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Abstract

In this thesis, the interactions in an unbalanced Rubidium (Rb)-Caesium (Cs) mix-
ture are studied, where the Cs atoms have been used as probes to study the in-
terspecies interactions. The Rb atoms are trapped and stored in a conservative
potential, in an optical dipole trap and cooled to quantum degeneracy. The coherent
manipulation of the spin states is realized using a microwave and radio frequency
radiation to prepare the Rb atoms in the various Zeeman split hyperfine levels of the
ground state. Cs atoms are trapped in a MOT. An overlap of these two entities is
obtained via a magnetic transport to study the interspecies interactions. The dy-
namics of the Cs MOT is studied in the presence of a 600 nK thermal cloud of Rb,
where a loss in the Cs atoms is observed. Rb remains unaffected. Here, a method has
been demonstrated, where the interspecies inelastic two- and three-body collisions
have been investigated by monitoring the one- and two-atom loss rates in Cs. Each
term in the complicated inelastic rate equation has been determined individually
without having to solve the rate equation which can not be solved analytically. This
is therefore, a nondestructive and simple method to extract information about the
interactions and can be performed for future experiments with Cs in a conservative
species specific potential.
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Introduction

Ultracold quantum gases and single neutral atoms represent the two different regimes
of many-body and few-body quantum physics. The pooling of these two entities
helps in the study of many interesting quantum phenomena, e.g. the decoherence
studies of a quantum degenerate gas. Also, the special properties of each of them
such as coherence in an ultracold quantum gas and spatial and particle resolution
in single neutral atoms, can be used to manipulate one by the other and to address
the challenges posed by each of them. This therefore, provides us with an amazing
integrated system.

The advent of the techniques of laser cooling [1, 2, 3] and evaporative cooling [4, 5],
along with the novel trapping techniques provided by traps like the Magneto-Optical
Trap (MOT) [6, 7] and magnetic traps [8, 9, 10] have led to the cooling of dilute
atomic gases to temperatures of a few hundred nanokelvin. This resulted in the
realization of a Bose-Einstein Condensate (BEC) [11, 12, 13, 14], a coherent state of
matter, representing a many-body quantum object. This breakthrough was followed
by an explosion of experiments in the field of ultracold quantum gases. The use of
optical dipole traps [15, 16] provided extended flexibility to the trapping of atoms
and the manipulation of atomic interactions via. magnetic fields through Feshbach
resonances [17, 18]. This turned out to be an important tool in the tuning of intra-and
inter-species interactions resulting in the formation of molecules [19, 20], molecular
BECs [21, 22] and double condensates [23]. This has also enabled the condensation
of fermionic pairs in the Bardeen-Cooper-Schrieffer (BCS)-BEC crossover regime
[24, 25, 26]. These weakly interacting systems exhibit long range coherence. However,
particle and spatial resolution is challenging in these systems.

Ultracold quantum gases in optical lattices [27, 28, 29] at low temperatures undergo
a transition from the superfluid to the Mott insulator state [30, 31] which represents
a strongly correlated system. In such systems, coherent transport of neutral atoms
over a definite number of lattice sites has been realized [32]. Such systems provide
a platform for the realization of multi-particle entangled states through controlled
collisions between atoms in the neighbouring lattice sites [33, 34]. However, single
atom and single site detection is demanding in these systems. Recently, single atom
and single site detection has been realized in such a system via in situ fluorescence
imaging [35, 36].

In the few-body regime, we have single neutral atoms. They are suitable candidates
for storing and transmitting quantum information. A deterministic source of single
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Introduction

neutral atoms has been demonstrated in [37, 38]. A neutral atom quantum register
with a string of neutral atoms with high spatial resolution has been realized in [39].
Such strings of atoms can also be sorted and arranged precisely [40, 41]. The spin
state of an atom has been detected via a quantum non-demolition method through
quantum jumps [42, 43]. Recently, the diffraction limit has been overcome in detect-
ing neutral atoms in neighbouring lattice sites via fluorescence imaging [44]. Hence,
single atom and single site detection has been widely demonstrated experimentally
in neutral atoms. However, the realization of coherent interactions which is also one
of the pre-requisites for quantum information processing is rigorous.

Combining these two systems (many-body and few-body) could provide a platform to
address the challenges posed by each of them. Several proposals have been made for
experiments concerning a single atom and a many-body system finding applications in
quantum information processing. Single atom cooling by immersing it in a condensate
to compensate for the heating and decoherence caused during the transport of a
qubit has been proposed in [45, 46]. A quantum non-demolition method to detect
the state of a qubit using a condensate as a single atom mirror has been studied in
[47], whereas the interactions between two impurity atoms immersed in a condensate
for the realization of a two qubit gate has been discussed in [48]. Proposals have
also been made for the study of the properties of a condensate using an impurity
atom. Here, the phase fluctuations [49] and decoherence [50] in a BEC have been
theoretically studied non-destructively using a single atom coupled to the BEC.

In our experiment, we intend to experimentally realize a Caesium (Cs) single atom
immersed in a Rubidium (Rb) BEC. These two species provide a conducive environ-
ment for the realization of such experiments due to the strong interactions between
them. A lower limit of the interspecies triplet s-wave scattering length has been
deduced to be 150 a0 for Cs in the f = 4,mf = 4 and Rb in the f = 2,mf = 2 states,
where a0 is the Bohr radius and f and mf are the quantum numbers representing the
hyperfine and Zeeman split hyperfine states respectively [51, 52]. Besides, 23 inter-
species magnetic Feshbach resonances have been found [53] which allows the tuning
of the interactions between these species, an important tool for the manipulation of
both the species for various applications. The first steps towards the creation of an
integrated many-body and few-body system was performed with Rb and Cs atoms
stored in a conventional and a single atom MOT, respectively. Here, Cs atoms were
used as probes to study the interspecies interactions without disturbing the many
body system (Rb) [54, 55].

In this thesis, a further step has been taken by trapping and storing Rb atoms in a
conservative potential, in an optical dipole trap. The Rb atoms are cooled to quantum
degeneracy. Cs atoms are trapped in a MOT. The techniques involved in overlapping
the two entities and the coherent manipulation of the atomic states of Rb through a
microwave and Radio Frequency (RF) radiation are developed here. The interaction
between the Rb cloud and the single Cs atoms are studied by analysing the losses
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in the Cs atoms. Here, a non-destructive and simple method has been developed to
quantify the interspecies interactions by studying the interspecies inelastic collisional
loss rates. Although, the interactions are still light-induced, the techniques developed
in this thesis, would be used along with a species specific conservative trap for Cs,
to immerse or insert a Cs atom in its absolute ground state, in a Rb BEC, in a
controlled fashion for all future experiments.

The thesis has been structured as follows. Chapter 1 deals with the theoretical de-
scription of the scattering processes and the BEC theory. In chapter 2, the theoretical
framework of the coherent control of the spin degrees of freedom is discussed. Chap-
ter 3 deals with the experimental setup and the route towards the preparation of
an ultracold gas of Rb in a magnetic trap and a single atom Cs MOT. In chapter
4, the Rb condensate is prepared in an optical dipole trap and the Rb atoms are
prepared in their various spin states using a microwave and RF radiation. Chapter
5 deals with the interactions between an ultracold Rb gas and a single or a few Cs
atoms. Finally, chapter 6 ends with concluding remarks and a brief outlook over
future experiments.
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1 Ultracold Gases and their
Interactions

Recent developments in laser cooling and evaporative cooling techniques have led
to the production of cold and ultracold gases. The temperatures of such gases lie
between a few hundred microkelvin to a few tens of nanokelvin with densities varying
between 1010−1015 cm−3, respectively. At these temperatures and densities, quantum
effects start to become evident and the gases can no longer be described classically.
The gases used for most experiments are alkali gases due to the ease in laser cooling
because of the presence of a closed transition. Furthermore, these gases are considered
dilute as the inter-particle distance (∼100 nm) is much larger than their scattering
length, which describes the interaction between the particles at such low temperatures
(see section 1.1). Since the gases are dilute, for the description of the interactions it is
sufficient to consider interactions which involve only two atoms. These interactions
can therefore, be described by the two-body interaction potential which describes
all the macroscopic properties of the system. However, at relatively large densities
(1014−1015 cm−3), e.g. in the case of a Bose-Einstein Condensate (BEC), three-body
interactions also play an important role.

In this chapter, the theoretical framework concerning the interactions of cold and
ultracold gases is discussed by means of the scattering theory in sections 1.1 and 1.2.
Section 1.3 deals with a BEC.

1.1 Scattering Theory

The interaction between two atoms can be described by the quantum mechanical
scattering theory, where the collisions between the atoms are taken into account.
The interactions are described by the trajectories of the relevant atoms involved
in the collisions before and after the collisions. These collisions are distinguished
depending upon the conservation of energy and the preservation of the internal states
of the atoms during the collisions. Hence, we have elastic and inelastic scattering.
This will be briefly discussed in the following sections.
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1 Ultracold Gases and their Interactions

1.1.1 Elastic Scattering

Elastic scattering occurs when the internal states of the atoms do not change during
the scattering process and when the kinetic energy is conserved. The elastic scatter-
ing rate is an important quantity, since it sets a limit on the speed and efficiency of
evaporative cooling (see section 3.5.1). It is responsible for the thermalization of an
atomic sample through exchange of momentum. Therefore, it is also an important
phenomenon required for the study of interesting effects in a doped many-body sys-
tem. To describe the theory of elastic scattering the following approximations are
made.

a) Particles have no internal structure, i.e. in this case, no spin. The case which
includes spin will be discussed in section 1.2.

b) Particles are distinguishable, the generalization to the case of identical particles
will be shown later.

c) Interactions between two particles are described by the interaction of their reduced
mass with a potential which has the form of a central potential with a finite range
r0, i.e. it vanishes at ∞.

The description is based on the theory given in [56]. Consider two atoms colliding
with each other, interacting through a potential given by V (r) which satisfies the
condition given in c). The scattering properties can be determined by solving the
time independent Schrödinger equation (TISE) given by(

p2

2µr

+ V (r)

)
ψk(r) = Ekψk(r) , (1.1)

where µr is the reduced mass of the particles, Ek is the energy which is given by
Ek = ~2k2/2µr and p is the momentum. The asymptotic form of the solution of
equation (1.1) is given at large distances (distances much larger than the range of
the potential, r � r0) by the superposition of the incident wave and the scattered
wave. The incident wave is considered as a plane wave propagating along the z
direction and the solution is therefore written in the spherical coordinates as

ψk(r) ∼ eikz + f(k, θ, φ)
eikr

r
, (1.2)

where f(k, θ, φ) is the scattering amplitude which depends on the energy through the
momentum vector k and the scattering direction through θ and φ. If the potential
is considered as spherically symmetric, then the dependence on φ can be eliminated.
A schematic of the scattering process is shown in figure 1.1. From the scattering
amplitude, the differential scattering cross-section can be determined by the following
equation,

dσ

dΩs

= |f(k, θ)|2 , (1.3)
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1.1 Scattering Theory

Figure 1.1: The quantum mechanical scattering is demonstrated. The black lines
correspond to incoming plane waves which are scattered at a potential resulting in
outgoing spherical waves (red dashed). The detector is placed at an angle Ωs which
represents the solid angle.

where Ωs represents the solid angle through which the particle is scattered and σ is the
scattering cross-section. The total cross-section is then obtained by integrating over
the entire solid angle. The scattering amplitude can now be determined by solving
the TISE in equation (1.1). For the spherically symmetric potential, the method of
partial waves can be used, where a partial wave is a spherical wave represented by
the angular momentum quantum number l. At low temperatures, this is also quite
useful as the contribution to scattering comes from only the lower partial waves. This
will be explained later. The solution can be written as a combination of a radial and
a spherical wave function and is given by

ψk(r) =
∞∑
l=0

Y 0
l (θ)

uk,l,0(r)

r
, (1.4)

where Y 0
l (θ) are the spherical harmonic functions and uk,l,0 represents the radial

wave function. The 0 in both the wave functions corresponds to the value m which
represents the azimuthal quantum number and is 0 as the potential is independent
of the azimuthal angle φ. The scattering state for r � r0 can therefore be written as

ψk(r) ∼
1

2ıkr

∞∑
l=0

(2l + 1)Pl(cos θ)
(
(−1)l+1e−ıkr + e2ıδleıkr

)
, (1.5)

where Pl(cos θ) are the Legendre polynomials. The incident plane wave is written
as a superposition of incoming and outgoing spherical waves with a relative phase
depending upon l. Hence, the scattering state is equivalent to the incident wave with
a phase shift given by δl due to the potential. Using equation (1.4) in the TISE of
equation (1.1), a one dimensional (1D) Schrödinger equation can be written for every
radial wave function uk,l(r). Here, it is assumed that uk,l(r)/r is regular at r = 0 i.e.
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1 Ultracold Gases and their Interactions

at the origin. The Schrödinger equation is then written as

u′′k,l(r) +

(
~2k2

2µr

− ~2l(l + 1)

2µrr2
− V (r)

)
uk,l(r) = 0 , (1.6)

where the effective potential is given by

Veff =
~2l(l + 1)

2µrr2
+ V (r) . (1.7)

Here, the first term is the centrifugal barrier term and puts a limit on the number
of partial waves contributing to collisions depending upon the energy of the colliding
atoms. The asymptotic form of the radial wave function can be written similar to
equation (1.5) and this gives the values of the scattering amplitude and the total
scattering cross-section in terms of the phase shifts,

f(k, θ) =
1

2ık

∞∑
l=0

(2l + 1)
(
e2ıδl − 1

)
Pl(cos θ) , (1.8)

σ(k) =
4π

k2

∞∑
l=0

(2l + 1) sin2 δl(k) . (1.9)

Low Energy Limit

In the low energy limit, the scattering is considered to be isotropic for a potential
with a finite range. This can be explained by considering the fact that only the lowest
partial wave viz. that corresponding to l = 0 contributes to scattering at low energies.
This limit is introduced due to the centrifugal barrier term shown in equation (1.7).
This is equivalent to a repulsive potential and only atoms having energy higher than
this potential are able to cross this potential in order to experience the scattering
potential V (r). For alkali atoms, in the low energy limit, i.e. in the temperature
range of a few tens to a hundred microkelvin, only the s wave scattering (l = 0)
is relevant. This is because at these temperatures the atoms do not have sufficient
energy to cross the energy barrier for l 6= 0. For the s-wave scattering, the effective
potential is just the interatomic potential. This can also be written in terms of the
phase shifts as

δl(k) ∝ k2l+1 when k → 0 , (1.10)

such that the cross-section becomes

σl 6=0(k) ∝ k4l , (1.11)

which goes to 0 as k → 0. In the limit k → 0, the scattering cross-section for the
s-wave can be written as

lim
k→0

σl=0(k) = 4πa2 , (1.12)
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1.1 Scattering Theory

where a represents the scattering length which is defined as

a = − lim
k→0

tan δ0(k)

k
. (1.13)

Hence, we see that the scattering is isotropic for the s-wave as the cross-section is
constant and does not depend on θ.

Identical Particles

The scattering cross-section was determined by making the assumption that the
particles are distinguishable. This is however, not the case at extremely low tem-
peratures where the particles become indistinguishable. For identical particles, the
symmetrization of the wave function needs to be taken into account. This differential
cross-section is therefore written as

dσ

dΩs

= |f(k, θ) + εf(k, π − θ)|2 , (1.14)

where ε = +1(−1) corresponding to bosons (fermions)1. The contribution to the
scattering cross-section is only from even (odd) partial waves for bosons (fermions)
with a respective doubling of their contributions given by

σ(k) =
8π

k2

∑
l,even

(2l + 1) sin2 δl(k) for bosons , (1.15)

σ(k) =
8π

k2

∑
l,odd

(2l + 1) sin2 δl(k) for fermions . (1.16)

1.1.2 Scattering Length

The scattering length has already been introduced in the previous section. The im-
portance of this quantity is that its sign and magnitude describes quite well, the
interactions between the particles in the low energy limit irrespective of the com-
plicated nature of the interaction potentials. A positive scattering length indicates
a repulsive interaction whereas a negative scattering length indicates an attractive
interaction and the magnitude gives the strength of the interaction. Physically, it is
the phase shift introduced between the initial and the asymptotic final wave functions
in the presence and absence of a potential in the low energy limit,

− lim
ka→0

δ0

ka
= a . (1.17)

1Bosons are particles with integer spin whereas fermions are particles with half integer spin.
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1 Ultracold Gases and their Interactions

Figure 1.2: A schematic of the physical interpretation of the scattering length is
illustrated. The radial wave function in the presence of a scattering potential is
shown. The tangent at the asymptotic part of the wave function at large r, gives the
scattering length at its zero crossing on the r axis. This is the phase shift introduced
in the wave function in the presence of the potential. A positive scattering length
indicates the presence of a repulsive potential.

The magnitude and sign of the scattering length is also an indication of the presence
of bound states in a potential. The scattering length is negative and diverges before
the formation of a bound state. After the formation of the bound state, it becomes
positive and large. Figure 1.2 shows a schematic of the scattering length indicating
a repulsive interaction for a bound state.

For alkali-metal atoms, the s-wave scattering lengths are of the order of 100 a0 where
a0 is the Bohr radius. The large values are due to the strong Van der Waals interaction
(see section 1.2) and due to the large masses of their nuclei (87 and 133 atomic mass
units (a.m.u) for Rb and Cs respectively).

1.2 Inelastic Scattering

Inelastic scattering occurs when a change in the internal structure of the colliding
particles takes place and when the kinetic energy is not conserved during a collision.
In the previous section, the internal structure was neglected in the discussion of the
elastic scattering as elastic scattering does not change the internal states during the
collision. However, the internal states of the colliding atoms are important and are
to be taken into account in the case of inelastic scattering. Inelastic scattering can
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1.2 Inelastic Scattering

in principle be studied in the same manner as elastic scattering with an alteration in
the boundary conditions due to the change in the internal structure of the outgoing
scattered wave after the collision.

The internal structure of the atoms is described in terms of the electronic and nuclear
spins and their interactions in the presence of an external field. The scattering
therefore, becomes a multichannel problem where a channel is described in terms of
the various electronic and nuclear quantum numbers. The entrance and exit channels
have different sets of quantum numbers if the internal structure changes during the
collision.

The energy released during an inelastic scattering process can lead to loss of atoms
from the confining trap e.g. MOT, magnetic trap or an optical dipole trap (see
section 3.7) or a heating of the atoms depending upon the ratio between the released
energy and the trap depth. Inelastic scattering is usually expressed in terms of the
rate equation. The rate equation demonstrates the rate of change of the number of
atoms in terms of the various rate constants and the density of the sample. In the
case of dilute gases, inelastic scattering is divided into three types of scattering events
depending upon the number of atoms lost per colliding event. They are one-body
losses (loss of one atom), two-body losses (loss of two atoms) or three-body losses
(loss of three atoms). The corresponding rate equation is written as follows

dN

dt
= RL −K1

∫
n(r, t) d3r −K2

∫
n2(r, t) d3r −K3

∫
n3(r, t) d3r , (1.18)

where RL is the loading rate, N is the number of atoms, n is the density of the sample
and K1, K2, K3 are the one body, two body and three body loss rate coefficients. The
rate equation therefore describes the inelastic collisions quantitatively. The one-body
loss occurs due to collisions with the background gas. This rate therefore depends on
the quality of the vacuum used for the experiments. This greatly limits the lifetime
of the atoms, especially that of a condensate, if the vacuum is not good enough. The
two- and three-body loss mechanisms are discussed in detail in the following sections.

The inelastic collisions can be distinguished further depending upon the energies of
the colliding atoms into cold and ultracold collisions. The nature of inelastic collisions
in these two temperature regimes is very different due to the involvement of different
molecular potentials where the atoms interact with each other. Here, the cold and
ultracold collisions are first described for the two-body collisions. The three-body
collisions are described in section 1.2.2 in the context of ultracold collisions since this
is the main loss mechanism in a condensate.

1.2.1 Cold Collisions

The cold collision regime lies in the temperature range from 1 mK to 1µK. Temper-
atures in a MOT lie in this range and therefore, the collisions involved in this kind
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1 Ultracold Gases and their Interactions

of a trap are termed cold collisions. These traps use near resonant light for trapping
and cooling and therefore, the dominant collisions are light-induced. Such collisions
involve the presence of excited state as well as ground state molecular potentials.
Figure 1.3 shows a schematic of a cold collision process [57]. The excited as well as
the ground states are described by their orbital angular momentum corresponding
to the quantum number l. From here on, the molecular quantum numbers corre-
sponding to the molecular potentials involving both the atoms will be described by
capital letters and the quantum numbers describing the individual atoms by small
case letters.

The long range ground state potential shown as s + s in figure 1.3 is dominated by
the attractive Van der Waals potential. This is caused by the electrostatic dispersion
forces between the atoms and has the form C6/r

6, where r represents the distance
and is the internuclear separation here. C6 determines the strength of the Van der
Waals interaction. It has values 4600 and 7380 in terms of atomic units for Rb and
Cs respectively (the alkali atoms used in this thesis work) [58]. Hence, the atoms
in the ground state approach each other along a potential which varies as r−6. On
the other hand, the s+ p molecular potential corresponds to one atom in the excited
state and the other in the ground state. When one atom is in the excited state,
the electric dipole interaction gives a first order contribution to the energy. These
atoms therefore, approach each other on a potential which varies as r−3 which could
be attractive or repulsive. We consider here, the case of the attractive potential.
Since, this is much stronger than the Van der Waals potential, the excited state can
have many bound states. The atoms in the ground state can absorb a red detuned
photon at a distance Ro, which is in the long range part of the potential as shown
in figure 1.3 and get excited to one of the bound states of the upper level forming a
quasimolecule. The collisional interaction time of the quasimolecule is of the order
of the decay time of the excited state or even larger than that at these temperatures.
The absorption depends upon the collisional energy and the detuning of the laser
light. The semiclassical approach can be used to describe these processes as it works
for many different energies and detunings. The colliding atoms in the s+ p state can
lead to atom losses from the trap via two exoergic processes viz. radiative escape or
fine structure changing collisions both of which are two-body loss collisions. Both
these processes depend upon the detuning and intensity of the absorbed light and
the trap depth.

Radiative Escape

The atom in the ground state gets excited to the upper state by absorbing red
detuned light. The colliding atoms approaching along the 1/r3 potential can emit a
photon at a much shorter internuclear distance compared to Ro as shown in figure
1.3. The emitted photon therefore, has a lower energy than the absorbed photon
and the remaining energy is distributed among the two atoms. This energy which is
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1.2 Inelastic Scattering

Figure 1.3: A schematic of the light induced cold collision process is shown. The
ground state potential is labelled s + s and shown in a black straight curve and
the two excited state potentials varying from each other due to their different fine
structures are shown in a red dashed (s+ p3/2) and a blue dash-dot curve (s+ p1/2).
The atoms are excited to the s + p3/2 state by absorbing a photon with frequency
ωt at a distance Ro. The colliding atoms move along the potential and at smaller
internuclear separations compared to Ro, either decay to the ground state emitting
a photon of frequency ω′t and releasing an energy equal to ∆ERE (radiative escape)
or are transferred to the s+ p1/2 potential releasing an energy equal to ∆EFS (Fine
structure changing collisions)

of the order of a few Kelvin is usually sufficient for the loss of both the atoms from
the trap, for a typical trap depth of a mK. The theoretical frameworks have been
discussed by Gallagher and Pritchard in [59] and by Julienne and Vigue in [60]. The
radiative escape process can be written as

A1 + A1 + ~ωt → A∗2 → A1 + A1 + ~ω′t , (1.19)

where A1 represents the two interacting atoms, A∗2 represents the quasimolecule, ωt

is the frequency of the absorbed light and ω′t is the frequency of the emitted light.
The energy transferred to each atom during the process in the homonuclear case is
given by

ERE =
~ (ωt − ω′t)

2
. (1.20)

Fine Structure Changing Collisions

The other type of inelastic collision present is due to the fine structure of the atoms.
The fine structure of the atoms arises due to the coupling of the spin and angular
momentum of the atoms. The excited state is therefore, split into two, viz. the
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1 Ultracold Gases and their Interactions

p1/2 and the p3/2 states, where the subscripts 1/2 and 3/2 represent the quantum

number ~j = ~l + ~s. Here, ~l is the angular momentum quantum number and ~s is the
spin quantum number. Suppose, the atom is excited to p3/2 by the absorption of a
photon. The atoms in the ground and the excited states then collide with each other
in the s+ p molecular potential. At a shorter internuclear distance compared to Ro,
where the fine structure change plays a role, the atom can change its state from the
p3/2 to p1/2 state releasing an energy equal to the fine structure splitting which is
divided between both the atoms. This also leads to the escape of both the atoms
from the trap. The fine structure changing collision can be written as

A1 + A1 + ~ωt → A∗1(p3/2) + A1 → A∗1(p1/2) + A1 + ∆EFS , (1.21)

where ∆EFS is the fine structure splitting energy and the energy transferred to each
atom is given by ∆EFS/2.

