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ABSTRACT

An Ultra-High Flux Matter-Wave Laser
from a Highly Flexible Ioffe-Pritchard Trap

Vasiliki Bolpasi

Physics Department - Univ. of Crete / IESL - FORTH
Doctor of Philosophy

This thesis describes the development and construction of a machine for produc-

ing high atom-number Bose-Einstein Condensates (BECs). Emphasis is given to the

novel Ioffe-Pritchard magnetic trap used, that consists exclusively of circular coils.

This allowed us to achieve higher gradients and thus tighter confinements [1].

This thesis also describes a novel atom-laser output-coupler based on time de-

pendent adiabatic potentials (TDAP) [2]. In this method strong rf fields are used

to deform the trapping potential. Contrary to the traditional weak rf methods that

extracts the atoms from the center of the BEC, the TDAP atom lasers emerge from

the edge of the condensate. This provides the atom lasers with low divergence.

Furthermore, the atoms are outcoupled from the BEC at an arbitrarily large rate

leading to fluxes per trapped atom sixteen times higher compared to the brightest

quasi-continuous atom laser.

Finally, presented is the coldest thermal atom beam to date. Using the TDAP

outcoupling, we produced thermal atom beams with temperatures as low as 200 nK,

which makes it, by two orders of magnitude, the coldest thermal beam ever observed.

Something like that would be very useful for high-resolution spectroscopy of ultra-

cold collisions.
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Chapter 1

Introduction

By coherently extracting atoms from a BEC, one can create a matter-wave equivalent

of the optical laser, i.e. an atom laser [3]. The high brightness and the small

divergence, are the most important characteristics of the atom lasers, which together

with the coherence [4] make them an excellent tool for many applications. Such

are the high sensitivity matter-wave interferometry [5, 6], which could be further

enhanced by number squeezed atom laser beams [7, 8, 6], atom lithography [9] or

ultra-sensitive magnetometry with very high spatial resolution [10]. A key factor in

the performance of all of these devices is the spectral brightness and therefore the

flux of the atom laser beam.

The method used to extract the atoms from the BEC and create an atom laser

defines the output coupler, and sets the limitations in the divergence and the bright-

ness of the resulting atom laser. The first time an atom laser was realised was in

1997, by using an rf output coupler [11]. With this method, a fraction of the conden-

sate atoms are spin flipped by pulsed rf radiation and they are allowed to fall under

the influence of gravity. Later, cw atom lasers were demonstrated, extracted from a

BEC using continuous rf radiation [12]. Improved brightness and better collimation

was achieved by replacing the rf transition with an optical Raman transition [13].

Here, a novel output coupler is presented, based on time dependent adiabatic po-

tentials (TDAP), which provides atom lasers with small divergence and high bright-

ness [2]. Contrary to the traditional outcoupling method, where a weak rf field is

used to slowly outcouple a small fraction of the condensate, in the TDAP atom

lasers strong rf fields are used to deform the trapping potential, and under the in-

fluence of gravity to allow the atoms out of the trap. The small divergence is an

immediate consequence of the fact that the TDAP atom laser emerges from the edge
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of the BEC, contrary to the traditional outcoupling method, where the atoms are

extracted typically from within the condensate. In this way, the extracted atoms do

not interact with the trapped atoms so we have much less distortion in the resulting

atom beam and thus better collimation. The high brightness comes from the fact

that all the atoms of the BEC will enter the atom laser beam, with a rate defined

by the rf frequency ramping and also from the fact that the atoms are outcoupled

faster.

In addition to that, we were able to create thermal atomic beams with temper-

atures as low as 200 nK, which is the coldest thermal beam ever observed by two

orders of magnitude. Thermal atom beams of such low temperature would be very

useful for high-resolution spectroscopy of ultra-cold collisions.

The flux of the TDAP atom lasers depends on the initial size of the BEC and

the ramping of the rf frequency. This means that larger BECs lead to brighter

atoms lasers. For this reason extra care was taken during the building of the BEC

machine in order to achieve as many atoms in the BEC as possible. The novelty of

our BEC machine is the use of an Ioffe-Pritchard magnetic trap, consisting of only

circular coils [1]. By doing this we achieved higher gradients which means tighter

confinement. Tighter confinement means higher collision rate which in turn leads to

faster and more effective evaporation and condensation. It also means that we can

go to different experiments such as low dimensions BECs. With this BEC machine

we observed BECs of up to 106 atoms.

The production of high atom number BECs serves also to the study of the growth

of the coherence in the condensate in the high density regime. It would also serve

in the study of the influence of a high-density thermal cloud on the coherence of the

condensate. A preliminary experiment is presented in this thesis, but further work

remains to be made towards this direction.

1.1 Outline of this thesis

This thesis consists of the following chapters: In Chapter 2 an introduction to

Bose-Einstein condensation theory is given. First the ideal non-interacting case is

considered, and then interactions between the atoms are taken under considerations

in the Thomas-Fermi model.

In Chapter 3, the basic principles of the experimental techniques used in our

experiment are discussed. More precisely, a brief theory on the Magneto-optical

trap (MOT) is given. Starting from the basic principles of the optical molasses, we
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expand it to the case where a magnetic field poses a spatial confinement, and makes

a two or three dimentional magnetic trap. In addition, the re-pumping technique

is given. Following that, there is an introduction to the magnetic trapping. Next

there is the main idea of the optical pumping technique and the main aspects of

the evaporative cooling technique. Finally, this thesis presents a brief theory of

the absorption imaging technique, together with the atom number and temperature

derivation equations from the optical density derived by the cloud pictures.

