
of 87Rb atoms. The arrows and nearby numbers indicate the 
�

transitions and their relative strength, respectively.

Fig. 4. �a� Monitor trace of the output of the balanced polarimeter
with and without feedback. The laser frequency was initially
tuned around the center of the F � 2 3 F� � 3 transition. �b�
Allan variance of the output signal of the polarimeter when the
feedback is active.
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improve it to less than 70 kHz�h by enclosing the
apparatus in an acrylic box to prevent the ambient-
temperature fluctuation. Therefore we attributed
this drift to a temperature-dependent birefringence
of the Rb-cell windows and optical elements.5

We also checked the influence of magnetic fields on
the signal drift. We first applied a longitudinal
magnetic field to the Rb cell inside the magnetic
shield. As the field increased, the Doppler-
broadened structure grew linearly around the DLIB
signal. It then raised or lowered the zero-signal
level, depending on the direction of the magnetic
field, whereas the intensity of the DLIB signal was
almost unchanged. This can be regarded as the
magneto-optical rotation �MOR� or the Macaluso–
Corbino effect,15,16 in which �n at an absorption line
center no longer vanishes, owing to the Zeeman
shift.6 Because only the probe beam is involved in
this process, the resultant MOR is Doppler broad-
ened. This was verified by the fact that the DLIB
spectrum completely vanished but the Doppler struc-
ture still remained when we blocked the pump beam
before the Rb cell. The measured MOR was
0.03°��G cm� at the peak or the bottom of the Doppler
structure, which corresponded to a frequency shift of
approximately 0.7 MHz�G in our apparatus.

A transverse magnetic field in the Rb cell can de-
stroy the spin polarization and decrease the signal
magnitude. In fact, we observed that the DLIB
spectra diminished by a factor of five, accompanied
with a small change in the zero-signal level when we
opened the magnetic shield. We interpreted this as
follows. The transverse component of the external
magnetic field degrades the DLIB signal, whereas the
longitudinal component induces the MOR. There-
fore we conclude that eliminating stray magnetic
fields is an important and critical factor for obtaining
high-contrast, stable DLIB spectra.

5. Conclusion

We have demonstrated simple, low-cost, stable, and
high-speed frequency stabilization of an external-
cavity laser diode by using Doppler-free light-induced
birefringence in a Rb vapor. Polarization spectros-
copy with the balanced polarimeter allows us to cancel
out the background amplitude noise and second-order
birefringence and dichroism and to enhance the signal
magnitude for first-order birefringence. The obtained
signal had a pure dispersion shape and contained
wideband information about the laser frequency fluc-
tuations. Use of the obtained signal as a frequency-
discrimination error signal ensures robust, high-speed
frequency stabilization that suppresses the acoustic
and 1�f noise up to several tens of kilohertz in a typical
laboratory environment.

This work was supported by the Grants in Aid for
Scientific Research from the Ministry of Education,
Science, Sports, and Culture. After submission of
this paper, we found similar research.21 A prelimi-
nary report of the present locking scheme appeared
in Ref. 22.
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I.  INTRODUCTION 
 

 Optical cooling and trapping of neutral atoms belongs 
to the most effective and elegant experimental methods in 
atomic physics and is nowadays a widely used technique. 
Slow velocity, low kinetic energy, greatly reduced colli-
sional perturbation, long interaction time, ability to store 
a large number of atoms at sufficiently high density – all 
those features cause interest in the cold atom environment 
as the ground for a wide variety of novel and precise 
experiments in the field of, for example, quantum optics, 
coherent phenomena, frequency standards, cold collisions 
or atom optics [1]. First papers on deceleration and trap-
ping of atoms by means of laser light or confining the 
atoms with the magnetic field date back to several decades 
ago (see e.g., for earlier works [2]); we will recall an 
important contribution by T. Hänsch and A. Schawlow in 
1975 [3], who suggested that the laser light can be used to 
slow down atoms. The 1980s brought such significant 
achievements as the first stopping of an atomic beam with 
a laser light by W. Phillips and H. Metcalf [4], creation of 
the optical molasses (OM) by Chu et al. [5] at Bell 

Laboratories and construction of the magneto-optical trap 
(MOT) by Raab et al. [6] at the same laboratory.  
 In a 3D OM arrangement three pairs of mutually 
orthogonal and counterpropagating laser beams intersect in 
a vacuum chamber containing vapor of the studied element. 
The laser beams, tuned below the resonance, create 
a viscous region where the inhibiting force is exerted on the 
atoms. However, the radiation pressure itself does not 
allow for their spatial confinement. The atoms are still able 
to move slowly in any direction and eventually they diffuse 
out of the region. In order to both cool and confine atoms, 
the force has to be additionally position-dependent. 
Operation of the MOT is based on manipulations of the 
external  and internal degrees of freedom of atoms by 
means of carefully prepared optical and magnetic fields [7]; 
the OM is modified by selecting the proper circular 
polarizations for the beams and applying a weak quadru-
pole magnetic field (those topics will be discussed later 
on).   
 In the first demonstration of MOT the source of the 
atoms was the sodium atomic beam which had been 
initially slowed down by the frequency swept laser 
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radiation [6]. The Cs atoms were trapped in MOT for the 
first time in 1990, but this time the capture occurred 
directly from the vapor filled spectral cell at room tempera-
ture [8]. The vapor supplied traps soon turned out to be 
very reliable arrangements. The first Polish MOT has been 
operated by the group of W. Gawlik at Jagiellonian Univer-
sity in Cracow [9]. Currently traps in various variants (the 
“dark-spot” [10], two-dimensional [11, 12], allowing si-
multaneous trapping of two different elements [13, 14] or 
isotopes [15] and others) became the standard research 
tools [16]. They are used e.g. for preliminary cooling in the 
Bose-Einstein condensation [17-19]. In recognition of their 
pioneering achievements in the cooling and trapping of 
atoms in 1997, C. Cohen-Tannoudji, S. Chu and W. Phillips 
were awarded the Nobel Prize [20]. Numerous efforts were 
undertaken to fully understand and theoretically model the 
MOT [21]. At present, more than 20 different elements 
have been laser-cooled. The rubidium MOT described in 
the present work has been designed and built at the Institute 
of Physics, Polish Academy of Sciences in Warsaw to be 
one of the first devices in the country [22]. It is the main 
part of the apparatus for studies of the coherent and 
nonlinear effects in cold Rb atoms. In this paper we briefly 
review the essential cooling mechanisms related to the 
MOT, including both Doppler and sub-Doppler ones, and 
present our trap with some examples of the results. There 
are several excellent sources discussing many aspects of 
laser cooling at length [2, 23-27], our introductory 
treatment given below is based and benefits from these 
works. 
 Our paper is organized as follows: In Section II, an 
overview of the principles of laser cooling and trapping is 
given, including ideas of laser cooling as a momentum 
transfer, Doppler cooling and optical forces in optical 
molasses and the MOT fundamentals (Sections II.1-II.4). 
A brief discussion of the sub-Doppler cooling with the two 
polarization gradient mechanisms is given in Section II.5. 
In Section III, various aspects of the practical realization of 
the rubidium MOT are elucidated. An outline of the 
apparatus together with some details of the laser system, 
including the frequency stabilization and locking systems 
as well as detection and control of the experiment is given. 
In Section IV we give examples of results obtained with 
our apparatus. In Section IV.1 a high resolution spectrum 
of the D2 line of 85Rb in the saturated regime is shown, and 
in Section IV.2 the Autler-Townes spectrum taken in the 
cascade 5S-5P-5D system is presented and briefly dis-
cussed. Finally, the paper is concluded in Section V with 
a short summary. 

 

II.  LASER  COOLING  AND  TRAPPING 

II.1. Transfer of momentum between photon and atom  

 Let us consider an idealized model of a two-level atom 
irradiated with a beam of resonant photons. According to 
the momentum conservation when a photon is absorbed its 
momentum p k=  ( k  is the wave vector; k = 2π/λ the 
wave number of the laser field; λ the wavelength) is 
transferred to the atom retaining both its magnitude and 
direction (see Fig. 1(a, b)). This tiny momentum kick due 
to absorption of a single photon alters the velocity of an 
atom by recoil velocity vrec = ħk/M ≈ 1 cm/s (e.g. for a real 
Rb atom it is 0.6 cm/s) which can be compared with typical 
velocities of a few 100 m/s in room temperature atoms. The 
absorption is followed by spontaneous emission with 
a natural lifetime τ = 1/γ of the excited state, where γ is its 
decay rate (or width), and thus the atom recoils once more. 
Since the spontaneous emission is isotropic, the recoil of 
the atom associated with this process is in a random 
direction, thus there is no net change of momentum on 
average. Thus overall the change of the atomic momentum 
is solely the effect of absorption (see Fig. 1(c)). The force 

/F dp dt=  acting on the atom is directed along the laser 
 

 
Fig. 1. A simplified depiction of the light pressure acting on the 
two-level atom. (a) the resonant photon approaches an atom of 
mass M in its ground state and in rest; (b) as a result of absorption 
the atom, now in the excited state, gains a momentum kick, 

;Mv k=  (c) recoil momentum due to the isotropic spontaneous 
emission averages out over many absorption/emission cycles thus, 
after n cycles the atom gains momentum Mv n k= along the 
propagation direction of incoming photons. The wavy arrow is 
   for photon, the thick one for momentum  



Magneto-optical Trap: Fundamentals and Realization  117

beam. Its value increases with intensity of the incoming 
light until the stimulated emission begins to play a role. 
Higher-intensity produces faster absorption, but causes also 
equally fast stimulated emission. The photon emitted by the 
stimulated emission moves in the same direction as the 
stimulating photon. It follows that the momentum transfer 
in the process of the stimulated emission is directed 
opposite to the momentum transfer during the absorption. 
Thus the total change of atomic momentum in such a se-
quential process equals zero. Therefore, the resultant 
(de/ac)celeration cannot exceed value max ,a kf Mγ=  
(where M is the mass of the atom and f is the fraction of 
time it spends in an excited state) [28]. In a high intensity 
beam the atom spends half of its time in each of the states, 
thus fmax = 1/2. With narrow linewidth lasers easily avail-
able the scattering rate of 107 s–1 or more absorption acts/s 
is realistic. In such condition an atom moving in the 
direction opposite to the photon beam could be decelerated 
very efficiently. Simple evaluation shows e.g. that for the 
Rb atom amax ~ 104g where g is an earth  gravity constant. 
Taking typical initial thermal velocity, the time to halt an 
atom amounts to Δt  ~ 1 ms. Thus with lasers one can brake 
really hard. 

 
II.2. Doppler cooling and optical molasses 

If a two-level atom of velocity v  propagates against 
( 0)kv <  a low intensity laser beam of frequency Lω  tuned 
slightly below the atomic resonance of frequency 0ω  

0( ),Lω ω<  then the travelling atom sees the Doppler 
shifted frequency 

 L kvω ω= −               (1) 

which is higher and thus closer to atomic resonance. For 
red detuning the atom will see this frequency to be at 
a resonance if the relation: ωL (1+ ν/c) = ω0 holds. Then, 
photons will be absorbed and the atom slows down.  On the 
contrary, if the atom co-propagates with the laser beam 
( 0)kv >  the Doppler shifted frequency increases its 
distance from resonance and consequently the absorption 
probability is even further reduced. Thus, the atom under-
goes an asymmetric influence by the laser beam depending 
on the direction of its motion ( v ). It can be noted that 
atoms of velocity v  (with spread determined by γ) satisfy 
the condition 

 0L kvω ω− = , (2) 

and are slowed down. By using three intersecting ortho-
gonal pairs of counter-propagating laser beams, the above 

elucidated slowing effect can be extended to 3D [3]. Each 
atom moving in this field will be acted by a deceleration 
force much stronger than the acceleration one. Both forces 
equalize only if the atom is not moving. Such environment 
is called optical molasses (OM) [5]. Atoms in OM are free 
to move around (via diffusion) anywhere within the region 
of overlapping beams, before they slowly leave the region. 
At first glance it might be guessed that the residual kinetic 
energy of an atom in OM equals the photon recoil; 
however, it is not the case. Its temperature (energy) in 
general depends on detuning [26] and in minimum reaches 
limit TD = ħγ/2kB which is much higher than the recoil 
temperature Trecoil = ħ2k2/(2MkB). The former is called the 
Doppler limit (see Section II.4 for further discussion). 
 In the moving atom’s reference frame, the net force F  
exerted by a single laser beam depends directly on the 
scattering (excitation) rate of photons SCΓ  (e.g., [24]):  

  SCF k= Γ , (3) 

with 

  2
/ 2

1 [2( ) / ]SC
D

γS
S δ ω γ

Γ =
+ + +

 (4) 

where / SS I I=  the saturation parameter, I the light inten-
sity, IS = πhcγ/3λ3 the saturation intensity of the transition; 

Dω kv= −  the Doppler shift; δ = (ωL - ω0) the detuning. 
SCΓ  has a Lorentzian dependence on velocity. 

 Consider now two counterpropagating beams weak 
enough so that their effects taken separately are additive, 
and those caused simultaneously by both beams can be 
neglected. Then the total light pressure force OMF  from the 
two beams is 

  OMF F F+ −= + , (5) 

where   

  
[ ], 2 .

2 1 2( ) /D

kγ SF
S δ ω γ

+ − = ±
+ + ∓

 (6) 

 In Fig. 2 the component forces F+  and F−  as well as 
their sum ,OMF calculated for representative cooling para-
meters ( 1.3 ,= −δ γ  3)S =  are shown as a function of 
velocity. As can be seen for all velocities, the force exerted 
on an atom is damping its movement. The atomic motion is 
damped if the laser is tuned below an atomic resonance. There 
is also a relatively narrow range of velocities where the force 
on velocity dependence is linear. Assuming the atoms are slow 
( )D kω ν γ= <<  terms of second and higher orders in 

Dω  of the respective expansion can be neglected and one 
obtains an approximate expression [25]:  
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Fig. 2. Dependence of the optical damping forces eqns. (5), (6) on 
velocity for 1D OM calculated for the detuning 1.3= −δ γ  and the 
saturation 3.S =  The dotted traces show the components F+  (red 
trace) and F−  (blue trace) from each beam while the solid curve 
(blue trace) is their sum. The straight line (black trace) shows the 
                   velocity range where proportionality holds 
 
 

          

 
Fig. 3. The damping force FOM, Eq. (7), exerted on an atom as 
a function of the detuning δ and the saturation S; (a) 3D plot; b) 
2D map, with brighter points corresponding to the larger force. 
 δ in units of the decay rate γ, S in units of the saturation intensity IS  

  
2

2 2
8

[1 (2 / ) ]OM
k SvF

S
≅

+ +
δ

γ δ γ
 , (7) 

or in short form:  

  .OMF v≅ −β  (8) 

where in the (friction) parameter β all constants and para-
meter values of Eq. (7) are included. Thus, indeed as it can 
be seen in Fig. 2, for slow atoms FOM is proportional to 
velocity. It resembles the viscous damping. It is why this 
technique is called OM. The dependence of FOM Eq. (7) on 
the cooling parameters δ  and S is depicted in Fig. 3; in (a) 
as a 3D plot and in (b) the same dependence is shown as 
a 2D map where the brighter points symbolize the larger 
force value. As can be seen from (7) e.g. with S = 1 the 
maximum force is reached when δ = –γ/2. Depending on 
a sign of detuning the force can be attractive or repulsive. 
Cooling is possible only for negative values of δ, in the 
opposite case heating occurs and the atom gains energy. It 
should be noted that the resonance radiation pressure force 
of the type Eq. (8) alone is not able to provide stable 
trapping of atoms [29]. 
 

 II.3. 1D model of  the MOT 

 Let us consider a 1D model of the MOT. It consists of 
two laser beams of opposite circular polarization (right 
σ + and left )σ −  counterpropagating along the z-axis, the 
coaxial inhomogeneous magnetic field B  of quadrupole 
symmetry (Fig. 4) and the atoms of simplest level structure 
with hyperfine components F = 0 and F’ = 1 for the ground 
and excited states, respectively. The σ + (or )σ −  circularly 
polarized beam causes only transitions with ΔmF = +1 (or 
ΔmF = –1) (Fig. 5). B  changes linearly with z and its sign 
alters in the trap center (Fig. 6). Under the influence of the 
magnetic field the degeneracy is lifted (Zeeman effect) and 
 

 
Fig. 4. Arrangement for a MOT in 1D. Atoms in the field of two 
counterpropagating beams and the magnetic field of quadrupole 

symmetry with zero in the trap centre 
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each hyperfine state F splits in 2F + 1 sublevels. The 
Zeeman shift of the sublevel is proportional to its magnetic 
quantum number mF and to the B field:  

  
Fm F B FE g BmμΔ = , ( 0, 1,..., )Fm F= ± ± , (9) 

where: Fg  – Lande factor, Bμ  – Bohr magneton, B –
intensity of the magnetic field. 

 

 

Fig. 5. Selective absorption of the circularly polarized light 

 

 
Fig. 6. Atom of a simple level structure (F = 0, F’ = 1) in the 1D 
MOT. Zeeman shifts of the sublevels in the B-field of constant 
gradient ∂B/∂z are shown. The black arrows denote the laser 
frequency red-detuned from the resonance; the dotted arrows are 
                         for the Doppler modified frequency  

 
 In the inhomogeneous magnetic field of constant 
gradient ∂B/∂z the sublevels’ splitting changes linearly with 
z (Fig. 6). We consider an atom situated to the left of the 
reference frame. The B field in this region has a negative 
value. The beam incident from the left and propagating 
toward the trap center is σ +  polarized. When the cooling 
condition is satisfied (each beam tuned below zero field 
atomic resonance), the transitions between the sublevels 
F = 0 and F’ = 1 are caused mainly by the σ +  light. 
Momentum transfer along the incident σ +  beam toward 
the trap center occurs. The counterpropagating σ −  beam is 
significantly more detuned from the resonance in this 

region. The momentum transfer induced by this beam 
repelling the atom out of the trap center is very small. As 
a result, the atom is pushed toward the field free (B = 0) 
region. To the right of the trap, the mirror situation 
happens. However, now the σ −  beam is tuned significantly 
closer to the resonance than the σ +  beam, so the momen-
tum transfer occurs in the direction of the σ −  beam. Thus, 
two forces act on the atom, their sum is directed always 
toward the center of the trap and equals zero in this point.  
 