A third type of exoergic process which occurs in this temperature regime and in
traps like the MOT are the ground state hyperfine changing collisions. The hyperfine
interaction is explained in section 1.2.2. Here, the atoms interact via the Van der
Waals interaction along the s+ s molecular potential where light plays no role. The
energy released is equal to the hyperfine splitting ∆EHFS and the energy transferred
to each atom is ∆EHFS/2. The ground state collisions are discussed in more detail
below.

1.2.2 Ultracold Collisions

Ultracold collisions occur in the temperature range below 1µK. Here, the energies
of the colliding atoms lie below the recoil limit since light is not involved and hence
the collisions are also termed dark collisions. These are also called ground state
collisions, since there is no light to excite atoms to the upper excited states. The
ground state molecular potentials are given by the singlet and the triplet potentials
depending upon the total coupled spin of the colliding atoms which are alkali-metal
atoms. For two atoms with spins in opposite directions, the total spin is S = 0 and
represents the singlet state, whereas for two atoms with parallel spins the total spin
is S = 1 and represents the triplet state. The interactions between the atoms are
given by various different forces depending upon the internuclear distance. Figure
1.4 shows the singlet and triplet potentials for a Rb molecule.

The total Hamiltonian is given by the unperturbed Hamiltonian of the individual
atoms and the interaction Hamiltonian. The internal structure of the atoms in the
ground state is given by the hyperfine states and their splitting into the different
Zeeman states in the presence of a magnetic field. The hyperfine interaction arises
due to the coupling between the electronic spin and the nuclear spin of the atom and
is given by ~f = ~j +~i, where ~i represents the nuclear spin and ~j = ~l + ~s. The ground
states of the Rb as well as the Cs atom consists of two hyperfine levels. Each of these
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1.2 Inelastic Scattering

Figure 1.4: The singlet and the triplet molecular potentials of Rb2 are plotted
against the internuclear separation. The singlet potential labelled as 1Σg is much
steeper than the triplet potential 3Σu. The large positive values at short distances
are due to the repulsive Coulomb interaction. At large distances equivalent to the
Van der Waals length, the potentials are negative and therefore, attractive. Beyond
this, the interaction between the atoms become negligible and the potential is given
by the unperturbed Hamiltonian (see text). The inset shows the hyperfine splitting
of the asymptotic part of the triplet potential. Figure taken from [57].

hyperfine levels is degenerate and the degeneracy is lifted when they are placed in a
magnetic field splitting them into 2f + 1 states due to the Zeeman effect. Hence, the
unperturbed Hamiltonian is given by

H0 = Hkin +Hhfs +HZ , (1.22)

where Hkin represents the kinetic energy of the atom, Hhfs is the term due to the
hyperfine interaction and HZ due to the Zeeman effect 2. These terms act only
on the individual atoms at large internuclear distances, larger than the scattering
lengths, where the interactions between the atoms are negligible and f1 and f2 and

2Throughout this thesis, ~i represents the nuclear spin quantum number of an atom and not the
imaginary unit. The imaginary unit is represented by the ”imath” symbol in latex.
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1 Ultracold Gases and their Interactions

mf1 and mf2 are good quantum numbers at low magnetic fields close to zero. The
inset in figure 1.4 shows the various hyperfine levels of the asymptotic part of the
potential

At smaller internuclear distances compared to the scattering length, the interaction
between the atoms become important. Within this region, at relatively large dis-
tances (equal to the Van-der Waals length which is about a few tens of Bohr radii
for the alkali atoms considered in this thesis), the interaction is dominated by the
attractive Van der Waals interaction which has already been explained before. As the
distance becomes smaller, the dipole-dipole interaction and the exchange interaction
become relevant which will be explained below and which are mainly responsible for
the inelastic two-body losses from the trap. At very small distances, the electron
clouds repel each other due to the Coulomb interaction and the potential is domi-
nated by the large repulsive interaction as shown in figure 1.4. Hence, the interaction
Hamiltonian can be written as

Hint = HVDW +Hdd +Hex +HC , (1.23)

where HVDW represents the Van der Waals interaction, Hdd, the dipole-dipole inter-
action, Hex, the exchange interaction and HC, the Coulomb interaction.

Spin Exchange Interaction

Spin exchange [61] occurs when the charge electron clouds overlap and where the
hyperfine interaction and the exchange interaction are comparable. At very short
internuclear distances, the electron and nuclear spins decouple and ~S = ~s1 + ~s2 and
~I = ~i1 + ~i2 become relevant quantum numbers resulting in the singlet and the triplet
states. When the hyperfine interaction comes into play, the mF = mf1 + mf2 is a
good quantum number and needs to be conserved. Here, mF is the projection of the
total spin (~F = ~f1 + ~f2) on the quantization axis. In the spin exchange process, two
colliding atoms with initial spins m1 and m2 have final spins m3 and m4 after the
collision such that m1 + m2 = m3 + m4. The interaction involved in this process is
very strong and leads to a significant two-body loss rate (the rate depends on the
particular species). The exchange potential is given by

Vex = Cexe
−r/rex , (1.24)

where Cex represents the interaction strength and depends upon the splitting between
the singlet and the triplet states. Here, rex represents the range of the interaction, it
falls off exponentially with distance as the overlap between the atom clouds decreases.
Since, for this process mF needs to be conserved, this process does not take place for
the stretched states where f,mf = ±f . Hence, these are usually the preferred states
for producing condensates due to absence of two body losses due to spin exchange.
Moreover, the exchange is proportionally high when the singlet and triplet splittings
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1.2 Inelastic Scattering

are large or in other words, the scattering lengths of these two states differ by a large
amount. In the case of 87Rb atoms, this splitting is very small and hence, the loss of
atoms due to a spin exchange two-body process is proportionally low in 87Rb [62].

Dipolar Relaxation

Dipolar relaxation [63, 64] is a relatively weak interaction when compared to the
spin exchange process (about two orders of magnitude smaller) but is the reason for
two body losses in the stretched states because of different selection rules wherein
mF = mf1 + mf2 need not be conserved and the value of ∆mF can change by a
maximum value of ±2. Here, the selection rules are given by ∆ml + ∆mf = 0 and
∆l = 0,±2. The dipolar relaxation occurs due to two processes, the magnetic dipole
dipole interactions between the electron spins of the interacting atoms and the second
order spin-orbit interaction. The first term is dominant among lighter alkali atoms
whereas the second one is dominant among the heavier alkali atoms viz Rb and Cs.
Both the processes can be written in a similar form with a variation in the interaction
strength. The total Hamiltonian due to the dipole-dipole interaction can be written
as [65]

Hdd = Ddd(r) [s1 · (3r̂r̂ − 1) · s2] , (1.25)

where r̂ represents the direction of the internuclear axis and Ddd(r) is given by

Ddd(r) = −α2

(
1

r3
− CSOe

−γ(r−rs)
)
, (1.26)

where α is the fine structure constant. The first term of equation (1.26) is due to the
spin-spin dipolar interaction and the second term (exponential term) is due to the
second order spin-orbit interaction where CSO represents the strength of the inter-
action and γ is the decay constant of the potential with respect to the internuclear
separation. The signs of the two terms are opposite. In the case of Rb, these two
effects cancel each other to such an extent that the effective two body dipolar relax-
ation rate is very low. On the other hand, in Cs, the contribution of the second order
spin-orbit interaction term is very large when compared to the spin-spin interaction
and therefore dominates the two-body loss process and the dipolar relaxation rate is
very high. An enumeration of the known two-body loss rates for Rb and Cs is given
in section 1.2.3.

Apart from the two-body losses, inelastic collision losses can occur in the ground
state as already mentioned before due to the loss of three atoms. This mechanism is
discussed below.
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Three-Body Losses

A three-body loss occurs at relatively large densities (1014−1015 cm−3) and is usually
the main loss mechanism in a condensate. This limits the size of the condensate or
in other words the number of atoms in a condensate. This occurs when three atoms
collide in such a way that two of them form a dimer and the binding energy Ebind

released due to the formation of the dimer is distributed between the dimer and the
third atom where each receive Ebind/3 and 2Ebind/3 respectively. The binding energy
is relatively large (of the order of a few eV) compared to the trapping potential and
therefore, both the entities are lost from the trap. Hence, it is termed as a three-body
loss or three-body recombination. At large positive values of the scattering lengths
of the order of 100 a0 for alkali atoms, the three body loss rate is given by [66, 67]

L3 =
3Ca~a4

M
, (1.27)

where the number 3 in the equation represents the number of atoms lost from the
trap, M is the mass and Ca is a factor which has a value depending upon whether the
atoms are in a condensate or a thermal cloud. Furthermore, as already mentioned
before, the three body loss rate depends upon the third power of the density of the
sample.

1.2.3 Loss Rates for Rubidium and Caesium

The alkali atoms dealt with in this thesis are Rb and Cs. Cs is trapped in a MOT
whereas Rb in a conservative potential, in a magnetic trap and a dipole trap (see
chapter 3 and 4). Hence, both cold and ultracold collisions take place. The known
cold and ultracold collision loss rates for homonuclear Rb and Cs atoms respectively
and heteronuclear Rb-Cs atoms are given in table 1.1. The collisions in a MOT, both
conventional and high gradient are dominated by light-induced collisions. Hence, the
loss rates depend upon the intensity and detuning of the trapping light. Ground
state hyperfine changing collisions also contribute to the loss rates. In a conservative
trap, at ultracold temperatures, collisions are ground state collisions, the rates of
which are much smaller than the rate of light-induced collisions as is evident from
the values given in table 1.1.

1.3 BEC

Bose Einstein condensate (BEC) is a state of matter where a macroscopic occupation
of the lowest energy ground state of the trap takes place. The theoretical prediction
of the BEC was made based on the Bose statistics [80] by Einstein in [81]. The
experimental realization of a BEC in dilute gases has been possible with the advent
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1.3 BEC

Process Type/Trap State Rb Cs Rb-Cs

Light-
Induced
Collisions

Convention-
al MOT
(two-body
loss)

10−11 −
10−12 cm3/s
[68, 69, 70]

10−10 −
10−12 cm3/s
[71, 72]

(1.0 ±
0.6) ×
10−10 cm3/s
[73]

High gra-
dient Cs
MOT
(two-body
loss)

10−10 −
10−11 cm3/s
[74, 75]

(1.7 ±
0.6) ×
10−10 cm3/s
[54]

Ground
State
Collisions

Conservati-
ve trap
(two-body
loss)

Rb |2, 2〉
Cs |4, 4〉

∼
10−15 cm3/s
[63, 64]

∼ 4 ×
10−12 cm3/s
[76], ∼ 4 ×
10−13 cm3/s
[77]

Conservati-
ve trap
(three-
body loss)

Rb |2, 2〉
Cs |4, 4〉

(1.8 ±
0.5) ×
10−29 cm6/s
[66]

∼
10−25 cm6/s
[78]

Rb |1,−1〉 (4.3 ±
1.8) ×
10−29 cm6/s
[79]

Table 1.1: Loss rate coefficients: The known homonuclear loss rate coefficients
for Rb and Cs and the heteronuclear loss rate coefficients for Rb-Cs are displayed.
The loss rate coefficients are distinguished based on whether the collisions are light-
induced or ground state collisions, the type of trap involved, the number of atoms
lost during the collision and the state in which the atom is present in a conservative
potential (see text for details).

of the techniques of laser cooling (see chapter 3) and evaporative cooling (see section
3.5.1) and has been demonstrated by several groups [13, 14, 82, 83].

The wave nature of a particle is described in terms of the thermal de Broglie wave-
length which is given by

λdB =

(
2π~2

MkBT

)1/2

, (1.28)
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where M is the mass of the particle and T is the temperature. This gives the position
uncertainty for a particular momentum distribution. For gases, at high temperatures
of the order of a few Kelvin, the thermal de Broglie wavelength is very small compared
to the inter-particle spacing which is of the order of n−1/3 and therefore, the particles
obey the classical Maxwell Boltzmann distribution. At sufficiently low temperatures
of the order of a few microkelvin, the de Broglie wavelength becomes comparable to
the inter-particle spacing and the quantum nature of the particles becomes prominent.
An overlap of the individual particle wave functions takes place and the particles are
then considered indistinguishable. At a temperature lower than the so called critical
temperature, which will be discussed in the next section, a phase transition takes
place leading to the macroscopic population of the ground state. This is called a
BEC which is an ordered state and exhibits a long range phase coherence. Only
bosons can occupy the same state. In the case of fermions it is not possible due to
the Pauli exclusion principle. However, fermion pairs (bosons) can form a condensate.

In the following sections, I will discuss the theoretical framework for the description
of a BEC. The experimental realizations are discussed in section 3.5 and section 4.2
in a magnetic trap and an optical dipole trap respectively.

1.3.1 Non-Interacting Bose Gas in a Harmonic Potential

The case of a non-interacting Bose gas is an ideal case and is not true for real systems.
However, the theory concerning this is discussed here, because many quantities which
describe a condensate in dilute gases are close to those for the non-interacting gas.
Therefore, in this section, the critical temperature, condensate fraction as well as the
density distribution of this non-interacting gas are discussed.

For non-interacting bosons in thermal equilibrium, the mean occupation number of
the single particle state ν is given by the Bose distribution which is [84]

f (Eν) =
1

e(Eν−µ)/kBT − 1
, (1.29)

where Eν is the energy of the single particle state ν and µ is the chemical potential.
The chemical potential increases for decreasing temperature and has a maximum
value given by Emin which is the zero point energy or the energy of the lowest single
particle state. To calculate the atom number and the temperature, the density of
states is used. Here, the individual energy level details are smoothed out which leaves
out the contribution from the lowest energy state. However, the contribution from
the excited states can be studied using this. The density of states for a harmonic
oscillator is given by

g (E) = CdE
d−1 , (1.30)
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where d is the dimension of the harmonic oscillator. The constant Cd is given by

Cd =
1

(d− 1)!
∏d

i=1 ~ωi
, (1.31)

where ωi are the trap frequencies of the harmonic trap. Neglecting the zero point
energy for large atom numbers (few tens to a few hundred thousand atoms) and
integrating the product of the mean occupation number and the density of states
over the energy, the number of atoms in the excited state can be calculated. Here, it
is assumed that at the critical temperature Tc, all the atoms are still in the excited
states. Using equations (1.29), (1.30) and (1.31), the number of atoms in the excited
state can be calculated to be

N = Nex = CdΓ (d) ζ (d) (kBTc)
d , (1.32)

where Γ (d) and ζ (d) are the gamma and Riemann zeta functions respectively. Tak-
ing d = 3 for a three dimensional (3D) harmonic oscillator potential, the critical
temperature is given using the above equation by

kBTc ≈ 0.94~ω̄N1/3 , (1.33)

where ω̄ is the geometric mean of the trap frequencies given by ω̄ = (ω1ω2ω3)1/3.
The fraction of atoms in the condensate for a temperature T can be calculated using
equations (1.29), (1.30) and (1.32) and is given by

Nc = N

[
1−

(
T

Tc

)3
]
. (1.34)

Below the critical temperature Tc, the number of atoms in the excited states is
limited and a macroscopic portion of the atoms occupies the ground state indicating
the formation of a condensate. An important quantity which describes the state of
a gas is the phase space density. It is defined as the particle density within a volume
given by the cube of the de Broglie wavelength and is given by

$ = n

(
2π~2

MkBT

)3/2

. (1.35)

The phase transition from a thermal gas to a condensate occurs for $ ≈ 2.612. This
means that the overlap of the de Broglie wavelength of the individual atoms at large
densities marks the beginning of the condensation. Thus, BEC is realized for low
temperatures and high particle densities.

For the investigation of cold thermal atoms and condensates and to distinguish them
from one another, the density profile is a useful quantity. In an ideal Bose gas, all
the atoms occupy the single particle ground state and the many-body ground state

21
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Figure 1.5: The graph shows a cut through the density profile of an ideal Bose
condensate (red dashed curve) and a thermal cloud (black curve). As can be seen
clearly from the graph, the width of the condensate is much smaller than that of
the thermal cloud. Both the curves represent a Gaussian distribution. The curves
have been calculated for the trap parameters of our dipole trap (see section 3.7) for
a temperature of 200 nK and 105 atoms. The peak density of the condensate is three
orders of magnitude larger than that of the thermal cloud (as is indicated by the two
different scales).

function is the product of N identical single particle wave functions. The density
profile for a condensate is given by

n(r) = N |ξ0(r)|2 , (1.36)

where ξ0(r) is the ground state wave function. In a 3D harmonic potential, the size
of the ground state wave function is given by the oscillator length, which describes
the extent or the width of the condensate in the trap. The density profile is therefore
given by

n(r)c =
N

π3/2
∏3

i=1 bi
eΣ3

i=1−r2/b2i , (1.37)

where bi =
√

~/mωi is the oscillator length. On the other hand, the density profile
for a thermal cloud is described using the classical Boltzmann statistics and is given
by

n(r)th =
N

π3/2
∏3

i=1wthi

eΣ3
i=1−r2/w2

thi , (1.38)
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where wthi =
√

2kBT/~ω2
i is the width of the thermal cloud. The ratio of the width

of the thermal cloud to that of the condensate is larger than 1 showing that the
thermal cloud is much broader than the condensate. Figure 1.5 shows a cut through
the density profiles of a thermal cloud as well as a condensate in the dipole trap (see
section 3.7).

1.3.2 BEC in the Presence of Interactions

As already mentioned, real systems are interacting systems. These interactions alter
the cloud size as well as the energy per particle. However, the Bose gases are dilute
gases which means that the interatomic interaction characterized by the scattering
length is of a scale which is much smaller than the inter-particle separation. The sys-
tem is then considered to be weakly interacting. Such low densities characteristic of a
dilute gas are important for the formation of a condensate to increase the lifetime of
the metastable gas state by preventing three body collisions, aggregations etc.. How-
ever, the densities should be large enough to allow binary elastic collisions required
for the process of evaporative cooling. Lower densities also reduce the temperature
at which quantum phenomena is observed.

The interactions between the particles can be treated in a mean field approximation,
where the interaction of a many-body system is reduced to an interaction between
a single body and an external potential. Here, the effective interaction between two
particles for weak interactions at low energies is given by

U0 =
4π~2a

M
, (1.39)

where a is the scattering length. The properties of a weakly interacting Bose gas can
be described using the time independent Gross-Pitaevskii equation and is given by

−~2

2M
∇2ψ (r) + V (r)ψ (r) + U0 |ψ (r)|2 ψ (r) = µψ (r) , (1.40)

where ψ (r) represents the wave function of the condensate and µ is the chemical
potential which is the eigen value of the state. For non-interacting systems, µ is also
the energy per particle. For interacting systems, however, this is not the case and
the chemical potential is given by

µ = U0n . (1.41)

Considering a 3D harmonic potential, as in the case of the non-interacting Bose
gas, the potential and kinetic energies of a condensate with a spatial extent r are
given by V = mω2r2/2 and Q = ~2/2Mr2 respectively for an isotropic trap where
ω represents the trap frequency. For large values of R, the kinetic energy term is
therefore, very small. For repulsive interactions, the potential minimum is further
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Figure 1.6: The graph shows a cut through the density profile of an ideal Bose con-
densate (black curve) and a weakly interacting Bose condensate (red dashed curve).
The density profile of the ideal condensate is a Gaussian whereas that of the interact-
ing condensate is a parabola according to the Thomas-Fermi approximation. As can
be seen from the figure, the condensate is broader in the presence of interactions. The
profiles have been calculated for the trap frequencies of our dipole trap (see section
3.7) for a temperature of 200 nK and 105 atoms. Also clear from the figure is that
the peak density in the interacting case is two orders of magnitude smaller than in
the ideal case due to repulsive interactions (note the difference in the two scales).

shifted to larger values of r and hence for large atom numbers in the condensate, the
kinetic energy term can be neglected. Hence, the Gross-Pitaevskii equation can be
solved in the Thomas-Fermi approximation without the kinetic energy term. This
gives exact solutions of the ground state wave function for large values of N . The
solution is given by

n(r) = |ψ (r)|2 = [µ− V (r)] /U0 . (1.42)

Since, the Right Hand Side (RHS) of the equation should be positive, the maximum
value of V (r) is given by µ. Hence, V (r) = µ represents the boundary of the cloud,
since the wave function is zero outside this region. Using the expression for the
potential for an anisotropic harmonic oscillator, the spatial extent of the cloud in the
Thomas-Fermi approximation is given by

w2
TFi =

2µ

Mω2
i

. (1.43)
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The corresponding density distribution of the condensate is given by

nTF =
µ

U0

(
1− Σ3

i=1

r2
i

w2
TFi

)
. (1.44)

This is a parabola in contrast to the Gaussian distribution obtained for an ideal Bose
gas. The chemical potential can be written in terms of the total atom number and
the trap frequencies and is given by

µ =
152/5

2

(
Na

b̄

)2/5

~ω̄ , (1.45)

where ω̄ is the geometric mean of the trap frequencies and b̄ =
√

~/mω̄. Using this
in the expression for the width of the cloud shows that the width in the presence
of interactions is larger than that in the absence of interactions by a factor that is
∝ (Na/b̄)1/5. The Thomas-Fermi radii for the BEC in our dipole trap is given by
R1 = 4µm, R2 = 12µm and R3 = 6µm. The density distributions of the BEC
is shown for both the ideal case as well as the Thomas-Fermi case in figure 1.6.
Since, the condensates in our case have atom numbers of the order of 105 atoms, the
condensate fraction is well described by the parabola.

In this chapter, the theoretical framework of cold and ultracold collisions and the
theory describing a condensate have been discussed. This has been used to study
and interpret the collisions between a single Cs atom and an ultracold Rb gas. The
experimental details and results are given in chapter 5. In the future, this will be
used to investigate the coherent ground state interactions between a single Cs atom
and a Rb BEC.
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2 Coherent Control of Spin Degrees
of Freedom

The experiments discussed in this thesis involve the preparation of Rb atoms in var-
ious Zeeman split hyperfine states in the optical dipole trap and therefore requires
the manipulation of these states by a coherent radiation field. Particularly, the mag-
netically insensitive mf = 0 state is important in our case because the Rb atoms are
not pushed out from this state due to the high magnetic field gradient of 300 G/cm
of the Cs MOT during the interaction between the two entities. The coherent ma-
nipulation of the states is achieved through a microwave and RF radiation field. The
experimental details will be discussed in chapter 4. In this chapter, I will discuss the
theoretical framework used to describe this coherent manipulation.

The atomic system involved can be considered as a two level system depending upon
four parameters viz. the coupling strength of the two levels under consideration, the
splitting between the neighbouring Zeeman split hyperfine levels and the frequency
and spectral width of the radiation field. If the coherent radiation field has a fre-
quency which is almost at resonance with the transition frequency between the two
levels and if the field is monochromatic in nature such that the spectral width of
the radiation is smaller than the splitting of the Zeeman levels, then the two level
approximation is valid. A quantitative discussion is done in chapter 4. This leads
to a coupling of only two levels with this field with negligible effect on the other
levels. This interaction of the radiation field with the two level atom is analogous to
that of a spin 1/2 in a magnetic field, first demonstrated by Bloch in [85]. The spin
1/2 particle has exactly two levels. However, the assumption made in the case of an
atom is good enough for the analogy. The equations for the spin vector developed
by Bloch for magnetic resonance can therefore be generalized to the case of a two
level system interacting with an external radiation field. These equations are called
Bloch equations and the optical counterpart are called the optical Bloch equations
where the concept of a pseudospin vector has been introduced. The components of
this vector describe the population of the different states and the dipole moment.
The rotation of this vector on a sphere, also known as the Bloch sphere describes
all possible states of the spin 1/2 particle. The Bloch sphere is therefore, a good
illustration of the interaction of the atom with the radiation field. Depending upon
the duration of the external radiation, the oscillations of the populations between
the two states which are the so called Rabi oscillations demonstrated in [86], can be
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visualized on the Bloch sphere.

The two level atom and its interaction with an external radiation field have been
studied in various textbooks [87, 88, 89]. I will only briefly discuss the interactions
and the temporal evolution of this system using the Bloch vector model. In this
context, the optical Bloch equations will be briefly explained in section 3.1 followed
by the Rabi flopping in section 3.2.