In Chapter 4 it is described the construction of the several parts of our BEC

machine. First comes the vacuum system which is the basis of our setup. In this

section all the details of our glass cell are given, and it is explained how extra care

was taken to build a stable, compact and safe ultra-high vacuum system. Then

there are the laser beams manipulation, amplification and distribution described.

In more detail, there is the master laser setup and locking procedure. The master

laser is designed such that it remains locked for months at a time without any user

intervention. In the same section it is also described the modulation board, where

we use Accousto-Optic Modulators (AOMs) to adjust the frequency of the several

beams used in the experiment. Then there is the optical pumping beam production

which combines the use of an AOM for the initial shift of the master laser beam,

and a modulated slave laser which is used for amplification and for production of

the repumper beam. Next comes the amplification using tapered amplifiers (TA)

and distribution stage. In this stage it is described a novel method of using the

TA in a double path configuration. In that way we need ten times less seeding

power. Finally, it is mentioned the sideband generation on the slave beam with

the use of a microwave signal. With this method we produce the repumping beam

without the use of a second master laser. In the same chapter it is also described

the imaging setup used for the observation of the clouds, and the chapter closes with

the experiment control via LabVIEW and mathematica.

Chapter 5 is dedicated to a novel magnetic trap introduced in our lab. This trap

is an Ioffe-Pritchard type trap, that consists of purely circular coils. This fact makes

the trap more efficient, more flexible and easier to build and to tune. Furthermore,

in case of need, it can be converted relatively easily in other types of traps, such as

QUIC trap and TOP trap. In this chapter it is given a brief theoretical description of

the standard Ioffe-Pritchard type trap as an introduction, and then it is studied the

case of an Ioffe-Pritchard trap with all circular coils. Next, it is given the physical

layout of the coils, the electrical connections, the physical adjustment and the field

tuning. In addition, there are presented the resulting magnetic field and trapping
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frequencies. There are also discussed the limitations of the trap that arise due to

the trap design. Finally, there is a small paragraph presenting how the trap can be

converted to other kinds of trap, such as a QUIC trap or a TOP trap.

In Chapter 6 it is given the sequence of actions in order to achieve condensation.

As a common practice, we start from the formation of a cold atom beam (2D MOT)

and a cold atom cloud megneto-optically trapped (3D MOT). Then we confine the

atoms in an all magnetic trap, which requires a number of steps. First comes the

compression of the MOT (CMOT) which is done to reduce the trap size and in

the same time the molasses which serves in the reduction of the temperature in

the cloud. Then we need to do some optical pumping which helps to increase the

number of atoms that can be trapped. In order to trap the atoms contained in a

MOT successfully, one needs to choose the trap frequencies carefully, such that the

shape and the position of the magnetic trap match, as closely as possible, the shape

and the position of the MOT, such that we do not put any shock on the atoms

or any unnecessary increase of their temperature. This is done during the mode

matching stage, described in subsection 6.2.2. Following there is given the method

that we used for the trap optimisation using a quality factor defined by us. Together

with the mode matching we also have to take care of the shift on the position of

the cloud due to the gravity, because for the same reason (a sudden displacement

of the center of mass) the temperature of the cloud could increase significantly. For

this purpose there is a gravitational shift compensation stage. Finally, the last step

of the magnetic trapping procedure is the adiabatic compression, where the trap

is compressed to its final tight position, in order to increase the collisions between

the atoms, which are essential for the next step i.e. the evaporation. Evaporation

is presented in the following section of this chapter, together with the fruit of this

sequence of actions, which is the BEC. We achieve BECs of approximately 106 atoms.

Finishing, we give an interference pattern, observed in the lab, probably due to phase

fluctuations created by the high atom number in the BEC, and the fast cooling time.

In Chapter 7 is presented a new technique of extracting coherent atom beams

(atom lasers) from a BEC with higher fluxes by many times with respect to the

traditional methods. This method also allows us to produce thermal atomic beams

two orders of magnitude colder than what is achieved until now. The key point

of this technique is that strong rf fields are used to deform the trap and create an

opening at the bottom of the BEC. This fact allows to create highly collimated atom

lasers. In additions, all the atoms of the BEC enter the atom laser, and thus we

achieve fluxes by up to sixteen times higher than with the commonly used methods.
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This chapter begins with a brief introduction about atom lasers and TDAP output

couplers. Then there is described the atom laser analysis method, and how the

beam divergence, the temperature and the flux are being calculated from the OD

of the pictures taken during the experiment. Finally the experimental results are

presented. In this part there are three kinds of atom laser discussed: a highly

collimated pure atom laser with divergence around 10 mrad, an ultra bright atom

laser with peak flux more than seven times than the previous maximum flux, and

a combined atom laser-thermal atom beam, where we have observed the coldest

thermal atom beam by more than two orders of magnitude than what is reported

in literature up to date.

Finally in Chapter 8 the conclusions of this thesis are summarised, together with

some further improvement that can be done in the experiment in order to increase

the atom number in the BEC, and consequently the flux of the TDAP atom lasers.
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Chapter 2

Theory

2.1 Brief theory of BEC

The foundations of the concept of the Bose-Einstein condensation were first laid

down in 1924, with Satyendranath Bose’s paper on the quantum statistics of photons

[14]. A year later, Albert Einstein applied this idea to massive particles [15], and

discovered the phenomenon that we now call Bose-Einstein condensation.

It took more than 70 years until the experimental observation of BEC was

achieved. In 1995 Eric Cornel and Carl Wieman at the University of Colorado[16],

and Wolfgang Ketterle at MIT[17] cooled an atomic cloud below the temperature

at which condensation occurs, which was honoured with the Nobel price in 2001.