 
Fig. 7. Scheme  of a 3D MOT. Thick arrows denote three pairs of 
the circularly polarized cooling laser beams counter-propagating 
along three coordinate axes. Big loops of current I flowing in 
opposite directions generate magnetic field of spherical quadru- 
                                       pole symmetry 
 
 Allowing for the B field in an OM Eq. (6) modifies. It 
assumes the form: 

  
[ ], 22 1 2( ' / ) /D

k SF
S B

+ − = ±
+ + ∓ ∓

γ

δ ω μ γ
,   (10) 

where ' ( )e e g g Bg m g mμ μ= − the effective magnetic mo-
ment for the cooling transition; eg ( )gg  Lande factor of 
the excited (ground) state; em ( )gm  magnetic number of 
the excited (ground) state; D kvω = −  the Doppler shift; 

' /Z Bω μ=  the Zeeman shift.  
 Here we allowed the magnetic structure in both states. 
Note that B = B(z). Assuming that both Dω  and │ωZ│ are 
small as compared to ,δ  the denominator of Eq. (10) can 
be expanded, as earlier in Eqns. (5, 6), keeping only linear 
terms, the approximate form reads 

  ,MOTF v r≅ − −β ξ  (11) 

where β is the same as in Eq. (8) and the damping constant 
ξ  arises from the similar functional dependence of MOTF  
on both ωD  and ωZ , and is given by 
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  'B
z k

μ βξ ∂
=

∂
 (12) 

 Note that Eq. (11) is identical to the damped oscillator one. 
 The 3D generalization of the 1D model is rather natural. 
The atoms are irradiated by pairs of opposing laser beams 
propagating along three Cartesian axes. Along the z-axis 
two coaxial identical coils centered with beams’ crossing 
point and carrying opposite currents are placed. The 
created magnetic field has the spherical quadrupole sym-
metry, with gradient along the z-axis twice as big as that in 
the xy plane. Provided a proper choice of various para-
meters (including the selection of the right closed atomic 
transition), such configuration allows very efficient slow-
ing and confining of the real atoms. In the real MOT field 
of ∂B/∂z gradient of the order 10-20 G/cm is used. 
 

II.4. Doppler cooling limit 

 In Section II.1 the cooling mechanism has been 
introduced, in which atoms are cooled by resonant photons 
via the momentum exchange. It has been emphasized that 
the isotropic character of the spontaneous emission 
averages out and therefore does not influence the atomic 
momentum. It could seem that in the end the initially 
moving atoms will decelerate rapidly to zero velocity. 
However, it was argued above that the momentum kicks 
resulting from photon recoil impose its lower limit which is 
nonzero. This can be described as a random walk in 
momentum space with k step size. The mean square 
atomic momentum 2p< > ≠ 0, it changes with each act of 
absorption or the spontaneous emission. ‘The temperature 
results from an equilibrium between laser cooling and the 
heating process arising from the random nature of both the 
absorption and emission of photons’ [20]. To evaluate the 
equilibrium temperature we consider the rates of  processes 
which cause atoms to heat (by the random walk in 
momentum space) and to cool (by the cooling force exerted 
by photons as discussed above). The rate at which the 
energy is removed by cooling  equals the product of the 
force (Eq. (8)) and the velocity            

  2

cooling
OM

dE F
dt

⎛ ⎞ = = −⎜ ⎟
⎝ ⎠

ν βν . (13)    

 It is proportional to the velocity squared and thus 
the kinetic energy. In contrast, the heating rate depends 
on the total photon scattering rate only. For one beam this 
rate is given by Eq. (4). However, since in an equilibrium 
atoms move very slowly (ωD = │kv│<< γ) the Doppler 
shift can be neglected. Thus the rate of change of 2p< >  
amounts to: 

  2 2 2 'SC
d p k
dt

< > = Γ , (14)  

After each cycle of absorption and spontaneous emission 
the atom gains the kinetic energy:                   

  
2

K
pE
M

< >
= . (15) 

The rate of its change is 

 2 2 2

heating

1 1 'SC
dE d p k
dt M dt M

⎛ ⎞ = < > = Γ⎜ ⎟
⎝ ⎠

. (16) 

At an equilibrium  

  
cooling

dE
dt

⎛ ⎞
⎜ ⎟
⎝ ⎠

=  
heating

dE
dt

⎛ ⎞
⎜ ⎟
⎝ ⎠

 (17) 

From Eqns. (13), (16), (17) we derive: 
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β δ
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Using the equipartition theorem, the effective temperature 
can be inferred as 

  
2 2 2 2(1 4 / )

3 8B B

Mv ST
k k

γ δ γ
δ

+ +
= =   . (19) 

By taking the derivative with respect to δ  and performing 
the usual procedure the lowest temperature limit can be de-
termined. For the optimum value optδ  = –γ/2 it amounts to: 

  (2 )
4 B

ST
k

γ +
=   (20) 

In the low intensity limit the minimum called the Doppler 
limit is obtained:  

2D
B

γT
k
⋅

≅ . (21) 

It is noteworthy that TD depends only on γ – the inverse 
lifetime (the width) of the excited state used in the cooling. 
The dependence of the temperature T on  the detuning δ  
calculated for γ = 2π × 5.9 MHz corresponding to the 85Rb 
(5P3/2) is shown in Fig. 8. At δ = – / 2γ  (~2π×3 MHz)  
TD =143 µK which corresponds to velocity of 12 cm/s (e.g., 
for Na TD = 240 μK). Typically TD is  few 100 μK cor-
responding to velocities of ca 10 cm/s. The transitions of  
narrow width or of the width influenced externally are 
considered as candidates for use in the Doppler cooling 
with the aim to approach the recoil limit (Eq. (22)) of the 
temperature [30].  
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Fig. 8. Dependence of temperature on detuning of the cooling 
laser calculated for 85Rb from the Eq. (19). The minimum 
    TD = 143 μK is achieved at the detuning / 2δ γ= −  

 

II.5. Sub-Doppler Cooling Mechanisms – Polarization 
Gradient Cooling 

 It was widely accepted that the Doppler limit TD poses 
the lowest temperature which can be obtained in OM. 
Surpisingly, P.D. Lett et al. measured temperature in the 
laser cooled sodium OM which was six times lower than 
the expected limit [31]. This triggered theoretical efforts to 
understand the discovery. The essential new contribution 
introduced by these works relies in the understanding of the 
specific role that the  multilevel structure of the atom and 
the polarization of the light play in the laser cooling [32, 
33]. The new approach is known as a sub-Doppler cooling 
and includes several different mechanisms. Below are two 
examples of such mechanisms which allow temperatures 
below the Doppler limit. They are known as the 
polarization gradient cooling mechanisms [32, 33].        
 The atom in a nearly resonant field, aside from absorp-
tion, is also subject to light induced shifts of  its energy 
levels known as the ac-Stark shift. In the limit of low light 
intensity it amounts to ΔEg,e ≈ ± ħΩ2/4δ with Ω2 = Sγ2/2 and 
Ω the Rabi frequency. Since it is proportional to the 
intensity, ΔEg,e is known as the light shift. The light shift 
can result in a gradient force (the dipole force) on an atom 
when the intensity varies in space. Such situation can be 
found e.g., in the strong focusing and the Gaussian 
intensity profile of the beam. Another case of interest here 
is the spatial intensity dependence between nodes and anti-
nodes of a standing wave. Consider now a simple model of 
an atom with the ground (excited) state angular momentum 
of Jg = 1/2 (Je = 3/2) placed in a field of two counter-
propagating laser beams of the same frequency and ortho-
gonal, polarizations and propagating with velocity v along 
the z axis. We briefly consider two cases of (a) orthogonal 

linear polarizations (lin ┴ lin case) and (b) orthogonal 
circular polarizations (σ + σ −  case). 

lin ┴ lin case 
 The interfering beams form a standing wave of pola-
rization which varies cyclical with z coordinate. Over the 
distance of / 2λ  the polarization of the resulting field 
alternates from the linear π (at 0°), over circular ,σ −  linear 
(at 90°), opposite circularσ + to the linear π (at180°), and 
the cycle repeats itself with the period of / 2.λ  (Note that 
the amplitude of the field remains unchanged here). Thus 
the field has a gradient of polarization. Under the influence 
of the light field the population distribution of the magnetic 
sublevels of the ground state becomes modified. It occurs 
depending on the actual polarization acting on the atom 
(due to selection rules of ΔmF = 0, +1, –1 for π, σ +  and 
σ −  polarized light, respectively) as a result of multiple 
cycles of absorption and subsequent fluorescence. For z-co-
ordinate where the effective polarization is σ +  the popu-
lation is transferred entirely to the mg = +1/2 sublevel, 
while for σ −  the population is transferred entirely to the 
mg = –1/2 sublevel. This process is known as an optical 
pumping (In general case the distribution depends on the 
coupling strength of the transitions which are proportional 
to the respective Clebsch-Gordan (C-G) coefficients 
squared). The light force active in this process is the same 
as in the earlier discussed two-level Doppler case. Because 
the atom travels along z, it has to adapt its population 
distribution each time it changes the polarization acting on 
it. However, as stated in a number of lines above, each 
level undergoes a light shift of a magnitude dependent also 
on the coupling strength (and thus on polarization and the 
magnetic number via respective C-G coefficient) of the 
transition. Both modifications (i) the population distribu-
tion and (ii) the respective light shifts change simultane-
ously as the atom travels along the polarization gradient. In 
general for negative (positive) detuning the ground level 
shifts into lower (higher)  energies and the opposite holds 
for the excited level. Thus for δ < 0 (red detuning) the 
highly populated ground state sublevel ‘repels’ from its 
excited ‘partner’, thus increasing the resonance energy 
needed for the transition. The light-shifted energies of the 
ground state sublevels mF = 1/2 and mF = –1/2 oscillate in 
space with the same periodicity as the polarization does.  
Moreover, the light shifts of both sublevels  mF = 1/2 and 
mF = –1/2 are not the same because the respective C-G 
coefficients differs for each circular polarizations. The 
spatial dependence of the light shifts of the ground-state 
sublevels is shown in Fig. 9. Energy of each sublevel 
changes with z as a sine function with the π -phase shift 
between them. The sublevels have the same shifts where 
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the polarization of the resulting field is linear, because for 
this polarization the squares of the C-G’s are equal. For the 
σ +  polarization the squared C-G of the sublevel mF  = 1/2 
is three times larger than that of the sublevel mF = –1/2. In 
the region where the light polarization becomes σ −  the 
opposite occurs, the shift of mF = –1/2 is three times larger.  
In Fig. 9 the cooling mechanism is illustrated. As the atom 
in the mF  = +1/2 propagates along z the potential energy 
changes along with the polarization, the atom is climbing 
a potential hill (at / 8)z λ=  losing its kinetic energy and 
gaining the potential one, at the hill top it is optically 
excited with σ −  light and  as a result of spontaneous 
emission returns back to the mF = –1/2 level which is now 
of the lower energy. Thus the emitted photon carries out 
more energy than the absorbed one. As the atom propagates 
further the reverse process starts with the mF = –1/2 level 
populated and situated in the potential valley. Thus in 
a single absorption/emission cycle the atom loses energy 
equal the light induced splitting between both levels. The 
cooling will be no longer possible when the kinetic energy 
is lower than the height of the hill. The kinetic energy 
removed from the atom is radiated out. The above mecha-
nism is known in the literature as Sisyphus cooling, and 
was presented in [32]. It should be underlined that it needs 
a multilevel structure of the ground state and works over 
a narrow range of velocities only. 

 
Fig. 9. Sisyphus cooling. Periodic dependence of the light-shifted 
ground levels’ energy in the field of two counterpropagating 
beams of linear, orthogonal polarizations. The correlated changes 
of the effective polarization (σ- , π, σ+ ) are shown. The dotted line 
denotes the field-free energy (Eg). Full arrow denotes absorption 
                             and wavy one fluorescence 

σ + σ −  case 

 The interfering beams of orthogonal circular polariza-
tions form a standing wave of polarization which is linear 
all along the z axis and its plane rotates periodically at full 
2π over the distance of λ (the trace resembles the helix or 
the screw). Thus, as above, the field has a polarization gra-
dient, but its amplitude stays constant. An interaction of the 

moving atom with the light field here is more involved than 
in the former case and the mechanism is radically different 
[32]. Since the laser intensity is constant and the pola-
rization is linear, all ground levels are shifted in the same 
way and they do not vary with z. It follows that while in the 
lin ┴ lin case the dipole force is present, here it does not. 
Therefore, the Sisyphus effect is not possible. However, 
instead of the way it was established in [32], the atomic 
motion-induced orientation among the levels of the ground 
state is created. (The simplest model for which it can be 
demonstrated is the Jg = 1 (Je = 2) system.) As follows the 
counterpropagating σ +  and σ −  beams are absorbed with 
different efficiencies, which results in an unbalanced 
radiation pressure (similarly as in the Doppler cooling) 
when the atom moves. The damping force is established. It 
constitutes an important difference between the Sisyphus 
mechanism and the σ + σ −  case. Although it seems to be 
similar to the Doppler cooling, the σ + σ −  polarization 
gradient cooling is different. It uses the unequal distribu-
tion (orientation) of the Zeeman levels while the Doppler 
cooling utilizes the Doppler shift of the beam frequency. 
 Cooling with the polarization gradient (Sisyphus 
cooling) is possible only for atoms initially pre-cooled by 
the Doppler cooling, atoms have to be sufficiently slow. 
The time needed for optical pumping to take effect τ = 1/γ 
should be shorter than the time necessary for the atom to 
travel the distance of λ/4, which determines the characteris-
tic velocity of v = γ/k. The faster atoms will not be affected 
with the Sisyphus cooling. The other of the discussed 
mechanisms has no such restriction. Both of the above 
discussed mechanisms can produce the ultra-low tempera-
tures (of the order of few 100 nK ) with a characteristic 
limit related to the recoil momentum. It is known as the 
recoil temperature 

  
2 2

2recoil
B

kT
Mk

= , (22) 

e.g., for 85Rb which is of interest here, this temperature 
amounts to Trecoil = 185 nK. It can be noted that in the real 
3D OM the complex effective field polarization pattern 
causes that both discussed mechanisms are important.  
 By selecting the element and/or isotope the importance 
of different cooling mechanisms can be studied. In contrary 
to alkali metals, the Group II elements (like e.g., Ca, Sr) 
have two valence electrons and thus zero electronic angular 
momentum (Jg = 0) in the ground state. Using even 
isotopes (of I = 0 nuclear spin) one can study the Doppler 
cooling without the interfering effect of the Sisyphus 
cooling mechanism. In various odd isotopes, on the other 
hand, I ≠ 0 and the Sisyphus cooling can be studied as 
a function of a different number of ground state sublevels. 
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Ytterbium of III Group apart from Jg = 0 has an advantage 
of several isotopes of I = 0, I = 1/2 and I = 5/2, thus 
allowing comparison to be performed for a single element 
e.g., a comprehensive study was reported in [34]. Other 
cooling mechanisms leading to the sub-Doppler cooling are 
known just to mention two of them: cooling by Raman reso-
nances [35] or the velocity selective coherent population trap-
ping [36]. Both allow temperatures below the recoil limit. 
 
 

III.  REALIZATION OF THE MOT 

III.1. Introduction  

 For their simple structure alkali metal atoms are very 
popular objects of the study. The ground to the first excited 
state transition frequency is the visible or near infrared 
range. The light appropriate for all alkalis except the 
sodium can be produced using the cost effective diode 
lasers. Their handling, operation, frequency stabilization 
methods are well elaborated. The trap construction is well 
known and not very sophisticated. Therefore, alkali atom 
based MOTs are widely used and offer the way to produce 
atomic samples with temperatures below 1 mK, at a rela-
tively modest cost. The essential part of the diode laser 
system for spectroscopy of cold Rb atoms designed and 
built at the IP PAS is a standard six-beam rubidium MOT 
in a glass chamber, similar to the one first reported in Ref. 
[8]. In the presence of an adequate magnetic field, the 
velocity- and position-dependent forces cause both cooling 
and confinement of atoms, which become trapped at the 
B = 0 point.  
 Below, the experimental setup, the practical realization 
of our MOT system is briefly presented. While it can be 
applied for both the 85Rb and 87Rb isotopes, to simplify the 
presentation we will limit to the more abundant 85Rb 
isotope. Besides the MOT lasers, other extended cavity 
diode lasers (ECDLs) are used for spectral studies. The 
system is equipped with digital laser frequency tuning-, 
experiment control- and data acquisition- systems. Our 
apparatus was earlier described in [22], and some details 
are repeated here. 

III.2. Description of the trap 

 In Fig. 10, the hyperfine structure of the D2 line of  
85Rb used in the process is shown, as well as the tran-
sitions, at 780 nm, induced by the two MOT lasers. In order 
to achieve cooling & trapping the first (strong) laser is 
slightly red-detuned against the 5S1/2(F = 3)→5P3/2(F’= 4) 
cooling transition. This transition is closed, an atom excited 
into the F’= 4 level spontaneously returns back to the 

starting F = 3 ground level. However, despite significant 
frequency mismatch there is still a non-negligible chance 
for an off-resonant excitation of another transition to the 
F’= 3 level as well. In that case the decay to F = 2 and F = 3 
follows. Even if weak after short time, the optical pumping 
will transfer all available atoms into the F = 2 level. The 
cooling will become impossible. The repumping laser, 
resonant with the 5S1/2(F = 2)→5P3/2(F’= 3) transition 
serves to return atoms, which leaked to the 5S1/2(F = 2) 
state, back to the trapping cycle. The general optical 
scheme of the MOT is depicted in Fig. 11.  