2.1 Optical Bloch Equations

The interaction of a radiation field with the atom can be studied by the semiclassical
theory [87]. The Hamiltonian of such a system can be written as the sum of the
unperturbed Hamiltonian of the atom and the scalar product of the dipole moment
operator and the electric field operator of the radiation as

Ĥ = ĤA − µ̂d · Ŵ , (2.1)

where Ĥ is the Hamiltonian of the interacting atom, ĤA is the unperturbed Hamil-
tonian, µ̂d is the dipole moment operator and Ŵ is the electric field operator. The
ĤA and µ̂d operators can be written in matrix form such that

ĤA =

 E+ 0

0 E−

 , (2.2)

µ̂d =

 0 µdr + ıµdı

µdr − ıµdı 0

 , (2.3)

where the + and − refer to the two levels with eigenstates |+〉 and |−〉 corresponding
to ĤA and E+ and E− being the corresponding energies. The dipole matrix elements
are complex in nature in general. Introducing the Pauli matrices σ̂p, the Hamiltonian
and dipole moment operator can be written as

µ̂d = µdrσ̂p1 − µdıσ̂p2 , (2.4)

ĤA =
1

2
(E+ + E−) ÎU +

1

2
(E+ − E−) σ̂p3 , (2.5)

where ÎU is the 2 × 2 unity matrix operator. The time dependence of this atomic
system can be determined using the Heisenberg equation of motion for the operator
σ̂p which is given by

ı~ ˙̂σp = [σ̂p, Ĥ] , (2.6)
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where Ĥ is the total Hamiltonian of the system which is given by substituting equa-
tions (2.4) and (2.5) in equation (2.1). Using the expression for the total Hamiltonian
and the dipole moment operator, the pauli matrix operators follow the equations

˙̂σp1(t) = −ωtσ̂p2(t) +
2

~

[
µdı · Ŵ (t)

]
σ̂p3(t) , (2.7)

˙̂σp2(t) = ωtσ̂p1(t) +
2

~

[
µdr · Ŵ (t)

]
σ̂p3(t) , (2.8)

˙̂σp3(t) = −2

~

[
µdr · Ŵ (t)

]
σ̂p2(t)− 2

~

[
µdı · Ŵ (t)

]
σ̂p1(t) . (2.9)

Here

ωt =
E+ − E−

~
, (2.10)

represents the atomic transition frequency. The operator nature of the atom and the
field make the equations quite complex without any general solutions. However, this
set of equations would yield solutions if the operator nature of the variables does not
exist. The semiclassical treatment can be applied in this case of a two level atom if
we ignore the quantum correlations between the atom and the field, which is actually
unimportant in this case. The operator products can then be factored such that

〈Ŵ (t)σ̂p3(t)〉 = 〈Ŵ (t)〉〈σ̂p3(t)〉 . (2.11)

Replacing the operators by their expectation values in equations (2.7) to (2.9) yields
three equations for the expectation values of the Pauli matrices, which represent the
interactions of the two level atom with the radiation field. For convenience, from
now on the notation q(t) ≡ 〈σ̂p(t)〉 is used for the pseudospin vector.

Having written the equations in terms of the pseudospin describing the two level
atom in the radiation field, we can now interpret the physical significance of each
component of this pseudospin vector. Substituting the relation for the atomic transi-
tion frequency (2.10) in the total energy of the system and considering 1

2
(E+ + E−)

as the zero of energy, the internal energy of the atom can be written as

EI =
1

2
~ωtq3(t) . (2.12)

Equation (2.4) also shows that q1(t) and q2(t) are related to the atom’s dipole mo-
ment. Therefore, we can say that, physically, the components of the pseudospin
represent the population difference (given by q3) as well as the dipole moment (q1

and q2). If we consider only the ∆m = 0 transition, then the dipole matrix element
can be expressed without its complex part. This simplifies the pseudospin vector
equations by setting µdı = 0.

Applying the Rotating Wave Approximation (RWA), where the fast rotating terms
are neglected and transforming the equations to a coordinate system rotating with
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the angular velocity ωf of the applied field, the following rotation matrix is introduced
u

v

w

 =


cosωft sinωft 0

− sinωft cosωft 0

0 0 1




q1

q2

q3

 , (2.13)

where u, v and w are the components of the stationary pseudospin vector ρ in the
new frame of reference1. The equations of motion obeyed by the pseudospin vector
can be written as

u̇ = ∆v , (2.14)

v̇ = −∆u+ ΩRw , (2.15)

ẇ = −ΩRv , (2.16)

where ∆ is the detuning of the radiation field frequency with respect to the atomic
transition frequency and ΩR is the Rabi frequency at resonance. The Rabi frequency
is also a measure of the coupling strength of the atom radiation interaction. The
above equations can be written as a single equation

d

dt
ρ = Ω× ρ , (2.17)

where Ω is the torque vector in this frame. The physical significance of u, v and w
are the same as that of q1, q2 and q3. Here, w represents the population difference,
whereas u and v are the in phase and quadrature terms of the atomic dipole moment,
respectively. Hence, the above equations describe quite well a two level system in a
coherent radiation field. The pseudospin vector described in equation (2.17) traces
an orbit on a unit sphere (Bloch sphere) for the case where no damping is present.
The rotation of this vector with respect to the duration of the radiation pulse on a
Bloch sphere is shown in the next section.

2.2 Rabi Oscillations

In this section, the solutions of the Bloch equations introduced in the previous section
will be presented for an atom in a coherent radiation field, which is in our specific
case the microwave radiation or the RF radiation. The general solution of this
problem which describes the oscillations in the populations between the two states
for a detuning ∆ = ωf − ωt, is given by [87]

w(t,∆) = −1 +
2ΩR

2

ΩR
2 + ∆2

sin2
√

ΩR
2 + ∆2

t

2
, (2.18)

1In this chapter, u, v and w are the components of the stationary pseudospin vector ρ. In the rest
of the thesis, v is the velocity of the atoms and w represents the widths of the atomic clouds. u
has been introduced as the radial wave function in chapter 1
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where it is assumed that the atom is initially in its ground state. The generalized
Rabi frequency is given by

Ω(∆) =
√

∆2 + ΩR
2 . (2.19)

This is the frequency with which the atoms flip from the ground to the excited state
and vice versa resulting in oscillations known as Rabi oscillations.

Considering the case where ∆ = 0, i.e. when the external field is in resonance with
the atomic transition frequency, the solutions of the Bloch equations can be written
as

u(t, 0) = u0 , (2.20)

v(t, 0) = w0 sin θB(t) + v0 cos θB(t) , (2.21)

w(t, 0) = −v0 sin θB(t) + w0 cos θB(t) , (2.22)

where a quantity θB has been introduced which represents the rotation angle of the
Bloch vector and is given by

θB(t) =

∫ t

0

ΩR(t′) dt′ . (2.23)

The rotation of this vector through a particular angle is equivalent to the area of the
pulse of the radiation field. Let us consider two cases.

π/2 Pulse

This corresponds to rotation of the Bloch vector by an angle θB = π/2 and a pulse
duration equal to π/2 which gives the corresponding components

v(t, 0) = w0 , (2.24)

w(t, 0) = −v0 . (2.25)

This means that there exists a superposition of the states if the system is initially
in either the ground state or the excited state due to a flipping of the components
v and w after a time corresponding to a π/2 pulse has elapsed. The Bloch vector is
then in the horizontal plane of the Bloch sphere as shown in figure 2.1.

π Pulse

This corresponds to θB = π, which gives the following components

v(t, 0) = −v0 , (2.26)

w(t, 0) = −w0 . (2.27)
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Figure 2.1: The rotation of the Bloch vector ρ on the Bloch sphere is shown. Here,
u, v and w correspond to the components of the Bloch vector. The leftmost figure
shows the rotation of the Bloch vector about u for a given angle θB at resonance.
The middle figure shows the flipping of the Bloch vector onto the horizontal plane
for a π/2 pulse and the rightmost shows the complete flipping from -w to +w for a
π pulse.

This means that the system flips between the ground and the excited state such that
if it is initially in the ground state then a complete population transfer occurs to the
excited state after a time corresponding to a π pulse.

However, a complete population transfer occurs only for a resonant pulse. In the
general case, the detuning ∆ changes the amplitude as well as the frequency of these
oscillations as already evident from equation (2.18).

Decay Constants

The Bloch equations given in (2.14)-(2.16) are not enough to describe real atomic sys-
tems because of the presence of finite decay constants. Two different decay constants
have been associated with the population term w and the dipole moment terms u
and v known as the longitudinal and transverse decay constants, respectively. This
is because there are interactions which can affect the dipole oscillations but leave the
energy unchanged. The corresponding longitudinal and transverse decay times are
given by T1 and T2, respectively. The longitudinal decay time corresponds to the
spontaneous emission rate of the atomic level. The transverse decay time has two
components, one which arises due to processes which affect all the atoms homoge-
neously, for example, during collisions and the other which is due to the different
velocities of the individual spins in an ensemble, leading to dephasing which is an
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inhomogeneous effect. The total transverse decay time can then be written as

1

T2

≡ 1

T2
′ +

1

T2
? , (2.28)

where T2
′ is the homogeneous decay time and T2

? is the inhomogeneous decay time.
Adding the decay constants to the Bloch equations therefore, results in the following
corrected equations [87]

u̇ = ∆v − u

T2
′ (2.29)

v̇ = −∆u+ ΩRw −
v

T2
′ , (2.30)

ẇ = −ΩRv −
w − weq

T1

, (2.31)

where weq is the value at equilibrium when the field amplitude is zero.
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3 Preparation of an Ultracold Rb Gas
and a Single Atom Cs MOT

This thesis focusses on the interaction between an ultracold Rb gas and a single atom
Cs MOT. These two entities represent a many body system and a few body system
respectively. For example, an ultracold gas of Rb, has temperatures of the order
of a few hundred nanokelvin with about a few hundred thousand atoms, whereas a
single atom Cs MOT has a temperature of about a hundred microkelvin with one
or a few atoms. The processes involved in the preparation of the two differ. This
chapter deals with the various steps involved in the preparation of a Rb BEC in a
magnetic trap and a single atom Cs MOT, which includes a brief description of the
experimental setup. Apart from the preparation of these species, the two entities are
also analyzed differently. Therefore, the imaging and detection techniques are also
briefly discussed.

3.1 Vacuum Setup

The main part of the apparatus consists of a double MOT system shown in figure
3.1, which includes a vapour cell MOT and an Ultra High Vacuum (UHV) MOT. A
description of the MOT is given in section 3.3. This kind of a setup is a trade off
between collection of a large number of atoms and achievement of a good vacuum to
minimize background gas collisions for a larger lifetime of the atoms. In our exper-
iment, therefore, about 109 atoms are first collected in the vapour cell MOT from
a Rb reservoir and then transferred using a near resonant light beam via radiation
pressure to the UHV MOT. The glass cell is placed in this region and it is here
that all the experiments including the condensation of Rb and Rb-Cs interactions
take place. The preparation of a BEC via evaporative cooling (see section 3.5.1)
has a duration of a few tens of seconds in our case, and therefore, a good vacuum
(∼ 10−10 − 10−11 mbar) is required in this UHV region to maintain a lifetime larger
than this. In our experiment, the thermal clouds have a lifetime of about 120 s. Fur-
thermore, the BEC needs to be stored in this region for experiments involving Rb
and Cs.

The vacuum in our setup is achieved through a combination of an ion getter pump
(Model Number:Varian, VacIon Plus 300; Pump speed: 230 l/s) and a Titanium
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3 Preparation of an Ultracold Rb Gas and a Single Atom Cs MOT

Figure 3.1: A schematic of the double MOT setup is shown. The two MOTs are
vertically separated by a distance of 60 cm. The Rb atoms are transferred to the
UHV region by the transfer beam (orange). The square in the middle represents the
vacuum setup which is connected to the upper MOT by a differential pumping tube.
The coil system is shown (quadrupole coil (blue toroid) and Ioffe coil) along with two
of the MOT beams (red). Also shown, is the Cs reservoir which is flanged to the
UHV region.

Sublimation Pump (TSP). The TSP acts as an additional pump, they have a higher
pumping speed for active gases. This was implemented into the set up after the former
turbo-molecular pump responsible for maintaining the vacuum suddenly broke down.
A valve separated the main chamber (UHV region) from the turbo pump, which was
closed to avoid atmospheric pressure at the main chamber during the breakdown.
This area was therefore, maintained at a pressure of 10−5 mbar and the new vacuum
setup was flanged behind this valve. Unlike the turbo pump, the ion pump has no
moving parts and therefore creates no vibrations at the experiment. Ion pumps use
high voltages of ∼ 3-7 kV to induce cathode emissions. High magnetic field strengths
of the order of a few Tesla, required for the pumping action create stray magnetic
fields in the vicinity of the ion pump. In our case, the ion getter pump is flanged
100 cm away from the chamber which produces negligible stray magnetic fields at
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the chamber. The pumping speed at the chamber is ∼ 187 l/s. The new vacuum
setup was first pumped out using a turbo-molecular pump station and the ion pump
and subsequently baked out leading to a pressure of 10−10 mbar at the main chamber
after the valve was opened. A pressure of 10−11 mbar was achieved by cooling the
TSP with liquid nitrogen leading to freezing out of residual gases and subsequent
bake outs with the valve closed.

The vapour cell MOT (upper MOT) and the UHV MOT (lower MOT) are connected
by a differential pumping tube, which is 8 mm in length and has an inner diameter of
3 mm. Due to the small dimensions of this tube, the upper MOT chamber is pumped
much less efficiently than the UHV region and therefore has a comparatively higher
pressure of 10−9 mbar. This however, serves our purpose of loading a large number
of atoms from the Rb reservoir as mentioned before. Due to the small number of Cs
atoms required for our experiments, the Cs atoms are loaded directly into the UHV
chamber from the Cs reservoir.

3.2 Laser Setup

Lasers constitute an important part of our experimental setup. Near resonant light is
used for cooling the atoms through radiation pressure [1, 90] as well as for confining
them. A laser beam is also used for optically pumping the atoms to a particular
Zeeman split hyperfine level for magnetic trapping. They also find use in absorption
imaging as well as fluorescence detection making it possible to analyze both the
species. Laser is also used for optically trapping the atoms as in the case of a dipole
trap. In the following sections, the Rb and Cs laser setups are briefly discussed. The
dipole trap will be discussed in section 3.7.

For Rb as well as Cs, the D2 lines having wavelengths 780 nm and 852 nm for Rb and
Cs respectively, have closed transitions which are required for cooling. The natural
line width of the D2 line is 2π × 6.06 MHz (2π × 5.22 MHz) for Rb (Cs). The lasers
operating at the wavelengths corresponding to both the species are External Cavity
Diode Lasers (ECDL) in the Littrow configuration [91]. These lasers have a linewidth
of < 1 MHz. However, the need for near resonant light to drive a closed transition,
requires active stabilization of the laser frequency to compensate for drifts larger
than the natural linewidths of the atomic transitions, in the central frequency of the
laser. This is achieved through polarization spectroscopy [92] or a Dichroic Atomic
Vapour Laser Lock (DAVLL) [93, 94] by sending a feedback to the laser. Saturation
spectroscopies [95] are built for all the lasers as a reference for the different resonant
and crossover transitions. The light from the lasers passes through various optical
elements, pinholes and Accousto-Optic Modulators (AOMs), this is discussed briefly
in the next part. Any drift in any of these elements would lead to a misalignment
of the laser beams at the experiment. In order to avoid this, the light is coupled
into single mode polarization maintaining optical fibers and coupled out at the main
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experiment. Therefore, any drifts would only decrease the coupling efficiency of the
fiber and not change the position of beams. As an improvement to the existing
setup, some of the fibers were replaced with new ones which were configured by us
in the lab with FC/APC fiber connectors. The new fibers and the FC/APC fiber
connectors (Schaefter and Kirchoff) are more stable and more efficient (65 − 80%
coupling efficiency) than the old fibers (40 − 50% coupling efficiency) and the fiber
connectors, where about 1 cm of the fiber tip hung freely in the air. All the lasers
pass through mechanical shutters before they are coupled into the fibers. These
shutters are computer controlled and allow the switching ON or switching OFF of
the different lasers independently during the experimental run. The Cs as well as the
Rb laser systems are placed in a box to protect them from temperature fluctuations
and dust.

3.2.1 Rb Setup

The Rb setup consists of four lasers which are discussed below.

a) Cooling Beam : This laser is used for driving the closed transition between the
hyperfine states, f = 2 of the ground state and f ′ = 3 of the excited state, required
for cooling. The term scheme for Rb is given in [96]. Here, the light from the ECDL
is amplified using a Tapered Amplifier (TA) system from Toptica with a TA chip
(M2K) giving an output of 1 W for a seed laser power of ∼ 25 mW. This beam is
then divided into two using a Polarising Beam Splitter (PBS) cube to provide cooling
light for the two MOTs. Two different fibers are used for the two MOT beams. The
power at the output of the fiber coupler for each beam is∼ 70 mW. The cooling light is
15 MHz red detuned from resonance to enable cooling. The cooling light for the lower
MOT is also used during various stages of the experiment viz. compression, optical
molasses and optical pumping (these processes are described in section 3.4), all of
which require a different detuning with respect to resonance. The required detunings
are obtained by placing an AOM in double pass configuration [97] in each cooler arm.
A different frequency shift is produced each time with the AOM by modulating its
acoustic frequency, which is computer controlled. The central frequency of the AOM
was chosen to be 225 MHz (bandwidth ±50 MHz) producing a total frequency shift
of 450 MHz in this configuration. In order to drive the closed transition, the laser
is frequency stabilized to the f = 2 → f ′ = 1 transition (∼ 424 MHz away from
resonance) through polarization spectroscopy. The response time of the AOMs is of
the order of a few hundred nanoseconds and therefore, the detuning required for each
process is achieved very quickly. This is a big improvement over the earlier setup
where the different detunings were obtained by scanning the laser grating. For optical
pumping however, an additional AOM is also used to drive the f = 2 → f ′ = 2
transition. A part of the cooler light is diverted before it enters the AOM and is
overlapped with the transfer beam and the imaging beam in order to provide two
beat signals for frequency reference.
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b) Repumper Beam : The atoms in the closed transition fall into the f = 1 state,
which is a dark state in this case, after a few thousand cycles due to off resonant
excitations to the f ′ = 2 state. These atoms are pumped back into the cooling
transition by the repumper light which is resonant from f = 1 → f ′ = 2 state.
The repumper laser is also used for pumping the atoms back to the cycling transition
during optical pumping. The loading of the UHV MOT as well as the optical pumping
is very sensitive to the frequency as well as the mode of the repumper laser. The
laser should therefore run stable at single mode and should have negligible frequency
drifts. The frequency stabilization is achieved in this case also through polarization
spectroscopy, where the laser is locked to the crossover f = 1 → (f ′ = 2, f ′ = 1)
transition. This is done because the dispersive signal in the spectroscopy is larger
for this crossover than the resonance transition providing a greater stability to the
lock signal. The 78 MHz detuning from resonance is achieved by placing an AOM in
the polarization spectroscopy setup. As in the case of the cooler light, the repumper
light beam is also split into two by a PBS cube to provide light for the vapour cell
as well as the UHV MOT. As in the case of the cooler, two different fibers are used
for the two MOTs. The upper repumper has a power of ∼ 2 mW whereas the lower
repumper has a power of ∼ 6 mW at the fiber output.

c) Imaging Beam : The Rb atoms are observed and analyzed in our setup through
absorption imaging (see section 3.6.1). For this purpose, a laser light resonant to
the cooling transition is used. Due to the short exposure time of 200µs required
for taking the image, an AOM is used to switch ON the beam while imaging. The
AOM is used in single pass configuration and produces a frequency shift of 133 MHz
from resonance. The laser is therefore, frequency stabilized to the crossover f =
2→ (f ′ = 2, f ′ = 3) transition (133 MHz away from resonance) through polarization
spectroscopy. After passing through the AOM, the beam is divided into three, using
PBS cubes. Two of these parts are used for imaging the Rb atoms in the y and z
directions (see figure 3.1). The third part is used for overlapping with the cooler light
to produce a beat signal for frequency reference. All the three parts are coupled into
three different optical fibers. The imaging beam has a power of ∼ 200µW in each
arm at the fiber output.

d) Transfer Beam : The Rb atoms are transferred from the vapour cell MOT to
the UHV MOT by the transfer beam which is ∼ 25 MHz detuned from the cooling
transition. This laser is however, frequency stabilized using a DAVLL which does
not have sub doppler resolution as in the case of polarization spectroscopy. As the
loading of the UHV MOT is not very sensitive to the detuning of the transfer beam,
sub doppler spectroscopy is not inevitable in this case. The transfer beam has a
power of ∼ 700µW. A part of the transfer beam is diverted, before it is coupled
into the fiber, to overlap with the cooler laser to create a beat signal for frequency
reference.

39



3 Preparation of an Ultracold Rb Gas and a Single Atom Cs MOT

3.2.2 Cs Setup

The Cs laser setup is similar to the Rb laser setup with a few exceptions. This setup
consists of just two lasers. The transfer beam is not required here as the Cs atoms
are loaded directly into the UHV MOT. Since the Cs atoms are detected by the
fluorescence detection technique, an imaging beam for absorption imaging is also not
required. All the lasers are frequency stabilized through polarization spectroscopy.
The entire setup is built on another optical table.

a) Cooling Beam : The cooling beam here serves the same purpose as in the case of
Rb. This is driven on the closed transition f = 4 of the ground state and f ′ = 5 of the
excited state. The Cs term scheme is shown in [98]. The cooling beam is derived from
a TA system from Sacher Lasertechnik which gives an output power of 500 mW. The
earlier interspecies experiments conducted viz. sympathetic cooling of Cs by Rb [52],
required a higher Cs cooling power (∼ 50 mW) because of ∼ 107 Cs atoms involved
in the process. The experiments with few or single atoms do not require such high
powers. The setup remains the same, however, the desired power is obtained by
varying the intensity of the laser light with a retardation plate and a PBS cube and
by operating the TA system at a lower current. The power at the fiber output is
∼ 1 mW. An AOM in double pass configuration is placed in the cooler beam. This
AOM is computer controlled and is used to obtain different detunings (frequency
modulation) and power outputs (amplitude modulation) during the experimental
run to control the Cs atom number as well as the fluorescence signal obtained per
atom. The AOM introduces a total frequency shift of 450 MHz. In order to drive the
cooling transition, the laser frequency is therefore stabilized to the f = 4 → f ′ = 3
transition.

b) Repumper Beam : The repumper beam is resonant to the transition f = 3→
f ′ = 4. This pumps atoms which fall into the dark state f = 3 back into the cooling
cycle. The repumper beam is overlapped with the cooler beam with a PBS cube and
transmitted via the same fiber to the experiment. The power at the fiber output is
∼ 600µW.

3.3 Magneto-Optical Trap

To achieve quantum degeneracy, the Rb atoms need to be cooled to temperatures
of a few 100 nK with a density of ∼ 1014cm−3 and an enhancement of the phase
space density to a minimum value of ∼ 2.612. The Cs atoms in our experiment also
need to be trapped at a temperature of ∼ 100µK. Various methods are employed
for cooling and trapping atoms. Laser cooling is used as a pre-cooling technique for
cooling atoms to a few hundred microkelvin.

The energy levels of the alkali atoms undergo hyperfine splitting [99] due to the
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interaction of the nuclear spin ~i with the total angular momentum ~j of the electron,
such that atomic transitions occur between these levels according to the selection
rules ∆f = 0,±1. In a simple 1D case, when the atom in motion encounters light,
propagating in the opposite direction (towards the atom), which is red detuned with
respect to the atomic transition, the atom absorbs a photon due to the doppler shift
of the light frequency towards the atomic resonance. The atom then gets a kick in
the direction of the propagation of light leading to its slowing down. Cooling occurs
through a radiation pressure force or a dissipative force. This force arises due to
the exchange of momentum between the atoms and the light field and is in the low
intensity limit given by [100]

Fdis =
~ks0Γ/2

1 + s0 + (2(∆ + ωD)/γ)2
, (3.1)

where s0 is the saturation parameter, ∆ is the detuning from the atomic transition,
Γ is the natural line width of the atomic transition and ωD is the doppler shift 1.
Scattering of a single photon leads to a very small change in the atomic velocity,
given by ~k/M , which is the recoil velocity and is about a few mm/s. In order to
cool atoms from a room temperature of 300 K to about a few hundred microkelvin,
around 105 cycles of absorption and emission are required on a closed transition. An
extension of this simple 1D picture in 3D is the optical molasses [101, 102, 103]. This
is formed by two counter propagating beams in all the three directions with the same
intensity, frequency and polarization. Atoms moving slowly along the light beams
experience a net damping force, given by the sum of the dissipative force in both the
directions, which is proportional to their velocity v for small velocities [100]

~FT = −β~v , (3.2)

where β is the damping coefficient. However, this cooling does not go till absolute zero
as an heating effect in involved due to spontaneous emission in random directions and
puts a limit to this cooling given by the Doppler Limit TD = ~Γ/2kB, which has value
of 145µK (125µK) for Rb(Cs), respectively. However, these optical molasses lead
only to a cooling of the atoms, trapping requires further modifications or additions.