In the section below the main points of the theory and mathematics behind the

BEC are given, in order to achieve a better understanding of the goals of this thesis.

We also give the theory of the time-dependent adiabatic potential (TDAP) atoms

lasers, a novel method for extracting high brightness atom lasers.

2.1.1 Ideal Bose gas

For the ideal Bose gas, where there are no interactions between the atoms, at ther-

modynamic equilibrium the distribution function of a state k with energy εk is given

by the Bose distribution:

f(εk) =
1

e(εk−µ)/kBT − 1
, (2.1)

where µ is the chemical potential and T is the temperature of the system. Starting

from this point it is possible to calculate many useful quantities for the system.

Pitaevskii and Stringari[18] and Pethick and Smith[19] give analytical derivation of
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those quantities in their books. Here we are going to give the most useful ones.

The first is the critical temperature, which is the highest temperature at which

Bose-Einstein condensation occurs. For a harmonic oscillator trap it is given by the

relation:

kBTc =
2π~2

m

( ρ

2.612

)2/3

(2.2)

where m is the mass of the atoms and ρ is the density.

Also the number of the condensed atoms within an ensemble of N atoms for

temperatures T < Tc may be of interest:

N0(T ) = N

[
1−

(
T

Tc

)3/2
]

(2.3)

The relation for the chemical potential µ is given by

ε0 − µ = kBT ln

(
1 +

1

N0

)
, (2.4)

where ε0 is the energy of the ground single particle state.

I should also mention the phase-space density [20], which is defined as ρ = nΛ3
dB,

where n is the spatial density of the atoms and ΛdB =
√

2π~2/mkBT is the the de

Broglie wavelength. Phase space density is derived by eqn 2.2, and at the point

where condensation occurs, it has the value

ρΛ3
dB = 2.612. (2.5)

2.1.2 Gross-Pitaevskii equation

For interacting nonuniform gases, in a trap potential U(r, t), we can write the fol-

lowing equation[18]:[
−~2∇2

2m
+ U(r, t) +

∫
Ψ̂†(r′, t)V0(r′ − r)Ψ̂(r′, t) dr′

]
Ψ̂(r, t) = i~

∂

∂t
Ψ̂(r, t) (2.6)

In a system consisting of a large number of atoms in a single state (Bose-Einstein

condensate), the relative quantum-mechanical fluctuations in the number of atoms

become negligible. In that case the mean-field approximation can be used. This

means that the field operator can be splitted into a mean-field term, and a small

fluctuating term, ε̂(r, t), which can be treated as a perturbation and contains the
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systems quantum fluctuations[21]:

Ψ̂(r, t) =
√
〈N〉ψ(r, t) + ε̂(r, t). (2.7)

Also, considering that ψ varies slowly at distances of the range of the interatomic

force, r′ can be replaced with r.

Under these assumptions eqn 2.6 takes the form[
−~2∇2

2m
+ U(r, t) + V0|ψ(r, t)|2 dr

]
ψ(r, t) = i~

∂

∂t
ψ(r, t) (2.8)

where V0 = 4π~2a/m. ψ(r) is the wave function of the condensate, or else, the order

parameter. Eqn 2.8 is called the Gross-Pitaevskii (GP) equation and is the one of the

main tools for studying nonuniform BECs. GP equation describes a magnetically

trapped atomic gas, but it is also applicable when the condensate fraction of a

gaseous system is close to unity.

2.1.3 Thomas-Fermi approximation

In the Thomas-Fermi regime it is assumed that the interactions between the particles

dominate over the kinetic energy. This is fulfilled when the interaction energy is

large compared to the trap frequencies. Under these conditions, in a very good

approximation, the kinetic energy can be neglected in the Gross-Pitaevskii equation

(2.8), which then becomes

[U(r) + V0|ψ(r)|2]ψ(r) = µψ(r). (2.9)

The wavefunction of the condensate thus becomes

ψTF (r) =

(
µ− U(r)

V0

)1/2

(2.10)

for µ ≥ U(r), and ψ(r) = 0 for µ ≤ U(r).

The chemical potential is given by the relation [22]

µ =
~ωho

2

(
15Nα

αho

)2/5

, (2.11)

where ωho is the geometric average of the trapping frequencies, α is the scattering

length and αho is the average width of the cloud didtribution.
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It should be noted that as the atom number becomes larger and larger the

Thomas-Fermi approximation becomes more accurate until it becomes indistinguish-

able from the solution of the original Gross-Pitaevskii equation. Already about a

thousand atoms in trap of a hundred Hz is enough for Thomas-Fermi to be good to

better than 1%.

The density profile of the cloud at the Thomas-Fermi limit has the form of an

inverted parabola, which becomes zero at the surface point R where µ = U(R). The

Thomas-Fermi radius of the cloud R is given by the expression [22]

R = αho

(
15Nα

αho

)1/5

. (2.12)

2.2 Theory of TDAP atom lasers

This chapter describes the theory of the TDAP atom lasers. The discussion of the

TDAP theory follows our publication [2]. Most commonly, a weak rf-field is used to

slowly outcouple a small fraction of the condensate. Instead of that we use strong

rf-fields to deform the trapping potential such that the condensed atoms fall from

the trap from its bottom edge, creating the atom laser beam.