 

 

Fig. 10. The relevant levels of  85Rb and transitions involved in 
   the operation of the MOT. The hyperfine level spacing are given 

 
The MOT chamber (typical size of 80 mm) is made of 

quartz glass and equipped with six windows to accept the 
laser beams. It is connected to another glass cell containing 
three resistively heated Rb dispensers (SAES Getters) 
serving as a thermal source of Rb atoms. The chamber is 
permanently connected to a high-vacuum system based on 
a 20 l/s (magnetically shielded) ion pump and a titanium 
sublimation pump. The residual pressure, as determined 
from the current of a continuously working ion pump is 
less than 10–8 Torr. Magnetic coils of 80 mm in diameter 
and separated by 1.25 radii in an anti-Helmholtz 
configuration produce a field of quadrupolar symmetry 
(with gradient up to 40 Gs/cm) necessary for confinement 
of atoms. Three additional orthogonal pairs of coils 
surround the chamber to compensate the stray magnetic 
fields in the trap center. Two commercial extended cavity 
diode lasers (ECDLs) (type DL100, TuiOptics-Toptica) 
(DL1, DL3), and a home-made amplifier (DL2) comprise 
the MOT laser system (1 MHz linewidth). Each laser is 
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protected with a double 60 dB optical isolator (Gsänger) to 
avoid optical back reflections into the laser cavity. The 
ECDLs are built in the Littrow configuration with 
a diffraction grating placed in front of the laser in such 
a way that the 1st order diffracted beam is reflected back 
into the laser diode, while the 0th order beam forms the 
laser output [37, 38]. The role of the grating is to control, 
with the help of  fine-adjustment screws and a piezoelectric 
transducer (PZT), the frequency of the emitted light and to 
narrow its linewidth. The lasers DL1 and DL2 work in 
a master-slave injection locking configuration [39] pro-
viding the trapping beam, while DL3 is the repumping 
laser. Both trapping (40 mW) and repumping (15 mW) 
beams are combined to co-propagate, spatially reshaped 
to be nearly circular with anamorphic prism pair, and 
expanded with a telescope to the diameter of 17 mm. 
Inside the telescope a shutter is placed, which allows for 
rapid switching on/off the beam. Subsequently the 
polarizing cube beam splitters (PBSs), waveplates and 
mirrors are used to divide and steer the beam into three 
mutually perpendicular retro-reflected beams, of the same 
intensity and proper circular polarizations intersecting in 
the center of the chamber. For actual experiments with the 
cold atoms other ECDLs of our own construction equip-

ped with adequate control systems are used, these are not 
included in the scheme of Fig. 11. 
 An important issue for trap functioning is the laser 
frequency stabilization and tuning. The lasers’ linewidths 
are < 1 MHz, and the awaited frequency stability is of the 
same range at least in the data taking time. The respective 
system consists of two components. The first relies on the 
Doppler broadened method with the dichroic atomic vapor 
laser lock (DAVLL) scheme [40] applied, and the other on 
the Doppler free method with the frequency control unit 
based on the saturated absorption spectrometer (Fig. 12). 
Since DAVLL relies on the Doppler broadened transition 
for experiments with MHz resolution, the use of the second 
spectrometer is necessary to calibrate the laser frequency 
against 85Rb hyperfine structure line positions. The trapping 
laser is actively locked to a respective crossover resonance of 
a transition in a saturated absorption spectrometer. Signal of 
both spectrometers are generated in their own Rb vapor 
filled glass cells and detected with photodiodes. To improve 
a control and precise setting of the trapping beam frequency 
the setup was equipped with an acousto optical modulator 
(AOM). A double pass AOM scheme was used between 
DL1 and DL2 lasers giving a sub-MHz precision and 
40 MHz tuning range (not shown in Fig. 11). 

 

 
Fig. 11. Layout of the optical table with our MOT. Schematic beam traces of the trapping and repumping lasers are shown     

Essential blocks are marked with a dashed line 
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Fig. 12. Scheme of the system for trapping laser 

frequency stabilization and control 
 

Two photographs of the optical table are shown. In 
Fig. 13(a) in the background at the central position the 
main part of the system with the MOT chamber can be 
seen. View of the chamber is screened by small coils 
(diameter of about 100 mm) producing the inhomogeneous 
B field. Some fragments of the big coils for cancellation of  
an earth and stray magnetic fields are also visible. In the 
foreground an extra (coupling) laser used in our experi-
ments can be seen. In Fig. 13 (b) a general view of the laser 
system is shown. The MOT lasers are situated in the lower 
table together with the frequency stabilization arrangement. 
On the upper table an additional (probing) laser is placed.  

In our MOT the steady state number of trapped atoms 
(given by the balance between loading and loss rates), 
amounts to 106-108 depending on the trap parameters (laser 
intensity, detuning and magnetic field gradient) in a cloud 
of a size typically about 1 mm and the temperature of about 

100 μK. Some other details about our MOT can be found 
in an earlier publication [22]. 

 

III.3. The apparatus for spectral studies 
 

The trapped atoms offer a convenient environment for 
a wealth of studies. Various processes have been studied 
with our apparatus by probing the cold sample with 
additional laser(s). The apparatus is aimed at registering 
laser induced spectra. During the data taking the MOT 
lasers can be constantly on or alternatively switched off. In 
the latter case one can avoid the perturbing influence of the 
MOT fields. However, with this approach the timing 
requirements are more stringent.  

The control of many experimental parameters as well 
as the measurement taking demand a lot of care. To allow 
the smooth operation a computerized system was built. In 
Fig. 14 a diagram is shown of a system, dedicated for control 
of the experimental parameters and for data acquisition. The 
device (DMS2000) entirely constructed and programmed in 
our laboratory is based on the microcontroller (ATmega32) 
connected via USB port to a PC. It enables execution of a 
programmed sequence of experimental events including 
turning on/off  the MOT fields, readouts of signals, 
advancing laser frequency after the end of the data 
acquisition period, etc. Due to application of the micro-
controller, timing sequence can be established precisely, 
with μs accuracy, which is usually not available in many 
measurement systems based on the Windows platform.  

Below two examples of the high resolution pump-
probe measurements performed with our experimental ar-
rangement in cold 85Rb atoms are given. 

 
 

  

Fig. 13. Main areas of the setup: (a) In the foreground the coupling laser. In the background the area of the MOT chamber hidden 
within small coils. (b) The main part of the laser and frequency control arrangement. Lower table: the trapping and repumping
      lasers with accompanying systems. Upper table: the probing laser. The depicted system undergoes frequent modifications 
 

a b 
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IV.  EXAMPLES  OF  THE  SETUP  
PERFORMANCE 

 
IV.1. Spectrum of the 5S1/2(F = 3) →5P3/2 (F’ = 2, 3, 4) 

transition 

Figure 15 shows the complex absorption spectrum of 
a weak probe (Iprobe ~ 1 μW) tuned across the 5S1/2(F = 3)→ 
5P3/2(F’=2, 3, 4) transitions in a working MOT. As can be 
seen, the intense (Itrap ~ 20 mW/cm2, detuning δtrap = 
–16 MHz) cooling field at the 5S1/2(F=3)→5P3/2(F’=4) 
resonance, modifies significantly the probed transition. The 
spectrum is characterized by a highly nonlinear character. 

 

 
Rys. 15. Transmission of a weak probe beam across the 85Rb 
atoms’ cloud in a working MOT. Vertical dashed lines mark 
frequencies ω2, ω3, ω4 of the unperturbed 5S1/2(F = 3) → 5P3/2(F’ 
= 2, 3, 4) transitions. Arrows  denoted with L2±, L3±, L4± and 
L4d point at the spectral features, resulting from trapping field 
induced modification of the levels. Trapping laser frequency ωT 
and its detuning δ = –16 MHz from the exact resonance (ω4) are 
   also shown. Ω’ is for generalized Rabi frequency 

It reveals the Autler-Townes doublets (denoted as L2± and  
L3±), the absorption (L4+) and gain (L4-) structures as well 
as the dispersionlike feature of subnatural linewidth (L4d). 
Note that that the Autler-Townes doublets’ components are 
of significantly differing amplitudes which is a result of the 
off-resonant excitation of the strongly-driven (trapping) 
transition. Further explanation of the observed features is 
beyond the scope of this contribution. It can be found e.g., 
in [41, 42]. 
 

IV.2  Study of the 5P3/2 → 5DJ  transition  

 In Fig. 16  an example of an absorption spectrum in 
a multilevel cascade scheme with a dense hyperfine 
structure in the uppermost level is shown. In this experi-
ment  we sampled the 85Rb MOT with a weak probe beam 
tuned across the 5P3/2(F’= 4) → 5DJ(F”) (J = 3/2, 5/2) 
hyperfine manifolds, while the 5S1/2(F=3) → 5P3/2(F’=4) 
transition was driven by the red-detuned trapping beam. 
The transmission spectra of this cascade system were 
registered for a number of detunings and intensities of the 
trapping field. The spectrum presented shows an example 
of absorption to the 5D3/2 (F”=3, 4) manifold. The multiple 
peaks are due to both its hyper fine structure and the ac-
Stark (equivalentlyAutler-Townes) splitting in the first, 
lower step of the cascade  5S1/2(F=3) → 5P3/2(F’=4) → 
5DJ(F”). Features denoted with (*,**) corespond to the 
Autler-Townes doubled hyperfine components. The spectra 
were simulated as a sum of Lorentzians via iterative fitting 
procedure. In this way the line positions and the separations 
between the doubled features were obtained. The per-
formed measurements of the Autler-Townes splitting could 
be used for direct determination of the Rabi frequency Ω of 

 

 

 

 

Fig. 14. The block diagram of the digital system for data acquisition, digital frequency tuning and the experiment control. MUX 
– 4 channel analog multiplexer; PGA – programmable gain amplifier; ADC – 24 bit analog to digital converter; CPU – 
ATmega32 microcontroller; DAC – 16 bit digital to analog converter; DI/O – 4 digital input lines and 2 digital output lines; I2C 
                                           – two wire bus; USB – universal serial bus; LCD – 4 line LCD display 
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Fig. 16. Representative probe transmission spectrum in multilevel 
cascade scheme 5S1/2(F = 3) → 5P3/2(F’= 4) → 5D3/2(F”= 3,4). 
The probe is tuned across the 5P3/2(F’= 4) → 5D3/2(F”= 3,4) 
transition while the strong trapping laser excites the 5S1/2(F = 3) 
→ 5P3/2(F’ = 4) transition. The trapping field intensity Itrap = 22 
mW/cm2 and detuning δ = –26 MHz. Features denoted with (*,**) 
                                            see text 

 

the strong trapping laser which is an important parameter 
of the trap. The results are depicted in Fig. 17, where the 
measured splittings are drawn for both hyperfine transitions 
(F’=4) → (F”=3) and (F’=4) → (F”=3) separately. Using 
the formula for the generalized Rabi frequency, for detun-
ing δ,  

  2 2'Ω = Ω + δ ,   (23) 

and noting that the measured splitting is approximately 
equal to Ω’ we have calculated the value of Rabi frequency 
to be Ω = 16.4 ± 0.5. More results and a detailed discussion 
are given in [43]. 

 

 
Fig. 17. The separation between the peaks of respective spectral 
features vs. trap detuning. Data were taken from a series of measu-
rements of the type shown in Fig. 16. For all measurements in the 
plot the trapping intensity was kept constant Itrap = 22 mW/cm2. The 
corresponding (approximate) Rabi frequency Ω = 16.4 ± 0.5 was 
                               obtained as a parameter of the fit 

V.  SUMMARY 
 
 A brief overview of the laser cooling techniques was 
given with the aim to elucidate the working principles of 
the magneto-optical trap. The practical realization of the 
rubidium MOT at the IP PAS in Warsaw was briefly 
discussed. Some components were presented in more 
detail. Two of our experiments performed in a cold 85Rb 
sample were chosen to illustrate the capabilities of the 
experimental arrangement.  
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Abstract

In this thesis we study and analyze methods for coherent manipulation of rubidium atoms

based on the interaction of radiation fields with the hyperfine levels of the 87Rb ground state.

Following the theoretical review, we describe our versatile laboratory system, capable of

87Rb manipulation both by direct microwave radiation tuned to the ground-level hyperfine

splitting and with a Raman laser system (two phase locked laser beams whose frequency

difference is equal to the ground-level hyperfine splitting). We describe the atomic population

oscillations (Rabi frequency of 0.2 - 3 KHz) induced by direct microwave radiation, including

their dependence on the power and frequency of the microwave radiation, with and without

constant magnetic field. Following that, we describe the setup of the Raman laser system,

present our preliminary results, analyze the noise sources (i.e noncoherent processes) and

check for the existence of coherent processes. We conclude with several proposals that may

improve the performance of the Raman laser subsystem.
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Chapter 1

Introduction

1.1 Motivation

The coherent control of a two-state quantum system has been the subject of many studies

in recent years. Its applications range from the possibility of exploring fundamental aspects

of quantum physics, to atomic clocks, magnetometers and quantum information processing.

In our lab we are mainly interested in creating quantum superpositions for the measurement

of decoherence.

A number of physical systems have been proposed to serve as the two-state system, among

them superconducting circuits [Orl04], nuclear magnetic resonance [Van01] and trapped ions

[Kin99]. The main advantages of neutral atoms as controllable quantum systems are their

weak interaction with the environment and the rich variety of tools that can be used for the

manipulation of both internal and external degrees of freedom.

Of special interest to us are alkali atoms. In these atoms, the hyperfine interaction between

the electron spin and the nuclear spin splits the ground state into two levels whose frequency

difference is in the order of several GHz. Those two levels can be treated as a two-state

atom, since the energy difference between them and the first excited state corresponds to

hundreds of THz. Alkali atoms, especially rubidium and cesium, are thus widely used to

realize a two-state system.

In this thesis I describe coherent manipulations of the 87Rb ground state.

The two-state atomic system may be represented by the Bloch sphere (Fig. 1.1). The
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Figure 1.1: The Bloch Sphere

north and the south poles of that unit sphere represent the two pure states |0〉 and |1〉,
corresponding to the ground and the excited states of the two-level atom (these states are

often referred to as the computational qubit states). Any other point on the sphere represents

a superposition state, namely,

|Ψ〉 = cos
θ

2
|0〉+ eiφ sin

θ

2
|1〉, (1.1)

where we neglect the global phase, and φ and θ are the spherical coordinates. The evolution

of the atomic state over time is expressed, in the Bloch picture, by the variation of φ and θ.

Manipulation of the atomic state |Ψ〉 is achieved via interaction between the atom and some

radiation field. The two hyperfine levels of the 87Rb, serving as our two-state system, may

be directly coupled by microwave radiation, but in order to address a small number of atoms

(and even a single atom), we will prefer to use laser beams which can be tightly focused.

The optical coupling is through a third intermediate level, in a stimulated Raman transition.
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1.2 Thesis content

The organization of the thesis is as followed:

• Chapter 2: Theoretical concepts are discussed. In the first section we review the

quantum-mechanical treatment of the two-level atom in the presence of external in-

teraction. We also present the density-matrix formalism used to describe the behavior

of ensembles of two-level atoms. In the second section we focus on the theory of the

Raman transition. Besides the basic concepts, we discuss Raman transitions between

Zeeman sublevels with ∆mF = 2, as those transitions are essential for the coherent

manipulation of the magnetically trapped states of the 87Rb atom.

• Chapter 3: Experimental concepts are reviewed. In the first section we discuss the

physical properties of the lasers used in the experiment. We also demonstrate the

laser locking system. In the next section, we discuss the properties of the atomic

medium (87Rb vapor cell) and describe the parameters affecting the interaction with

the radiation field.

• Chapter 4: We describe the observed oscillations of the population in the 87Rb ground

state hyperfine levels, induced by direct microwave radiation. We also describe the

behavior of the oscillations as a function of certain physical parameters.

• Chapter 5: The laser system built to induce Raman transitions in 87Rb atoms is

described in this chapter. The description of the generation of Raman beams is followed

by presentation and analysis of preliminary results.
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Chapter 2

Theory

2.1 Two-level atom

In this section we review some of the theory relevant to the atomic two-state system. We

will mainly follow [Giv06], unless otherwise noted.

2.1.1 The Schrödinger equation for a two-state atom

In the absence of an external force, a two-state atom can be described using a time-

independent Hamiltonian H0. The system will then follow the eigenvalue equation

H0ψn = Enψn (2.1)

where the eigenvectors are orthogonal:

〈ψm|ψn〉 = δn,m. (2.2)

The atom’s state vector |Ψ(t)〉 can be expressed as a superposition of the two orthogonal

states:

|Ψ(t)〉 = C0(t)ψ0 + C1(t)ψ1 (2.3)

where the complex coefficient Cn(t) is the projection 〈ψn|Ψ(t)〉 of the state vector |Ψ(t)〉
onto the basis vector ψn. Those two time-dependent functions are probability amplitudes,

which means that the probability to find the atom in state n at time t is:

Pn(t) = |Cn(t)|2 ≡ |〈ψn|Ψ(t)〉|2 (2.4)
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If we preform a measurement, at any time, we expect to find the atom in one of the two

states, which means the probabilities should sum to unity; hence the condition

1 = |C0|2 + |C1|2. (2.5)

If there is no interaction between the atom and its environment, the system is stationary,

and the probability of finding the system in any one of the states is constant. It follows

that the dependence of the amplitude Cn on time is only in the phase, and Eq. (2.3) can be

written as:

Ψ(t) = e−i
E0t
~ C0(0)ψ0 + e−i

E1t
~ C1(0)ψ1 (2.6)

Now we will add a time-dependent interaction, via the Hamiltonian

H(t) = H0 + V (t). (2.7)

To describe the coupling between the two states due to the interaction we have to calculate

the matrix elements of V̂ in the basis of H0, namely

Vnm = 〈ψn|V̂ |ψm〉 (2.8)

where Vnm(t) = Vmn(t)∗ as V̂ is Hermitian. The evolution of the state vector, Ψ(t), is

described by the time-dependent (TD) Schrödinger equation

~
∂

∂t
Ψ(t) = −iH(t)Ψ(t). (2.9)

Introducing (2.3) we get the equation for the amplitudes Cn:

i~
d

dt


 C0(t)

C1(t)


 =


 E0 + V00(t) V01(t)

V10(t) E1 + V11(t)





 C0(t)

C1(t)


 (2.10)

Once V (t) and the initial conditions are specified, this equation provides the evolution of a

two-state system subjected to an external interaction.
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2.1.2 Constant interaction

Let us look at the simplest case, where V (t) is turned on at t = 0, and remains unchanged,

forming a step function of time. The matrix elements of V̂ then read:




t ≤ 0 : Vij = 0(i, j = 0, 1)

t > 0 : V00 = ~
2
(2ω̄ − ω0)− E0; V11 = ~

2
(2ω̄ + ω0)− E1

t > 0 : V10 = V01 = const. ≡ 1
2
~Ω

(2.11)

where ~ω0 is the energy difference between the two states and ~ω̄ is their average energy.