Trapping is achieved by using circular polarized beams for the light field and by
applying an inhomogeneous magnetic field, B. The minimum of the magnetic field
coincides with the crossing point of the laser beams. This kind of a trap is called a
Magneto-Optical Trap (MOT)[104]. A simple picture in 1D is depicted in figure 3.2.
This takes advantage of the Zeeman splitting of the degenerate atomic states. In the
simple case of a transition between jg = 0→ je = 1, the upper hyperfine level is split
into three states me = 0,±1. The me = 1 state is raised up for B > 0, whereas the
me = −1 state is pulled down. Now, for atoms moving to the right, if a σ− light,

1Note that, F has been used in chapter 1 for the hyperfine state of a molecular potential. From
here on, in the rest of this thesis, F refers to force.
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Figure 3.2: The figure on the left shows a 1D picture of the MOT. The upper
hyperfine level has three Zeeman states. The two circular polarized light beams σ+

and σ− trap the atoms at B = 0 (see text). An extension in 3D is shown on the right
with circular polarized beams in all the six directions.

red detuned with respect to the atomic transition, propagates towards B = 0, the
atoms scatter photons of this light and are driven to the centre of the trap (B = 0).
Similarly, the σ+ light is scattered more for atoms moving to the left from the trap
centre, thereby confining the atoms to the zero magnetic field region. The dissipative
force for small field gradients is now given by

~FT = −β~v − κ~r , (3.3)

where κ depends on the magnetic field gradient. The temperature in the MOT is
comparable to that in optical molasses. However, in optical molasses as well as in
the MOT, the various polarizations of the light field lead to sub-doppler cooling
[105, 106, 107] resulting in a temperature lower than the Doppler limit. This simple
picture for the MOT can be extended to 3D as shown in figure 3.2 as well as for
complex hyperfine structures.

In our experiment, we have two MOTs for Rb and one for Cs. The Rb MOTs are
typical conventional 3D MOTs. The vapour cell MOT is formed by retro-reflected
circular polarized light beams with approximately 25 mW power in each axis with
the beams having a diameter of ∼ 1.5 cm and a detuning of 15 MHz from the cooling
transition. The magnetic field gradient is provided by quadrupole coils in anti-
Helmholtz configuration and has a gradient of 12 G/cm along the symmetry axis.
This traps about 109 atoms. The atoms from this MOT are transferred to the UHV
MOT with the help of a transfer beam as mentioned before. The UHV MOT has the
same beam parameters as the vapour cell MOT. However, the beams are not retro-
reflected, instead, six counter propagating beams with almost the same intensity
intersect at the glass cell at the quadrupole minimum to trap and cool the atoms.
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The field gradient is produced in this case too, through quadrupole coils in anti-
Helmholtz configuration and has a value of 10 G/cm. This MOT traps about a few
times 108 atoms at about 100µK. The repumper beam is overlapped with the z arm
of the cooler beam in both the MOTs.

In contrast to the Rb MOT which has a large number of atoms, the Cs MOT in our
case, is a single atom MOT. To load single or a few atoms, the Cs atoms are loaded
directly into the UHV region having a very low Cs partial pressure. Apart from this,
a very high field gradient of 300 G/cm is used in order to reduce the loading rate of
the MOT as the loading rate is given by [108]

RL ∝
(
dB

dz

)−14/3

. (3.4)

Furthermore, MOT beams are narrow with a diameter of ∼ 2 mm and a total power
of ∼ 1 mW. The size of the MOT due to the high gradient is therefore ∼ 30µm
(largest size corresponding to a particular set of ground and excited state Zeeman
levels [100]) in contrast to that of the Rb MOT where it is ∼ 8 mm. Details of
the single atom MOT are given in [54, 109]. The repumper beam and the cooler
beam are coupled out at the experiment from the same fiber. The Cs MOT beams
are overlapped with the Rb MOT beams in all the six directions. Since, the power
balance of both the MOTs need to be adjusted independently in order to have an
optimal optical molasses, species specific polarization optical elements are placed in
the MOT beams, which change the polarization of one of the species without affecting
the other and vice versa.

3.4 Coil System

The coil system is shown in figure 3.3. The main part of the coil system consists of
the Quadrupole Ioffe Configuration (QUIC) trap [110] which is formed by the two
quadrupole coils (MOT coils) and the Ioffe coil. Apart from this, a coil is placed
along the gravitation axis from below, called the levitation coil in this thesis. Two
coils in Helmholtz configuration are also placed along the axis of the MOT coils,
just behind the MOT coils, which produce a homogeneous field. However, in this
section, I will only discuss the QUIC trap. The other coils are not relevant for the
preparation of a BEC in the magnetic trap. They will be discussed in the following
chapter in the context of magnetic transport and state preparation of the atoms in
the dipole trap.

The Rb atoms are cooled to quantum degeneracy in our experiment in the magnetic
trap. An atom with a magnetic moment ~µm can be confined in an inhomogeneous
magnetic field due to the interaction of this moment with the magnetic field. This
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Figure 3.3: The QUIC configuration is shown with the two quadrupole coils along
the z axis and the Ioffe coil along the y axis. The two coils parallel to the quadrupole
coils (offset coils) are in Helmholtz configuration. The levitation coil is symmetric
about the x-axis and surrounds the MOT objective. The dipole trap beams (red) are
also shown. Note that the y axis is also referred to as the axial direction (symmetry
axis of the Ioffe coil) and the z axis as the radial direction (symmetry axis of the
quadrupole coil).

produces a force which is given by

~FM = ∇
(
~µm · ~B

)
= gfµBmfB , (3.5)

where gf is the Landé factor and mf represents the Zeeman level of the hyperfine state
f . Atoms are trapped only in the quantum states where the energy increases with
increasing field. These are the weak field seeking states. This kind of a confinement
can be provided by a quadrupole field, which has field zero at the trap centre with
the field increasing in all the directions. This field is given by

B = A
√
x2 + y2 + 4z2 , (3.6)

where A is the field gradient. Thus, the field is not uniform and has a stronger
gradient along the symmetry axis of the quadrupole coils i.e. the radial direction.
The velocities of the atoms should be low enough such that they follow the magnetic
field adiabatically. The adiabaticity condition is given by

ωZ �
dB/dt

B
, (3.7)

where ωZ is the Larmor frequency. However, this condition is not met close to the
centre of the trap, where the magnetic field is very low i.e. close to zero. The atoms
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change their quantum state and are transferred to a non-trappable state. Hence, the
atoms close to the trap centre are lost due to Majorana spin flips [111] and therefore
this kind of a trap cannot be used to cool atoms to quantum degeneracy. However, an
additional dipole field along the axial direction (symmetry axis of the coil producing
the dipole field) can solve this problem. The sum of the quadrupole and the dipole
field creates a harmonic trap having a finite value of the magnetic field at the trap
centre, also called the offset field. The harmonic potential is given by

V (x, y, z) =
1

2
M
(
ωrad

2
(
x2 + z2

)
+ ωax

2y2
)

+ µmB0 , (3.8)

where B0 is the offset field, ωrad and ωax are the radial and axial trap frequencies
respectively and are given by

ωrad =
3

2
A

√
µm

MB0

, (3.9)

ωax =
2

61/8

√
µmA5/4

Mp
1/4
m

, (3.10)

where A is the field gradient and pm is the magnetic dipole moment of the dipole
field.

In our experiment, the quadrupole field is generated by the MOT coils and the dipole
field by the Ioffe coil. They are connected in series in order to minimize the noise
generated by the power supply. The field minimum of the quadrupole and the QUIC
traps are separated by a distance of 7 mm. A detailed description of the quadrupole
and Ioffe coils is given in [52].

The atoms in the MOT go through a few stages before they are loaded into the mag-
netic trap in order to achieve high densities at low temperatures (increased phase
space densities). For an optimal loading, mode matching needs to be achieved be-
tween the MOT and the magnetic trap such that they have comparable sizes and
are well overlapped. The overlap is first achieved by adjusting the power balance
of the MOT beams to move the MOT in space towards the centre of the magnetic
trap before starting the experimental sequence. During the sequence, the atoms in
the MOT are compressed by raising the magnetic field from 10 G/cm to 12 G/cm
with a detuning of 22 MHz over a time period of 20 ms. The increase in the field
gradient increases the density of the MOT and also reduces its size, thereby, giving
a better overlap with the magnetic trap. The detuning is increased from that of the
MOT stage to avoid radiation trap loss [112] because of a higher density. After this,
the magnetic fields are switched OFF and the atoms are cooled by optical molasses.
For this, the cooler light is further detuned to 27 MHz to have optimal sub-doppler
cooling. The molasses has a duration of 8 ms. The atoms are cooled in the optical
molasses to ∼ 50µK. These atoms need to be pumped into the correct Zeeman level
for magnetic trapping. This is achieved through optical pumping. In our case, the
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atoms are pumped to the f = 2, mf = 2 i.e. the |2, 2〉 state, which is the most
tightly confining state. For this, circular polarized σ+ light derived from the cooler
light with a power of 150µW is used to drive the f = 2 → f ′ = 2 transition. This
circular polarized light, in combination with the repumper light, with a power of
50µW, pumps all the atoms which are distributed in all the ground state Zeeman
levels, during the MOT phase to the |2, 2〉 state by exciting the ∆mf = +1 transi-
tions. A homogeneous magnetic field produces the required quantization field which
is 1 G in our case. The pumping is carried out for a duration of 2.25 ms. The atoms
in the |2, 2〉 state are no longer excited by the light as no ∆mf = +1 transition is
possible in this state.

Once the atoms are optically pumped to the |2, 2〉 state, they are transferred to the
quadrupole trap by switching on the magnetic field instantly with a field gradient
of 72 G/cm. Here, they are adiabatically compressed in order to increase the phase
space density by raising the field gradient to 200 G/cm in 1 s at a current of 16.9 A.
This is followed by the transfer into the combined trap by raising the current through
the Ioffe coil to 16.9 A, the so called QUIC trap. In our experiment, about 5 × 108

atoms are loaded into the QUIC trap at a temperature of 200µK. The lifetime of
these atoms is 120 s.

Once the atoms are in the QUIC trap, they undergo further cooling evaporatively to
form a BEC. This is discussed in the next section.

3.5 Towards Quantum Degeneracy

The trapped atoms in the magnetic trap have densities of the order of 1011 cm−3 and
temperatures thousand times higher than that for a condensate or in other words,
a phase space density 10−6 times lower. Further lowering of temperature by laser
cooling is not possible at high densities due to radiation trapping and excited state
collisions. In order to cool further, the evaporation cooling technique is employed.
This is executed with the help of a microwave setup in our case. The same setup, in
addition to a RF setup is, however, also used for the state preparation of the atoms
in the dipole trap. In the following sections, the microwave set-up is discussed in
detail. The evaporative cooling resulting in a Rb BEC is also discussed. The state
preparation of the atoms is discussed in the next chapter.

3.5.1 Evaporative Cooling

Evaporative cooling is based on the principle of removal of atoms from a confined
sample which have an energy higher than the average energy of the sample and
the subsequent re-thermalization of the remaining sample to a lower temperature
through elastic collisions [4, 113, 114]. The trap depth is reduced continuously to
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Figure 3.4: The Zeeman split hyperfine levels of the ground state of Rb are shown.
Two microwave frequencies are shown inducing two transitions. The atoms in the
|2, 2〉 state are transferred to the anti-trapping |1, 1〉 state by the first side band of the
microwave (cooling transition). The microwave carrier frequency empties the |2, 1〉
state continuously (see text).

achieve a continuous decrease in temperature, this is called forced evaporation. If
the ramping is very fast (faster compared to the thermalization time scale), then the
thermalization may not take place fully leading to less efficient evaporation. On the
other hand, if it is very slow (compared to the lifetime of the atoms in the trap),
atoms might be lost due to inelastic collisions as the atoms have a finite lifetime in the
trap. Hence, a compromise should be found out between speed and efficiency. Since,
the atoms need to re-thermalize fast enough (faster than their lifetime in the trap), a
high density is a pre-requisite for a high rate of elastic collisions . In our case, we have
densities of the order of 1012 cm−3 with an evaporation time of about 20 s compared
to a lifetime of 120 s for the atoms (see details below). The efficiency and speed of
evaporation is therefore improved by strong confinement. A tighter confinement in
a harmonic trap is given by higher trap frequencies. The trap frequencies in the
QUIC trap, in our case, have been calculated using equations (3.9) and (3.10) and
are given by ωrad = 2π × 180 Hz and ωax = 2π × 18 Hz. In this thesis, atoms have
been evaporatively cooled both in the magnetic as well as the optical dipole trap.
Here, evaporative cooling in the QUIC trap is discussed. The evaporative cooling in
the dipole trap is discussed in section 4.2.

The Zeeman split hyperfine levels of 87Rb are shown in figure 3.4. The atoms are
confined in the |2, 2〉 state. To cool the atoms by evaporation, the trap depth has
to be lowered, or in other words, the high energy atoms need to be expelled from
the trap, so that the remaining atoms can re-thermalize to a lower temperature.
This is achieved by using a microwave frequency which is resonant to the |2, 2〉 →
|1, 1〉 atomic transition. The |1, 1〉 state is a high field seeking state and therefore,
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the atoms are no longer confined in the magnetic trap. The trap depth has to
be lowered continuously by ramping the microwave frequency until degeneracy is
observed. However, in our case, a Stern Gerlach experiment showed the presence of
atoms in the |2, 1〉 state also. Inelastic collisions between the two clouds prevented
further cooling at about 1µK and therefore, the condensation of Rb atoms. This
problem was solved by using another microwave frequency resonant to the |2, 1〉 →
|1, 0〉 atomic transition at the trap centre. This state was therefore, continuously
emptied, thereby preventing collisions with the atoms in the |2, 2〉 state resulting in
the condensation of Rb. The microwave setup responsible for generating the above
frequencies is discussed below.

3.5.2 Microwave Setup

The schematic of the microwave setup is shown in figure 3.5. The ground state
hyperfine splitting of 87Rb is 6.8 GHz. This frequency is generated with a PLDRO
(MITEQ) which multiplies the signal from the Rhode and Schwarz (R&S) signal
generator by 683. From now on, this will be referred to as R&S1. The R&S1
generator is operated in the list mode which allows it to produce a list of frequencies
each for a finite time. In our case, this is operated on two frequencies, one of which
is used for evaporation and the other for the pulse generation for state preparation
(see chapter 4). The frequency used for evaporation is 10.00807 MHz which gives a
frequency of 6.83551 GHz at the output of the PLDRO. This particular frequency
is chosen, as it is resonant to the |2, 1〉 → |1, 0〉 atomic transition at the trap centre
in our case and is therefore used to empty the |2, 1〉 state. This is then mixed with
a radio frequency, generated by another signal generator (TABOR) as shown in the
figure which produces frequencies between 1-50 MHz, with a mixer. The mixer output
therefore, consists of a carrier frequency and side bands. The first side band is used
for cooling.

The old setup consisting of a Marconi signal generator for producing the 10.00807 MHz
frequency and an Agilent for the RF frequencies was replaced by the present setup
for frequency generation. In the old setup, the microwave side band used for cooling
had a broad spectral width of 30 kHz with a resolution worse than 10 kHz. In con-
trast to this, the new setup generates a side band which has a background spectral
width of 20 kHz and a peak with a width of 2.5 Hz. The background is suppressed by
40 dB with respect to the peak. As the condensate has a depth of a few kHz to a few
hundred Hz, the old set-up could not generate stable BECs due to the broad spectral
width of the side band and the poor resolution of the generator. In the new setup,
the frequency can be changed with a resolution of 1 kHz to obtain stable BECs. The
side band used for cooling with the new setup is shown in figure 3.6.

A RF switch with an attenuation of 60 dB is used to switch between the TABOR
and a second R&S generator. From now on, this will be referred to as R&S2. This
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Figure 3.5: The components of the microwave setup are shown. The PLDRO
multiplies the frequency from the R&S1 generator by 683. This is then mixed with
the frequency from either the TABOR or the R&S2 generator. The RF switch allows
the switching between the TABOR and the R&S2 generators. The signal then passes
through a PIN diode attenuator and two amplifiers to be finally transmitted by a
waveguide.

Figure 3.6: The two graphs show the microwave side band used for cooling measured
using a spectrum analyser. The left picture shows the peak along with the background
which is suppressed by 40 dB with respect to the peak. The background has a width
of 20 kHz. The width of the peak is not resolved properly in this picture. The graph
on the right shows the well resolved peak which has a width of 2.5 Hz.

generator produces frequencies between 40-70 MHz and is used for pulse generation
along with the R&S1 generator for state preparation. The output of the mixer
passes through a PIN diode attenuator (max. attenuation 60 dB), which allows the
adjustment of power of the microwave signal during the experimental run depending
upon the analog input voltage provided (0-10 V). This is then passed through a
pre-amplifier and the main amplifier and transmitted through a microwave antenna
(waveguide) to the atoms. The amplifier is connected to the waveguide by a low
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Figure 3.7: A 3D picture of the evolution of a BEC from a thermal cloud is shown.
The leftmost picture depicts a partial condensate with a large fraction of thermal
atoms, the next one to the right has a higher fraction of the condensate, the rightmost
picture depicts a pure condensate.

Figure 3.8: The graph on the left shows the atom number and temperature pro-
gression with respect to the evaporation time during the last 10 s of the evaporation.
Both the temperature and atom number decrease as evaporation progresses. The
graph on the right shows the temperature and atom number progression with respect
to the frequency above the bottom of the trap during the last second of evaporation.
The temperature decreases from 3µK to 300 nK and the atom number decreases by
more than an order of magnitude from 107 − 5× 105 atoms during this period.

loss 6.8 GHz cable having a length of 0.5 m. The maximum power at the output of
the amplifier is 8 W. The entire setup is locked to the 10 MHz frequency standard.
All the coaxial components are placed on a bread board which is water cooled, the
main amplifier has an additional ventilator for cooling. This setup is trigerred from
a pulse generator (Quantum Composer, 9520 Series), which in turn is trigerred from
the experiment.
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Rb BEC

With the above setup and procedure, a Rb BEC is achieved with about 4 × 105

atoms in the condensate. A picture of the Rb BEC is shown in the figure 3.7. Stable
BECs could be produced due to the improvement in the resolution of the microwave
frequency and also due to the thermalization of the magnetic coils. The floor of
the magnetic trap drifts due to thermal effects (temperature changes). These small
drifts (few hundred nanokelvin to few microkelvin) are not important for a thermal
cloud but is significant in the case of a BEC. Thermalization is attained in about
30 minutes by an automatic repetition of the experimental run which lasts about a
minute each. The temperature and atom number progression towards a BEC for the
evaporation ramp used in our experiment is shown in figure 3.8. The evaporation
takes about 20 s.

3.6 Imaging and Detection Techniques for Rb and Cs

The cold and dense Rb atoms in our experiment are imaged through the typical
absorption imaging technique [114] which gives the atom number, temperature and
the density of the cloud. Due to the very small number of Cs atoms involved in our
experiment, they cannot be imaged via absorption imaging technique and therefore,
the fluorescence detection technique is employed in this case. Both are discussed
below.

3.6.1 Absorption Imaging

When atoms are irradiated with near resonant light, they absorb the light photons
casting a shadow which is then imaged onto a Charge Coupled Device (CCD) camera.
This is the so called absorption imaging technique. The image reflects the density
distribution of the atoms at the time of imaging. The temperature and atom number
for the atomic clouds is determined by the Time of Flight (TOF) method. For this,
the magnetic fields are switched OFF and the cloud falls and expands under gravity.
The free expansion of the cloud is imaged which gives the velocity of the cloud and in
turn determines the temperature. Typically, three images are taken, one with atoms,
one without atoms which images only the imaging beam and the third one without
either of them which projects the background noise. The probe light is attenuated
when it passes through the atoms, the attenuation is given by the Lambert Beer law
which is

PA (x, y) = P (x, y) e−DA(x,y) , (3.11)

where PA (x, y) is the imaging beam profile with atoms, P (x, y) is the imaging
beam profile without atoms and DA (x, y) gives the attenuation. The images with
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Figure 3.9: The absorption imaging setup: The atom cloud (violet) is irradiated
by the probe beam (blue) and then imaged onto the CCD camera. The achromatic
lenses give a magnification of 1.67 and the two dichroic mirrors separate the probe
beam from the dipole trap beam (red) and the Cs beam respectively. The prism
(green) shifts the probe beam in order to observe the atoms in the QUIC trap. The
filter (purple) filters out any remaining dipole trap power transmitted by the dichroic
mirror.

(IPA (x, y)) and without (IP (x, y)) atoms can be written as

IPA (x, y) = PA (x, y) +NA (x, y) , (3.12)

IP (x, y) = P (x, y) +NA (x, y) , (3.13)

where NA (x, y) is the contribution from the background noise. The ratio of the above
two equations gives the attenuation DA (x, y), which is proportional to the column
density of the atomic cloud. This, further gives all the required parameters necessary
for analyzing the atomic cloud.

The absorption imaging system used in our experiment is shown in figure 3.9. The
imaging beam which is coupled out from an optical fiber and having a beam diameter
of 2 mm is magnified to a 1.5 cm collimated beam using two lenses (not shown in
the figure) and passed through the glass cell where the atoms are present. This
beam after illuminating the atoms is incident on an achromatic lens having a focal
length fl = 120 mm, which focusses the light, which is then collimated using a fl =
200 mm achromatic lens, thereby giving a magnification of 1.67. This means, that
the fluorescence from the atoms (object) is collected and collimated by the first lens
and then focussed by the second lens onto the camera to form the image.

To obtain a sharply focussed image, the atoms should sit in the focus of the first
lens and the camera in the focus of the second lens. If the atoms sit out of focus,
then the image obtained will have regions of negative optical density. A detuning
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of the imaging beam to the red or blue will produce either a doughnut shape or a
ring shape cloud depending upon the position of the object in the focal plane. This
is discussed in detail in [115]. This method was employed in our case, with a BEC,
to obtain a sharply focussed image on the camera by first moving the camera with
respect to the second lens and then finely adjusted by moving the second lens with
the help of a linear translation stage.

A two inch dichroic mirror is placed behind the second lens which reflects the 1064 nm
dipole laser beam which is also present along this axis onto a beam block and trans-
mits the 780 nm and the 852 nm imaging beams. This is done to avoid the dipole
laser beam entering the camera. A prism is placed behind this mirror which is used
to switch the imaging between the atoms in the quadrupole trap and the QUIC trap
which are separated by 7 mm. The prism which has an angle of 4◦ is therefore placed
at a distance of 10 cm from the camera to achieve a beam displacement of 7 mm. It
is mounted on a flip mount such that it is placed in the beam path only when the
displacement is required to image the atoms in the QUIC trap. This is followed by a
dichroic mirror which is used to separate the Rb and Cs wavelengths. The Rb imag-
ing beam is reflected onto the CCD camera whereas the Cs beam is transmitted. An
interference filter is placed in front of the CCD camera which allows the Rb light to
pass through and blocks any residual dipole light. In this thesis, since Cs is detected
through the fluorescence detection technique, an imaging beam is not required but
for further experiments for Cs in a conservative species selective trap which has been
built already, the imaging of Cs will also be done with a Electron Multiplying Charge
Coupled Device (EMCCD) camera (Company:Andor) placed in the transmission axis
of the dichroic mirror. The camera used for imaging Rb (Company:Apogee), has a
pixel size of 9µm with 768 × 512 pixels. The image is taken with an exposure time
of 200µs. Apart from this imaging beam in the radial direction (symmetry axis of
the quadrupole coils), an imaging beam in the axial direction (symmetry axis of the
Ioffe coil) is also used to illuminate the atoms. This is imaged onto a camera (Com-
pany:Imaging Source) having a pixel size of 5.6µm with 640× 480 pixels. Therefore,
the simultaneous imaging of the atoms in all the three directions is possible using
both the cameras.

3.6.2 Fluorescence Detection

The Cs atoms in our case are not imaged but are detected by counting the number
of scattered photons. This method is used here as absorption imaging does not have
the resolution to image small number of atoms. Only a small fraction of the light
scattered by the atoms is collected by the imaging system. The fluorescence collected
depends on the numerical aperture of the objective that collects light and is given
by [116, 117]

Ωs

4π
=

1

2

(
1−

√
1− (NA)2

)
, (3.14)
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Figure 3.10: The fluorescence detection setup: The objective collects and
collimates the MOT fluorescence. This is then focussed onto the pinhole having a
size of 300µm by the achromatic lens (fl = 250 mm) and passes through a shutter
and two interference filters (blue). The fluorescence is then collected and focussed
onto the fiber coupler by the lens doublet.

where Ωs is the solid angle covered by the objective and NA is the numerical aperture
of the objective. Since, in our case, we detect single Cs atoms where the light
scattered per atom is of the order of a few picowatt, the NA of the objective becomes
even more critical. At such small powers, stray light suppression also becomes very
important.