We assume a magnetic field B(r) ={αx,−αy,B0+ 1
2
βz2}, that creates a trapping

potential around the atoms. The trap created by such a magnetic field is a cigar-

shaped Ioffe-Pritchard trap, and we limit our study to this kind only, since this is the

case in our experiments. It should be mentioned that the expression for the magnetic

field above does not satisfy Maxwell’s equations, and is only valid for very elongated

traps. α in the formula above is the gradient of the radial quadrupole field, β is

the curvature of the axial field and B0 is the value of the magnetic field at the trap

minimum. By adding an oscillating magnetic field Brf , there is a coupling between

the trapping field and the magnetic hyperfine state with strength Ωrf = |gFµB/2~| ·
|B(r)/|B(r)| × Brf |, where gF is the Lande g-factor of the considered hyperfine

manifold and µB is the Bohr magneton. If Ω2
rf � Ω̇L/2π, with ΩL the Larmor

frequency (ΩL = |gFµBB(r)|/~), we can ignore the external degrees of freedom and

treat the atomic states as dressed states resulting in adiabatic potentials [23, 24]. If

we now take into account gravity, the adiabatic potential becomes [23, 25, 24]:

V (r) = mF~
√

(ΩL − ωrf)
2 + Ω2

rf +mgey, (2.13)

where m is the mass of a trapped atom, ge earth’s gravitational acceleration, and
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mF the magnetic quantum number of the total atomic spin when ΩL is large (ΩL �
ωrf ,Ωrf).

mF = −2

y

E

x

E

a) b)

x 
& 
z

V

y  

V

mF = −2

mF = +2mF = +2

mF = 0

mF = −1

mF = +1

Figure 2.1: Dressed trapping potentials in the radial directions (a) and in the axial
direction which is the direction of gravity (b). The points where the potential
is deformed is where the rf field is resonant with the trapping field and they are
indicated by the black arrows. The dotted line indicates the maximum energy of
the trap, above which the atoms leave the trap due to gravity.

Figure 2.2: Dressed potential for the mF=-2 state relative to the trap minimum. In
a) ∆ωrf/2π=30 kHz, in b) 15 kHz and in c) 0 kHz above the value where the trap
disappears. The space between the equal potential lines is 100 nK.

According to eq. 2.13, the dressed Zeeman states for a spin two particle in a

harmonic trap take the form as fig. 2.1 shows. The potential is the same in the

x and z axis (fig. 2.1a), but in the vertical direction (y axis) the potential is tilted

because of gravity (fig. 2.1b). An atom that crosses the point where the rf is resonant

with the local magnetic field can also be thought of as undergoing a Landau-Zener
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transition. These points are indicated by the black arrows in fig 2.1. The dotted

horizontal line indicates the energy above which the atoms start to leave the trap

and enter the atom laser beam (maximum energy of a trapped condensate).

Fig. 2.2, shows the trapping potential of the mF = -2 state, for different rf fre-

quencies that lead to different trap depths. In a) the rf frequency is 30 kHz above

the value where the trap vanishes, which makes the trap relatively deep. Subplot b)

shows a more shallow trap resulting from a ∆ωrf/2π = 15 kHz, and in c) is shown

the point where the trap vanishes.

Near the trap bottom (αy � B0) we can write the trapping potential in the

direction of gravity (x = 0, z = 0) as

V (y) = mF~

√(
α2
ωy

2

2ΩL

−∆ωrf

)2

+ Ω2
rf +mgey, (2.14)

where ∆ωrf = ωrf − |gF |µBB0/~ is the detuning of the rf-frequency from the trap

bottom in the absence of the dressing field, and αω is the gradient of the radial

quadrupole field written in angular frequency units (αω = gFµBα/~). If the rf-

field is linearly polarised and orthogonal to the z-axis, then close to the centre of

an elongated Ioffe-Pritchard trap the coupling strength can be simplified to Ωrf =

|gF |µBBrf/2~. We calculate the trap depth (∆Vtrap) by taking the difference of the

trap minimum (V0) and outcoupling point (Vout), i.e. the smaller of the two extrema

of eq. 2.14:

∆Vtrap = Vout − V0. (2.15)

Fig. 2.3 shows the trap depth for our typical experimental parameters as a function

of the coupling strength Ωrf and of the rf-frequency relative to the trap bottom.

Note that because of gravity and the weakening of the trapping potential by the

dressing field, the depth of shallow traps is much smaller than the detuning of the

rf-frequency from B0 (∆Vtrap � ~∆ωrf ).

For different outcoupling rates, we expect different behaviour of the resulting

atom laser beam. We define the outcoupling rate of the condensate (Ωoc), which is

the inverse of the time that is needed to outcouple all the atoms from condensate,

and is related to the rate of change of the rf frequency. For very high outcoupling

rate, i.e. Ωoc � ωρ (ωρ is the trap frequency in the radial direction), there is no atom

laser formation since the atoms fly off in all directions [11]. The regimes of interest

are thus the low (Ωoc � ωz) and intermediate (ωz � Ωoc � ωρ) outcoupling rates.

At low outcoupling rates, well below the axial trapping frequency, the outcoupling
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Figure 2.3: The trap depth (Vtrap) as a function of ∆ωrf and Ωrf . The numbers
inside the plot give ∆Vtrap in kHz. The white region denotes a no stable trap area.
The horizontal dashed line corresponds to Ωrf/2π = 76 kHz, which is the value used
in the atom laser experiments presented here.

will only occur in a very small region below the centre of the condensate. This

region grows larger as the outcoupling rate increases. In this regime, we expect

shape oscillations to be excited in the condensate, which will affect the intensity and

shape of the atom laser beam. For intermediate outcoupling rates, i.e. when the

outcoupling rates become larger than ωz but still smaller than ωρ, the outcoupling

area covers the whole length below the cigar shaped condensate.