Setting ω̄ to zero (by doing so we just change the zero point of the energy and not the energy

difference between the states) and substituting (2.11) in the TD Schrödinger equation (2.10),

we get

i
d

dt


 C0(t)

C1(t)


 =

1

2


 −ω0 Ω

Ω +ω0





 C0(t)

C1(t)


 (2.12)

which implies

d2

dt2
Ci = −1

4
Ω̃2Ci(t) (2.13)

where Ω̃2 = Ω2 + ω0
2 and i = 0, 1. The solution of this equation with the initial conditions

C0 = 1; C1 = 0 yields the probability to find the atom in state |1〉 at any time t:

P1(t) = C1(t)
2 =

1

2
(Ω/Ω̃)2[1− cos(Ω̃t)] (2.14)

This result predicts population oscillations of a two-state atom subjected to a constant in-

teraction: The probability of finding the atom in any one of the states oscillates in time with

the amplitude 1
2
(Ω/Ω̃). When the interaction is weak (Ω ¿ ω0), the amplitude approaches

zero, and the oscillations are small. For strong interactions, the amplitude approaches 1/2,

and the population moves completely from one state to the other.

2.1.3 Rabi oscillations

We will now check how a periodically changing interaction (such as that introduced by laser

light), will affect our two-state system.
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The interaction between the atom and the laser electric field Ê(t) is governed by the electric

dipole interaction

V̂dip = −d · E (2.15)

where d̂ is the induced atomic dipole moment. The coupling strength of the interaction is

characterized by the Rabi frequency [Sho90]

Ω = −d · E
~

=
|−→d10 · −→ε |

ea0

√
8πe2a0

2

~2c2

√
I (2.16)

where d10 is the dipole matrix element 〈0|−→d |1〉, −→ε is the unit vector in the direction of the

electric field produced by the laser, and I is the laser intensity. If we consider, for example,

circularly polarized light, the matrix elements of V̂ will be




V00 = V11 = 0

V01 = V10
∗ = 1

2
|~Ω|e−i(ωt+ϕ)

(2.17)

Substituting (2.17) into the TD Schrödinger equation (2.9) and transforming to the rotating

wave picture (i.e. to a reference frame that rotates at the laser frequency) we get the following

equations for the probability amplitudes:

d

dt


 C0(t)

C1(t)


 = − i

2


 −δ |Ω|
|Ω| δ





 C0(t)

C1(t)


 (2.18)

where δ = ω0 − ω is the detuning between the laser frequency and the resonant transition

frequency ω0. We can now solve this equation, with the initial condition C0(0) = 1 (atom in

the ground state) to get the probability of finding the atom in the excited state at any time

t:

P1(t) = C1(t)
2 =

1

2

|Ω|2
Ω̄2

[1− cos(Ω̄t)] (2.19)

This probability oscillates at the flopping frequency Ω̄ =
√
|Ω|2 + δ2, which is dependent

both on the laser intensity (expressed by the Rabi frequency) and frequency (expressed by

the detuning). The amplitude of these oscillations, on the other hand, depends solely on the

laser frequency. In the resonant case (ω = ω0), the population alternates between complete

concentration in state |0〉 and complete inversion to state |1〉. As we increase the detuning,

the oscillations amplitude is attenuated. That is well demonstrated in Fig. 2.1.
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Figure 2.1: Rabi oscillations for different detunings (Ω = 2rad/sec.). In the red plot δ = 0, in the black

plot δ = 1/2Ω, and in the blue plot δ = Ω

2.1.4 Microwave radiation

The hyperfine interaction splits the ground state of 87Rb into two hyperfine levels F = 1

and F = 2. The hyperfine splitting is ∆HFS = 2π·6.834682610 GHz (see the levels diagram

of the ground and first excited state in Fig. 2.2).

Direct coupling of these levels, through one-photon transition is thus realized using mi-

crowave radiation. As both states have spherical symmetry (= the electric dipole is zero)

this transition is governed by the magnetic dipole potential

V = (µL + µS + µI) ·B. (2.20)

The orbital magnetic moment originates from the valence electron moving around the nu-

cleus. It is given by

µL =
µB

~
gLL (2.21)

where µB = e~/2me is the Bohr magneton. The magnetic dipole moments µS and µI

(associated with the valence electron and the nucleus respectively) are proportional to the

electronic spin angular momentum S and the nuclear spin angular momentum I via

µS =
µB

~
gSS (2.22)
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Figure 2.2: The fine structure and the hyperfine structure of the ground state and the first excited state

in 87Rb with some of the relevant energy differences.

µI =
µN

~
gII (2.23)

We will calculate the perturbation energy V (see Eq. 2.10) resulting from the interaction of

the atom with the magnetic component of the microwave radiation. Let us consider, as the

unperturbed system, a rubidium atom in a weak uniform and static magnetic field B0 along

the z-direction. The bias field B0 defines an axis of quantization. As we choose the field

to be very weak, the Zeeman splitting is relatively small, and we may still assume that the

unperturbed Hamiltonian H0 commutes with L2, S2, I2, F 2 and Fz. We assume further that

the magnetic field induced by a linearly polarized magnetic wave oscillates in the direction

of the bias field, or

B = ẑB1 cos(ωt−R0 · k) (2.24)

where R0 is the atom’s center-of-mass point. As the ground state hyperfine levels are both

s-states (L = 0), only the terms µS ·B and µI ·B contribute to the interaction energy:

V =
B1

~
(µBgSSz + µNgIIz) cos(ωt), (2.25)

where we took R0 to zero for convenience.

The matrix elements of V̂ are calculated between two Zeeman sublevels in the basis {Iz, Sz}.
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Here we only detail the matrix element calculation for the clock transition (mF = 0 → m′
F =

0):

V12 = 〈F = 1,mF = 0|V |F = 2,mF = 0〉 =
B1

2~
cos(ωt)

[
〈1
2
,−1

2
|+ 〈−1

2
,
1

2
|
]
×

×(µBgSSz + µBgIIz)×
[
|1
2
,−1

2
〉 − | − 1

2
,
1

2
〉
]

=
−B1

2
cos(ωt)(µBgS − µBgI). (2.26)

For the other ∆mF = 0 transitions we get:

〈1,−1|V |2,−1〉 = 〈1, 1|V |2, 1〉 =
−√3B1

4
cos(ωt)(µBgS − µBgI). (2.27)

Since we took the microwave field to be linearly polarized, the matrix element is zero for

∆mF 6= 0.

The next step is solving the rate equations derived from the Schrödinger equation (as was

done in the previous section for the electric dipole interaction). The solution predicts our

system, initially prepared in the ground state, will undergo oscillations between the two

states at a rate determined by the generalized Rabi frequency (see Eq. 2.19). The Rabi

frequency induced by the interaction is defined as a measure of the interaction strength, and

therefore is proportional to the magnetic field B1. For the clock transition, in particular, it

reads

Ω =
−B1

2~
(µBgS − µBgI). (2.28)

The generalized Rabi frequency (also called the flopping frequency) induced by a microwave

pulse at the frequency ω is

Ω̄ =
√

Ω2 + (ω − ω0)2, (2.29)

where ω0 is the transition frequency.

2.1.5 The density matrix and the Bloch vector

The periodic probability oscillations discussed in the previous sections cannot be observed

in a single atom. To notice these oscillations one needs to have an ensemble of two-level

atoms. In the following we will develop the tools to deal with such an ensemble.

Let us assume that at time t=0 we can define an ensemble of two-state atoms through a set
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of wave functions Ψi(0), each representing a fraction pi of the atoms in that ensemble. We

can then define the density matrix, or the density operator,

ρ̂(0) =
∑

i

pi|Ψi(0)〉〈Ψi(0)|, (2.30)

with
∑

pi = 1. The evolution of the density matrix in time is described by the Liouvile

equation:

i~
∂

∂t
ρ̂(t) = [H, ρ̂(t)] (2.31)

and the expectation value of any operator Â is given by

〈Â〉 = Tr(ρ̂Â). (2.32)

Let us now look at the density matrix in the basis defined by the basis vectors ψ0 and ψ1,

corresponding to the ground and excited states of the unperturbed Hamiltonian H0:

ρ̂ =


 ρ00 ρ10

ρ01 ρ11


 . (2.33)

The diagonal elements of that matrix are populations,

P0 = ρ00; P1 = ρ11, (2.34)

therefore,

Tr(ρ̂) = 1. (2.35)

The variation of these elements over time indicates a transfer of population among the two

basis states. The off-diagonal elements ρ10 = ρ01
∗, sometimes termed coherences, are related

to the interaction between the two basis states. The variation of these elements over time,

indicating a change in the coupling strength of the two states, is also referred to as a change

in the coherence.

Let us assume the system is initially in one of the basis states, say the ground state. In the

absence of interactions, the density matrix will take the form

ρ̂ =


 1 0

0 0


 . (2.36)
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This matrix describes a pure state. More generally, a pure state will be some coherent

superposition of the basis states. For example, the matrix

ρ̂ =


 1/2 i/2

−i/2 1/2


 (2.37)

also represents a pure state. In general, if the density matrix describes a pure state then

ρ̂ρ̂ = ρ̂ (2.38)

[Sho90] holds. Otherwise it describes a mixed state.

The two-state system can also be represented by the Bloch sphere (see Sect. 1.1). In that

picture we can define the Bloch vector as the unit vector connecting the origin to a point

(θ, φ) on the sphere. The Cartesian components of the Bloch vector are:

ν̂B = (νx, νy, νz) = (sin θ cos φ, sin θ sin φ, cos θ). (2.39)

The density matrix for a two-level system can be written as [Mab01]

ρ̂ =
1

2
(1 + νB · σ̂), (2.40)

where σ̂ denotes the Pauli matrices. Substituting (2.39) into (2.40) we get the density matrix

elements expressed via Bloch vector components:

ρ̂ =
1

2


 1 + νz νx − iνy

νx + iνy 1− νz


 . (2.41)

Using the above-mentioned properties of the density matrix, we can derive the following

regarding the Bloch vector components: First, the component νz = ρ00 − ρ11 indicates

population, ranging from 1 (the top point of the Bloch sphere) to -1 (the bottom point),

while the components νx = ρ01 + ρ10 and νy = i(ρ10 − ρ01) indicate coherence between the

states. Second, the Bloch vector will describe a pure state if and only if

νx
2 + νy

2 + νz
2 = 1. (2.42)

Otherwise, it will describe a mixed state. Geometrically it follows that a pure state will

be described by a vector moving on the Bloch sphere surface, while a mixed state will be

described by a vector representing a point inside the sphere.
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To examine the evolution of the Bloch vector in time we introduce (2.40) into the Liouvile

equation to get

i~
dν̂B

dt
=

1

2
Tr[σ̂[H, (1 + ν̂B · σ)]]. (2.43)

When a static magnetic field Bz is applied, the solution of that equation shows that the

Bloch vector will precess around the z-axis at the Larmor frequency, ωL = γBz, where γ is

the gyromagnetic ratio of the atom. For simplicity, the dynamics of ν̂B may be calculated

in a reference frame that rotates around the z-axis at the Larmor frequency.

The Bloch vector can also represent dissipation and dephasing of the two-state system. For

that purpose, we define three additional parameters: the longitudinal relaxation time T1,

the transverse relaxation time T2, and νz
0, which is the z-component of the Bloch vector at

thermal equilibrium. Adding these parameters to the equation of motion for ν̂B (2.43), and

solving it in the rotating frame with no field except Bz, we obtain the following results for

the components of the Bloch vector:

νx(t) = νx(0)e
− t

T2 (2.44)

νy(t) = νy(0)e
− t

T2 (2.45)

νz(t) =
(
νz(0)− νz

0
)
e
− t

T1 + νz
0. (2.46)

This result is valid only in very simple cases, but it does convey the general picture. We see

that if we start at t=0 in some pure state on the surface of the Bloch sphere, the projection of

the Bloch vector on the xy-plane will start to shrink to zero according to the T2 time constant,

representing a dephasing or decoherence process. In parallel, but at a different rate defined

by T1, the z-component of the Bloch vector will decay towards its thermal equilibrium value

νz
0. Previously we described the probability oscillations created by an interaction applied

to a two-level atom. Now we see that in order to observe such oscillations we have to fulfill

the following requirements:

• We need an ensemble. Such an ensemble can be realized either by several measurements

on a single atom or by one measurement of a group of atoms.
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• We have to prepare our ensemble in a pure state. Otherwise, the atoms in the ensemble

will have random phases relative to each other, and the observation of oscillations will

be impossible. Such a preparation is usually made by some kind of optical pumping.

• We have to finish our measurements before decoherence and dissipation processes dom-

inate, which means at a time shorter than the smaller of the two relaxation times T1

and T2.

2.1.6 Rabi pulses and Ramsey fringes

Focusing on the resonant case (δ = 0), we can describe the effect on the Bloch vector due to

an interaction applied for a time t using a 3× 3 matrix [Kuh03]:

ν̂B(t) = Θθ(t) · ν̂B(0) =




1 0 0

0 cos θ(t) sin θ(t)

0 sin θ(t) cos θ(t)


 · ν̂B(0) (2.47)

where θ(t) =
∫

0

t′
Ω(t′)dt′. In other words, the ”Rabi pulse” rotates the vector around the

x-axis. For θ = π and θ = π/2 we get:

Θπ =




1 0 0

0 −1 0

0 0 −1


 , Θπ/2 =




1 0 0

0 0 1

0 −1 0


 . (2.48)

If the Bloch vector initially lies on the sphere’s surface and points up at the z-axis direction,

corresponding to a full concentration of the population in the ground state, a π pulse will

transform it to a vector pointing down at the z-axis direction, corresponding to a full inversion

to the excited state (Fig. 2.3b). A π/2 pulse will take the vector halfway, to point in the

y-direction (Fig. 2.3c). The system will then be in an equal superposition of the energy

states. A second π/2 pulse, applied at this point immediately, will complete the population

inversion to the excited state (Fig. 2.3d).

The matrix representation for the free precession (in the absence of the laser field) is

ΘFree(t) =




cos φ(t) sin φ(t) 0

− sin φ(t) cos φ(t) 0

0 0 1


 , (2.49)
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Figure 2.3: Examples of different Rabi pulses. The dashed line is the Bloch vector before the pulse, while

the solid line is the Bloch vector after the pulse.

where φ(t) =
∫
0

t′
δ(t′)dt′. The free-precession angular frequency of the Bloch vector will be

δ = ω − ω0, as the dynamics during the interaction time were calculated in a rotating wave

frame rotates at the laser frequency ω. The vector’s precession represents the accumulated

phase between the two states (Fig. 2.3e). In Fig. 2.3f the effect of that phase is shown:

Initially indicating the ground state, the vector will not attain the excited state after two

π/2 pulses, as it was allowed to precess in between.

Consider now the following sequence preformed on an ensemble of two-level atoms:

• The ensemble is prepared at the pure state ψ(0) = |0〉.

• A π/2 pulse is applied by a laser tuned to the frequency ω ≈ ω0.

• The laser is blocked for a period of time T .

• A second π/2 pulse is applied.

• The population P1 in the excited state |1〉 is measured.

The Bloch vector, after this sequence, can be expressed using the matrices defined above:

νRamsey(T ) = Θπ/2 ·ΘFree ·Θπ/2 · ν̂B(0). (2.50)
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Figure 2.4: Ramsey fringes obtained by the variation of the detuning (a) and interrogation time (b) .

The population in state |1〉, indicated by the vector’s z-component, will be affected by the

accumulated phase during the interrogation time, namely,

νz,Ramsey(T ) = − cos φ = − cos

(∫

0

T

δ(t′)dt′
)

. (2.51)

To observe oscillatory behavior of the population, we have to keep δ small enough compared

to the Rabi frequency and the pulse width, such that the pulse can be approximated as near

resonance, and complete population transfer can occur.

To understand the interferometric nature of the Ramsey method, one can compare it to a

Mach-Zehnder interferometer consisting of two 50/50 beam splitters (BS) and a laser beam.

The affect of the first π/2 pulse is similar to the first BS, as it splits the atomic wave

function into a superposition of the two states. The interrogation time is analogous to the

free propagation of the beam in the MZ interferometer. During this time, the relative phase

between the two states evolves at a rate relative to the energy difference between them, and

the coupling field accumulates a phase of ωT . The second π/2 pulse combines the two states

again, to get the ”interference” pattern known as Ramsey fringes.

In Fig. 2.4a we show the (calculated) Ramsey fringes where the detuning is varied from

-1500 Hz to +1500 Hz, with Rabi frequency of Ω = 2π·1000 Hz. The two curves of the

population in the excited state (P2 = (1− νz,Ramsey)/2) against the detuning are plotted for

two different interrogation times. The width of the fringes is given by ∆ν = 1/2T . In Fig.

2.4b we show the fringes as a function of the interrogation time T . Note that in the resonant

case a full population inversion occurs with no dependence on the interrogation time.
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Figure 2.5: 3-level system in a Λ-configuration.

2.2 Stimulated Raman transitions

A Raman transition couples two atomic levels by the absorption of a photon from one laser

beam (pump beam) and by stimulated emission of another photon into the other beam

(Stokes beam). Fig. 2.5 shows a three-level atom in a laser field consisting of two beams in a

Λ-configuration. The pump beam couples levels |1〉 and |2〉, while the Stokes beam couples

levels |3〉 and |2〉. As a result the levels |1〉 and |3〉 become coherently coupled by the Raman

beams.

To avoid resonance excitation the detuning ∆ of the Raman beams from the one-photon

transition has to be much larger than the line width Γ. Both Raman beams are characterized

by the Rabi frequency Ωi. If the optical frequencies of the Raman beams are ωP and ωS,

respectively, the Raman detuning δ is defined as the detuning from the two-photon resonance.