Figure 3.10 shows a schematic of the fluorescence detection setup used in our exper-
iment. The objective is placed below the glass cell in our case since there is no other
light other than the Rb transfer beam along this axis. Also, the reflections from the
inner side of the glass cell are far away enough from the MOT, in this direction, such
that they can be prevented from entering the detector through spatial filtering. The
objective has a numerical aperture of 0.29 such that 2.1% of the total fluorescence
is collected. As shown in the figure, the light from the MOT is collected by the
objective and then collimated. This collimated light is focussed by an achromatic
lens having fl = 250 mm onto a 300µm pinhole, which serves as a spatial filter to
prevent stray light entering the detector. This is then collected by a lens doublet
and focussed onto a fiber which couples this light to the Single Photon Counting
Module (SPCM). The SPCM counts the number of photons and therefore, detects
the number of Cs atoms present. Two band pass interference filters are placed in
front of the fiber coupler which provides spectral filtering, with a transmission of 93%
at 852 nm. Thus, light at 780 nm (transfer beam), is suppressed by 1014 and light
at 1064 nm is suppressed by 106, although this light is not present along the axis
of the objective and therefore should not pose a problem. A shutter is also placed
behind the pinhole, this serves as a mechanical obstruction to the fluorescence light
and is controlled by the experimental sequence. All the optical elements are placed
in a closed cage system to avoid stray light. A detailed analysis of the objective used
along with details of alignment and incorporation into the experiment is given in
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[109].

3.7 Optical Dipole Trap

Till now I have discussed the trapping and cooling of atoms in a magnetic trap. They
are conservative traps with large trap depths of the order of 100 mK and are ideal
for condensation experiments. However, if the magnetic field needs to be used for
manipulating the interaction between the species, for example in the case of Feshbach
resonances, then the field strength has to be available as a free parameter. This is
difficult when such strong fields are used for trapping. Moreover, magnetic trapping
does not allow confinement of atoms in all its magnetic sub-states, confinement is only
allowed in the weak field seeking states. This limits the number of states available for
experiments. Especially in our particular case (for all future experiments concerning
Rb and Cs in a conservative potential), the states of interest, the absolute ground
state of Rb and Cs, viz. the |1, 1〉 and the |3, 3〉 states respectively, are anti-trapping
states. Optical traps [118, 119, 15, 16] offer a good substitute to the magnetic traps,
where all the sub-states can be occupied and the magnetic field can also be used as
a free parameter to tune the interactions. They are also called dipole traps because
the force involved in trapping is the dipole force. These traps are however, shallow
traps when compared to the magnetic traps, but have been realized due to the laser
cooling mechanisms which pre-cool the atoms such that they can be efficiently loaded
into the dipole trap.

Dipole force arises due to the dispersive interaction of the electric dipole moments
of the atoms with the light field. Atoms however, do not have permanent electric
dipole moments, the oscillating electric field of the laser light induces an electric
dipole moment which interacts with the light field. The energy levels of the atoms are
shifted, which is the so called AC Stark shift or the light shift due to this interaction.
If the electric field of the laser is spatially inhomogeneous, then this light shift varies
in space and gives rise to a potential, the gradient of which produces the dipole force.
The interaction of the laser light with atoms also leads to scattering of photons of the
trapping light and therefore, sets a limit to the trap performance. For far detuned
light, however, the optical excitation is very low and therefore, the radiation force
associated with the scattering of photons is negligible when compared to the dipole
force. Considering a two level atom, the atom-light interaction is given by [120]

pI = αPW , (3.15)

where pI is the induced dipole moment, W is the electric field of the laser light and
αP is the complex polarizability with real and imaginary terms. The interaction
potential is then, given by

U = −1

2
〈pIW 〉 = − 1

2ε0c
Re (αP) I0 , (3.16)
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3 Preparation of an Ultracold Rb Gas and a Single Atom Cs MOT

where the factor 1/2 is due to the induced dipole moment and I0 is the intensity of
the laser field 2. Due to the conservative nature of the dipole force, it is then given
by the gradient of this potential

FD = −∇U (r) =
1

2ε0c
Re (αP)∇I0 (r) . (3.17)

As mentioned before, the atoms scatter photons of the trapping light which can be
expressed in terms of the absorption of this light by atoms, the scattering rate is
given by

Γsc =
Pabs

~ωt

=
〈ṗIW 〉
~ωt

=
1

~ε0c
Im (αP) I0 (r) . (3.18)

The interaction potential and the scattering rate are the two main quantities which
define the dipole trap parameters. The expressions for these two quantities can be
written by calculating the atomic polarizability. The polarizability of the atoms can
be calculated according to the semiclassical approach and is given by

αP = 6πε0c
3 Γ/ωt

2

ωt
2 − ωf

2 − i (ωf
3/ωt

2) Γ
, (3.19)

where ωt is the resonance frequency of the atomic transition, ωf is the driving fre-
quency (frequency of the dipole trap radiation) and Γ is the decay rate of the excited
state which is given in the semiclassical approach by

Γ =
ωt

3

3πε0~c3
| 〈e | µd | g〉 |2 . (3.20)

Using the above two expressions, the interaction potential and the scattering rate
can be written in Rotating Wave Approximation (RWA) case as,

U =
3πc2

2ωt
3

Γ

∆
I0 (r) , (3.21)

Γsc =
3πc2

2~ωt
3

(
Γ

∆

)2

I0 (r) , (3.22)

where ∆ = ωf − ωt represents the detuning with respect to the atomic transition
frequency. This value of the dipole potential corresponds to the light shift of the
atoms in the ground and excited states. They are shifted by the same amount in
opposite directions. For red detuned light, ∆ < 0, which means that U < 0 or
in other words, the potential is an attractive potential. The atoms are attracted
to the intensity maximum. For blue detuned light, ∆ > 0, the potential minimum
corresponds to intensity minimum. Since, U ∝ I0/∆ and Γsc ∝ I0/∆

2, the optimum

2Here, I0 has been used for intensity instead of the conventional symbol I to differentiate it from
the nuclear spin quantum number ~I introduced in chapter 1
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conditions for trapping are achieved for large intensities and large detunings resulting
in a higher U and a lower Γsc.

However, alkali atoms are multilevel atoms and therefore, the state dependent po-
larizability has to be taken into account. The light shift and therefore, the dipole
potential depends on the particular state of the atom. It is influenced by the elec-
tronic and nuclear angular momenta and the polarization of the light field. For
circular polarization, the shift depends on the mf states whereas for linear polariza-
tion, the shift is independent of the mf states and is the same as for the two-level
atom. This is however possible only for large detunings, detunings larger than the
excited state hyperfine splitting. Therefore, linear polarized light is usually employed
in optical traps for alkali elements.

The three most commonly used kinds of dipole traps for the red detuned laser light
are viz. focussed beam trap, standing wave trap and the crossed beam dipole trap.
The focussed beam trap consists of a single Gaussian beam. The spatial intensity
distribution along the propagation axis of such a beam with a power P is given by

IFB (r, z) =
2P

πw2
b (z)

e

(
−2r2

w2
b
(z)

)
, (3.23)

where wb (z) is the 1/e2 radius of the beam at a distance z and is given by

wb (z) = w0

√
1 +

z

zR

2

, (3.24)

where w0 is the Gaussian beam waist and zR is the Rayleigh length. The dipole
potential can be written using this intensity distribution, since U ∝ I. In such a
trap, the potential is steeper in the radial direction (perpendicular to the direction of
propagation of the beam) than in the axial direction (along the direction of propaga-
tion of the beam) and the trapping volume is also different because it depends on the
beam waist in the radial direction and on the rayleigh length in the axial direction.
The radial (ωrad) and axial (ωax) trap frequencies are given by

ωrad =

(
4U

Mw0
2

)1/2

, (3.25)

ωax =

(
2U

MzR
2

)1/2

. (3.26)

To avoid this anisotropic nature of the trap, another beam orthogonal to the original
beam is used, the intersection of the two results in a trap called the crossed beam
dipole trap. This provides a larger trapping volume and a tighter confinement in
three dimensions. The trap used in our experiment is a crossed beam dipole trap.

57



3 Preparation of an Ultracold Rb Gas and a Single Atom Cs MOT

Figure 3.11: Dipole Trap setup: The figure in the box represents the setup of
the dipole trap before it is coupled into the fibers. The beam from the YAG laser is
split into two for the two axes (radial and axial respectively). Both the beams pass
through an AOM each, before being coupled into the fiber. The lower picture depicts
the focussing of the radial and axial beams onto the position of the atoms (glass cell)
using the achromatic lenses. The radial arm has additional cylindrical lenses which
creates an elliptical trap. The light from the radial arm is reflected by a dichroic
mirror (orange) onto the glass cell.

Experimental Realization

The dipole trap in our experiment is realized by an arc pumped YAG laser (Quantronix
Model 116EF-OCW-10) at 1064 nm with a maximum output power of 10 W. The
setup is shown in figure 3.11. The laser light is divided into two beams, one for each
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arm of the dipole trap, viz. the radial and axial directions by a half wave plate and
a PBS cube. The power of the dipole trap needs to be varied during the ramping
up of the dipole trap as well as for the evaporation ramp and also for the switching
OFF of the dipole trap. In order to do this, an AOM is placed in the beam which
can change the power output by amplitude modulation. The required waveform is
transmitted to the AOM from the computer via waveform generators. An AOM in
single pass configuration at a central frequency of 80 MHz is therefore, placed in each
arm, one of which amplifies the +1 order order whereas the other amplifies the -1
order. This is done to avoid interference effects at the position of the atoms (cross-
ing point of the two beams). The AOMs have an efficiency of ∼ 90%. A shutter
is also placed in each arm to get rid of any residual light from the AOM once it is
switched OFF. These shutters do not need to be fast as the switching of the dipole
trap is achieved through the AOM, they however, should be able to tolerate the high
power of the YAG laser beam. The light is then coupled into optical fibers to be
coupled out at the experiment. In the axial arm, a λ/2 plate is placed in front of the
fiber. The fibers used here are polarization maintaining fibers and it is important
to orient the polarization either along the fast axis or the slow axis of the fiber to
avoid polarization fluctuations at the output of the fiber. Polarization fluctuations
can result in intensity fluctuations of the trap beam and therefore, result in heating
or trap loss. Therefore, the λ/2 plate is used to rotate the polarization such that
it is oriented along the slow or fast axis of the fiber. In the radial arm however,
a PBS cube (extinction ratio 1000:1) is also placed along with the λ/2 plate for a
purer polarization. Intensity fluctuations can also be caused due to changes in the
fiber coupling. To avoid these fluctuations, a feedback is sent to the AOM through a
power stabilization circuit, thereby maintaining the dipole trap beams at a constant
power for a particular value of the AOM voltage. This is discussed in detail in [54].

The light coupled out at the experiment is first collimated by an achromatic lens
(fl = 25 mm) to a 1/e2 radius of 1.9 mm. A λ/2 plate and a PBS (Melles Griot;
extinction ratio, 1000:1) cube are used for further polarizing the laser beams. In the
axial arm, an achromatic lens of focal length 500 mm is used to focus the beam to a
waist of 86µm at the quadrupole minimum. In the radial arm, the achromatic lens
used has a focal length of 1000 mm and therefore, focusses the beam to a waist of
172µm. This is done to have a larger trap volume due to the spatial extent of the
atomic cloud along the Ioffe axis. However, in the gravitational axis, the extension of
the cloud is already restricted by the axial beam and therefore, a higher trap volume
is not required. To compensate for the larger volume in this direction created by
the achromatic lens, two cylindrical lenses, with focal lengths 30 mm and 60 mm
respectively are used. These lenses are placed before the achromatic lens and expand
the beam diameter along the gravitational axis by a factor of 2 (ratio between the two
focal lengths). Since a higher beam diameter leads to a tighter focus, the achromatic
lens focusses this asymmetric beam such that the beam waist along the gravitation
axis is 86µm. A dichroic mirror (T:780 nm and 852 nm; R:1064 nm) reflects the radial
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Figure 3.12: The upper figure shows a contour plot of the crossed dipole trap.
The lighter regions correspond to a higher density. The horizontal axis represents
the imaging axis and the vertical axis corresponds to the Ioffe coil axis. The trap is
elliptical is shape. The lower figure is a 3D plot of the trap depth. The axis shown are
the imaging (z) and the Ioffe (y) axis. The trap has a maximum depth of kB · 33µK.
As is clear from the figure, the trap depth decreases at a distance equal to the beam
waist from the centre of either beams.

trap beam onto the glass cell, this is used because of the presence of the MOT beams
and the imaging beams along the same axis.

Trap Parameters

The trap depth, trap frequencies and the scattering rate are the parameters which
characterize the trap. The trap depth decides the temperature of the cloud that can
be stored in the trap. The trap frequencies are a measure of the confinement of the
trap, which in turn is a measure of the cloud density as well as the temperature. The
scattering rate determines the heating of the cloud and an eventual trap loss due to
scattering of photons of the confining light field by the atoms. For the crossed dipole
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trap, the trap depth was calculated using equation (3.21) which gives

U = kB · 33µK , (3.27)

However, along the axial direction for both the beams, the trap depth decreases at
half the beam waist leading to loss of atoms. Hence, the effective trap depth is given
by

Ueff = U/2 = kB · 16.5µK , (3.28)

The scattering rate is calculated using equation (3.22) and is given by

Γsc = 0.26 Hz . (3.29)

The trap frequencies were calculated using equations (3.25) and (3.26) and are given
by

ωx = 2π × 209 Hz , (3.30)

ωy = 2π × 74 Hz , (3.31)

ωz = 2π × 148 Hz , (3.32)

where ωx, ωy and ωz are the trap frequencies in the gravitation axis, the Ioffe axis and
the imaging axis respectively. All the parameters have been calculated for a power
of 2 W in each arm of the dipole trap and for the beam waists already mentioned
before. A contour plot of the crossed dipole trap and a three dimensional plot of the
trap is shown figure 3.12.

The loading of the dipole trap in our case, is from the magnetic trap and not from
the MOT as is done typically. The loading together with the transport of the cold
cloud will be discussed in the next chapter.

61



3 Preparation of an Ultracold Rb Gas and a Single Atom Cs MOT

62



4 State Preparation of the Rb BEC
in the Dipole Trap

In the previous chapter, I discussed the preparation of a Rb BEC in a magnetic
trap with about a few hundred thousand atoms in the condensate. However, as
already mentioned in section 3.7, there are certain advantages of using a dipole trap
over a magnetic trap which includes the possibility of trapping atoms in the anti-
trapping and untrapped states and the use of the magnetic field as a free parameter
for tuning the interactions between the atoms, like for example in the case of magnetic
Feshbach resonances [17, 18, 53, 121, 122]. In our specific case, we need to prepare
the Rb atoms in the mf = 0 state because it not sensitive to magnetic fields and
therefore, not affected by the high gradient (300 G/cm) of the Cs MOT during the
interaction. In this thesis, the interactions between an ultracold Rb gas and a Cs
MOT are investigated. This is the first step towards future experiments involving
a Rb BEC and a single Cs atom in species specific conservative optical traps where
both the species would be stored in their absolute ground states. Therefore, as a
pre-requisite the Rb BEC is prepared in an optical dipole trap in the desired state.

In this chapter, I will discuss the route towards the preparation of the Rb BEC in the
|1, 1〉 (the absolute ground state) and the |1, 0〉 state and the overlapping of the Rb
cloud with the Cs MOT. In section 4.1, the magnetic transport of a cold Rb cloud
towards the position of the Cs MOT is discussed. Section 4.2 deals with evaporative
cooling in the |2, 2〉 state in a crossed dipole trap leading to the condensation of Rb.
In section 4.3, I discuss the transfer of the BEC from the |2, 2〉 to the |1, 1〉 state
using a microwave radiation and a consequent calibration of the coils used through
microwave spectroscopy. Finally, the last section deals with the preparation of the
BEC in the state we are interested in, i.e. the mf = 0 state. Two different methods
are discussed here for this purpose.

4.1 Magnetic Transport of a Cold Cloud in
Conjunction with the Dipole Trap

It has already been shown that the Rb atoms are trapped and evaporatively cooled
in a QUIC trap to quantum degeneracy. In order to perform experiments related to
the interactions of a Rb BEC with a Cs MOT we need to obtain these two entities at
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the same position. The Cs MOT is here displaced from the Rb BEC by 7 mm which
is the distance between the trap minima of the QUIC and the quadrupole trap. In
our case, we use the method of magnetic transport along with the optical dipole trap
to transport a cold thermal Rb cloud to the position of the Cs MOT.

There are various possibilities of bringing the two species together. Let us consider
the possibility of transporting the Rb condensate from the QUIC to the MOT posi-
tion. This has been demonstrated in [123]. Here, the condensate was transported over
a distance of 40 cm through an optical tweezer which is actually a focussed dipole
trap beam. The transport was achieved by translating the focussing lens, which
was placed on a linear translation stage. However, such stages can cause vibrations
leading to atom losses due to heating. In this case, two stages of isolation were
implemented using rubber dampers and lead weights to avoid this problem. This
is therefore a cumbersome and an expensive process since a very good translation
stage needs to be used for this purpose. Moreover, shot to shot fluctuations were
prominent due to the position instability of the tweezer when the stage was moved
back and forth. Another possibility is the transport using a 1D optical lattice [124].
This does not create mechanical vibrations as the lattice is moved by introducing a
relative detuning between the two beams forming the standing wave. Positioning is
also quite precise. However, vibrations are present in the form of phase fluctuations.
Also, the need for an optical lattice reduces the feasibility of this method in our setup
where we work with a crossed dipole trap for our Rb atoms. Moreover, these lattices
are tightly confining potentials reducing the number of atoms in the condensate.
Another problem that hinders the transport of the condensate is its limited lifetime,
shown for a Rb BEC in the |2, 2〉 state in figure 4.1. The preparation of the conden-
sate in the dipole trap is shown in section 4.2. The lifetime measurement is done by
storing the BEC in the dipole trap after evaporation for about 2.5 s. The exponential
fit yields a 1/e lifetime of 400 ms. Losses are attributed to inelastic collisions due to
dipolar relaxation [63, 64]. This limited lifetime of the condensate puts a limit on
the time duration of the transport. Preparation of the condensate in any other state
requires changes in the optical pumping setup.

The other possibility is to transport the Cs MOT to the position of the QUIC
trap. The movement of the quadrupole trap in space by a distance of 7 mm re-
quires large offset fields of about 350 G which the offset coils currently in use cannot
produce. More robust coils will be required for the purpose. A shift in the position
of the quadrupole potential minima has been shown in [125], where nine overlapping
quadrupole coils have been used to produce a shift of 33 cm. Moreover, the fluores-
cence detection system used to detect the Cs atoms has a field of view of 60µm and
therefore the Cs MOT cannot be detected anymore if its position is changed beyond
this limit. The magnetic transport employed in our experiment is discussed below.
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Figure 4.1: Lifetime measurement of the condensate in the |2, 2〉 state in the dipole
trap. The number of atoms in the Rb condensate is plotted against the storage time
in the dipole trap. The loss of atoms is evident from the graph. Only about 20% of
the atoms remain in the condensate after a storage time of 2 s. The red curve is an
exponential fit to the data. This gives a 1/e lifetime of about 400 ms. The error bars
represent the statistical error of the data points.

4.1.1 Magnetic Transport without the Dipole Trap

The method of magnetic transport has been demonstrated in [126]. Here, a degen-
erate heteronuclear mixture of Rb and Potassium (K) has been transported over a
distance of 6 mm. The QUIC trap used here is similar to ours. Transport is realized
by using an additional pair of coils in anti-Helmhotz configuration parallel to the
quadrupole coils of the QUIC trap. This shifts the centre of the QUIC trap. The
displacement and field offset depend upon the currents flowing through the coils. The
required shift can therefore be obtained by choosing the currents flowing through the
coils.

The magnetic transport that we implement in our experiment, however, does not
involve an additional pair of quadrupole coils. It is achieved by changing the current
flowing through the existing quadrupole coils (MOT coils) which leads to a displace-
ment of the centre of the QUIC trap. The experimental details are given below.

Experimental Sequence

In our experiment, we do not transport the condensate created in the QUIC trap, this
is because of the limited lifetime of the BEC as already mentioned before. Instead,
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Figure 4.2: In the upper graph, the variation in the cloud position relative to the
original position of the QUIC trap is plotted against the current flowing through the
quadrupole coil during the transport. As seen from the graph, the trap minimum
is displaced by 7 mm as the current is nearly 5 A. The displacement is towards the
MOT position. The QUIC and the MOT positions are labelled. The lower graph
shows the displacement with respect to the transport time. The total time required
for this displacement is less than 1 s. The inset shows the current ramp used for the
transport.

we transport a thermal cloud which has a temperature of about 1µK and a lifetime
of about 120 s. The evaporation in the QUIC trap is therefore carried out for about
19 s to generate the cold thermal cloud after which the transport begins. The current
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through the quadrupole coil is chosen depending upon the displacement required. In
order to know this displacement, the atoms are imaged in the quadrupole trap as
well as the QUIC trap and the position of the cloud is noted. The position in all
the three axes is obtained by using both the cameras as mentioned in section 3.6.
The current through the quadrupole coil is reduced in steps and the position of the
cloud is ascertained for each current for which the camera had to be moved four
times during the entire displacement. The current was reduced from 16.9 A to 5 A
to obtain the necessary displacement of 7 mm. The current through the Ioffe coil
remained unchanged at 16.9 A. This displacement is however an approximate one,
the exact positioning with respect to the MOT is explained in the next chapter.
The ramp used was a cosine ramp, such that the transport is slow in the beginning
and in the end. This ramp was chosen to minimize excitations in the atom cloud
which were measured experimentally. The transport was accomplished in less than
a second. The change in the position of the trap minimum relative to the original
position of the QUIC trap with respect to the current flowing through the quadrupole
coil and the time required for the transport is shown in figure 4.2. This was the first
attempt to displace the trap minimum. Atom losses and heating of the cloud were
not observed. There were however, some problems associated with this transport
method. The transport was not completely adiabatic and therefore, an oscillation of
the cloud was obtained at the final position. The trap frequencies were drastically
reduced due to the change in the trap parameters from 180 Hz at the position of
the QUIC to less than 10 Hz at the quadrupole trap position. A gravitational sag of
∼ 2 mm was also observed due to a lower field gradient.

An increase in the transport time to obtain an adiabatic transport would increase
the length of the experimental sequence. This is evident from the low trap frequency
values at the end of the transport which give an oscillation period of about 200 ms.
The duration of an adiabatic transport would then be of the order of a few to a few
tens of seconds and is therefore not an ideal solution to get rid of the oscillations.
This problem was then solved by using a two step ramp, where the current was first
reduced to a value close to 5 A in 900 ms. The oscillations of the cloud were recorded
at this position. The phase and period of the oscillations were therefore ascertained.
The cloud was then stored at this position for 85 ms after which the current was
reduced to 5 A in about 60 ms which is about half the oscillation period. The idea
behind this approach is to break the oscillation at an intermediate current value
and then transporting the cloud to its desired position. This reduced the oscillation
amplitude to about 10% of its initial value. The gravitational sag was compensated by
using a levitation coil. This coil is shown in figure 3.3. This has an outer diameter
of 130 mm, an inner diameter of 50 mm and has 120 turns with an inductance of
1.5 mH. This coil is placed below the glass cell as shown in figure 3.3 surrounding the
MOT objective and is water cooled. This creates a gradient of about 10 G/cm in the
vertical direction and compensates for the gravitational sag. The ramp used and the
current flowing through the coil are discussed in the next section in concurrence with
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Figure 4.3: The upper graph shows measurement of the radial trap frequency for
the original QUIC trap. The position of the oscillating cloud is recorded for different
storage times after the atoms are deflected from equilibrium. The red curve is a sine
fit to the data whose period gives the trap frequency which is equal to 179.8±0.6 Hz.
The lower graph shows the measured radial trap frequencies for different positions
during the transport. The axial trap frequency could not be measured due to the very
small deflection that was possible in that direction with the available field gradient.
However, it is also assumed to have lower values at the end of the transport, the
variation here being not so significant, since the axial trap frequency at the QUIC
position is also low at 18 Hz. The drastic change in the trap frequency from 180 Hz
to less than 70 Hz within 150 ms is observed. The QUIC and the MOT positions are
labelled.
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the dipole trap. The third problem was the drastic reduction of the trap frequencies.
To evaluate this, the trap frequencies were measured for different positions during
the transport. For this, the atoms were given a slight deflection using the levitation
coil such that they were displaced from their equilibrium and start oscillating in
the trap with their trap frequencies. For this purpose, a current of 750 mA was
flown through this coil where it was ramped up in 40 ms and ramped down in 10 ms.
The trap frequency was then measured by storing the atoms in the trap for various
times (of the order of a few ms) and noting down the position of the cloud. The
trap frequency measurement for the QUIC trap at its original position is shown in
figure 4.3. The measured trap frequency of 179.8 ±0.6 Hz agrees quite well with the
theoretical value of 180 Hz. This measurement was repeated for various stages of
the transport i.e. at different cloud positions corresponding to different quadrupole
currents. The trap frequencies are plotted against the quadrupole currents in figure
4.3. A drastic change in the frequencies from 180 Hz to 70 Hz is observed in the first
150 ms of the transport. This problem was solved by using the dipole trap during
the transport and is discussed in the next section.

4.1.2 Magnetic Transport along with the Dipole Trap

The problem of the trap frequency change was taken care of by ramping up the axial
arm of the dipole trap during the transport. This provided a better enclosure along
the gravitation and imaging axes and stabilized the trap frequencies at 120 Hz.