In the case of the weakly coupled atom laser, the atoms are outcoupled from

the internal of the BEC. The trapped BEC interacting with the outcoupled atom-

laser beam acts as an effective lens which leads to the divergence of the atom laser

[26]. Depending on the distance that the atom laser travels in the BEC, the lensing

effect becomes less apparent or more. When the lensing effect increases, dramatic

degradations of the beam profile are predicted [27], with the apparition of caustics

on the edge of the beam. A great advantage of the TDAP atom lasers over the

weakly coupled atom lasers is the fact that the atoms are outcoupled at the edge of

the condensate where the chemical potential is negligible, thus avoiding any lensing

effect.

Furthermore, the divergence stays low because of the shape of the trapping

potential in the directions transverse to the atom beam that is very smooth. In

the low outcoupling rate regime (Ωoc � ωz), the atoms are outcoupled from a small
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region below the centre of the condensate. In this region, the gradient and curvature

of the adiabatic potential vanish in the direction transverse to the atom laser, thus

allowing for a very flat wavefront.

Finally, the outcoupled atoms are in the anti-trapped magnetic hyperfine state

and are therefore strongly accelerated downwards by gravity and the magnetic field

gradient, thus minimising the influence of the transverse momentum component.

Furthermore, in the most interesting regimes of the TDAP atom laser, in the case of

very low outcoupling rates (Ωoc � ωz � ωρ) and the one of intermediate outcoupling

rates (ωz � Ωoc � ωρ) the internal dynamics of the condensate (shape oscillations)

are negligible. For low outcoupling ranges the shape of the condensate adapts adi-

abatically to the reduced atom number [28]. In the intermediate regime the motion

of both the condensate and thermal clouds in the axial direction is negligible over

the time-scale of the outcoupling [9, 29].



Chapter 3

Trapping and Cooling Techniques

In cold atom experiments several techniques are needed to cool atomic clouds to

sub-microkelvin temperatures. Conservative traps for atoms are required to confine

the atoms at high densities and to keep them away form the hot walls of the vacuum

chamber. Over the last years, such techniques have been developed in the atomic

and low temperature physics and they opened the way for the creation of BECs.

Such techniques are described in this chapter.

3.1 Optical Molasses

When an atom absorbs a photon, it receives a momentum kick of ∆p = mvrecoil =

~k in the direction of propagation of the photon (m is the atom mass, vrecoil is the

velocity change due to the kick and k is the wavevector of the photon). This can be

used to decelerate atoms. As illustrated in fig. 3.1 cooling by photon scattering works

by an atom scattering photons that propagate opposite to its direction of motion.

Because of the Doppler effect, the beams have to be red detuned with respect to

the atomic resonance (ωdet = ωres − k · υ, with υ the velocity of the atom). This

results in directional absorption and velocity selection of the atoms. During the

spontaneous decay, the photons are emitted isotropically so on average the total

change of momentum due to the emitted photons is zero. There is then an average

force opposite to the atom’s movement (scattering force) after each absorption-

emission event. After the atom has absorbed n photons, its velocity has reduced by

nh/mλ, where h is the Planck’s constant, m is the mass of the atom, and λ is the

wavelength of the photons.

Let us consider the case of two red-detuned counter-propagating beams. If an
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Figure 3.1: The atom of
mass m absorbs n pho-
tons and is decelerated by
nh/mλ. For maximum
deceleration, due to the
Doppler effect, the photons
are red detuned from the
atomic resonance frequency
(ωres) by k · v.

atom moves towards one beam, then the blue shift brings the red-detuned laser

closer to the frequency of the atoms transition and therefore scatters more photons.

This results in a net force opposite to its movement that causes its deceleration. At

zero velocity the two beams cancel each other, and the atom feels no force. This

technique is called optical molasses [30, 31] in analogy to the viscous force exerted

upon a spoon moving in a physical molasses. If there are six beams, three pairs of

counter-propagating beams, in all three axes, there will be a force in all directions.

Like that the average velocity of the atoms is reduced, therefore the temperature of

the atomic cloud is lowered.

As the atom slows down, the Doppler shift decreases and hence the cooling rate

decreases. On the other hand the heating due to the photon recoil remains stable

and depends on the total photon scattering rate. Thus, there is a certain value of

the average kinetic energy that heating and cooling balance each other. At this

point the temperature reaches its minimum value and is given by kBTD = ~Γ/2

[32, 33, 34], where Γ−1 is the excited state lifetime. For Rb87 the Doppler limit is

145µK.

This model assumes a two level atom. In reality, the fact that the atom is a

multilevel system, leads to cooling much below the Doppler limit. This is shown

in fig. 3.2. In a standing wave created by two linearly polarised beams with per-

pendicular polarisations, the polarisation varies in space, from linear, to elliptical
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Figure 3.2: The Sisyphus cooling mechanism. (a) Polarisation of a standing wave
resulting by two counter-propagating beams with linear polarisations. The polarisa-
tion of the standing wave varies in space, and becomes circular every λ/4. (b) The
energy shifts at positions with circular polarisation. The dashed line indicates the
unperturbed ground state. (c) The perturbation of the ground energy levels varies
periodically in space. The atoms climb up the potential hill where they are excited
to an upper level, and then they emit spontaneously a photon of higher energy,
ending up in a potential valley. Like that the atoms lose kinetic energy and they are
cooled much below the Doppler limit. This figure follows the description of Chris
Foot [35].

and then to circular every λ/4. Because of this polarisation alternation, this sub-

Doppler cooling technique is often called polarisation gradient cooling. Due to the

presence of the electric field, the energy levels of the atom are perturbed, depending

on the polarisation of the field, creating hills and valleys as shown in fig. 3.2c. In the

presence of such a field, the atoms absorb a photon from the top of a hill, and they

emit spontaneously ending up in a potential valley. Since the emitted photon has

higher energy, the atom loses kinetic energy and is cooled much below the Doppler

limit. [33, 36] Due to the hill climbing, this technique is also called Sisyphus cool-

ing, in analogy to the ancient greek myth of Sisyphus, that was condemned by the
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gods to roll a rock up a hill for ever. With the polarisation cooling technique, the

atoms are cooled down to the recoil limit, given by kBTr = ~2k2/2m. For Rb87 this

corresponds to 360 nK.