2.2.1 The basics of Raman transitions

To describe the coherent evolution of the Λ-system we construct the Hamiltonian and solve

the corresponding TD Schrödinger equation (2.9).
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The hamiltonian describing that system (using the rotating wave approximation) [Sho90], is

given by

Ĥ =
~
2




0 ΩP 0

ΩP 2∆ ΩS

0 ΩS 2δ


 , (2.52)

where ΩP and ΩS are the Rabi frequencies induced by the pump and the Stokes beams re-

spectively. The state vector of the three-level atom, Ψ(t), can be expressed as a superposition

of the three orthogonal eigenstates of H0 (the unperturbed Hamiltonian), namely

Ψ(t) = C1(t)ψ1 + C2(t)ψ2 + C3(t)ψ3. (2.53)

Introducing (2.52) and (2.53) into the TD Schrödinger equation we get three coupled equa-

tions for the probability amplitudes Ci(t):



iĊ1(t) = 1
2
ΩP C2(t)

iĊ2(t) = 1
2
(ΩP C1(t) + ΩSC3(t)) + ∆C2(t)

iĊ3(t) = 1
2
ΩSC2(t) + δC3(t)

(2.54)

Since ∆ is much larger than the Rabi single-photon frequencies, the population in the excited

level |2〉 will undergo much faster oscillations than the other populations. Thus, we can

replace Ċ2 with its average over a large number of cycles, namely zero. This approximation,

known as ”adiabatic elimination”, reduces our system to an effective two-level system




iĊ1(t) = ΩP

4∆
(ΩP C1(t) + ΩSC3(t))

iĊ3(t) = −δC3(t) + ΩS

4∆
(ΩP C1(t) + ΩSC3(t))

(2.55)

described by the effective Hamiltonian

ĤEFF =
1

4


 ΩP

2/∆ ΩP ΩS/∆

ΩP ΩS/∆ ΩS
2/∆− 4δ


 (2.56)

The off-diagonal elements of the Hamiltonian indicate the coupling between the levels |1〉 and

|3〉 due to the laser interaction, while the diagonal elements indicate the shift of each energy

state, due to the interaction with the far red detuned laser. The shift of the two-photon

transition is thus given by

δdiff =
ΩP

2

4∆
− ΩS

2

4∆
. (2.57)

24



Solving (2.55) while assuming that all the atoms are initially in level |1〉 , we get the time-

dependent populations




P1(t) = |C1(t)|2 = 1 + 1
2

ΩR
2

Ω0
2 [cos Ω0t− 1]

P3(t) = |C3(t)|2 = 1
2

ΩR
2

Ω0
2 [1− cos Ω0t]

(2.58)

where ΩR = ΩP ΩS/2∆ is the two-photon resonant Rabi frequency and Ω0 =
√

ΩR
2 + δ2 is

the generalized Rabi frequency. These equations describe an oscillating probability to find

the atom in one of the levels. A complete inversion of the population from level |1〉 to level

|3〉 will occur when the Raman detuning is zero.

The width of the transition is given by the range of the Raman detuning where the oscillation

amplitude is larger than 1/2, namely

∆ωpower = 2ΩR. (2.59)

As ΩR depends on the laser intensities, this broadening can be referred to as power broad-

ening.

2.2.2 Scattering rate

In spite of the large detuning of the Raman beams from the atomic single-photon resonance,

they can still excite the atomic transitions. The affect of the Raman beams can be evaluated

by the scattering rate [Ste01]. A laser beam coupling characterized by Rabi frequency Ω and

detuning ∆ from the one-photon transition produces a scattering rate of

Γsc =
Γ

2

(Ω/Γ)2

1 + 4(∆/Γ)2 + (Ω/Γ)2
, (2.60)

where Γ is the line width of the excited level. For large detunings, (2.60) reduces to

Γsc =
Γ

2

Ω2

4∆2
. (2.61)

This means that the scattering rate (proportional to ∆−2) will be supressed much faster than

the two-photon Rabi frequency (proportional to ∆−1), as the detuning is increased.
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Figure 2.6: 2-photon Raman transition connecting the two hyperfine levels of 87Rb ground state

2.2.3 Raman transitions in rubidium atoms

In our experiments we manipulate rubidium atoms employing the D2-transition, at 780 nm,

between the 5S1/2 and 5P3/2 states. We are particularly interested in this transition rather

than the D1-transition because we intend to apply our system to cold atoms and the cooling

is achieved by many cycles of absorption and subsequent emission of photons between the

F = 2 and F ′ = 3. Atoms that are lost from the cooling cycle are repumped to the F = 2

level by a second laser tuned to the F = 1 → F ′ = 2 transition. The first excited state,

5P1/2, is only split into two hyperfine levels, therefore this cooling process is not possible

through the D1 transition.

To coherently manipulate the rubidium ground-state hyperfine levels we use the Raman

transition as shown in Fig. 2.6. The typical detuning of the Raman beams from the D2

transition is much larger than the linewidth of the excited state: ∆ = 2π·3.4 GHz À
Γ = 2π·6.065 MHz. In the absence of an external magnetic field, the hyperfine states are

degenerate with respect to spin orientations. The dependence of the Rabi frequency on the

initial mF sublevels and the polarizations of the Raman beams is defined by

ΩR,0 = ΩR

√
X(mF ) =

ΩP ΩS

2∆

√
X(mF ) (2.62)
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where the coefficient X(mF ) is given by [Mue01]




1
288

(2 + mF )(3 + mF ) : (π, σ−), (σ+, π)

1
288

(2−mF )(3−mF ) : (π, σ+), (σ−, π)

1
36

[1− (mF

2
)2] : (σ+, σ+), (σ−, σ−)

0 : (π, π), (σ±, σ∓)

(2.63)

where symbols in parentheses (to the right of the colons) denote the polarizations of the two

Raman lasers.

2.2.4 The ∆mF = 2 problem

Using the Zeeman sub-levels of the rubidium ground state, |F = 1,mF = −1〉 and

|F = 2, mF = 1〉, as the qubit states, |0〉 and |1〉, respectively, is of special interest to us for

the following reasons:

• Atoms in both states can be trapped by magnetic potential (i.e. they are low-field

seekers).

• The magnetic moments and the corresponding static Zeeman shifts of the two states

are approximately equal, leading to a strong common mode suppression of magnetic

field induced decoherence.

Note: Beyond the first-order approximation, the slopes of the magnetic shift curves ∆ν(B)

of states |0〉 and |1〉 are field dependent. At B0 ≈ 3.23 G the slopes of those curves are

equal. Thus, when the magnetic field at the trap bottom is B0, the frequency shift between

the trapped states remains nearly constant along the atomic cloud, and the effect of field

fluctuations is greatly reduced.

To realize the |∆mF = 2| transition one needs to drive a two-photon interaction. It can

be done using a combination of microwave and RF fields, in a scheme described in Fig.

2.7 [Tre06]. The microwave field couples the qubit state |0〉 and the intermediate state

|F = 2, mF = 0〉, while the RF photon couples the intermediate state and the qubit state

|1〉. As a result, the states |0〉 and |1〉 are coherently coupled. In order to prevent scattering

from the intermediate state, both fields are 1.2 MHz detuned from the one-photon transition.
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Figure 2.7: Scheme of a Raman transition coupling the states |0〉 and |1〉, using microwave and RF fields.

However, this method has very poor spatial resolution, because of the large wavelength of

the RF and microwave radiation.

Much higher spatial resolution can be achieved using a Raman scheme based on optical-range

laser beams (see Fig. 2.6). The higher resolution is due to the possibility of focussing the

laser beam to a waist of a few micrometers. However, use of optical laser beams has its own

problem: A |∆mF = 2| transition requires spin flips of both the electron and the nucleus,

while the laser light interacts only with the electron. The flipping of the nuclear spin can

be achieved only through the hyperfine interaction between the electron and the nucleus.

To complete the flipping, the atom has to occupy the excited state (in our case the 5P3/2

state) for a period of time proportional to the inverse of the hyperfine splitting energy of the

excited state.

On the other hand, we would like to avoid the occupation of the excited state during the

Raman transition, as it leads to spontaneous emission. For this reason the Raman beams

have to be significantly detuned (∼10 GHz) from the excited state. This will reduce the

probability of a nuclear spin flip, driving the transition amplitude to zero.

A scheme of the two laser beams for a |∆mF = 2| Raman transition is presented in Fig. 2.8.

Selection rules allow a two-photon transition from |A〉 = |F = 1,mF = −1〉 to |B〉 = |F =

2,mF = 1〉 only via |C〉 = |F ′ = 1,mF = 0〉 and |D〉 = |F ′ = 2,mF = 0〉. A σ+ laser beam

28



 

F=3 
F=2 
F=1 
F=0 

0 

1 2 0  -1 -2 

5S1/2 

5P3/2 

 

 

|A> 
|B> 

|C> 

|D> 

+σ −σ

AC∆
AD∆

F=2 

780 nm 

0 -1 1 
F=1 

Figure 2.8: A scheme of the |∆mF = 2| Raman transition

with the frequency ω1 is tuned between |A〉 and the excited state, with detunings ∆1C and

∆1D from levels |C〉 and |D〉 respectively, while a σ− laser beam with the frequency ω2 is

tuned between |B〉 and the excited state, with the detunings ∆2C and ∆2D. The effective

Rabi frequency of the process is thus a sum over the two Raman transitions, namely

ΩAB =
ΩACΩBC

2∆C

+
ΩADΩBD

2∆D

, (2.64)

where we set ∆2C ≈ ∆1C ≡ ∆C and ∆2D ≈ ∆1D ≡ ∆D for the near-resonant case. The

electric diploe matrix elements relevant to that transition satisfy [Ste01]

〈B|d · E|C〉〈C|d · E|A〉+ 〈B|d · E|D〉〈D|d · E|A〉 = 0, (2.65)

followed by Ω∗
BCΩAC + Ω∗

BDΩAD = 0. Introducing this relation, Eq. (2.64) reduces to

ΩAB =
1

2
ΩACΩBC(

1

∆C

− 1

∆D

), (2.66)

and since ∆D = ∆C + (ED − EC)/~, we can write

ΩAB =
1

2
ΩACΩBC

(ED − EC)/~
∆2

, (2.67)

where ∆ is the average value of ∆C and ∆D. We can thus see that for a detuning much

larger than the hyperfine splitting of the excited state, the effective Rabi frequency will go

to zero.
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Figure 2.9: The pulse sequence demonstrated in the Bloch picture.

2.2.5 An example: Coherent control of the atomic state

Two phase-locked Raman beams can be used to manipulate a two-state system. In Fig. 2.9

we demonstrate the rotation of the atomic state as a result of a sequence of Raman pulses.

The pulse lengths θ (see definition in Sect. 2.1.6) and relative phases φ are specified in the

attached table. The Raman pulse corresponds, in the Bloch representation, to a rotation

around an axis in the XY-plane (see appendix A). This axis is determined by the relative

phase between the Raman beams. Relative phases of zero and π/2 correspond to rotations

around the X and Y axes respectively. Controlling the phase of each pulse in the sequence

enables us to change the axis of rotation of the Bloch vector. This is well demonstrated in

the sequence described in Fig. 2.9.
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Chapter 3

The experimental system

3.1 General structure of the system

The basic structure of our experimental system is described in Fig. 3.1. With this system

we study the affects of the radiation field on the atomic medium. The radiation field is

induced either by the microwave signal generator or by the Raman laser subsystem. We use

the probe laser both to prepare the atomic medium before it interacts with the radiation

field and to measure the effects of this interaction. The final output is a graph of the atomic

population versus the time of interaction of the atomic medium with the radiation field.

The microwave and the Raman laser subsystems will be discussed in Chaps. 4-5 respectively.

In this chapter we review the system elements: lasers used in the experiment, experimental

sequence and the population detection technique.
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Figure 3.1: A scheme and a photo of the experimental system
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3.2 Lasers and laser locking

Laser diodes have become commonly used in atomic physics, since they supply the demand

for wavelength stability and narrow linewidth. To lock a laser on an atomic transition, one

would like the laser linewidth to be much narrower than the transition’s natural linewidth.

In the case of alkali atoms, that means less than 1 MHz laser linewidth (The linewidth of

the D2 line transition of 87Rb, for example, is Γ=6.065 MHz), which can be easily achieved

by a low cost, home made external cavity diode laser. By using a feedback loop, these lasers

can be frequency locked to an atomic transition.

In the following section we will first review the basic properties of a laser diode and an

external cavity diode laser (ECDL) then present the properties of the lasers we built for

our experiment. Finally, we will introduce the theory of polarization locking, which is the

locking method we use, and show results from our locking system.

3.2.1 Laser diodes

Most of the laser diodes used in spectroscopy today, are designed in the quantum well con-

figuration. A quantum well is obtained by a p-type and an n-type semiconducting material,

separated by a thin layer of another semiconductor material. This middle layer is called the

active layer. If the quantum well is forwardly biased by electric current injection, population

inversion is achieved. This means that the density of charge carriers in the conduction band

is higher than the density of charge carriers in the valence band. The carrier pairs that re-

combine in the active layer can emit a photon. If this emission is induced by the presence of

other photons it is called stimulated emission. When the rate of that stimulated emission is

higher than the absorption rate, an optical gain is achieved. If the optical gain is sufficiently

large, that is if the injected current is large enough, the semiconductor will act as a laser.

Since the refractive index of the semiconductor is different from that of the surrounding air,

some of the light will be reflected back from the diode surface (the diode can be AR coated

to prevent those reflections). The diode therefore operates like an optical resonator, which

means that it lases in certain modes. The different modes arise from the fact that several

wavelengths can exactly fit in the cavity. The phase shift imparted by a single round trip
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must therefore be a multiple of 2π. This phase shift ϕ due to one round trip in the cavity is

given by

ϕ =
2πν

c
2nL (3.1)

where L is the cavity length, and n is the refractive index. Introducing the condition ϕ = 2πm

(m is an integer), we get the frequency of the m-mode:

νm =
mc

2nL
(3.2)

The emission wavelength of the laser will be determined by the competition between the

different modes. The distance between 2 neighbor modes is called the free spectral range,

and can be found by replacing m by 1 in Eq. (3.2).

An AlGaAs/GaAs laser diode (which is the kind we used in our experiment) has a typical

cavity length L of 300 µm and a refractive index n of about 3.5. Due to this high refractive

index the reflection coefficient is about 30%. At the wavelength of 780 nm, the frequency is

384 THz and the mode number is around 3× 103. The free spectral range is approximately

150 GHz and the modes bandwidth is about a few tens of MHz [Ric95].

The lasing wavelength can be controlled by both the diode temperature and the injection

current. The variation of the diode temperature has two different effects on the energy

bandgap. First, it changes the lattice constant due to thermal expansion. Second, it effects

the vibrations of the diodes which in turn effects the bandgap. A change in the temperature

also effects the cavity length [Ric95]. A change in the current injected to the diode, induces

a variation of the carrier density which leads to a change in the refractive index and as a

result, a change in the emission wave length. The diodes we used in our experiment have a

typical 1.5 GHz/mA and 0.25nm/◦C tuning rates of current and temperature, respectively.

We cannot however, control the laser wavelength well enough only by tuning its temperature

and current, since it operates in several modes. While tuning the frequency, a mode hope

can occur, which means the laser starts to operate in another mode. That may make some

frequency domains inaccessible. Another undesirable effect is the hysteresis of the laser

diode. This means that wavelength variation as a function of the temperature depends on

whether the temperature is increased or decreased.
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3.2.2 External Cavity Diode Lasers (ECDL)

Diode lasers are very susceptible to optical feedback, a technique that can be used to create

a tunable, narrow linewidth laser source. Such a feedback can be achieved using a diffraction

grating in the Littrow configuration (see Fig. 3.2). The grating is positioned in front of the

diode laser in a certain angle, such that the first diffraction order is reflected back to the

diode, while the zero-th order is outcoupled. In our experiment we use a holographic grating

that produces a back reflection of 21%, while 62% are outcoupled. The loss due to absorption

is therefore 17%. Taking that external cavity’s length L to be 3 cm, we can decrease our

FSR from 150 GHz (for solitary laser diode) down to 5 GHz. Furthermore, the bandwidth

is reduced to less than 1 MHz by using the grating.

Besides of the variation of the injection current and the diode temperature, we can tune the

ECDL wavelength by aligning the angle between the grating and the beam (the angle α in

Fig. 3.2). The frequency of the beam reflected by the grating will follow [Jen76]

νg =
pc

2d sin α
(3.3)

where p is the diffracted order and d is the grating constant. This dispersive property

of the grating makes it select one of the laser diode’s modes for optical feedback, As this

mode experiences the lowest loss. In our lasers we used gratings with 1800 lines per mm

(d = 0.55µm), which means that in order to get a wavelength of 780 nm, the angle of

incidence should be aligned to 45.25◦.

The resolving power of the grating is given by

νg

∆νg

= pN (3.4)

where N is the number of lines illuminated by the laser beam. With beam diameter of 4 mm,

we get that N = 7270. This means that the grating provides feedback over a bandwidth of

∆νg =53 GHz. Since the mode separation of the solitary diode modes is 150 GHz, only one

of this modes lies beneath the grating profile. Obviously the grating profile has to be within

the bandwidth of the diode gain profile which is typically 10nm.
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Figure 3.2: A scheme of an ECDL in the Littrow configuration

3.2.3 Lasers in the experiment

Our system includes four lasers. Two of those lasers are ECDL’s designed in the Littrow

configuration, and two are slave lasers. One of ECDL’s is used as a master laser, to inject

two slave lasers. The two slave beams serve as the pump and the Stokes beams that induce

the Raman transition (see Sect. 2.2). The second ECDL serves as a probe laser to detect

population variations in the atomic levels. The types of laser diodes used in the experiment

are SHARP GH0− 781− JA2C and SANY O DL7140− 201S. Although the Sharp diode

is more powerful (maximum power of 150 mw comparing with 100 mw of the Sanyo diode),

we found the Sanyo diode to be more stable in the long term.

Master and probe Lasers

The mechanical arrangement of our grating stabilized laser diode system is shown in Fig.

3.3. The laser diode is mounted inside a collimation tube that has an adjustable lens in its

front end. The tube is glued into a hole in an aluminium made diode mount. The temper-

ature control system includes a Thermo Electric Cooling (TEC) element located between

the diode mount and a metal base (serving as a heat sink), a PID temperature controller

(ThorLabsTED200), and a thermistor located in the diode mount. The current injected

to the diode is controlled by ThorLabsLCD200. The diffraction grating, located in front

of the diode, can be coarsely adjusted by the adjustment screws. For fine tuning we use a

PZT element connected to a home made high voltage amplifier. The entire set-up is covered
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Figure 3.3: (a) A scheme of the ECDL used in the experiment. (b) A photo of our master laser (ECDL

on a translation stage).
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by an aluminium shield to protect it against dust, RF noise and temperature drifts of the

surrounding air. In the master laser setup only, the grating was mounted on a translation

stage to let us change the cavity length on a millimetric scale (see Fig. 3.3b).

The laser beam emitted by the diode has an elliptical shape. When we mount the diode we

have to make sure the major axis of the elliptical beam is perpendicular to the grating lines.