The dipole trap was focussed onto the position of the quadrupole trap (MOT po-
sition). The details of the trap including the trap parameters have already been
discussed in section 3.7. In order to align the trap, the dipole trap beam was over-
lapped at two positions, at the QUIC as well as at the quadrupole trap minima. The
trap was then ramped up in 100 ms at the beginning of the transport to its maxi-
mum power of 2 W and was kept at this value till the end of the transport. This
time was chosen for an adiabatic ramping. The ramp was linear with rounded ends
in the beginning and in the end to avoid any excitations in the atom cloud during
the ramping up of the dipole trap. At the same time, the levitation coil was also
ramped up in 50 ms to a current of about 1.7 A and was kept at this value for 500 ms
after which it was ramped down in 600 ms. This configuration maintained a constant
trap frequency of 120 Hz at the end of the transport and also compensated for the
gravitation sag. Changes in the dipole trap position could also be compensated by
changing the levitation ramp. The ramps were optimized on the basis of experimen-
tal results, i.e. for optimal atom number and temperature of the clouds. A schematic
of the ramps used are shown in figure 4.4. With this, a 1µK cloud in the |2, 2〉 was
transported to the centre of the quadrupole coils (quadrupole minima). As already
mentioned, an exact overlap with the Cs MOT position will be discussed in the next
chapter.
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Figure 4.4: A schematic of the ramps used during the transport is shown. The
x-axis shows the time in ms whereas the y-axis is arbitrary and shows the relative
current and power normalized to one. The levitation coil current (red, dash dot curve)
is ramped up to a current of 1.7 A and then ramped down after 500 ms. The dipole
trap (blue, dashes curve) is ramped up to a power of 2 W in 100 ms and stays there.
The transport curve (black line) shows the ramping down of the current through the
quadrupole coil in two steps from 16.9 A to 5 A.

Having transported a thermal cloud to the position of the MOT, the next step is to
obtain a Rb BEC in the dipole trap. This will be discussed in the next section.

4.2 BEC in the |2, 2〉 State of the Crossed Dipole Trap

Although BEC was first realized in a magnetic trap, the various limitations of this
trap, which have already been discussed earlier, have encouraged its production or
transfer into the optical dipole trap for various experiments. Optical confinement
of a BEC was demonstrated in [127] and evaporative cooling leading to an increase
in phase space density [128] as well as condensation [129, 130] by lowering the trap
depth have also been carried out in single beam as well as crossed dipole traps. In
our case, optical confinement of the Rb BEC is necessary as we need to study its
interaction with Cs which is trapped in a MOT. As already explained in the last
section, the transport of a Rb BEC prepared in the QUIC trap in the |2, 2〉 state
over a period of 1 s is not possible due to its limited lifetime. Therefore, a 1µK cloud
is transported. This cloud is then evaporatively cooled in the dipole trap to quantum
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Figure 4.5: A false colour image of a Rb BEC obtained in a crossed dipole trap after
a time of flight (TOF) of 32 ms is shown. The axes shown are the gravitation axis
and the Ioffe coil axis. The arrow points in the direction of gravitation and depicts
the direction in which the BEC falls during the TOF.

degeneracy.

Evaporative Cooling through Lowering the Trap Potential

The axial arm of the dipole trap is ramped up during the transport. However, in
order to obtain a uniform confinement in 3D and a larger trap volume, a crossed
dipole trap is employed. After the transport, the radial arm of the dipole trap is
ramped up in 200 ms to its maximum power of 2 W and the magnetic fields are
switched OFF such that the atoms are confined only optically. The ramping up time
is chosen such that the transfer into the crossed trap is adiabatic. In the experiment
it is optimized based on the atom number and the temperature of the transferred
cloud. The radial beam is coarsely aligned by overlapping it with the cloud position.
This is done with the help of both the cameras. The fine alignment is achieved again
by optimizing the atom number and temperature in the trap. The atoms are stored
in the crossed dipole trap for about 200 ms. This time is more than sufficient to get
rid of any residual fields arising from the switching OFF of the magnetic trap or the
levitation coil. After this, the evaporation is carried out. For this, the power of the
axial as well as the radial arm of the dipole trap is lowered, thereby, lowering the
trap depth. A logarithmic ramp is used where the power of the axial arm is reduced
from 2 W to 1 W and that of the radial from 2 W to 0.8 W in 3 s. The quantization
axis is provided by a pair of Helmholtz coils parallel to the quadrupole coils as shown
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in figure 3.3. A condensate with about 105 atoms is obtained. A picture of a Rb
condensate in the dipole trap after a TOF of 32 ms is shown in figure 4.5.

Lowering the trap depth decreases the trap frequencies and therefore reduces the rate
of elastic collisions. This leads to inefficient evaporation. Most experiments where
the atoms are loaded directly from the MOT into the dipole trap, therefore, either
use higher intensities or a tighter focus for a better confinement. However, in our
case, since we already load a pre-cooled cloud (1µK) into the dipole trap, neither
of the above is inevitable. Hence, we can work with relatively small powers (2 W in
each beam) and larger beam waists (86-172µm) which increases the trap volume in
our case.

Trap Frequencies

Trap frequencies are important parameters characterizing a trapping potential. The
trap frequencies for the crossed dipole trap have been calculated in section 3.7 for its
maximum trap depth. This has been experimentally measured here. One way to do
this is to displace the atoms from their equilibrium in the trap such that they start
oscillating in the trap with the trap frequencies. This has been done in the magnetic
trap in our case, the results of which have already been shown in section 4.1. Here,
another method viz. the method of parametric heating [131, 132] has been employed
to measure the trap frequencies.

This method is based on the observation of atom losses in the trap by a modulation of
the laser intensity. Intensity fluctuations lead to heating, the rate of which depends
on the second harmonic of the trap frequency, hence it is called parametric heating.
Losses of atoms from the trap are observed for modulation at twice the trap frequency.

The Rb atoms are evaporatively cooled and a sample with ∼ 2 × 105 atoms at
200 nK is prepared in the dipole trap. The axial arm of the dipole trap is then
modulated by a sine waveform with an amplitude corresponding to about 50% of the
power in the axial beam, for 2 s. The modulation frequency is varied and the atom
number is noted for each frequency. Figure 4.6 shows the measurement of the trap
frequencies by the method of parametric heating. Two dips are observed in the atom
number corresponding to losses at two different modulation frequencies. Since, losses
are observed at a modulation frequency which is equal to twice the trap frequency,
the trap frequency can be obtained from this measurement. The trap frequencies
extracted from the measurement are therefore, given by ω1 = 2π × (53.2± 0.7) Hz
and ω2 = 2π × (120± 2) Hz. However, in our case, the trap frequencies are different
in all the three directions (see section 3.7). The trap frequencies can be calculated for
this lowered trap using equations (3.25) and (3.26) and are given by ωx = 2π×166 Hz,
ωy = 2π × 59 Hz and ωz = 2π × 117 Hz. The values of the trap frequencies from the
measurement agree reasonably well with the theoretical values for the imaging axis (z)
as well as the Ioffe axis (y). The small discrepancy is attributed to the uncertainties
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Figure 4.6: The measurement of the trap frequencies by the method of parametric
heating is shown. The atom number is plotted against the modulation frequency. Loss
features are observed at modulation frequencies equal to twice the trap frequencies.
The red curves are the gaussian fits to the data points, the centre of which gives
the modulation frequency corresponding to the atom losses. The corresponding trap
frequencies are ωy = 2π × (53.2± 0.7) Hz and ωz = 2π × (120± 2) Hz.

in the beam powers and beam waists. However, a third loss dip corresponding to the
trap frequency along the gravitation axis (x) is not observed. This could be because
of the broad spectrum of the second loss feature which is 96± 10 Hz in terms of the
modulation frequency. According to the calculated value of ωx, this loss should be
observed at a modulation frequency of 332 Hz, which is less than 100 Hz away from
the dip corresponding to ωz. Hence, it could probably not be resolved. An attempt
was made to do this measurement at a lower modulation amplitude, but the losses
observed in that case were smaller than the shot to shot atom number fluctuation.

4.3 Microwave Transition to the |1, 1〉 State

The |2, 2〉 state of 87Rb is not convenient for the study of interactions as the conden-
sate cannot be stored in this state for a long time. Hence, the Rb atoms need to be
prepared in another state to facilitate such studies. In the absolute ground state of
Rb i.e. the |1, 1〉 state, a suppression of the inelastic two body processes occurs due
to the energy and angular momentum conservation laws. This state therefore, also
has a larger lifetime due to the consequent suppression of losses. This is therefore,
the state where the Rb condensate will be stored for all future experiments where Cs
will be trapped in a species selective optical lattice (see chapter 6). For experiments
demonstrated in this thesis, the Rb atoms are not stored in this state, because it is
sensitive to the magnetic fields. However, the transition from the |2, 2〉 to the |1, 1〉
state has been demonstrated here as a requirement for future experiments with Cs
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in the species selective optical lattice and also as a pathway to the preparation of
the atoms in the mf = 0 state. Moreover, microwave spectroscopy has been carried
out with this transition where a calibration of the offset coils used for creating a
homogeneous magnetic field, has been done.

The theoretical framework of the interaction of a coherent radiation with a two level
atom has been discussed in chapter 2. Here, it was shown that, if the atom can be
considered as a two level system, then population transfer between these two levels
occurs depending upon the radiation pulse applied. Application of a π pulse, leads
to a complete transfer of atoms from one state to the other at resonance. Various
extensions of this method have also been demonstrated, viz. transfer using two
resonant pulses or a two photon transfer. These two methods will be discussed in
the next section. Another alternative for population transfer is an adiabatic passage
[133], where the frequency of the external field is slowly (adiabatically) tuned across
the resonance. This method does not require an external field with very stable
amplitudes and frequencies and leads to a 100% transfer. However, in our case, the
amplitude and frequency fluctuations of the microwave as well as the RF (which
will be discussed in the next section) are negligible, thereby providing stable and
complete population transfer using resonant pulses. The advantage of using resonant
pulses over the adiabatic transfer is that they are much faster, lying between 20 and
300µs in our case compared to about a second required for an adiabatic transfer. A
single photon microwave transition is discussed here.

4.3.1 Microwave Spectroscopy

The approximation of a two level system assumed in the model discussed in chap-
ter 2 depends on various factors viz. the strength of the atom radiation coupling,
the detuning of the radiation field from the atomic transition frequency and the
monochromatic nature of the radiation field. The strength of the coupling depends
on the Rabi frequency which in turn depends on the field strength and will be dis-
cussed in the next part of this section. The monochromatic nature of the radiation
field is important so that it does not couple to the other states. Let us consider the
ground state hyperfine structure of 87Rb. In the absence of any external field, the
f = 2 and f = 1 states are degenerate. Application of a magnetic field results in the
splitting of these states into 2f + 1 states, i.e. the f = 2 state is split into five and
the f = 1 is split into three. We are interested in the transition |2, 2〉 → |1, 1〉. The
splitting of the states depends on the strength of the applied magnetic field. For,
weak magnetic fields, f is a good quantum number and the splitting is linear with
respect to the magnetic field. For very strong fields of about a thousand Gauss, the
energy shift is given by the Paschen-Back effect. The energy shift is in general given
quantitatively by the Breit-Rabi formula [134, 135], which has a simple form for the
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ground state. This is given by

Ej=1/2mjimi = − ∆Ehfs

2 (2i+ 1)
+ giµBmB ±

∆Ehfs

2

(
1 +

4mx

2i+ 1
+ x2

)1/2

, (4.1)

where ∆Ehfs is the hyperfine splitting, m = mi ±mj and x is given by

x =
(gj − gi)µBB

∆Ehfs

, (4.2)

where gj and gi are the Lande factors. For small values of x i.e. for x < 0.1, [134] the
low field regime is valid where the splitting varies linearly with the magnetic field.
The value of x was calculated to be ∼ 0.04 for a magnetic field of 15 G for i = 3/2 in
our case. Since, we work with fields < 15 G, we are well within the weak field regime
where the Zeeman splitting is anomalous. Here, the splitting is given by 700 kHz/G
for the 87Rb ground state [96] which is very small compared to the hyperfine splitting
given by 6.835 GHz. The coupling of the two states under consideration depends
upon this splitting relative to the spectral width of the microwave frequency and its
detuning from resonance. For the pulse durations considered in our experiment, the
spectral width of the radiation is of the order of a few tens of kHz.

Resonance Measurement

The microwave setup has already been explained in section 3.5. The R&S 1 signal
generator whose frequency is multiplied by the PLDRO is switched to 9.94671 MHz.
The output of the PLDRO is added to the frequency generated from the R&S 2 signal
generator using the mixer, which is then used for pulse generation. The R&S 2 gen-
erator is switched ON using the RF switch shown in figure 3.6, replacing the TABOR
(used for evaporation). The rest of the setup is the same as that for evaporation. The
entire setup is triggered from the pulse generator which is in turn triggered from the
computer and a trigger from the mains. The pulse generator also sets the duration
of the pulse. The timing of the pulse can be set by setting an appropriate delay
using the pulse generator. However, this is accurate only to 20 ms which is limited
by the trigger from the mains, which has a frequency of 50 Hz. Therefore, the offset
field as well as the frequency generated from the signal generators should be timed
accordingly.

The pulse is applied after the evaporation in the dipole trap. The offset field is already
present during evaporation providing the necessary quantization axis as mentioned
before. A current of 2.5 A is passed through these coils providing a field of about
10 G. The current to the coils is provided by a power supply (Toellner, Model no.
TOE 8851-32). In order to measure the microwave spectrum, the power of the
microwave radiation is attenuated by about 60% of the maximum power (8 W) using
the PIN diode attenuator. This is done to alleviate power broadening to obtain a
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Figure 4.7: The two Rb clouds in the |2, 2〉 and the |1, 1〉 states are shown separated
in space through a Stern Gerlach experiment. The gradient is applied during the TOF
measurement and the clouds are imaged after a TOF of 13 ms. The thermal clouds
have a temperature of about 200 nK and there are about 1.9× 105 atoms in the |2, 2〉
state and about 4.4 × 104 atoms in the |1, 1〉 state. They are separated by 3µBB/2
in space. The arrow along the gravitation axis points in the direction of gravitation
and therefore, represents the direction in which the thermal cloud falls and expands
during the TOF measurement.

narrow spectrum whose width is limited by the Fourier limit. The pulse duration
is chosen to be 50µs. A longer pulse would give a narrower spectrum, however,
in our case, the spectral width is Fourier limited at the chosen pulse duration and
microwave power, therefore, we do not use a longer pulse. The population in the
two states is determined by the Stern Gerlach method. This is achieved by flowing a
current through the levitation coil during the TOF measurement which provides the
necessary gradient for the separation of the mf states in space. The two clouds are
separated by 3µBB/2. Figure 4.7 shows the two Rb clouds in the |2, 2〉 and |1, 1〉 state
separated in space. The repumper light is switched ON during the TOF to enable
the observation of the atoms in the f = 1 state. Therefore, both the clouds can be
observed. The microwave spectrum is shown in figure 4.8. The errors represent the
statistical error of the data points. A gauss is fitted onto the data, the centre of
which corresponds to the resonance, the frequency of which is 52.9782±0.0002 MHz.
This is the frequency generated by the R&S2 generator which replaces the TABOR
after evaporation. About 20% of the atoms are transferred to the |1, 1〉 state at this
frequency and microwave power.
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Figure 4.8: The relative population of the atoms in the |2, 2〉 state with respect to
the total number of atoms in both the |2, 2〉 and |1, 1〉 states versus the microwave
frequency generated by the R&S 2 generator is shown. The dip corresponds to the
resonance frequency of the |2, 2〉 → |1, 1〉 atomic transition. The red curve is a
gaussian fit to the data, whose parameters give the value of the resonance frequency.
Note that at resonance only about 20% of the atoms are transferred to the |1, 1〉 state
due to the attenuated microwave power.

Calibration of the Offset Field

The microwave radiation can be used for a calibration of the coils providing the offset
fields necessary for the splitting of the degenerate hyperfine levels. In our case, we
have done this for three pairs of coils in all the three axes viz. x, y and z. In the
imaging axis (z), the coils used are the ones parallel to the MOT coils as shown
in figure 3.3. In the other two axis, the coils used are simple wires, which do not
allow flow of currents larger than about 10 A. All the three coils were calibrated by
measuring the microwave spectrum for currents between 1-10 A flowing through them.
Therefore, the resonance frequency corresponding to each current flowing through
the coils was ascertained for all the coils for the |2, 2〉 → |1, 1〉 transition. Figure 4.9
shows the calibration of the three coils. The blue dot on each graph represents the
frequency corresponding to the transition |2, 0〉 → |1, 0〉 calculated by subtracting
the frequency generated by the PLDRO from 6.835 GHz (hyperfine splitting of the
ground state). Ideally, an extrapolation of the linear fit to the frequencies should cross
this point. The offset corresponds to stray magnetic fields or the earth magnetic field
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Figure 4.9: The calibration measurement of the offset coils in all the three directions
is shown. The current through the coils is plotted vs. the resonance microwave
frequency (frequency generated by the R&S 2 generator). The upper most graph
represents the coil in the imaging axis (z), the middle one, the gravitation axis (x)
and the lower one the axis of the Ioffe coil (y). The red curves are the linear fits to the
data points. The blue dot in each graph represents the frequency corresponding to the
zero magnetic field, which is also the frequency of the clock transition |2, 0〉 → |1, 0〉.
Note that, an extrapolation of the linear fit does not pass through this dot.
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Figure 4.10: Rabi Flopping: The relative population of the atoms in the |1, 1〉
state with respect to the total number of atoms in the |1, 1〉 and |2, 2〉 states versus
the pulse duration is shown. The red curve is a sine squared fit to the data which
gives the value of the Rabi frequency to be 2π×(26.48± 0.04) kHz. Note that a 100%
population transfer is obtained after 19µs.

along these directions. The splittings produced by the coils for the same current in
the gravitation (Ioffe) axis are four (three) times smaller than that produced along
the imaging axis due to a proportionally smaller magnetic field strength.

4.3.2 Rabi Oscillations

After having measured the resonance frequency, the coupling strength between the
two levels can be determined. This can be done by measuring the Rabi frequency
which is the frequency of the population oscillation between the two coupled states.
For this, the frequency of the R&S 2 generator is kept at the resonance frequency
and the duration of the microwave pulse is varied. The population of the two states
is ascertained for each pulse duration. In our case, the first measurement of the Rabi
oscillations gave a frequency of about 10 kHz. The microwave waveguide antenna
was moved closer to the glass cell and the existing cable, connecting the amplifier to
the waveguide, was replaced by a low loss cable with a length of 0.5 m . These two
improvements led to a doubling of the measured Rabi frequency. Figure 4.10 shows
the Rabi oscillations between the |2, 2〉 and the |1, 1〉 state. The Rabi frequency
measured is 2π × (26.48± 0.04) kHz. A 100% population transfer is obtained after
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19µs. Moreover, the oscillations are very stable, even over time scales of a few ms
which indicates a coherence time of the order of a few ms. The stability of the
oscillations enables us to prepare the atoms in the |1, 1〉 state using a single π pulse.

4.4 Preparation of the BEC in the |1, 0〉 State

As already mentioned many times before, we prepare our Rb BEC or a cold thermal
Rb cloud in the mf = 0 state for experiments with Cs. This is because this state
is magnetically insensitive. The Cs atoms are trapped in a high gradient MOT
(300 G/cm) and this gradient would push out all the atoms if they are in any of the
magnetically sensitive states viz. mf = 1,mf = 2 when the Cs MOT is overlapped
with the Rb cloud. For all future experiments, however, Cs would be trapped in a
species selective optical lattice and therefore Rb would be confined in the absolute
ground state i.e. the |1, 1〉 state.

The two states with mf = 0 which are used in our experiments with Cs are the
|1, 0〉 state and the |2, 0〉 state. The preparation of the atoms in the |2, 0〉 state is
relatively simple because of the use of two resonant microwave pulses, |2, 2〉 → |1, 1〉
and |1, 1〉 → |2, 0〉 one after the other. The Rabi frequency of the |1, 1〉 → |2, 0〉
transition is 2π × (3.083 ± 0.008) kHz. This therefore, does not require an extra
RF setup. However, the preparation of the Rb atoms in the |1, 0〉 state requires an
additional RF setup. Two methods are discussed below.

4.4.1 Transfer to the |1, 0〉 State through a Two Photon
Microwave Transition

In order to transfer the atoms from the |2, 2〉 → |1, 0〉 state, a single photon transition
is not sufficient. This is because ∆mf = 2 for this transition and is therefore, forbid-
den by the selection rules (∆mf = 0,±1). However, these two states can be coupled
through a two photon transition. A schematic of the two photon transition is shown
in figure 4.11. In order to couple the two states, the microwave frequency is detuned
by a value ∆ from the resonance frequency of the |2, 2〉 → |1, 1〉 transition. A RF is
applied simultaneously where the RF frequency is detuned by the same value with
respect to the |1, 1〉 → |1, 0〉 transition. When the detuning ∆ is sufficiently larger
than the individual Rabi frequencies of both these transitions then, the intermediate
|1, 1〉 state is not occupied. The three level system can then be considered as a two
level system and the states |2, 2〉 and |1, 0〉 are considered to be coupled via the two
photon transition. The corresponding two photon Rabi frequency is then given by
[136]

Ω ∝ Ω1Ω2

∆
, (4.3)
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Figure 4.11: A schematic of the two photon transition is shown. The atoms in
the |2, 2〉 state are transferred to the |1, 0〉 state via the intermediate |1, 1〉 state.
The detuning ∆ is chosen such that the microwave frequency is smaller than the
resonance frequency for the transition |2, 2〉 → |1, 1〉. The RF frequency is then
chosen accordingly.

where Ω1 and Ω2 are the Rabi frequencies of the individual single photon microwave
and RF transitions respectively and ∆ is the detuning. Since the Rabi frequency is
inversely proportional to the detuning ∆, the value of ∆ needs to be chosen carefully.
It should be set large enough such that the intermediate state is not occupied by the
single photon transition and at the same time, it should be small enough to provide a
strong coupling between the two states. The detuning can be chosen to be such that
the microwave frequency is smaller than the resonance frequency of the |2, 2〉 → |1, 1〉
transition as shown in figure 4.11. It could also be chosen such that the frequency
is larger than the resonance frequency. However, this needs to be decided keeping in
mind the possibility of occupation of other states according to the selection rules.

The RF setup used in our case, consists of a waveform generator (Agilent, Model
no. 8648C) which provides the necessary RF frequency. This is then connected to
a preamplifier (Motorola) through an RF switch which receives the required trigger
from the experimental sequence. The preamplifier is then connected to the main
amplifier which gives a total output power of 10 W. The RF antenna is a simple
coil which is wound around the glass cell. The polarization direction is along the
gravitation axis, which is the same as that of the microwave antenna. The required
offset field is provided by the same pair of Helmholz coils as in the case of the single
photon transition discussed in the previous section.

The pulse is applied after the evaporation of the atoms. The two photon spec-
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Figure 4.12: Rabi Flopping: The relative population of the atoms in the |1, 0〉
state with respect to the total number of atoms in the |1, 0〉 and |2, 2〉 states versus
the pulse duration is shown. The red curve is a sine squared fit to the data which
gives the value of the Rabi frequency to be 2π × (2.33± 0.03) kHz. The error bars
are the statistical error of the data points. Note that a 100% population transfer is
obtained after 212µs.

trum is first measured by keeping the microwave frequency fixed and varying the
RF frequency. In our case ∆ is chosen to be 80 kHz (below the resonance frequency
corresponding to the |2, 2〉 → |1, 1〉 transition) such that the population in the in-
termediate state is less than 1% of the total population. The offset field used is
about 4 G. The RF resonance was observed at a frequency of 1.662 MHz (frequency
generated by the Agilent waveform generator). Keeping the waveform generator at
this value and providing maximum microwave (8 W) and RF (10 W) powers, the two
photon Rabi oscillations were measured as shown in figure 4.12. The Rabi frequency
was measured to be 2π × (2.33± 0.03) kHz.

However, in our case, this was not very robust as the pulse duration for maximum
transfer to the |1, 0〉 state varied on a daily basis. This could be due to varying
stray magnetic fields or the pointing stability of the dipole trap lasers to which this
process is probably more sensitive. The efficiency of the transfer was also not always
100%. One way to go about this, was to do an adiabatic transfer where the exact
frequency and power of the pulse is not very important. Another method is to use
two resonant pulses, a microwave and an RF one after the other. We chose to use
the second method as this was easier to apply and turned out to be quite robust and
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Figure 4.13: Rabi Flopping: The relative population of the atoms in the |1, 0〉
state with respect to the total number of atoms in the |1, 1〉 and |1, 0〉 states versus
the pulse duration is shown. The red curve is a sine squared fit to the data which
gives the value of the Rabi frequency to be 2π × (2.18± 0.04) kHz. The error bars
are the statistical error of the data points. Note that a 100% population transfer is
obtained after 230µs.

was also faster, a total time of about 250µs for two resonant π pulses instead of a
second required for an adiabatic transfer. This is discussed in the next part.