3.2 Magneto-Optical Trap (MOT)

The optical molasses technique can be used to cool the atoms, however, it being

isotropical, it cannot provide spatial confinement. By combining the radiation used

for the optical molasses with an inhomogeneous magnetic field, we can create a region

in space where the atoms can be trapped. Due to the combination of the radiation

and the magnetic field, this kind of trap is called Magneto-Optical Trap (MOT), and

was first demonstrated in 1987 [37]. The simplified example of fig. 3.3a shows the

main idea of the technique. A quadrupole field splits the Zeeman sublevels of the
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Figure 3.3: Magneto-optical trap (MOT). A combination of laser radiation and
magnetic field leads to atoms slowing down and being spatially confined. In a) there
is an energy diagram of the states of the atom. The dashed line represents the laser
detuning. In b) it is shown the coils and beams configuration that leads to a 3D
MOT. The graphs follow the description of Chris Foot [35].

atoms, which are illuminated from all directions by circularly polarized, red-detuned

laser light. If an atom is displaced from the center of the trap by a distance z > 0,

then its ∆mJ = −1 transition moves closer to resonance with the laser frequency.

For that reason the atoms absorb more photons from the σ− beam than the σ+

beam, and since it is counter propagating to its motion, it will be pushed towards

the trap center. For z < 0, the mJ = +1 state, that lies below the −1 state, comes
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closer to resonance and the atoms absorb more photons from the σ+ beam. The

result is again that the atoms are pushed towards the z = 0 position. In that way

we have a position dependent force acting on the atoms and thus the atoms can be

trapped.

In order to obtain the quadrupole field, two circular coils are required, with cur-

rents flowing to the opposite directions (anti-Helmholtz configuration). The MOT

beams polarization must be circular, with direction defined by the field, as shown

in fig. 3.3b.

The force that the atoms see in such a configuration is given by the following

equation:

F = ~kS0
Γ

2

(
1

1 + S0 + 4
Γ2

(
δ − µB

~ αr − kv
)2

)
−

(
1

1 + S0 + 4
Γ2

(
δ + µB

~ αr + kv
)2

)
(3.1)

where k is the wavevector of the beams, S0 is the saturation parameter which is

expressed as the beam intensity divided by the saturation intensity, Γ is the inverse

lifetime of upper state, δ is the detuning of the beam from resonance, α is the

gradient of the magnetic field, while r and v denote the position and the velocity

of the atom correspondingly. ig. 3.4 it is shown the acceleration that the atoms feel

in a magneto-optical trap with respect to the velocity of the atoms at the center of

the trap (lower horizontal axis), and the displacement of the atoms from the center

of the trap for zero velocity (upper horizontal axis).

3.3 Re-pumping

For the cooling process we need a closed transition to have the atoms interact with

the photons. This is because a few events of absorbance and re-emittance are re-

quired before the temperature of the atom cloud is lowered enough. In 87Rb we have

such a transition (|5S1/2, F = 2〉 → |5P3/2, F = 3〉), where the upper state decays

only to the |5S1/2, F = 2〉.
Unfortunately, there is also the probability for the transition |5S1/2, F = 2〉 →

|5P3/2, F = 2〉 to be excited, which in turn may decay to |5S1/2, F = 1〉. When this

occurs, the atoms are lost because the energy splitting between the 5S1/2 sublevels is

too large (6.8 GHz) and the laser frequency is too far detuned to drive the transition

back to the upper states. This means that within a short time all the atoms will

be lost from the trap. To avoid that we need a repumper laser resonant with the
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Figure 3.4: The force acting on the atoms in a magneto-optical trap configuration,
with respect to the atom velocity (lower axis) and the atom displacement from the
center of the trap (upper axis). The parameters chosen for the calculation of the
force were S0=10 and δ=-2Γ. The position diagram is true only for zero velocity
and the velocity diagram assumes that the atoms are in the center of the trap.

|5S1/2, F = 1〉 → |5P3/2, F = 2〉 transition which drives the atoms back to the upper

levels from where they re-enter in the cooling cycle.