To collimate the beam we monitored its size and shape for few meters along the optical

path, while adjusting the collimation lens. The beam is well collimated if it keeps its size

and elliptical shape over a long distance.

To align the grating we projected the laser beam on a screen. If the grating is misaligned we

will see two spots: The bright outcoupled zeroth order produces one spot, and second spot is

the image of the first order beam reflected by the backside of the laser diode. To make sure

the first order is back reflected to the diode we have to combine the spots by adjusting the

grating position. The best overlap between the beams is indicated by a minimum threshold

operation current of the laser.

The horizontal adjustment screw of the grating is used also for coarse wavelength tuning.

While we scan for the desired wavelength, we may spoil a beat the overlap of the beam

orders (which is done by the same screw), but since the size of the beam is relatively large

(around 4 mm), a reasonable, even if not optimal, overlap is still maintained.

To find the optimal current and temperature settings for our laser operation, we did the

following measurements. First, we kept the injection current fixed and scanned the laser

temperature between 15◦C and 20◦C. The results (for the master laser) are shown in Fig.

3.4a.

Our operating wavelength is 780.24nm (the wavelength of the D2 line, see Fig. 3.5). From

the graph we see that we can choose several temperature points to work at. The optimal

temperature will be as close as possible to our lab ambient temperature (around 20◦C), so

as to increase stability and prevent condensation.

In Fig. 3.4b we see the variation of the wavelength as a function of the current, while the

temperature is fixed. This graph demonstrates another advantage of the external cavity con-

figuration. The tuning rate of the wavelength is now 0.2 GHz/mA, comparing to a typical

rate of 1.5 GHz/mA for the independent diode. The resolution of wavelength is therefore
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Figure 3.4: The variation of the master Laser wavelength, against temperature (a) and current(b).

improved. The Free Spectral Range (FSR) extracted from the graph is 4.2 GHz, which is in

good agreement with the typical value for this kind of diodes (5 GHz).

In the course of the wavelength tuning, we sometimes noticed that the laser operates in

multimode, i.e the laser emits light in several competing modes. In such a case we had to

modify the current and/or temperature settings. If that didn’t help we had to realign the

external cavity, and sometimes even change the diode.

Fine scanning of the laser wavelength is done by applying a triangle waveform voltage on a

piezoelectric element (PZT) located behind the grating (see Fig. 3.3a). The PZT expands

under the applied voltage, changes the cavity length and by that also the wavelength of

the emitting mode. The scanning range of the wave length has to be within the bandwidth

of the grating or a mode hop will occur. In our experiments a maximum Free Mode Hop

Range (FMHR) of ∼ 8 GHz was achieved but we had hard time reproducing it. Anyway, to

lock a laser on a certain frequency such a FMHR is preferable but not necessary, since the

linewidth of the locked laser is less than 1 MHz, and the width of the peak we lock the laser

on is in the order of the natural linewidth (∼ 6 MHz). A FMHR of 3 GHz, which is easy to

reproduce, turned out to satisfy our experimental demands.

Slaves

The slaves are simply solitary diode lasers. Their emission wavelength is tuned only by cur-

rent and temperature. The characterization of the wavelength for one of the slaves is shown

in Fig. 3.6. The wavelength is linear with the injection current, but sometimes a mode hop

may occur. The mode hop marked in the graph by a blue arrow corresponds to an FSR
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Figure 3.5: A diagram of the D2 line transition of 87Rb
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Figure 3.6: The emission wavelength of a slave laser as a function of the injection current. The temperature

of the diode during the measurements was 19.51◦C

of ∼140 GHz which is in good agreement with the typical value reported for this kind of

diodes (150 GHz). The tuning rate calculated from the curve slope is 1.28 GHz/mA (the

typical value is 1.5 GHz/mA). Note the differences in the wavelength tuning rates and FSR,

comparing to the ECLD characteristics (Fig. 3.4).

3.2.4 Polarization lock

In order to keep the ECDL frequency fixed (typical drifts are from the order of several

GHz/hr), We lock it on an atomic transition reference through a feedback loop. This can be

done by several methods.

To lock our lasers we have used the polarization lock technique. In this technique we use po-

larization spectroscopy to create an error signal. That signal is fed back to the PZT through

a PID loop and a high voltage amplifier and by that also stabilize the wavelength. Unlike

Frequency Modulation (FM) methods, this technique does not require any modulation of

the laser light. Thus, the polarization lock method does not add unwanted noise to the laser

beam, while maintaining a linewidth of less than 1 MHz.

Polarization spectroscopy is a method of high resolution spectroscopy, similar in many ways

to saturation absorption spectroscopy [Pet98]. The medium is pumped and probed with

two beams created from the same laser, with the pump beam more intense than the probe.
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Figure 3.7: A scheme of the Polarization spectroscopy setup

The differences between the spectroscopic methods are in the pumping and probing mech-

anisms. The theory concerning polarization spectroscopy is examined in depth in [Dem03]

and [Pea02].

In Fig. 3.7 our polarization spectroscopy setup is shown. The ratio between the probe and

pump beams is controlled, by a half wave plate and a Polarizing Beam Splitter cube (PBS).

A ratio of approximately 1:3 (the intensity of the pump is ∼3 mw) was found to provide the

best signal in our setup.

The pump beam passing through the cell is circularly polarized by a λ/4 plate, while the

probe beam is linearly polarized. It is important to note that the linear probe light can also

be considered as a superposition of σ+ and σ− components.

The circularly polarized pump light will induce ∆mF = −1 and ∆mF = +1 transitions in

the atomic sample, for σ− and σ+ beams respectively. The atoms will be therefore ”pushed”

to the highest or lowest mF states. The result is that the medium now has a non-uniform

population in the different magnetic sub-levels. A linearly polarised probe beam will observe

any anisotropy of the medium as a birefringence, due to diferential absorption of orthogonal

components of the probe beam. This birefringence will be indicated by the rotation of the

plane of polarisation. The rotation will be observed by an increase of intensity in one of

the photodiodes analyzing the resolved components of the probe beam and a corresponding

decrease in the other (see Fig. 3.8).
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Figure 3.8: The signals collected by the two photodiodes located in our polarization spectroscopy setup.

As written in the text, the rotation of the Probe’s polarization plan is expressed by a decrease of the intensity

on one diode and an increase on the other, at the transition frequency.

The error signal is produced by substracting one photodiode signal from the other using

a differential amplifier. Optimization of the error signal can be achieved by the following

measures:

• The overlap between the pump and probe beams along the atomic vapor has to be

maximized. Under the limitation of space we managed to get a reasonable overlap

indicated by a sharp error signal.

• The polarization angle should be aligned so that (in the absence of the pump beam)

the intensity of the light reaching photodiode PD1 is equal to that reaching PD2 (see

Fig. 3.7) .

• Polarization spectroscopy is very sensitive to external magnetic fields. To avoid those

fields we wrapped our vapor cell with µ-metal shield. As a result, we obtain a signal

which is more stable.

• Since the signal is sensitive to variations of pressure, we located the whole locking setup
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Figure 3.9: An error signal produced by polarization spectroscopy (black plot) and the results of the

F = 2 → F ′ saturation spectroscopy (red plot)

in a P.V.C box, which is also useful for protecting the optical elements from dust, and

enables work with the lights in the lab turned ”on”.

In Fig. 3.9, we see the error signal we obtained by polarization spectroscopy as well as

the saturation spectroscopy results. To check the linewidth of our locked lasers, we beat

them on a fast photodiode. The master is locked on the transition F = 2 → F ′ = 3, while

the probe is locked on the 1-3 crossover peak, and then blue shifted by 110 MHz, using an

Acusto-Optic Modulator (AOM). Since the crossover peak is located 212 MHz away from

the actual transition line, we get a beatnote at the frequency of ∼102 MHz (Fig. 3.10). The

full width half maximum (FWHM) of that beatnote is estimated to be 750 KHz. Assuming

that both lasers have similar though uncorrelated widths, we can estimate the single laser

linewidth as about half of that.
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Figure 3.10: The beat note between the two locked lasers

3.3 The atomic medium

All the experiments described in this thesis were performed in a cylindrical pyrex cell of ∼12

cm3 filled with Ne buffer gas and 87Rb vapor. The diameter of the cell’s quartz windows

is 1 inch. The cell is located along the symmetry axis of a solenoid producing an external

magnetic field. The earth’s field is zeroed by a set of six compensation coils surrounding the

cell (see Fig. 3.11).

The vapor pressure of 87Rb in the cell at 25◦ C is 2 × 10−7 Torr [Ste01] leading to an

atomic density n ≈ 1010 cm−3. The pressure of the Ne is 7.5 Torr leading to an atomic

density n ≈ 1017 cm−3. The high density of the buffer gas prevents Rb-Rb collisions, which

destroy coherence. Instead, the rubidium atoms collide frequently with the buffer gas atoms

(With properly chosen buffer gas the ground-state coherence can survive more than 107

collisions without decay [Bra97]). In addition, the buffer gas prevents the rubidium atoms

from propagating ballistically to the walls where collisional dephasing will occur. Instead

they diffuse slowly throughout the cell, lengthening substantially the time during which they

can interact with the excitation field.

A quantitive description for the relaxation induced by buffer gas collisions is given by the
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Figure 3.11: The atomic cell setup

ground state coherence rate [Bra98]:

Γ12 = AD0
p0

p
+ N0v̄rσ2

p

p0

(3.5)

Where A is related to the geometry of the cell and D0 is the diffusion constant at atmospheric

pressure p0 (760 Torr). N0 is Loschmidts constant, v̄r is the relative velocity of the rubidium

and the buffer gas atoms and σ2 is the decoherence cross-section, i.e. the cross-section for

collisions producing a loss of coherence in the ensemble.

The first term in Eq. 3.5 is related to the diffusion of the atoms towards the walls and is

dominant in low buffer gas pressures (a few Torr). The second term originates in collisions

involving the formation of Rb-Ne bound states. Unlike the more frequent binary collisions,

those collisions effect the internal state of the atom, therefore produce a loss of coherence.

However, the second term is only dominant in high buffer gas pressures (hundreds of Torr).

Since in our cell the buffer gas pressure is relatively low (7.5 Torr) we can neglect the second

term. Substituting the parameters of our system into the first term we get an estimation for

ground state coherence time: τ12 = 1/Γ12 ≈7 ms. This value is about the same order of the

experimentally measured coherence time.

Another effect induced by the buffer gas is the narrowing of the doppler broadened spectral

line shape of the atomic ground state transition usually refered to as Dicke narrowing. In

the presence of a few Torr of buffer gas we typically observe linewidths of about 300 Hz

[Fru85] with only a small fraction of that due to the residual Doppler contribution, while
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Figure 3.12: The effect of the buffer gas on the lineshape of the ground state hypefine transition is

demonstrated by this graph. The doppler broadened gaussian profile (red plot) turns in the presence of

buffer gas to a sharp lorentzian (black plot)

the full doppler width is ∼10 KHz (see Fig. 3.12). The major contributions to the linewidth

arise from the effects of the optical pumping radiation, the microwave field, magnetic field

gradients and the like. The lineshape derived by Dicke [Dic53] is given by

I(ω) =
(2πD/λ2)

(ω − ω0)2 + (2πD/λ2)2
(3.6)

where λ is the wavelength of the transition. The full width at half maximum of the line is

2πD/λ2. For 87Rb in 7.5 Torr Ne, we calculated a residual Doppler width, i.e. the Dicke-

narrowed contribution, to be approximately 6 Hz.

3.4 The detection system

To induce and monitor population oscillations between the F = 1 and F = 2 hyperfine levels

of the 87Rb ground state, we apply the following basic sequence (see Fig. 3.13, the details of

each step are presented later in this section):

• First, we prepare all the atoms in the F = 1 level, using a 100 µs probe laser pulse

tuned to the F = 2 → F ′ = 3 transition.

• We then send a radiation pulse (either microwave or laser) to the atomic sample.
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Figure 3.13: A diagram showing the experimental sequence

• We apply the probe laser pulse again (same duration and frequency) to detect the

population in the F = 2 level.

This cycle is rerun several times, while the radiation pulse duration is increased each time.

Our Labview program draws in real-time a graph of the population in F = 2 vs. the radiation

pulse duration. We will now detail each step of the sequence:

Preparation- Although our probe beam is tuned to the F = 2 → F ′ = 3 cyclic transition

(atoms in F ′ = 3 can only decay to F = 2), some of the atoms will be excited to F ′ = 2

level, from where they can spontaneously decay to both F = 1 and F = 2 levels. As a result

of this process, about once in a thousand such cycles, an atom will end up in the F = 1 level

[Met99]. This atom is now trapped there, as there is no radiation tuned to excite it. Since

the typical lifetime of atoms in the 5P3/2, is 26 ns, after 80-100 µs, all the populatoin will be

trapped at F = 1. We set the preparation time in our sequence to be 100µs.

Radiation pulse- To be able to observe Rabi oscillations of the population in the ground

state, we have to set the durations of the pulses, to match the expected Rabi frequency. Our

system has a pulse resolution of 1µs, meaning we are capable of detecting Rabi frequency of

up to ∼100 KHz.

Population measurements- The correlation between the intensity signal detected by the

photodiode, and the population distribution is demonstrated in Fig. 3.14. The figure shows

the variation of light intensity of the probe beam over time, for several cases. The saturation

intensity (shown in Fig. 3.14), indicates all the atoms were pumped to F = 1. The intensity
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Figure 3.14: Several measurements of the probe intensity, for different evolution periods, are shown. The

longer the evolution time is, the more population is transfered to F = 2.

level at the moment we turned on the probe beam (t = ttest) is correlated with the population

level in F = 2. To find it, we fit the exponential decay function

I(t) = Ae−t/τ + B (3.7)

to the measured decay of the probe beam absorption by the atomic sample. The intensity

difference, Isat − I(t = ttest), is proportional to the population in F = 2 at t = ttest.

3.4.1 Thermal relaxation

Assuming the Boltzman distribution, the ratio between the populations of two atomic states,

in equilibrium, is given by

P2

P1

= e−(hν/KbT ) (3.8)

where ν corresponds to the energy difference between the two states. Introducing a frequency

corresponding to the energy of the first excited state of 87Rb, we get P2

P1
≈ 10−25, meaning

all the population is concentrated in the two hyperfine levels of the ground state.

Although Eq. 3.8 predicts equal populating of the two hyperfine levels (P2

P1
= 0.9989), due

to different degenerecies (3 for F = 1 and 5 for F = 2), they are not equally populated, but

conatain the following fractions of the total number of atoms:

f1 = 3
3+5

= 3
8
,

f2 = 5
3+5

= 5
8
.

(3.9)
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Figure 3.15: The thermal relaxation of the atomic population is shown. From the fit we extracted the

thermal relaxation time constant τ = 8172µs.

The thermal relaxation process, will thus bring an atomic ensemble, initially prepared in the

F = 1 level, to a mixed state, with 62.5% of the population at F = 2. To monitor that

thermal relaxation, we prepare all the atoms in F = 1 using our probe laser, then let them

evolve in the dark, and then measure the populations, again by our probe light. Applying

this sequence for different ”evolution periods” varying from several microseconds to several

milliseconds, we get the time evolution described in Fig. 3.15. The ploted data is fitted to

P2 = A(1− e−t/τ ). (3.10)

The constant τ , calculated from that fit, is basically the longitudinal coherence time T1,

defined in Sect. 2.1.5. The observation of Rabi oscillations due to external coupling of the

hyperfine levels is possible only at t < τ before thermal behavior takes over. In our system,

we measured, τ=8.172 ms. Since we expect Rabi oscillations of several KHz, we will be able

to observe some oscillation periods, before the system decoheres.
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Chapter 4

Rabi oscillations in the microwave

field

4.1 Experimental setup

The system setup for monitoring the direct interaction of the 87Rb atom with microwave

radiation is described in Fig. 4.1. The microwave pulse is transmitted from the signal

generator to the rubidium cell through a flat microwave antenna located about 5 mm above

the cell. The antenna is made of a 50×50 mm square PCB, with a front (transmitting)

10×10 mm copper square printed on one side, while the back (ground) side is all copper.

We measured the magnetic field transmitted by this antenna along the length of the vapor

cell, and found that while the field was quite constant through about 2/3 of the cell length,

it drops by a factor of 3 towards the edge of the cell. As a result we expected that part of

the 87Rb population will oscillate at a slower Rabi frequency, leading to attenuation of the

oscillation amplitude with time.

The electromagnetic wave transmitted by the antenna is linearly polarized and propagates

in the direction of the x axis (Fig. 4.2). The induced electric and magnetic fields will thus

have perpendicular components in the YZ plane. We can control the exact direction of those

components by just rotating the antenna in the YZ plane. In most of the experiments we

positioned the antenna so as the magnetic field will oscilate in the direction of the z axis,

parallel to the direction of the constant field.
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Figure 4.2: This figure shows the position of the anntena in relative to the atomic vapor cell
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Figure 4.3: The graph of the population in F = 2 as a function of the pulse length (black plot), comparing

to the thermal relaxation (red plot)

4.2 Results

The evolution of the population of the F = 2 level as a result from the interaction with

the microwave radiation is described in Fig. 4.3 by the black plot. Subtracting from it the

evolution of the population of the F = 2 level under thermal relaxation (the red plot), we

get a plot of Rabi oscillations of the atomic population in F = 2 hyperfine level of the 87Rb

ground state (Fig. 4.4). We then fit the data points to an exponentially decaying cosine:

f(t) = Ae−t/t0 cos(Wt + ϕ) + B (4.1)

W and t0 are our estimations for the generalized Rabi frequency (or the flopping frequency)

and the decay time of the oscillations respectively. In the example shown in Fig. 4.4

the flopping frequency and the decay time were found to be Ω̄ = 2π·1,143±3.18 Hz and

t0=3,817±192 µs.

53



1000 2000 3000 4000
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

P
op

ul
at

io
n 

in
 F

=
2

microwave pulse length [microsec.]  