4.4.2 Transfer to the |1, 0〉 State through a RF Pulse

In this method, two resonant π pulses are used to transfer the atoms from the |2, 2〉 →
|1, 0〉 state. The atoms are first prepared in the |1, 1〉 state through a resonant single
photon microwave transition. This has already been explained in the previous section.
After this, a second π pulse is applied, which is an RF pulse in this case. This resonant
pulse transfers the atoms from the |1, 1〉 → |1, 0〉 state.

The setup used for the generation of the RF pulse is the same as that used for the
two photon transition. However, here the offset field used is larger which is about
20 G. A smaller offset field of the order of 5 G led to a small linear splitting of the
hyperfine states (anomalous Zeeman effect). Here, the two level atom criteria is not
fulfilled due to the coupling of the RF to all the Zeeman states. At high powers
(maximum power of 10 W), the large spectral width of the RF radiation led to the
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Figure 4.14: The number of atoms in the BEC in the |1, 0〉 state is plotted against
the storage time. The atoms have been stored for 2 s. A longer storage time was not
possible. An exponential fit could therefore, not be fitted to the data points. Note
that almost no losses are observed even after 2 s.

population of all the Zeeman split hyperfine states. At smaller powers, the strength
of the field was not enough to couple out all the atoms from the |1, 1〉 state. Hence, a
higher magnetic field is applied such that the splitting is no longer linear. At a field
strength of 20 G, the quadratic effect comes into play and the two levels viz. |1, 1〉
and |1, 0〉 are coherently coupled. The RF resonance frequency was measured and
Rabi oscillations could be observed between the two states at resonance for maximum
microwave and RF power. The Rabi oscillations are shown in figure 4.13. The Rabi
frequency is measured to be 2π × (2.18± 0.04) kHz.

This method was quite robust and a 100% transfer was obtained at the application
of a π pulse. This was therefore used to transfer the BEC from the |2, 2〉 → |1, 0〉
state.

4.4.3 Lifetime Measurement of a BEC in the |1, 0〉 State

The lifetime of the BEC is important for all measurements concerned with Cs since
the observation time for the interactions is of the order of 1 s in our case. This is the
time required for the loading and observation of changes in the Cs MOT. This will
be discussed in the next chapter. The lifetime of the BEC was measured by storing
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the condensate in the lowered trap (∼1 W of power in each arm of the dipole trap,
with a trap depth of ∼ 8µK) after evaporation. Ideally, the trap should be ramped
up for the lifetime measurement as a lowered trap leads to further cooling and a
corresponding decrease in the atom number. However, in this case, it is immaterial
as the cooling is minimal for the time duration within which the atoms are stored.
Also, almost no losses are observed in the 2 s storage time. The condensate could not
be stored longer due to technical limitations as the waveform generator responsible for
controlling the power of the dipole trap has a limited storage memory. Nevertheless,
since almost no losses are observed for a storage time of 2 s which is the time scale
required for experimentation, a further storage is not inevitable. Figure 4.14 shows
the lifetime measurement of the condensate. The data has not been fitted since there
are not enough points to fit an exponential decay curve.

In this chapter, I have discussed the transport of the Rb cloud to the position of the
Cs MOT in order to overlap these two entities. The preparation of the BEC or a
thermal cloud in the magnetically insensitive states and the absolute ground state has
also been shown. Since, the lifetimes are important for measurements between Rb
and Cs, the lifetime measurement for a BEC in the |1, 0〉 state was done. This fulfils
all the necessary conditions required to study the interactions between an ultracold
Rb cloud in one of the mf = 0 states and a single Cs atom in a MOT. This will be
discussed in the next chapter.
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5 Interaction of a Single Cs Atom in
a MOT with an Ultracold Rb
Cloud in the Dipole Trap

The interaction of a single Cs atom with an ultracold Rb cloud is a realization of
the model system of the interaction between a few-body system and a many-body
system. Such a model system opens the route for the investigations of many intriguing
phenomena and the realization of many proposals, as discussed in the introduction
to this thesis. This relatively new area of physics combining these two entities has
been theoretically studied in various ways.

In our approach, a single Cs atom captured in a MOT is overlapped with an ultracold
Rb cloud in a dipole trap and the interactions have been studied by analyzing the
losses observed in Cs. Ideally, a species specific conservative trap for Cs (see chapter
6) will eventually be used where a spin polarized sample of Cs in the ground state
can be prepared to study the coherent phenomena. Here, the interactions have been
studied with Cs in a MOT. This allows studying the influence of one species over
the other as well as developing certain methods for the analysis of the interspecies
interactions. Cs has been used as a probe to study the interspecies inelastic collisional
properties. These studies have been used to calculate the interspecies inelastic rate
coefficients, which provide a useful insight into the nature of interactions between
the two entities. Moreover, the method used here to determine the rate coefficients,
by counting the loss rates, greatly simplifies the otherwise complicated differential
equation used to determine such rates in mixtures with a large number of atoms.

5.1 Single Atom Cs MOT

The single atom Cs MOT has already been briefly described in section 3.3. The
high magnetic field gradients, small beam sizes and a smaller MOT size is what
differentiates this from a conventional MOT with a large number of atoms (107−109

atoms). A current of 25 A is passed through the MOT coils shown in figure 3.3 to
produce a field gradient of 300 G/cm. The MOT beams have a radius of 1 mm with
a total power of 1 mW divided among all the six beams. The cooling light is 6 MHz
(∼ 1.15Γ) detuned from the cooling transition f = 4→ f ′ = 5. The intensity of the
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Figure 5.1: Four typical traces of Cs MOT are shown as detected using the fluores-
cence detection system where the fluorescence counts are plotted against the time.
The Cs MOT is first loaded using a low gradient followed by a ramping of the field
gradient to 300 G/cm. The detection is done during the high gradient phase with
a binning period of 100 ms. The MOT is ON for 1.7 s after which the repumper
light and the magnetic field are switched OFF for 200 ms (denoted by the blue dif-
ferentially shaded region). The repumper light is then switched ON after 200 ms for
500 ms to record the background (denoted by the pink shaded region). The dashed
lines in the graphs represent one, two, three and four atoms as labelled. The left
graph (labelled a)), shows a loading event (red trace with straight lines and hollow
circles) after a time of 1 s and a trace with a single atom (black trace with straight
lines and filled squares) without any losses. The graph on the right (labelled b))
shows two traces, one of which represents a one-atom loss after a period of 800 ms
(red trace with straight lines and hollow circles) and the other represents a two-atom
loss after a period of 700 ms (black trace with straight lines and filled squares).

light at the crossing point of all the lasers is I0 = Ptot/πw
2
b = 31.85 mW/cm2, where

Ptot is the total power of the beams and wb is the radius of the MOT beam. The size
of the single atom Cs MOT can be calculated using equations (3.1) and (3.3) where
κ is given by

κ =
µ′A

~k
β . (5.1)

Here, k = 2π/λ is the wave number, A is the magnetic field gradient and µ′ ≡
(geme − ggmg)µB is the effective magnetic moment of the transition used, where
gg = 1/4 and ge = 2/5 are the Landé factors of the ground and excited states
respectively and mg and me, the respective Zeeman states. Here, β is the damping
coefficient and is given by equations (3.1) and (3.2) by writing equation (3.1) for an
optical molasses as the sum of the forces in both the directions. The 1/e2 radius of
the MOT, wCs can be written as [100]

kBT = κw2
Cs , (5.2)
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where T is the temperature of the MOT. Using equation (5.2), the 1/e radius of the
Cs MOT was calculated to be 7.7µm for a typical MOT temperature of 100µK and
averaging over all the relevant Zeeman states. The single atom Cs MOT is detected
using a fluorescence detection set up already described in section 3.6. Figure 5.1
shows typical traces of a single atom MOT. Here, the loading and loss of atoms can
be determined and counted individually. This is in contrast to systems with large
number of atoms where an ensemble average is taken. The graphs show four typical
events.

a): Neither a loading or loss occurs, the atom is not lost from the trap.

b): A loading event, where an atom is loaded, the rate at which this happens depends
upon the magnetic field gradient of the MOT.

c): A one-atom loss event, where a single atom is lost from the trap. This occurs
due to collisions with background gas and the rate is determined by the quality of
the vacuum.

d): A two-atom loss event, where two atoms are lost from the trap. This is due
to collisions between two atoms leading to a two-body loss. However, in a binning
time of 100 ms (in our case), there is also a possibility of counting two one-atom loss
events as a single two-atom loss event, which is less than 2% in this case.

5.2 Overlap of the Rb cloud with the Cs MOT

In order to study the interactions of the Cs atom in the MOT with that of the
Rb cloud in the dipole trap, these two entities need to be spatially overlapped.
In this context, the magnetic transport in conjunction with the dipole trap was
discussed in the previous chapter where the Rb cloud is transported to the centre
of the quadrupole trap, i.e. to the position of the Cs MOT. However, this was an
approximate method and in order to study the interactions, an accurate overlap is
required. This has been done in the following ways.

5.2.1 Overlap using Near Resonant Light

The position of the crossed dipole trap is determined using near resonant light along
the dipole trap axis to push out atoms from the MOT. For this, the near resonant
light is locked onto the cooling transition of the Cs MOT. This light is coupled into
the fibers guiding the dipole trap light, therefore sharing the same spatial mode after
the fiber. The light coupled out of the fiber is then superimposed to the Cs MOT by
adjusting the dipole trap alignment mirrors resulting in the destruction of the MOT.
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Figure 5.2: Overlapping the Rb cloud with the Cs MOT: In the graphs,
the fluorescence counts of Cs is plotted in the presence and absence of Rb. The two
graphs represent the optimization of the losses using the radial dipole trap beam
mirrors for both degrees of freedom of the mirrors. The black squares represent the
fluorescence counts without Rb and the red dots that with Rb. Cs losses are observed
in each individual trace. Each point is the average of the fluorescence counts over
the number of traces for a particular time. The binning time is 100 ms. The red dots
represent the maximum losses in the shortest time possible for the optimal mirror
position. A similar optimization technique is followed for the axial beam of the dipole
trap.

This process is repeated several times by a subsequent reduction in the power of the
near resonant light, in order to obtain a good overlap of this light with the centre of
the MOT.

Since, the dipole trap beam and the near resonant light are coupled out of the same
fiber and pass through the same set of optics before they enter the glass cell, this
method yields a reasonably good overlap of the crossed dipole trap with that of the Cs
MOT. The difference in optical paths due to a difference in the wavelengths (852 nm
for the near resonant light and 1064 nm for the dipole trap) is negligible.

5.2.2 Overlap using the Ultracold Rb Cloud

Once, the crossed dipole trap is overlapped with the centre of the Cs MOT, the
overlap is optimized using the Rb cloud. This can be done because Rb-Cs interactions
lead to losses from the Cs MOT. This was first tried with the Rb BEC prepared in
the |1, 0〉 state but no Cs losses were observed. This is because a BEC has a small
spatial extent (see chapter 1) and hence, the overlap needs to be very accurate to
observe losses. Therefore, an ultracold cloud of Rb at a temperature of ∼ 600 nK was
used, which has a larger spatial extent of about 25µm. Losses were observed in Cs
in the presence of this cold dense cloud of Rb in the dipole trap. The alignment was
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once again done using the dipole trap beam mirrors (both axial and radial) and the
mirror positions were optimized for maximum losses observed in Cs in the shortest
time (steepest losses). Figure 5.2 shows the maximization of losses by optimizing the
mirrors of the radial arm of the dipole trap. In the graph, each point represents an
average of the fluorescence counts over the number of traces for a particular time. The
reduction in the fluorescence signal in the presence of Rb is evident from the graph.
A similar optimization procedure is followed for the axial arm of the dipole trap.
The change in the mirror positions do not drastically change the loading efficiency of
the dipole trap. Small changes in the atom number or temperature of the Rb cloud
are compensated by changing the gradient produced by the levitation coil during the
loading of the dipole trap.

Once, the overlap is obtained, the interactions can now be studied quantitatively.
This is shown in the next section.

5.3 Interaction of the Ultracold Rb Cloud with a
Single or a Few Cs Atoms

The interaction between the Rb cloud and the Cs MOT leads to losses in the Cs
atoms as already mentioned in the previous section and has been used to overlap
these two entities. Beyond the plain observation of Cs losses in the presence of Rb,
the nature and statistics of these loss events allow us to extract information on the
underlying interaction processes. Here, our ability to identify and count individual
loss events helps in determining various contributions to the loss rates independently.
An analysis of these losses is discussed in this section.

5.3.1 Experimental Sequence

The Rb atoms are evaporated in the dipole trap to a temperature of ∼ 600 nK and
then prepared in the mf = 0 state. These atoms are then stored in the trap for over
2 s. The Cs MOT is switched ON during this period by switching ON the magnetic
field gradient and the Cs molasses. The observation time of the interactions is 1.7 s
during which the Cs atoms are detected using the fluorescence detection technique.
A TOF measurement is performed directly after this to determine the Rb atom
number and temperature. The losses in the Cs MOT are studied by varying the Rb
atom number. The Rb atom number is varied by loading less atoms in the Rb MOT
in the beginning of the sequence. Therefore, the density of the cloud which scales
linearly with the atom number changes proportional to the atom number, as the trap
parameters remain unchanged. The Rb atoms are prepared both in the |1, 0〉 state as
well as in the |2, 0〉 states for two independent measurements with the Cs MOT. The
Rb atom number is taken to be constant during the short observation time of less
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than 2 s. This is evident in the |1, 0〉 state from the lifetime measurement conducted
(see figure 4.14). In the |2, 0〉 state, the loss of atoms was calculated to be just about
5% during the observation time. The calculation was performed using the two-body
loss rate coefficient of 8.8×10−14 cm3/s measured in [137]. This 5% loss was neglected
and the atom number was assumed to be constant. Here, the three-body losses were
neglected since the losses were two orders of magnitude smaller than the two-body
losses.

5.3.2 Cs Dynamics

The dynamics of the Cs MOT is used to determine the interspecies inelastic rate
coefficients. As already explained in chapter 1, the inelastic rate coefficients can be
determined using the rate equation given in equation (1.18). For systems involving
large number of atoms, the rate coefficients are determined by solving this differential
equation. Equation (1.18) represents the rate equation for a homonuclear species.
In our case, due to the involvement of two species, the rate equation for Cs can be
written as

dNCs

dt
= RL − L1

∫
nCs d

3r − LCs-Rb

∫
nCsnRb d

3r − LCs-Rb-Rb

∫
nCsn

2
Rb d

3r

−L2

∫
n2

Cs d
3r − LCs-Cs-Rb

∫
n2

CsnRb d
3r − L3

∫
n3

Cs d
3r , (5.3)

where RL is the loading rate of the Cs MOT, L1 is the one-body loss rate due to
collisions with the background gas, L2 is the two-body loss rate due to collisions
between two Cs atoms, LCs-Rb is the two-body loss rate due to collisions between one
Cs and one Rb atom, LCs-Rb-Rb is the three-body loss rate due to collisions between
two Rb atoms and one Cs atom, LCs-Cs-Rb is the three-body loss rate due to collisions
between two Cs atoms and one Rb atom and L3 is the three-body loss rate due to
collisions between three Cs atoms. Here, nCs and nRb are the Cs and Rb densities
respectively and are given by

nCs =
NCs

π3/2w3
Cs

e−r
2/w2

Cs , (5.4)

nRb =
NRb

π3/2w1w2w3

e−x
2/w2

1e−y
2/w2

2e−z
2/w2

3 . (5.5)

In equation (5.4), NCs is the Cs atom number and wCs is the 1/e radius of the Cs
MOT and has already been determined using equations (5.1) and (5.2). In equation
(5.5), NRb is the Rb atom number and w1, w2 and w3 are the radii of the thermal
cloud and are determined using the temperature of the cloud and the trap frequencies
using equations (1.38), (3.25) and (3.26).

In our case, due to the high field gradient of the MOT, the loading events are rare
and since the initial number of Cs atoms in the MOT is larger than two, the loss rate
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Figure 5.3: Cs Losses in the presence of Rb: The Cs one- and two-atom loss
events are shown in the presence of Rb. The detection of the interactions is made for
a time of 1.7 s. The magnetic field and the repumper light are then switched OFF for
200 ms (denoted by the blue differentially shaded region) after which the repumper
light is switched ON again for 500 ms (denoted by the pink shaded region) to note
the background. The left graph (labelled a)) shows one- and two-atom loss events
in the presence of about 75000 atoms of Rb. The right graph (labelled b)) shows
one-atom loss events in the presence of about 160000 atoms of Rb. As is evident
from the graph, the loss rates are higher for larger Rb atom numbers.

is higher than the loading rate. Hence, the system is never in steady state. The LHS
in equation (5.3), dNCs/dt, is therefore, not equal to zero. This makes the solution
of an already complicated differential equation more cumbersome and the equation
cannot be solved analytically.

To go about this problem, another procedure has been implemented here, to deter-
mine the various rate constants. This takes advantage of the fact that the one-atom,
two-atom and three-atom loss events can be counted in the case of the Cs MOT.
Figure 5.3 shows the one and two atoms loss events in Cs in the presence of different
Rb atom numbers. Using this, the individual terms in the differential equation (5.3)
have been solved independently to obtain the rate coefficients. As already mentioned,
this has been done independently for Rb atoms in the |1, 0〉 as well as the |2, 0〉 states.
First the Rb atoms in the |1, 0〉 state is considered.

Cs Atom Losses in the Presence of Rb in the |1, 0〉 State

The Rb atoms are prepared in the |1, 0〉 state using a microwave π pulse followed by
a RF π pulse as explained in section 4.4.2. The Cs atom losses are first segregated
into one-atom, two-atom and three-atom loss events for different Cs atom numbers
without the Rb atoms. The three-body loss events in the absence of Rb is very small
(two orders of magnitude smaller than the one-atom loss rate) and therefore the last
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term in the rate equation (5.3) can be neglected. The one- and two-body loss events
are analyzed in the presence of Rb for different Rb atom numbers.

One Cs Atom Loss Events

The loss of a single Cs atom in the presence of Rb could be due to three processes.

a) Background gas collisions : This is the second term in the rate equation (5.3).

b) Two-body loss : This is due to collision with a single Rb atom and is represented
by the third term in the rate equation (5.3).

c) Three-body loss : This is due to collisions with two Rb atoms and is given by
the fourth term in the rate equation (5.3).

Figure 5.4 shows the one-atom loss rate (number of single atom loss events/s) varying
with the Rb atom number. Three different measurements have been done for three
different Cs atom numbers viz. NCs = 1, 2, 3. In order to determine the contributions
of the various terms in the rate equation a parabola of the form

AN +NCsBNNRb +NCsCNN
2
Rb , (5.6)

has been fitted to the data to check the linear and quadratic dependence of the loss
rates on the Rb atom number. Here NRb represents the Rb atom number. The first
term, AN, is the constant term independent of the Rb atom number and is therefore,
the contribution to the losses due to background gas collisions. This has been kept
constant during the fit with a value which has been determined independently via
another measurement to be (0.03 ± 0.01)/s [55]. The coefficients BN and CN of the
second and the third terms of the fit function respectively, are used to determine
LCs-Rb and LCs-Rb-Rb respectively by comparing the fit function with the rate equa-
tion since the third term has a linear dependence on the Rb atom number and the
fourth term has a quadratic dependence on the Rb atom number. The loss rates were
calculated using the Cs and Rb densities given in equations (5.4) and (5.5) respec-
tively. The size of the Cs MOT has already been calculated in section 5.1. The Rb
cloud size of about 25µm is calculated using the trap frequencies ωx = 2π × 187 Hz,
ωy = 2π × 66 Hz and ωz = 2π × 132 Hz at a temperature of 600 nK. The loss rates
obtained from the fits are displayed in table 5.1.

Two Cs Atom Loss Events

The loss of two Cs atoms in the presence of Rb could be due to the following processes

a) Two-body loss : This is due to collisions between two Cs atoms and is inde-
pendent of the Rb atom number. This is represented by the fifth term in the rate
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Figure 5.4: The Cs one-atom loss rate is plotted against the Rb atom number in the
|1, 0〉 state. The upper graph shows the loss rate for a constant Cs atom number of 1
(NCs = 1). The lower graph shows three data sets corresponding to NCs = 1 (black
squares), NCs = 2 (red dots) and NCs = 3 (green triangles). The data sets have
been fitted simultaneously to obtain common fit parameters for all the three data
sets. The fitting function used in both the cases is the one given in equation (5.6).
The errors have been computed assuming a normal distribution. This is because, the
loss rates follow a continuous distribution over the time. The fits (black straight, red
dashed and green dash-dot curves) are weighted with the errors.

equation (5.3).
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b) Three-body loss : This is due to collisions between two Cs atoms and one Rb
atom and is represented by the sixth term in the rate equation (5.3).

However, in our case, for a binning time of 100 ms, the possibility of counting two one-
atom loss events as a single two-atom loss event is not negligible. Hence, the one-
and two-atom loss rates are corrected taking the two one-atom loss events within
100 ms into consideration. About 50-100% (depending upon the Rb atom number)
of the two-atom loss events were found to be two one-atom loss events. The result-
ing remaining two-atom loss rates turned out to vary randomly with the Rb atom
number. Hence, the dependence of the two-atom loss rate on the Rb atom number
could not be ascertained. A better analysis of the two-atom loss rates could be made
by using a smaller binning time of say, 10 ms. This would give a better resolution
and the actual two-atom loss rates can be determined experimentally. The two-atom
loss rate in the absence of Rb could however be measured. This was done for two
different Cs atom numbers viz. NCs = 2, 3 and was used to calculate the two-body
loss rate coefficient L2 due to collisions between two Cs atoms.

The results of all contributions to the loss processes in the presence of Rb in the |1, 0〉
state are displayed in table 5.1 giving an insight into the nature of the interactions
between the two entities. A similar measurement and analysis has been done in the
presence of Rb in the |2, 0〉 state. This is discussed below.

Cs Atom Losses in the Presence of Rb in the |2, 0〉 State

The Rb atoms are prepared in the |2, 0〉 state using two microwave π pulses one after
the other as explained in section 4.4. For the analysis, an exact procedure is followed
for the Rb atoms in the |2, 0〉 state. One- and two-atom loss rate measurements
are made for three different Cs atom numbers (NCs = 1, 2, 3). Figure 5.5 shows the
one-atom loss rates fitted with the fit function given in equation (5.6) in order to
determine the loss rate coefficients as in the case of the atoms in the |1, 0〉 state.
Here again the two-atom loss rate does not show an expected linear dependence on
the Rb atom number.

The various rate coefficients determined from the fit to the data are shown in table
5.1 for Rb in the |2, 0〉 state.

5.3.3 Interpretation of the Results

There are no direct literature values available to compare the interspecies inelastic
loss rate coefficients with one of the species in a MOT and the other in a conservative
potential. The homonuclear loss rates have been determined for Rb as well as Cs
in a conventional MOT with a large number of atoms as well as in a conservative
potential. Some of the references are given in table 1.1. However, a comparison can
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Figure 5.5: The Cs one-atom loss rate is plotted against the Rb atom number in the
|2, 0〉 state. The upper graph shows the loss rate for a constant Cs atom number of 1
(NCs = 1). The lower graph shows three data sets corresponding to NCs = 1 (black
squares), NCs = 2 (red dots) and NCs = 3 (green triangles). The data sets have
been fitted simultaneously to obtain common fit parameters for all the three data
sets. The fitting function used in both the cases is the one given in equation (5.6).
The errors have been computed assuming a normal distribution. This is because, the
loss rates follow a continuous distribution over the time. The fits (black straight, red
dashed and green dash-dot curves) are weighted with the errors.

be made between the two-body light-induced homonuclear loss rate in Cs obtained
here with that obtained in [74].
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One atom loss Two atom loss

State NCs LCs-Rb LCs-Rb-Rb LCs-Cs

No Rb 2 (4± 3) ×
10−9 cm3/s

3 (8± 7) ×
10−10 cm3/s

|1, 0〉 1 ∼ 10−13 cm3/s ∼ 10−26 cm6/s

Common
Fit

(9± 0.9) ×
10−13 cm3/s

|2, 0〉 1 (4± 2) ×
10−13 cm3/s

(2.7± 0.3) ×
10−25 cm6/s

Common
Fit

(2± 0.2) ×
10−12 cm3/s

Table 5.1: Interspecies inelastic rate coefficients: The interspecies inelastic
rate coefficients calculated from the measured one and two atom Cs loss rates are
shown. The Cs-Cs two body loss rate is determined for NCs = 2, 3. The Cs-Rb
and Cs-Rb-Rb loss rates are determined for Rb atoms in the |1, 0〉 as well as the
|2, 0〉 states for NCs = 1 separately and simultaneously fitting the rates obtained for
NCs = 1, 2, 3 (referred to as Common Fit in the table). As can be seen from the
values in the table, the loss rates obtained for NCs = 1 and from the common fit do
not agree with each other. This is attributed to the uncertainty in the fit parameters
due to poorer statistics for NCs = 2, 3. The grey shaded regions represent cells where
no values are expected (Not Applicable).