Fig. 3.5 illustrates the allowed transitions starting from the |5S1/2, F = 2〉 level

with the corresponding probabilities. The probabilities to find the atoms in the

upper state are calculated using the relation [38]

|c(t)|2 =
Ω2

Ω′2
sin2

(
Ω′t

2

)
, (3.2)

where Ω = −E0

~ 〈J |er|J
′〉 is the Rabi frequency, Ω′ =

√
Ω2 + δ2 and δ is the detuning

of the laser frequency from the atomic resonance. Finally we have to multiply this

result with the relative hyperfine transition strength factor SFF ′ of the corresponding

transition (see App. A) and normalise to one. The decay probabilities are given

directly by the corresponding strength factors. In order to find the fraction of

the atoms that decay in each of the lower levels, one should multiply the decay

probability with the corresponding absorption probability.
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Figure 3.5: Transitions starting from the |5S1/2, F = 2〉 with the corresponding prob-
abilities for a laser detuned form the |5S1/2, F = 2〉 → |5P3/2, F = 3〉 resonance by
-13 MHz. The most probable transition is the |5S1/2, F = 2〉 → |5P3/2, F = 3〉 (93%),
which is a closed transition. Also present, with a much smaller probability 6%, there
is the transition |5S1/2, F = 2〉 → |5P3/2, F = 2〉 which can decay to |5S1/2, F = 1〉
with probability 50%. When that happens the atoms are lost from the trap. For this
we use the repumping laser (orange line) to drive the atoms back to the |5P3/2, F = 2〉
level. The |5S1/2, F = 2〉 → |5P3/2, F = 1〉 is also allowed and shown in the diagram,
but the probability is too small and this case is completely neglected.

In the diagram of fig. 3.5 there is also shown the transition |5S1/2, F = 2〉 →
|5P3/2, F = 1〉. Nevertheless the probability for this transition is extremely small

(0.6%), so this case is neglected.

3.4 Magnetic trapping

The magnetic trapping is based on the interaction of the magnetic moment µ of

the atom with an external inhomogeneous magnetic field B. The energy of this

interaction is

E = −µ ·B(r), (3.3)
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where µ = mFgFµBF and mF is the Zeeman state of the atom, gF is the total

momentum g-factor, µB is the Bohr Magneton and F is the total angular momentum

of the atom. From eq. 3.3 we find the force f that the atom feels in the magnetic

field:

f = −gFmFµB
dB

dr
. (3.4)

Using the fact that the force that the atoms feel in an inhomogeneous magnetic

field is position dependent, we can confine neutral atoms in a field gradient minimum,

under certain conditions. First, the atoms should be cooled before trapping them,

such that their energy is low enough with respect to the trap depth. The trap

depth is defined by the Zeeman energy difference between the trap center and the

trap edge. Second, the magnitude of the magnetic field should be non zero. This

condition is violated in normal quadrupole magnetic traps where |B(r)| = 0 at the

center. In this region there is a high probability that the atoms undergo Majorana

spin flip transitions to other mF states and escape from the trap. For this reason,

other kinds of traps have to be used that provide a small but non-zero magnetic

field at the center to avoid the atoms loss. Such a trap is the Ioffe-Pritchard trap,

first used for neutral atoms by Pritchard in 1983 [39]. This kind of trap is used for

the present experiment and will be discussed in more detail in chapter 5.

3.5 Optical pumping

The aim of our experiment is to create BECs as big as possible. In order to do that,

we first need to trap as many atoms as possible in a magnetic trap. Whether the

atoms can be trapped depends on the sign of gFmF in eq. 3.4. When gFmF > 0, the

magnetic force tends to push the atoms towards a field minimum (low-field seeking

atoms), where they can be trapped. For gFmF < 0, the atoms move towards higher

field regions (high-field seekers) and they cannot be trapped, since something like

that would require the existence of a local magnetic field maximum. Nevertheless,

in free space DC magnetic fields cannot have maxima [40]. Atoms in the mF = 0

state are thus not affected by the magnetic field and cannot be trapped either.

The 87Rb ground state hyperfine levels F = 1 and F = 2 have total momentum

g-factors gF = −1/2 and +1/2 respectively. The low field seeking states are thus the

|F,mF 〉 = |1,−1〉 , |2, 1〉 , |2, 2〉. The atoms in a MOT are distributed evenly in all

mF states though, trappable and non-trappable, so only a small percentage of the

cloud atoms are able to be trapped magnetically. In order to maximize the number
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of atoms in the trap one should make sure that as many atoms as possible are in a

trappable state. In our experiment we have chosen the |F = 2,mF = 2〉 state. This

is done with the Optical Pumping (OP).

The main idea of the OP procedure is shown in fig. 3.6. A small homogeneous

magnetic field is imposed to the atoms so that the Zeeman sublevels of the atoms are

splitted. The atoms are then illuminated with a σ+ polarized beam resonant with

the |5S1/2, F = 2〉 → |5P3/2, F = 2〉 transition. According to the selection rules, only

the ∆mF = +1 transitions are allowed. In that way, after a number of cycles, all

the atoms will end up in the |F = 2,mF = 2〉 level of the ground state, which is a

dark state and it just does not absorb anymore. For this reason all the atoms are

gathered there.

3.6 Evaporative Cooling

Evaporative cooling is essential in order to obtain Bose-Einstein condensation. Hess

was the first to suggest forced evaporative cooling in 1986 [41] and two years later

there was the first experimental demonstration by Masuhara et al. [42]. The main

idea relies on the fact that the atoms with energy much higher than the average

energy of the system are removed from the trap. Collisions lead to rethermalization

of the system thus maintaining thermal equilibrium and thus cause the remaining a

atoms to have a lower temperature. For this reason a high collision rate is desirable

at this stage.

A very common technique for evaporation, is the rf induced evaporation, where
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the evaporation of the atoms is controlled by radio frequency radiation. During this

technique, the rf radiation flips the spin of the atoms at a certain magnetic field

strength, and thus expelling those atoms from the trap.

Since the magnetic field used to trap the atoms is inhomogeneous there are non-

uniform Zeeman shifts between magnetic sublevels mF . The resonance condition

between these sublevels is |g|µBB = ~ωrf (g is the Lande g factor and µB the

Bohr magnetron) and the trapping potential is mFgµB[B(r)−B(0)]. This leads us

to the conclusion that only atoms with a total energy E > ~|mF |(ωrf − ω0) will

evaporate. ω0 is the rf frequency, which induces spin flips at the bottom of the trap.