Figure 4.4: The plot shows data collected in a measurement of Rabi oscillations. The curve is a fit to an

exponential decaying cosine

4.2.1 The dependency of Rabi oscillations on the field frequency

The relation between the generalized Rabi frequency and the microwave field frequency ω is

given by

Ω̄ =
√

Ω2 + (ω − ω0)2. (4.2)

To verify this relation we kept the output power of the signal generator at a constant level of 0

dbm and varied the output frequency. For each value of frequency we got an oscillations graph

from which we extracted the flopping frequency. The results were summarized in a graph

(Fig. 4.5). The data plot is fitted to Eq. 4.2. The minimum point of the curve corresponds to

the resonance frequency, which in our case is determined to be ω0 = 2π·6,834,686,146±12.17

Hz. The ∼3.5 KHz shift from the rubidium ground state’s hyperfine splitting value (∆HFS =

2π·6,834,682,610 Hz) is induced by the interaction with the buffer gas atoms [Hap72].
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Figure 4.5: Plot of the generalized Rabi frequency versus the frequency of the microwave field. The data

points have been fitted to Eq. (4.10). The values of the Rabi frequency and the resonance frequency were

found to be Ω = 2π·433±10.9 Hz and ω0 = 2π·6,834,686,146±12.17 Hz The corresponding uncertainties for

the generalized Rabi frequencies have been omitted since they are very small.

4.2.2 The dependency of Rabi oscillations on the field power

To test the relation between the field amplitude and the oscillations frequency, we preformed

the following experiment. The generalized Rabi frequency was measured several times, each

time for a different output level of the microwave generator. The power was changed between

-11 to +11 dbm with 1 dbm interval. The experiment was preformed twice for 2 different

field frequencies. First, with microwave radiation at the resonance frequency (which was

found in the experiment described in the previous section) and then for a ∼ 500Hz blue

detuned frequency.

It is known that the energy flow of an electromagnetic wave is given by the magnitude of

Poynting vector:

|S| = 1

µ0

|E×B| = 1

2

c

µ0

B1
2 (4.3)

where we have averaged over an entire period of oscillation. The Rabi frequency, by its

definition, is linear with the magnetic field B1, therefore Ω ∝
√
|S|. Assuming S is propor-

tional to the output power of our signal generator, we may write, for the generalized Rabi
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Figure 4.6: A logarithmic plot of the power output vs. the generalized Rabi frequency. In (a) The field

frequency was tuned to resonance (ω = 2π·6.834686150 GHz) and the data fitted to a linear curve. In (b)

the field is blue detuned by 500 Hz and data is fit to Eeq. 4.4.

frequency,

Ω̄ =
√

C · 10P [dbm]/10 + (ω − ω0)2. (4.4)

where C is some constant and the power is expressed in dbm for convenience. Close to

resonance, we may neglect the second term under the square root to get a linear dependency

between the logarithm of the power and the flopping frequency. In Fig. 4.6 we show the

results for both the resonant (Fig. a) and the off resonant (Fig. b) cases. The logarithmic

plot on (a) was perfectly fitted to a linear curve, while the plot on (b) was fitted to Eq. (4.4).

The detuning calculated from the fit is 2π·436±4.23 Hz.
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Figure 4.7: The Rabi oscillations graph with a 0.6 G bias field. The microwave frequency in that measure-

ment was set to be 6.834686660 GHz. The Rabi frequency of the oscillations is calculated from the fit to be

Ω̄ = 2π·143.4±2.1 Hz.

4.2.3 Oscillations in an external constant magnetic field

To check the behavior of the atomic system in the presence of an external constant magnetic

field we preformed the following experiment. We zeroed the ambient magnetic fields with

our compensation coils, turned on an external magnetic field along the z-axis, and preformed

the sequence to get Rabi oscillations. We executed some measurements for different field

magnitudes between 0 and 1 G. In Fig. 4.7 we show oscillations graph obtained when

applying a 0.6 G bias field. The Rabi frequency of the oscillations is reduced in the presence

of the external field: In the absence of the constant field, we measured a Rabi frequency of

340 Hz on resonance, while in a 0.6 G field the Rabi frequency is 143 Hz. The first order

Zeeman shift of all sublevels but mF = 0 leads to the reduction of the total magnetic dipole

matrix element and of the Rabi frequency accordingly.

Note: The Zeeman splittings between adjacent magnetic sublevels of 87Rb is 0.7 MHz/G

[Ste01]. In a 0.6 G field we thus expect a first order Zeeman shift of ∆ν = n·420 KHz for

the various transitions between Zeeman sublevels (except the transition between mF = 0

sublevels), where n = 1, 2, 3 (see a diagram of the possible transitions in a magnetic field

and their energies in appendix B). This shift is by several orders of magnitude larger than

the transition linewidth (see Sect. 3.3)
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Figure 4.8: The clock transition shift versus the external magnetic field. The data is fitted to a parabolic

curve

In second order of the magnetic field, the shift of the transition between the mF = 0 sublevels

(”clock transition”) is given by:

∆ωclock =
(gJ − gI)

2µB
2

2~∆Ehfs

B2. (4.5)

We scanned over the microwave frequency to detect the variation of the resonance transition

frequency due to the external field. The results are shown in Fig. 4.8. The data collected

are fitted to a second-order polynomial. The second-order Zeeman shift, calculated from

the fit parameters (∆ωclock = 2π·598.23±12.67 Hz/G2) is in good agreement with the value

calculated via Eq. 4.5 (2π·575 Hz/G2).

4.3 Oscillation decay

In the previous section we demonstrated population oscillations of a two-level atom subjected

to microwave radiation. The measurements of those oscillations were made on an atomic

ensemble consisting of ∼ 1010 87Rb atoms. This means that the Rabi oscillation graph (see

Fig. 4.4) is an average over single-atom oscillation graphs, and the generalized Rabi frequency

calculated is an average over single-atom frequencies. Due to several effects, different atoms

in the ensemble will oscillate with a different frequency leading to a decay of the Rabi

oscillations.
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Figure 4.9: The results of a simulation of Rabi ooscillations in an inhomogeneous field.

Since we use a buffered cell, the effect of both doppler and collisions broadening on the Rabi

oscillations amplitude can be neglected (The buffer gas effect is detailed in Sect. 3.3). The

decay of the oscillations is mainly related to an inhomogeneous field distribution along the

atomic sample.

We measured the induced microwave power in the atomic cell, and found out it is attenuated

along the main axis (z-axis):

p(z)[dbm] = p0(1− 0.00175z2). (4.6)

The maximal intensity (p0) is at the cell center (z=0). Substituting 4.6 into 4.4 we get the

dependency of the Rabi frequency in the atom’s location

Ω̄(z) =

√
C · 10

(1−0.00175z2)p0
10 + δ2 (4.7)

followed by the probability to find the atom in the F = 2 level

P2(z) =
1

2

Ω(z)

Ω̄(z)
+

[
1− cos(Ω̄(z))

]
. (4.8)

Using this formula we can simulate the population evolution of our atomic ensemble consist-

ing of 1010 atoms. Each one of the atoms oscilates in a different generalized Rabi frequency

which depends on its location. The addition of single atom oscillations curves with different
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oscillation frequencies results in the decay of the Rabi oscillations of the entire ensemble, as

is shown in Fig. 4.9. The decay time of the Rabi oscillations was calculated to be 4.63 ms,

which is in good agreement with the experimental results.
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Chapter 5

The Raman laser system

5.1 Generation of the Raman beams

To drive the two-photon transition between the rubidium hyperfine ground state levels F = 1

and F = 2, two Raman beams are needed fulfilling the following requirements:

• The frequency difference of the Raman beams has to match the hyperfine splitting of

the 87Rb ground state (6.8 GHz)

• The two beams have to be phase locked

• The frequency difference has to be scanned over a range of a few MHz with less than

a Hz resolution and a similar absolute frequency accuracy has to be provided.

• The Raman beams have to be several GHz detuned from the one-photon resonance, to

minimize spontaneous emission.

• The power of the Raman laser beams has to be reasonably stable to avoid fluctuations

of the Rabi frequency during the coherent manipulation of the atom.

• The Raman beams have to be spatially separated, so we can control their polarizations

separately.

There are three main ways to create the Raman beams:

• Phase locking of two separate lasers [Sch96]
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• Modulating the light of a laser, using AOM [Bou96] or EOM [Sha00].

• Modulating the current of a diode laser [Rin99]

In our experiment we use the third method to create optical sidebands at ±3.4 GHz. Each

side band is injected to a slave laser for amplification.

5.1.1 Current modulation of a diode Laser

A laser diode injected by a pure DC current will produce an almost monochromatic light

field. This field can be written as

E = E0e
iωt. (5.1)

Modulating the current injected to the diode with a sinus wave will induce a phase to that

field namely

E = E0e
iωt+m sin(Ωt) (5.2)

where m is the modulation index and Ω is the modulation frequency. Expanding eq. 5.2,

using Fourier components will lead to

E = E0

(∑

k=0

∞
Jk(m)eikΩt +

∑

k=0

∞
(−1)kJk(m)e−ikΩt

)
eiωt (5.3)

where Jk, the bessel function from the order k, represents the amplitude of the k−th sideband.

In particular, J0 is the amplitude of the carrier (the component with the unmodulated

frequency). The typical value of m, in our experiments, is smaller than one. In that regime,

J0 is the dominant component (see Fig. 5.1). When we increase m the amplitude of J0 decays

while the sidebands’ amplitudes increase. At m = 2.4 the carrier is completely suppressed.

To modulate the diode’s current we have used a Rhode − Schwartz SMR − 20 Signal

Generator locked to an Accubeat AR40A atomic clock reference. The maximum power

available is 100 mw. The output microwave signal is fed to a MiniCircuit Bias tee via a

directional coupler. In the Bias tee the microwave is combined with the laser diode’s DC

injection current. This combined signal is then fed to the laser diode via an impedance

matching circuit. The reflected signal (available at the reflecting port of the directional
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Figure 5.1: The first three orders of the Bessel functions representing the relative amplitudes of the carrier

and the sidebands.

coupler) can be monitored on our Rhode−Schwartz FSP13 Spectrum Analyzer, to indicate

the degree of the modulation efficiency.

The extended cavity length has a major effect on the modulation depth [Rin99]. The cavity

length thus has to be modified according to the modulation frequency. We scanned the laser’s

cavity length ,L, for the best modulation responce at the relevant frequency (3.4 GHz), and

found that at L≈3 cm the modulation responce is optimized.

Further optimization of the modulation depth can be made by tuning the injection current.

This tuning is carried out when the master laser is modulated and locked to it’s reference

atomic transition (The tuning amplitude is below 0.2 mA variation, so as not to change

the frequency too much). This tuning operation can significantly increase the sidebands’

intensity.

The modulation induced ±1 sidebands are shown in Fig. 5.2. The spectrum was obtained

by a scanning Fabry Perot Toptica FP 100 01047. The amplitude of each side band is

approximately 5% of the carrier’s.
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Figure 5.2: The FP scan of the modulated light. The two little peaks on the sides represent the generated

sidebands, while the central peak represents the carrier frequency.

5.1.2 Slave seeding (injection)

Seeding a laser diode (slave laser) with a low power signal from another laser may lock

the slave’s light frequency and phase to that of the seeding light. In this way we can

amplify a light signal without increasing the bandwidth. Since the sidebands obtained by

the modulation are of low power (∼500 µw), we seed them into laser diodes with a maximum

output power of 100 mw. The injection setup is shown in Fig. 5.3.

Accurate mode matching between the master and the slave is essential to the success of the

injection. Mode matching requires accurate alignment of the seeding beam (= beam entering

the slave laser) and seeded beam (= beam leaving the slave laser). This alignment is done

by checking the overlap of both beams on the surface of the three mirror located on the long

master beam’s trajectory (see Fig. 5.3). We also match the beams polarizations, using a

λ/2 plate placed in front of each slave.

We use one sided AR coated windows to reflect the seeding beam into the slave. Only a

small fraction of the master light is used to inject the slaves. In our experiments we did not

exceed the seeding power of 200 µw, so as not to burn the slave laser’s diodes.

Each slave can be locked on the desired side-band by adjusting its gain curve through the

injection current. Seeding will occur when the emission frequency of the slave laser is close

enough to the master’s frequency. The size of the ”injection window” follows the relation
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Figure 5.3: The injection setup is shown. In the small squares the spectral difference between the injected

slave beams (red) and the master beam (black) is visualized. The alignment is done by checking the overlap

of both seeding (master) and seeded (slave) beams on the surface of the three mirror located on the long

master beam’s trajectory

∆ν ∝ Imaster

Islave
. This frequencies window should not be too large, since we want to avoid the

injection of the carrier and the other sideband.

It is possible to switch the locked sideband, by varying the current within ∼5.5 mA (this

number relates, of course, to our lasers). For convenience, we prefer to constantly lock one

slave to the −1 sideband (Stokes beam), and the other to the +1 sideband (pump beam).

While tuning the current to inject each sideband, we look at the beam spectral profile,

analyzed by the Fabry Perot. The moment the seeding occurs the peak gets much narrower

and steadier (see Fig. 5.4).

Figure 5.5 shows the frequency analysis of the two injected slaves. Note that we still have

remains of the carrier light in the spectral profile. This is due to the fact the intensity of

the carrier component in the master beam is much higher than the sidebands intensity. The

”injection window” for the carrier frequency is therefore much wider. To filter the remains

of the carrier, a Mach-Zender interferometer can be used [Hau00].

We beat the two phase locked slaves, on a EOT ET − 4000 fast Photodiode . The resulting

beat note (received on the Spectrum Analyzer) is shown in Fig. 5.6. Its FWHM was

measured to be 1.2 Hz. Such a narrow beat note from two ∼20 MHz width lasers, is only
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Figure 5.4: A comparison between a free running beam (on the left) and injected beam. The linewidth of

the beam on the left is estimated to be 30 MHz, while the beam on the right is estimated to be narrower

than 1 MHz (the resolution limit of the FP is 4 MHz).
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Figure 5.5: The spectral profile of the injected slave lasers.
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Figure 5.6: The beat note recorded between the two phase locked slaves. The x-axis scale is 20 Hz/square

and the y-axis scale is logarithmic. The center frequency is 6.834682602 GHz.

possible if they are phase locked.

The output of the setup described in this section, is two phase locked Raman beams with

tunable (to within 1 Hz) frequency difference in the range of 6.8 GHz.

5.2 Experimental setup

The system we built to stimulate and detect the Raman transitions is described in Fig. 5.7.

After we modulate the master laser by a 3.4 GHz signal, we lock the carrier frequency on

the atomic transition F = 2 → F ′ = 3. As a consequence the detuning of the Raman beams

from the excited state will be ∆ ≈3 GHz. This is visualized by the diagram in Fig. 5.8.

Since the Raman beams are far detuned from the atomic transition, it is possible to work

with free running lasers in case the beams are not injected to slaves [Dot02]. We had to lock

our master laser or its drift will ”unseed” the slave laser within a few minutes.

Next, we tune the slave lasers current to inject each one of them by a different sideband.

The two phase locked injected Raman beams (red beams in Fig. 5.7) are combined by a

50/50 Beamsplitter. Half of the power is sent to the experiment while the other half is sent

to analysis (on FP and Spectrum Analyzer).

The pulsing of the light is made by placing an AOM in the optical path. The AOM can
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Figure 5.7: The layout of the Raman system
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transition. The pump and Stokes (red lines) will gain higher and lower frequency, respectively (a). Taking

the pump beam to couple the F = 1 state and the excited state (b), we get a Λ system, detuned by ∼3 GHz

from the excited state.

serve as a high speed switch due to its 1 nanosecond response time. We used a Crystal −
Technologies AOM with a fixed frequency shift of 80 MHz. We used the +1 order of the

modulated light, shifting the Raman beams to the blue.

The probe laser beam is locked on the 1-3 crossover peak which is red detuned by 212 MHz

from the F = 2 → F ′ = 3 transition. The beam then double passes through another AOM

which is tuned to shift the beam by 106 MHz. We use the +1 diffracted order, twice, so as

the outcoming beam is tuned to the atomic transition. The probe and the Raman beams are

then combined through another 50/50 beamsplitter, and then the beam’s waist in increased

using two lenses in a telescope configuration. The wide beam is sent to the 87Rb vapor cell.

We devoted much attention to align the two Raman beams parallel to each other, to decrease

doppler broadening. An atom with a velocity v will absorb light of different frequency from

the resonance frequency ω0, namely

ωa = ω0 − k · v. (5.4)

The doppler shift of the two-photon Raman transition is thus

δdoppler = (ωpa − ωsa)− (ωp − ωs) = v · (kp − ks) (5.5)
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Figure 5.9: The Intensity profile along the x-axis of all three beams are compared. The beams’ waists are

noted. Similar profiles were recieved in a measurement along the y-axis.

where ωpa, kp and ωsa, ks are the doppler shifted angular frequency, and the k-vector, of

the pump and Stokes beams respectively. It is clear from Eq. 5.5 that the minimal shift is

achieved when the beams are copropagating. For copropagating beams and an atom moving

in its most probable velocity (240 m/sec for 87Rb), we calculated a doppler shift of 2π·5.45

KHz. A deviation of 10 mm between the beams centers over 1 meter distance (corresponding

to an angle of 10 mrad between the beams) will lead to a doppler shift of ∼95 KHz (at the

most probable velocity). In the presence of buffer gas, however, the doppler broadening is

greatly reduced due to Dicke narrowing (see Sect. 3.3).

The overlap of the Raman beams is verified by measuring their intensity profile in the

interaction area. The gaussian profile of the beams is shown in Fig. 5.9. In most of the

measurements we used circularly polarized Raman beams (both of the beams are either σ+

or σ− polarized), to stimulate ∆mF = 0 transitions. Alternatively, one of the beams can

be π polarized, to induce ∆mF = 1 transitions. Two π polarized beams will lead to zero

amplitude of the transition (see Sect. 2.2).

5.3 Coherent and noncoherent results

The theoretical analysis predicts that Raman beams (whose frequency difference is tuned to

the ground-level hyperfine splitting) will induce Rabi population oscillations between those
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Figure 5.10: The Population evolution during the interaction with the Raman beams. The results of two

measurements are plotted. The thermal relaxation is plotted for reference.

two sublevels (see Sect. 2.2). A typical result is presented in Fig. 5.10. For reference, the

thermal relaxation curve is also shown on the same axes. We note first a sharp increase in the

population at F = 2 level (much steeper than the thermal relaxation curve), followed by rapid

and irregular population fluctuations. In the following section we suggest an explanation for

this behavior.

5.3.1 Rate equations

Our first step will be to find the time dependence of the population P2 in F = 2. Then

we will examine the change of that time depndence under interaction with the Raman laser

field.