The two-body loss rates obtained due to collisions between two Cs atoms in our
experiment lie in the range L2 ∼ 10−10 − 10−9 cm3/s. These losses are attributed
to all the three collisional loss mechanisms in a MOT viz. light-induced (radiative
escape and fine structure changing collisions) and ground state collisions (hyperfine
changing collisions). The rates in our high gradient MOT are higher than that in
a conventional MOT (10−12 − 10−10 cm3/s) due to an effective reduction in the trap
depth at a large field gradient (300 G/cm in our case) because of a reduction in the
recapture ability, resulting in more losses from the trap. The Cs MOT in our case
has a saturation parameter s0 = I0/Is = 29 where Is is the saturation intensity. The

effective saturation parameter is then given by s = s0/
[
1 +

(
2∆
Γ

)2
]

= 1.84. For this

saturation parameter, the light-induced two-body loss rate in [74] is∼ 2×10−10cm3/s.
Our rates are larger than this. However, since the loss rates in a MOT depend
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Figure 5.6: The Cs one-atom loss rate is plotted for NCs = 1 in the presence of Rb
in the |1, 0〉 state (black squares) and |2, 0〉 state (red dots) with their respective fits
(black straight lines and red dashes lines). The stronger curvature of the fit for Rb
in the |2, 0〉 state indicates a higher quadratic dependence of the loss rate on the Rb
atom number. The quadratic dependence is due to the loss rate LCs-Rb-Rb as already
mentioned before and this is an indication of a higher LCs-Rb-Rb value in the presence
of Rb in the |2, 0〉 state.

strongly on the detuning, intensity and the trap depth, all of which are not the same
for the two experiments, an exact comparison cannot be made and it is quite possible
that the trap and beam parameters in our case lead to larger losses.

The two-body loss rate LCs-Rb lies in the range 10−12 − 10−13 cm3/s. This value lies
between the heteronuclear (Rb-Cs) loss rate obtained for Cs in a high gradient MOT
(order of 10−10 cm3/s) and the homonuclear loss rate for Rb in a conservative trap
(order of 10−14 cm3/s). The heteronuclear loss rate in the MOT is due to light of
two wavelengths viz. 780 nm and 852 nm. In the conservative trap, light is absent
and therefore, the collisions are not light-induced. In our case, light of only one
wavelength viz. 852 nm is present. Since the dominant loss mechanism is still light-
induced due to the presence of Cs light (852 nm), our value lies in between these two
known values.

The three-body loss rate LCs-Rb-Rb is∼ 10−26cm6/s in the |1, 0〉 state and∼ 10−25cm6/s
in the |2, 0〉 state. The loss rate obtained for Rb in the |1, 0〉 state is one order of
magnitude lower than that in the |2, 0〉 state. In figure 5.6, the one atom loss rates
for NCs = 1 has been plotted for both Rb in the |1, 0〉 as well as the |2, 0〉 states
to graphically illustrate this difference. The difference in the loss rates can be at-
tributed to the larger number of loss channels present for the atoms in the |2, 0〉 state

99



5 Interaction of a Single Cs Atom in a MOT with an Ultracold Rb Cloud in the Dipole Trap

than in the |1, 0〉 state. This means that despite the large loss rates of light-induced
collisions, the number of loss channels in f = 2 seem to contribute significantly to
the loss rates. However, the errors obtained in the loss rate coefficient values of the
|1, 0〉 state are too large to really come to any conclusions on this.

The method described in this section, is quite useful in determining the interspecies
interactions of a many-body system with a few-body system quantitatively. The
results obtained are meaningful but the accuracy is limited due to poor statistics.
This is because of the long experimental cycle time of the order of a minute. Such
long cycles are inevitable in our case due to the production of a BEC. However, the
traces involving single Cs atoms require a large number of experimental runs because
the statistics is based on a time average rather than an ensemble average. Since, the
number of experimental runs that can be performed in a day is limited due to the
cycle time of a minute, the number of data points obtained are inadequate for a good
statistical analysis. A better data with more statistics would help in determining the
rate coefficients with a much better accuracy. For this, however, changes need to be
made for a faster experimental cycle.

The interactions between the two entities have been studied by observation of losses
in the few-body system (Cs MOT). No changes were observed in the Rb cloud within
the accuracy of your imaging technique. Hence, the method is non-destructive as far
as the many-body system is concerned.

5.3.4 Possible Improvements in Statistical Analysis

The method used in the analysis of the loss rates in this thesis is based on the as-
sumption of a normal distribution. Using this, the mean value and the corresponding
errors have been calculated. This method works perfectly for a large number of loss
events or for large statistics. However, the number of loss events in this analysis
is not very large and hence a method based on e.g. Bayes statistics can possibly
give a more accurate result. Bayes statistics is based on the relation between the
conditional probabilities of the measured data and the hypothesis [138] and works
quite well for a small data sample. The Bayes formula is written as

P (H|D) =
P (D|H)P (H)

P (D)
, (5.7)

where P (H|D) is the conditional probability of H given D is true, P (D|H) is the
conditional probability of D given H is true and P (H) and P (D) are the independent
probabilities of H and D, respectively. Suppose, H represents the hypothesis and D
the data. The relevance of this formula or method is that it confirms the truth of a
prior hypothesis based on the conditional probability that the data is true. In [43],
the number of atoms in a particular hyperfine level is determined by analyzing the
fluorescence signals using the Bayesian statistics. Here, the state of the atom could
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Figure 5.7: The graph shows the normalized losses plotted against the dwell time
of the Cs atoms in the trap. The red curve is a Gauss fit to the data points. The
centre of the Gauss fit gives the most probable dwell time and is in agreement with
the statistical mean value.

be determined despite the fact that the signal to noise ratio of the fluorescence signal
was extremely low. Figure 5.7 shows the plot of the normalized losses against the
dwell time of the atoms (for NCs = 1) in the trap for a particular Rb atom number in
our experiment. The losses were determined by counting the steps in the fluorescence
signal where the steps can be clearly differentiated. A Gauss is fitted to the data
to determine the most probable dwell time. This is in agreement with the mean
calculated from the loss rates within the accuracy of the fit. Small discrepancies are
due to the fact that the observation time of the interactions (1.7 s) is smaller than
the lifetime of the Cs atoms. For an exact concurrence, the observation time should
be much larger than the lifetime. For the Gaussian fit, the values converge with that
of the mean since this has been done for an individual loss rate for a particular Rb
atom number.

However, for a more accurate result, the loss rates need to be calculated taking into
account the dependence on the Rb atom number. To calculate the loss rates, a model
based on the rate equations is used in the Bayes analysis. Since, in our case, the loss
rates exhibit a dependence on the Rb atom number, this needs to be incorporated
into the model as well. The Bayes algorithm should then be modified to provide
solutions to this model. This will presumably be incorporated for the analysis of
ground state collisions between a Cs atom and a Rb BEC in the future.
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Figure 5.8: Cs Losses in the presence of Rb BEC: In the graph, the fluores-
cence counts are plotted against the time. The binning time is 100 ms. Each point
represents the average of the fluorescence counts over the number of traces (22 in
this case) recorded for a particular time. The black squares are the data points for
Cs without Rb and the red dots for Cs in the presence of Rb. The Cs MOT has
a gradient of 200 G/cm. Cs losses are observed in the presence of the Rb BEC in
each individual trace. In the graph, the average of these traces is plotted. The large
difference in the fluorescence counts in the absence and presence of Rb is evident
from the graph. An increase in the fluorescence counts with time is due to the higher
loading rates at lower field gradients. The interactions are observed for a time of 2 s.
In the last 500 ms the background is recorded by switching OFF the magnetic fields
and leaving the MOT lasers ON (denoted by the pink shaded region). The pictures
on the right are the absorption images of the Rb BEC in the presence and absence
of Cs atoms. As is evident from these images, the Rb BEC remains unaffected by Cs
within the accuracy of our imaging technique.

5.4 Interaction of the Rb BEC with a Few Cs Atoms

An interesting experiment is to check for changes in a BEC e.g. heating or destruction
of a BEC in the presence of single Cs atoms by inducing dissipation in a BEC or the
possibility of a controlled adjustable coupling of these single atoms to a BEC.

The Rb BEC was prepared in the |1, 0〉 state. The Cs MOT was then switched
ON for 2 s with a field gradient of 200 G/cm and the interactions were observed. A
lower gradient was taken compared to the previous measurements in order to load
comparatively larger number of Cs atoms (4-10) in order to check for any kind of
heating or excitations in the BEC. The BEC however, remained unaffected within the
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accuracy of our imaging technique. Cs atom losses were observed. Figure 5.8 shows
the fluorescence signal of Cs in the presence and absence of the Rb BEC. The points
plotted in the graph are the average of the fluorescence counts over the number of
traces recorded for a particular time. Each individual trace shows loss events. The
increase in the fluorescence signal in the absence of Rb is due to the higher loading
rate at a smaller field gradient.

The Cs MOT has a typical temperature of about 100µK whereas the trap depth of the
lowered dipole trap is about 8µK. The high energy atoms from the Cs MOT knock out
atoms from the BEC instantaneously. This indicates the need for a conservative trap
for Cs to get rid of light-induced collisions, to see the effect of Cs on the condensate.
A complete transfer of the energy of a Cs atom to the Rb BEC can lead to an increase
in the condensate temperature or a loss of atoms resulting in the destruction of the
condensate.
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In this thesis, I have discussed the interactions between an ultracold Rb cloud in a
dipole trap, which represents a many-body system and a single or few Cs atoms in a
MOT. These studies have been carried out to understand the nature of influence of
one system over the other and for the development of various methods and techniques
required for interesting experiments between a Rb BEC and a spin polarized single
Cs atom. The technical aspects of overlapping the two entities and the coherent
manipulation of the atomic states of Rb with a microwave and a RF radiation are
discussed. The method used to study the interactions between Rb and Cs is simple
and elegant and can be used for future experiments of the unbalanced mixture.

A pre-cooled cloud of Rb is prepared in the QUIC trap. The overlapping of the
two entities (Rb and Cs) which are 7 mm apart from each other (since, Cs is in a
MOT) is achieved by the method of magnetic transport along with the optical dipole
trap. The Rb cloud is transported to the position of the MOT . The transport has a
good efficiency with negligible atom losses and negligible heating. The Rb atoms are
loaded into a crossed dipole trap and cooled evaporatively to quantum degeneracy
with ∼ 105 atoms in the condensate. The Rb BEC in the dipole trap is prepared in
the |1, 0〉 state using a microwave and a RF radiation. A cold thermal cloud of Rb is
also prepared in the |2, 0〉 state. The mf = 0 states have been used for experiments
with Cs since, they are insensitive to the high field gradient (300 G/cm) of the Cs
MOT. The Rb BEC is also prepared in the absolute ground state which is required
for all future experiments with spin polarized Cs atoms. Finally, the interactions
between the two entities are studied in the form of losses in Cs atoms in the presence
of a 600 nK cloud of Rb. The method used to study these interactions relies on the
determination of the loss rates by counting the individual one- and two-body losses in
Cs. Their variation with the Rb atom number is analysed, to determine individually
the various interspecies inelastic loss rate coefficients. This greatly simplifies the
problem of solving the complicated rate equation which is employed to determine
the loss rate coefficients for systems with large number of atoms. This method can
therefore, also be used for the future experiments.

6.1 Outlook

Experiments and methods presented in this thesis are the initial steps towards study-
ing the interactions of a many-body system and a few-body system. The Rb atoms
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are in a conservative potential but Cs is trapped in a MOT, where a spin polarized
sample of Cs cannot be prepared since Cs occupies all the Zeeman split hyperfine
states. Moreover, the rate of light-induced Rb-Cs inelastic collisions is very high
(∼ 10−10 cm3/s for the two-body loss rate [74]) in this dissipative potential due to a
high photon scattering rate of ∼ 13 MHz leading to trap loss and heating. Also, in
order to tune the interactions between the two species, e.g via interspecies Feshbach
resonances, the magnetic field needs to be used as an independent parameter which is
not possible due to the magnetic trapping potential of the single atom MOT. Hence,
Cs needs to be trapped in a conservative potential.

6.1.1 Species Selective Optical Lattice for Cs

We plan to use a species selective optical lattice to trap and store the single Cs
atoms. The lattice would be loaded from the high gradient Cs MOT. An optical
lattice is formed by two counter-propagating laser beams which interfere to create a
standing wave periodic potential where the atoms are stored in the nodes or antinodes
depending upon the sign of the detuning of the laser beams with respect to the atomic
transition. If only one pair of counter-propagating light beams interfere, then it is
a 1D optical lattice. An optical lattice provides a tight confinement in space which
is required for a good spatial overlap with the condensate which has a size of a few
µm (see section 1.3). Moreover, a species selective trap allows the manipulation of
either species independent of each other e.g. moving the Cs atom independently with
respect to the Rb condensate.

Two forms of species selective optical lattices are discussed in [139] which takes
advantage of the dependence of the potential shift on the wavelength of the atomic
species and the fine structure splitting of the atom which forms the doublet lines D1

and D2. The so called ”tune in” and ”tune out” schemes discussed in [139] are used to
choose the wavelength of the trapping light in such a way that the trapping potential
affects only the target species (the species meant to be trapped) while the scattering
rate for both the species is low. In the ”tune in” approach the wavelength is chosen
close to resonance of the target species which provides a good selective confinement
of this species but also increases the scattering rate, which is inversely proportional
to the square of the detuning. A trade off needs to be made between the two, while
choosing the detuning from resonance. In the ”tune out” approach, the wavelength
of the trapping potential is chosen such that the spectator species (the species meant
not to be trapped in the lattice) has zero dipole potential, which can be achieved
by choosing a wavelength between the D1 and D2 lines, and is not trapped at all.
However, the scattering rate of the spectator species cannot be neglected. In our
case, Cs is the target species and Rb is the spectator species. A ”tune out” approach
will require a blue detuned trap for Cs, since the ”tune out” wavelength for Rb is at
790 nm and this requires additional radial confinement. Hence, a ”tune in” approach
is followed due to technical conveniences. Moreover, since the rate of thermalization
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between Rb and Cs is large compared to the experiment time scales as has been
demonstrated by the sympathetic cooling experiments in [51], a ”tune in” approach
will be convenient to cool the single Cs atom. This is because, here the scattering
rate of the target (Cs atom) is relevant and this can quickly thermalize with Rb and
get cooled.

A Titanium Sapphire (Ti:Sa) laser operating at a wavelength of 899 nm has already
been incorporated into the experimental setup to create an optical lattice for Cs.
The optical lattice has a waist of ∼ 30µm with ∼ 100 mW of power in each arm.
This gives a trap depth of ∼ 1 mK for Cs. Here, the Cs atoms will be stored in
the absolute ground state which is the |3, 3〉 state for all the experiments due to the
absence of inelastic two body collisions and hence, a consequent suppression of losses.
At present, the trap is being characterized for the loading of single Cs atoms from
the MOT.

6.1.2 Interspecies Feshbach Resonances

For various applications of a single Cs atom and a Rb BEC, it is handy to be able
to tune the interactions between the two species. This can be done with the help of
magnetic Feshbach resonances.

Figure 6.1 shows the molecular potentials corresponding to two different channels,
where a channel corresponds to a particular internal state described by a set of
quantum numbers. The atoms collide with each other with an energy E in the ”open
channel”. This is called ”open” because this channel is energetically accessible to
the atoms. The upper channel (see figure) has a dissociation energy higher than
the energy of the colliding atoms. Therefore, this state is energetically inaccessible
to the atoms and hence, called a ”closed channel”. A ”closed channel” supports
bound states near the dissociation threshold of the ”open channel”. A Feshbach
resonance occurs when the energy of a bound state of the ”closed channel” becomes
degenerate with that of the energy of the colliding atoms leading to the formation
of a quasi-molecule when a coupling exists between the two channels. This energy
can be tuned using a magnetic field if the magnetic moments of the two channels are
different. Hence, these resonances are called magnetic Feshbach resonances.

The scattering properties are drastically altered at the position of the resonance.
The scattering length diverges at the resonance and is positive (negative) when the
energy of the bound state is below (above) the energy of the open channel. Far away
from the resonance, the scattering length has a value equal to the scattering length
abg of the ”open channel”. The scattering length as a function of the magnetic field
is given by [140]

a(B) = abg

(
1− δ

B −B0

)
, (6.1)

where B0 is the resonance position and δ represents the width of the resonance, which
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Figure 6.1: A schematic of the molecular potentials of the open (black curve) and
closed channel (red curve) are shown. The energy is plotted against the internuclear
separation. The atoms collide in the open channel with an energy E. A coupling
exists between the two channels. When the energy of the colliding atoms becomes
degenerate with the energy of the bound state (shown by the black line) of the closed
channel, a quasimolecule is formed in the bound state. This corresponds to a Feshbach
resonance.

is the difference between the magnetic field values corresponding to the resonance
and the zero crossing of the scattering length. The width indicates the strength of
the resonance. The picture depicted in figure 6.1 is a simple picture involving only
two internal states or channels. A real system consists of multiple channels.

The elastic and inelastic scattering rates increase drastically at the position of a
Feshbach resonance. A Feshbach resonance is typically located by measuring the trap
loss due to the inelastic collisions by ramping the magnetic field across a resonance.
Inelastic collisions could be two-body or three-body collisions. As already mentioned,
a real system consists of multiple channels and therefore, there is usually more than
one open channel available for the decay of a quasi-molecule. Hence, a change in the
internal state can take place during the collision resulting in inelastic two-body losses.
However, in the absolute ground state, which we are interested in, the inelastic two-
body collisions are suppressed and the dominant loss mechanism is the three body
recombination. Feshbach resonances can also be located by measuring the elastic
scattering rate [121].

Homonuclear Feshbach resonances have been experimentally measured for Rb in
[141, 122], for Cs in [121, 142] and heteronuclear Rb-Cs Feshbach resonances in [53].
In [53], Feshbach resonances were measured for magnetic field values between 20 to
300 G. Twenty-three interspecies Feshbach resonances were identified for the mixture
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in the absolute ground state. A broad resonance with a Full Width at Half Maximum
(FWHM) of δ =3 G is observed at a magnetic field of about B0 = 180 G. In our
experiment, the MOT quadrupole coils would be used in a Helmholtz configuration
to provide the homogeneous field required for a Feshbach resonance. Our coils can
provide fields up to 1000 G (limited by the power dissipation), hence increasing the
range over which the interspecies Feshbach resonances can be examined, providing the
possibility of finding broader resonances which can be used to tune the interspecies
interactions.

6.1.3 Experiments with a Rb BEC and a Single Cs Atom

There are quite a few proposals for experiments with a single atom in a condensate
(see introduction). Here, I will just discuss one of them, which can be tried out with
our setup in the near future.

Cooling of a Single Atom to its Motional Ground State by
Immersion in a Superfluid

A single neutral atom finds use in quantum information as a qubit that can store
quantum information. A heating of these atoms and a subsequent decoherence can
occur due to various operations e.g. the transport of qubits. Hence, a cooling of
these atoms is required.

A possible method to cool them to their motional ground state while preserving
the internal state coherence is to immerse the single atoms into a condensate [45].
The atoms are cooled sympathetically by inducing Bogoliubov excitations in the
condensate. In this proposal [45], the single atom is considered to be trapped in
an optical lattice, which represents many periodic harmonic potentials. Figure 6.2
shows a schematic of the cooling process. An excitation in the condensate leads to the
transition of the single atom from an upper vibrational state to a lower vibrational
state or the motional ground state, where each state |ni〉 has an energy given by
E(ni) = ni~ω. Here, ω is the trap frequency of the optical lattice where the single
atom is trapped. The rate of energy loss Ė due to such a transition or equivalently,
the cooling rate is derived by considering two regimes which depend upon the trap
frequency of the lattice and the speed of sound in the condensate. The two regimes
are the supersonic and the subsonic regime. In the supersonic regime, ~ω �Mbv

2
s /2,

where Mb is the mass of the atoms in the BEC and vs is the speed of sound in the
condensate and in the subsonic regime, ~ω �Mbv

2
s /2. In the supersonic regime, the

cooling rate is high (at least about 10 oscillator cycles/s) with significant number of
transitions occurring directly to the motional ground state. The cooling rate depends
upon the density of the condensate and the interspecies scattering length. The larger
the scattering length, the smaller is the time required for the transitions and the
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Figure 6.2: Single atom cooling by a BEC : The single atoms (blue spheres)
are trapped in a optical lattice with a trap frequency ω. The black lines in each
potential of the lattice correspond to the vibrational levels with an energy spacing
of ~ω between them. The condensate is shown by the red ellipse. A cooling from
a higher to the lower vibrational level occurs as shown in the figure by inducing
excitations in the BEC. The temperature achieved by the single atom is restricted
by interactions with thermal excitations at a finite BEC temperature resulting in
transitions between higher and lower vibrational states.

higher the rate of cooling. In the subsonic regime, transitions occur only to the next
lower vibrational level and hence, the cooling rate is lower than in the supersonic
regime. The speed of sound in the condensate depends upon the scattering length of
the atoms in the condensate and the density of the condensate. For a Rb BEC, for
a scattering length of ∼ 100 a0 and a density of ∼ 1014 cm−3, ω is calculated to be
∼ 2π×400 Hz. Therefore, for typical lattice trap frequencies of a few to few hundreds
of kHz, the supersonic regime is relevant.

The single atoms are cooled to the temperature of the condensate. For a finite con-
densate temperature, transitions can occur between a higher and a lower vibrational
level of the optical lattice due to thermal excitations. However, if the temperature
of the condensate T is such that the corresponding energy is much lower than the
spacing between the vibrational levels kBT � ~ω, then almost all the atoms will
be cooled to the motional ground state. Hence, for a Rb condensate temperature of
∼ 100 nK, the trap frequency of the Cs lattice should be of the order of ∼ 20 kHz
to allow efficient cooling. The most important criterion is the avoidance of deco-
herence during the cooling process. This means that the internal state of the atom
should remain unchanged. This can be done by a proper choice of the initial internal
states such that the interspecies scattering length (between the neutral atom and the
condensate) and the trapping potential is the same for all the internal states.
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[66] J. Söding, D. Guéry-Odelin, P. Desbiolles, F. Chevy, H. Inamori, and J. Dal-
ibard, “Three-body decay of a rubidium Bode-Einstein condensate,” Applied
Physics B, vol. 69, pp. 257–261, 1999.

[67] P. O. Fedichev, M. W. Reynolds, and G. V. Shlyapnikov, “Three-Body Recom-
bination of Ultracold Atoms to a Weakly Bound s Level,” Phys. Rev. Lett.,
vol. 77, pp. 2921–2924, 1996.

[68] P. Feng, D. Hoffmann, and T. Walker, “Comparison of trap-loss collision spec-
tra for 85Rb and 87Rb ,” Phys. Rev. A, vol. 47, pp. R3495–R3498, 1993.

[69] D. Wallace, P. Dinneen, N. K.-Y. Tan, T. T. Grove, and L. P. Gould, “Isotopic
Difference in Trap Loss Collisions of Laser Cooled Rubidium Atoms,” Phys.
Rev. Lett., vol. 69, pp. 897–900, 1992.

115



Bibliography

[70] D. Hoffmann, P. Feng, and T. Walker, “Measurements of Rb trap-loss collision
spectra,” J.Opt.Soc.Am.B, vol. 11, pp. 712–719, 1994.

[71] D. Sesko, T. Walker, C. Monroe, A. Gallagher, and C. Wieman, “Collisional
losses from a light-force atom trap,” Phys. Rev. Lett., vol. 63, pp. 961–964, Aug
1989.

[72] A. Fioretti, J. Müller, P. Verkerk, M. Allegrini, E. Arimondo, and P. Julienne,
“Direct measurement of fine-structure collisional losses from a Cs magneto-
optical trap,” Phys. Rev. A, vol. 55, pp. R3999–R4002, 1997.

[73] M. L. Harris, P. Tierney, and S. L. Cornish, “Magnetic trapping of a cold Rb-Cs
atomic mixture,” Journal of Physics B, vol. 41, no. 3, p. 035303 (9pp), 2008.

[74] B. Ueberholz, S. Kuhr, D. Frese, V. Gomer, and D. Meschede, “Cold collisions
in a high-gradient magneto-optical trap,” Journal of Physics B, vol. 35, no. 23,
pp. 4899–4914, 2002.

[75] P. Willems, R. Boyd, J. Bliss, and K. Libbrecht, “Stability of Magneto-optical
Traps with Large Field Gradients:Limits on the Tight Confinement of Single
Atoms,” Phys. Rev. Lett., vol. 78, pp. 1660–1663, 1997.
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