The time dependence of the excited state population in our two level system obeys the

following first order differential equation:

dP2(t)

dt
= P1(t)×R1→2 − P2(t)×R2→1 = (1− P2(t))×R1→2 − P2(t)×R2→1 (5.6)

where R1→2 and R2→1 are the transfer rates of population from levels F = 1 and F = 2

respectively. The solution is an exponential function of the form

P2(t) =
R1→2

R1→2 + R2→1

+ C · e−(R1→2+R2→1)t. (5.7)
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The integration constant C is calculated from the initial condition P2(t = 0) = 0 to give

P2(t) =
R1→2

R1→2 + R2→1

× (1− e−(R1→2+R2→1)t) (5.8)

Substituting P1(0) = 1, P2(0) = 0 in Eq. 5.6 we get

dP2(0)

dt
= R1→2, (5.9)

while the equilibrium condition, dP2(t)
dt

= 0, leads to

P1Eq ×R1→2 = P2Eq ×R2→1. (5.10)

Using 5.9, 5.10 and our experimental results (see Fig. 3.15),the transition rates due to

thermal relaxation calculated for our atomic sample are: R1→2=76.50 Hz, R2→1=45.90 Hz.

5.3.2 The affect of the carrier

Another non coherent process affecting the population in our two-level system is scattering

(=excitation and spontaneous emission) caused by the laser beams. Due to the way we

generate our Raman beams (see Sect. 5.1), there is still a component of the carrier frequency

in each Raman beam. Being tuned close to resonance (of the F = 2 → F ′ = 3 transition),

this component has a large affect on the scattering rate. In a series of measurements with a

beam at the carrier frequency only, we tested the influence of that beam on the population

in F = 2. The results are shown in Fig. 5.11. The different curves represent different

intensities and detunings of the laser beams. From the fit of the data to the function

P2 = A(1− e−t/τ ); 1/τ = R1→2 + R2→1 (5.11)

we can calculate the population transition rates. The results are summarized in table 5.1

(the first column, test 1, is the thermal relaxation reference). The last two rows of the table

(highlighted) show the effect of carrier excitation, after subtracting the thermal relaxation

results. Note that the excitation rate from F = 2 keeps the relation ∆R2→1 ∝ I/∆2 which

is in good agreement with scattering theory (see Sect. 2.2.3).

From the graph and the table we can conclude that:

First, the carrier frequency has almost no effect on the initial slope of the population curve,
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beam properties test 1 test 2 test 3 test 4 test 5 test 6

∆[MHz] No light 80 80 1100 1100 1100

Power[mw] No light 0.007 0.0015 0.76 0.21 0.006

A 0.63 0.25 0.5 0.26 0.45 0.63

τ [µs] 8300 4500 7300 3000 6000 8300

R1→2[Hz] 75.9 51.1 68.5 86.7 75.0 75.9

R2→1[Hz] 44.6 171.1 68.5 246.7 91.7 44.6

∆R1→2[Hz] 0.0 -24.8 -7.4 10.8 -9.0 0.0

∆R2→1[Hz] 0.0 126.5 23.9 202.1 47.1 0.0

Table 5.1: The effect of the carrier frequency on the population transition rates

as dP2(0)/dt = R1→2, and the carrier frequency is more than 6 GHz detuned from any

transition starting in the F = 1 level.

The saturation (equilibrium) level of the population, on the other hand, is highly related to

the carrier’s intensity and detuning. For example, a near resonant 7 µw carrier beam (∆=80

MHz), drops the saturation level to 0.26 (the saturation level ”in the dark” is 0.63). The

decay time τ measured in that case is 4500 µs, much shorter than the measured thermal

relaxation time constant (8300 µs).
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Figure 5.11: The affect of the carrier on the atomic populations is demonstrated. The different curves

denote different values of laser power and detuning (see the legend).

5.3.3 The affect of non resonant excitation

Although the Raman beams are far detuned from resonance, they can still excite atomic

transitions and cause scattering.. To quantify the effect of this scattering we sent each one

of the Raman beams separately, to the atomic sample and monitored the evolution of P2.

The results are summarized in the table (Table 5.2) and graph (Fig. 5.12) bellow. It is

obvious from these results that the pump beam’s influence on the transition rates is much

higher than the influence of the Stokes beam. The reason for that can be understood by

looking in Fig. 5.13, wherein the relative detunings of the Raman beams from the D2 atomic

transitions, F = 1 → F ′ and F = 2 → F ′, are shown. From the diagram it is clear that the

affect of the pump beam on the transfer rate R1→2 is much higher than that of the Stokes

beam. The curve’s slope at t = 0, which reflects the excitation rate from F = 1 (R1→2) , will

thus be much sharper for the pump beam, leading to very short coherence time of 1200µs

until saturation (for a 0.76 mw beam).
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properties Stokes Stokes Stokes pump pump pump no light

Power[mw] 0.76 0.02 0.008 0.76 0.018 0.006 no light

A 0.365 0.54 0.635 0.45 0.522 0.63 0.63

τ [µs] 5200 6900 8300 1200 3800 8300 8300

R1→2[Hz] 70.2 77.5 76.5 375.0 137.4 75.9 75.9

R2→1[Hz] 122.1 67.4 44.0 458.3 125.8 44.6 44.6

∆R1→2[Hz] -5.7 1.6 0.6 299.1 61.5 0.0 0.0

∆R2→1[Hz] 77.5 22.8 -0.6 413.8 81.2 0.0 0.0

Table 5.2: The affect of the non resonant excitation on the population transition rates. The last two

rows of the table (highlighted) show the net affect of non resonant excitation, after subtracting the thermal

relaxation rates. results.
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Figure 5.12: The effect of spontaneous emission induced by Raman beams on the population evolution in

F = 2. We show results for various beam intensities.
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Figure 5.13: The Raman beams detuning from the excited state. (a)- the detuning from the transition

F = 1 → F ′, (b)- the detuning from F = 2 → F ′ is visualized.

5.3.4 Coherent results

The total effect of noncoherent processes on the evolution of the population in F = 2 level is

presented by the blue plot in Fig. 5.14. On the same graph we show the thermal relaxation

curve (green plot), and two representative results of the interaction between the atoms and

the Raman beams (black and red plots). Let us first focus our attention at shorter times

(hundreds of µs). We notice that noncoherent processes alone cannot explain the population

evolution in F = 2. For example, a 200µs Raman pulse transfers 30% of the population to

the F = 2 level, while noncoherent processes and thermalization predict just 7% transfer.

We can therefore conclude that this rapid increase in the population of F = 2 is the result of

coherent two-photon interaction in the system, that is, Rabi pupulation oscillations induced

by the Raman laser beams.

However, as the population in F = 2 grows, so does the effect of the carrier beam component

(as described in Sect. 5.3.2). We have found that each one of the Raman beams includes a

small component in the frequency of the carrier beam (see Sect. 5.1, fig 5.5). The optical path

of each beam is different and its length is subject to random fluctuations due to vibration.

As a result, the two components of the carrier beam interfere randomly with each other,
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Figure 5.14: The noncoherent effects (blue plot) are shown comparing to the evolution of P2 in the Raman

field.

causing random intensity fluctuation of the carrier beam component reaching the atomic

sample. It is now clear that this random intensity fluctuation of the carrier beam component

will cause large and random fluctuations in the population of the F = 2 level, as is observed

in fig 5.14 above.

We suggest that the following steps be taken as to decrease the non coherent effects:

• Mach-Zender interferometer: The filterring of the carrier frequency (which is resonant

with the atomic transition) by a MZ interferometer will greatly reduce the scattering

rate and the random population fluctuations in our system.

• Far detuned Raman: The ∼3 GHz detuning should be increased to fight spontaneous

emission. A detuning of several tens of GHz can be achieved either by changing our

locking scheme or by working with free running lasers.

• The Rabi frequency: Since we have noticed the beginning of a coherent process at early

times of the interaction, we suggest the Rabi frequency will be increased, so that many

cycles can be observed. We have not yet found a way to increase the Rabi frequency

in our systems since we are limited by the given output power of our lasers.

Finally, we would like to mention that to the best of our knowledge, observation of Raman

induced Rabi oscillations in room temperature atoms, has not yet been reported.
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Chapter 6

Summary

In this work we studied ways to coherently manipulate two-state atomic systems, and real-

ized experimentally two of these methods.

We designed and built a versatile experimental setup (detailed in Chap. 3) which can ma-

nipulate 87Rb atoms through direct microwave radiation as well as through interaction with

Raman laser beams. The lasers in the experiment are used both to manipulate the atoms

and to probe their state. All the lasers are home made and two of them have extended

cavities and are stabilized via locking to an atomic transition. These lasers have reasonable

stability and sub-MHz linewidth.

All the experiments described in this thesis were done with room temperature 87Rb atomic

vapor. We used a buffered vapor cell (with Ne at 7.5 Torr) so as to minimize decoherence.

Our computerized detection system detects variations in the atomic population through

changes in the absorption profile of a probe beam locked to an atomic transition. The evo-

lution of the atomic population in the absence of any radiation is used for calibration.

We detected Rabi oscillations in the population, induced by microwave radiation. The mea-

sured generalized Rabi frequency is between 0.2 and 3 KHz. The typical decay time of the

oscillations is around 5 ms. We estimated (with an uncertainty of 12 Hz) the hyperfine split-

ting frequency, based on the location of the minimum in the curve describing the dependence

of the Rabi frequency on the microwave frequency. As expected, this frequency is pressure-

shifted because of the interaction of the rubidium atoms with the buffer gas. In the presence

of an external magnetic field, the Rabi frequency of the clock transition |1, 0〉 → |2, 0〉 is
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reduced, since the other transitions are shifted by ∼0.7 MHz/G, leading to a decrease of the

interaction of the atoms with the microwave radiation. We also measured the second-order

shift of the clock transition with an error of less then 3% compared to the known value

[Ste01].

The Raman laser system (described in Chap. 5) generates two phase-locked laser beams

whose frequency difference matches the ground-state hyperfine splitting of the Rb atoms (∼
6.8 GHz). This is achieved by modulating the injection current of our master laser diode by

3.4 GHz. The generated sidebands are then injected into two slave lasers for amplification.

We monitored the beat note of the two Raman beams on a fast photodiode, and demon-

strated the extremely narrow linewidth (∼1 Hz) of this beatnote signal. This narrow signal

verifies that the phase difference between the beams is independent of time for at least a full

second (some 3× 1014 cycles). The Raman beams are then sent to the atomic sample.

Currently the observation of Rabi oscillations in an ensemble of room temperature atoms

is not possible due to noncoherent effects (=noise). Those effects are analyzed in the last

section of Chap. 5 wherein we also verify the existence of coherent effects in the system.

We also propose some technical changes to the present setup. These changes will decrease

the noncoherent effects so that the coherent coupling of two atomic states will be better

observed.

In the future, our Raman laser system will be used to manipulate cold atoms in a magnetic

trap. For this kind of experiments, the realization of Raman transitions between ∆mF = 2

states is of great relevance. These transitions are of low probability due to the relatively

small hyperfine splitting of the excited state. In Sect. 2.2.4 we have given a theoretical

review of this problem. We are currently exploring possible solutions.
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Appendix A

The effect of the radiation phase on

the Bloch vector’s evolution

We have previously shown (see Sect. 2.1.3, 2.1.6) that the effect of a Rabi pulse of zero-

phase near-resonant radiation on a two state system can be represented as a rotation of the

Bloch vector around the x axis. To see the effect of non-zero phase, let us rewrite the TD

Schrödinger equation for the probability amplitudes of the two-state system:

d

dt


 C0(t)

C1(t)


 = − i

2


 −δ Ω∗

Ω δ





 C0(t)

C1(t)


 (A-1)

where Ω = |Ω|e−i(ωt+φ). Assuming that we know the solution for φ=0, let us define the

matrix K̂ as

K̂ =


 1 0

0 e−ik


 . (A-2)

We can easily see that K̂T K̂ = I, so that K̂T = K−1. Also, if we look at the representation

of the vector D̂ = K̂Ĉ on the Bloch sphere, we will see that if Ĉ is represented by a point

(θ,φ), then D is represented by a point (θ,φ − k). We can therefore conclude that K̂ is a

rotation matrix that rotates the XY plane by an angle k around the z axis. We can now

replace Ĉ in (A-1) by K̂T D̂ = Ĉ to get

K̂T ˙̂
D = ĤK̂T D̂ (A-3)
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where

Ĥ = − i

2


 −δ Ω∗

Ω δ


 . (A-4)

Multiplying both sides of the equation from the left by the matrix K̂ and using the definition

of Ω we get

d

dt


 D0(t)

D1(t)


 = − i

2


 −δ |Ω|eiωt+φ+k

|Ω|e−(iωt+φ+k) δ





 D0(t)

D1(t)


 . (A-5)

By choosing k = −φ this equation is reduced to equation (A-1). We know the solution of

that equation, and we know that the time evolution of the solution can be represented on

the Bloch sphere as a rotation around the x axis. We can thus conclude that the evolution

of Ĉ = K̂T D̂ can be represented on the Bloch sphere as a rotation around an axis x’, which

lies on the XY plane and is rotated by an angle −φ to the x axis.

Therefore, we have shown that the effect of adding a phase φ to a Rabi pulse can be repre-

sented on the Bloch sphere as a rotation of the XY plane by −φ.
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Appendix B

Double resonance spectroscopy

In section 4.2.3 we described the Rabi oscillations induced by a near resonant microwave

radiation in the presence of a constant magnetic field. In the following we explore the

effect of the angle between the constant magnetic field and the magnetic component of the

microwave field on the Rabi oscillations.

We use a method known as double resonance spectroscopy. This method combines both

laser and microwave radiation: First, we apply a laser field tuned to the F = 2 → F ′ = 3

transition frequency. As described in Sect. 3.4, this field pumps all the atoms to F = 1

level. A microwave field resonant with any one of the possible hyperfine transitions can now

excite the atoms to F = 2 from where they are immediately excited to F ′ = 3 by the laser

light. The absorption is indicated by a drop in the laser light intensity, which we monitor

by a photodiode. Scanning over the microwave frequency we can obtain the Zeeman split

absorption spectrum of the ground state hyperfine levels.

The possible transitions within the ground state are shown in Fig. B-1. The expected shifts

of the various transitions from the hyperfine split frequency are summarized in the table

attached.

In the experiment we positioned the antenna so that the magnetic field induced by the

microwave radiation will oscillate in the direction of the z axis (see Fig. 4.2). We monitored

the absorption spectrum for different directions of the constant field. The results are shown

in Fig. B-2.

It is clear that the direction of the quantiztion axis, determined by the constant field, affects
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K=0.7 MHz/Gauss   B=Magnetic field intensity in Gauss 
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1 -1 -2 -3BK 
2 -1 -1 -2BK 
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Figure B-1: The diagram of the different transitions between Zeeman sublevels

the absorption spectrum. When the induced microwave magnetic field oscillates in parallel to

the quantization axis, only the π transitions (∆mF = 0) are induced. When the constant and

the microwave fields are perpendicular we see only the absorption lines of the σ transitions.

If the microwave field have both perpendicular and parallel components to the quantization

axis, we will get the full absorption spectrum.

Thus the observation of Rabi oscilations between mF = 0 states is possible only when the

fields are parallel, and we verified it experimentally.

The observation of Rabi oscillations along any of the other π and σ transitions is impossible,

in our setup, as small fluctuations in the magnetic fields (∼ 0.01 G) lead to fluctuations of

several KHz in the Zeeman shift. This noise completly covers Rabi oscillations of several

KHz.
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Bx=0.01G 

By=0.23G 

Bz=0.35G 

Bx=0.02G 

By=0.01G 

Bz=0.55G 

Bx=-0.02G 

By=0.55G 

Bz=-0.01G 

(b) 

(a) 

(c) 

Figure B-2: The absorption spectrum of the ground state in different external fields. The various compo-

nents of the DC field in the specific measurement are noted in the frame. In all measurements the microwave

field oscillates at the z axis direction. The various transition lines are marked by an index number (see Fig.

B-1).
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[Dem03] W. Demtröder, Laser Spectroscopy 3rd Ed., Springer, (2003).

[Dic53] R. H. Dicke, The effect of collisions upon the doppler width of spectral line, Physical

Review 89, p. 472, (1953).

[Dot02] I. Dotsenko, Raman spectroscopy of single atoms, Diploma Thesis, Bonn Univer-

sity, (2002).

[Fru85] R. P. Frueholz, C. H. Volk, Analysis of Dicke narrowing in wall-coated and buffer-

gas-filled atomic storage cells, Journal Physics B 18, p. 4055, (1985).

[Giv06] M. Givon, Walks on the Bloch sphere, Ph.D Research Proposal, Ben Gurion Uni-

versity, (2006).

[Hap72] W. Happer, Optical pumping, Review Of Modern Physics 44, p. 169, (1972).

[Hau00] D. Haubrich, M. Dornseifer and R. Wynands, Lossless beam combiners for nearly

equal laser frequencies, Rev. Sci. Inst. 71(2), p. 225, (2000).

[Jen76] F. A. Jenkins and H. E. White, Fundamentals of optics, McGraw-Hill, (1976).

[Kuh03] S. Kuhr, A controlled quantum system of individual neutral atoms, PhD. Thesis,

Bonn university, (2003).

85



[Kin99] B. E. King, Quantum State Engineering and Information Processing with Trapped

Ions, PhD. Thesis, Univ. of Colorado, (1999).

[Mab01] H. Mabuchi, Physics course notes, http://minty.caltech.edu/Ph195/courseinfo.htm,

(2001).

[Met99] H. J. Metcalf and P. van der Straten, Laser Cooling and Trapping, (1999).
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Vuletic, W. König and T.W. Hänsch, Opt. Comm. 117, p. 541, (1995).

[Rin99] J. Ringot, Y. Lecoq, J. C. Garreau and P. Szriftgiser, Generation of phase-coherent

laser beams for Raman spectroscopy and cooling by direct current modulation of a

diode laser, Eur. Phys. J. D, 65, p. 285, (1999).

[Sho90] B. W. Shore, The Theory of Coherent Atomic Excitation, Wiley, New York, (1990).

[Ste01] D. A. Steck, Rubidium 87 D Line Data, Los Alamos National Laboratory, (2001).

[Tre06] P. Treutlein, T. Steinmetz, Y. Colombe, B. Lev, P. Hommelhoff, J. Reichel, M.

Greiner, O. Mandel, A. Widera, T. Rom, I. Bloch, T. W. Hänsch, Quantum In-
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