By starting with a high frequency evaporative field, only the most energetic atoms

fulfil this condition. Then by ramping down the ωrf , atoms with increasingly lower

energy are selectively removed from the sample. This frequency ramp has to be slow

with respect to the rethermalisation time in order to achieve lower temperatures and

higher phase-space densities. If the ramp is too fast then lower energy atoms are

spilled out of the trap and the phase space density is reduced. On the other hand,

the ramp cannot be infinitely slow due to the limited lifetime of the trap.

It should be mentioned that for the rf induced evaporation, the depth of the

trapping potential can be lowered without having to weaken the trap. In this way

the lowering of the temperature leads to a net increase in density and collision rate

despite the loss of atoms. This regime is called run-away evaporation. Furthermore,

atoms evaporate from the whole surface where the rf resonance condition is fulfilled.

This makes the evaporation three-dimensional in velocity space, and therefore very

efficient.

3.7 Absorption Imaging

In the current experiment, in order to observe the atoms we use the absorption

imaging technique. This technique is based on the absorption of a probe beam by

the atoms and the projection of their shadow on a camera. In this section are given

its main aspects.

If the imaging beam is close to a resonance of the atoms and has low intensity

(i.e. Iim � IS, where IS is the saturation intensity of the atoms), the atoms absorb

part of the beam, and the image that we get is the shadow of the cloud. Making

use of Beer’s law, the absorption of the beam by the cloud can be given by:

I(y, z) = I0(y, z) e−σ
∫
x′ n(x,y,z) dx = I0(y, z) e−σn2D(y,z), (3.5)
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where I0 is the initial intensity of the imaging beam, σ is the cross section for

light absorption, n is the number density of the atomic cloud and n2D(y, z) =∫
x′
n(x, y, z) dx, integrated along the axis of propagation of the imaging beam.

n2D(y, z) is the 2D density of the cloud in units of atoms/m2. From eq. 3.5 we

get the expression for n2D(y, z):

n2D(y, z) =
− ln(I(y, z)/I0(y, z))

σ
=
OD

σ
, (3.6)

where OD stands for optical density.

Absorption imaging requires the acquisition of three successive images. The first

is the absorption of the atoms (Iabs(y, z)), the second is a picture after the cloud

has dissolved but with the imaging beam on, which is called the reference image

(Iref (y, z)), and the third is the background without atoms and without imaging

beam (Ibg(y, z)). The optical density is then derived by eq. 3.5:

OD = ln
I0(y, z)

I(y, z)
= ln

Iref (y, z)− Ibg(y, z)
Iabs(y, z)− Ibg(y, z)

. (3.7)

This procedure of the three successive photographs has to be followed in every

data acquisition in order to avoid errors because of intensity drifts.

The absorption cross section is given by [43]

σ =
σ0

1 + (2δ/Γ)2 + I/IS
(3.8)

with σ0 = hωΓ/2IS. ω is the laser frequency, IS is the saturation intensity, δ is the

beam detuning in angular units and Γ is the natural linewidth of the transition. For
87Rb, and for the F = 2 → F ′ = 3 transition of the D2 line, that is chosen for the

imaging, σ0 = 2.9× 10−13 m−2, IS = 1.67 mW/cm−2 and Γ = 38.11× 106 s−1[43].

3.7.1 Atom number derivation

In the case of a thermal cloud, the density of the atoms follows a gaussian profile,

thus we fit the images taken from the absorption imaging using:

ODth(y, z) = Kth exp

[
−
(
y

∆y

)2

−
( z

∆z

)2
]
⇒

n2Dth =
Kth

σ
exp

[
−
(
y

∆y

)2

−
( z

∆z

)2
]
, (3.9)
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where Kth is the maximum and ∆y,∆z the widths of the Gaussian profile along the

y, z axis correspondingly. The number of atoms in the thermal cloud is then given

by

Nth =

∫∫
dy dz n2Dth(y, z)

=

∫∫
dy dz

Kth

σ
exp

[
−
(
y

∆y

)2

−
( z

∆z

)2
]

= π
Kth

σ
∆y∆z. (3.10)

For a condensed cloud the best fit is a 3D inverted parabola integrated along the

optical axis:

ODcond(y, z) = KcondRe

(1−
(
y

∆y

)2

−
( z

∆z

)2
)3/2

 (3.11)

The real part of the function is taken only, meaning that the fitting function is only

valid for (y/∆y)2 + (z/∆z)2 < 1. Otherwise it is zero.

Like for the thermal cloud, the atom number is given by the integration of the

2D density over y and z:

Ncond =

∫∫
dy dz

Kcond

σ
Re

(1−
(
y

∆y

)2

−
( z

∆z

)2
)3/2

 . (3.12)

By making the variable change y → y∆y, dy → ∆y dy, the integrals are simplified

significantly:

Ncond = ∆y∆z

∫∫
dy dz

Kcond

σ
Re
[(

1− y2 − z2
)3/2
]
. (3.13)

We can ensure that the quantity in the integral is positive by properly selecting

the integration limits and thus we can skip the Re. Eq. 3.13 then becomes:

Ncond =
Kcond

σ
∆y∆z

∫ 1

−1

(∫ √1−z2

−
√

1−z2

(
1− y2 − z2

)3/2
dy

)
dz

=
2

5
π
Kcond

σ
∆y∆z. (3.14)
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3.7.2 Temperature derivation

From the optical density we can also acquire the temperature of the cloud. After a

ballistic expansion of the cloud, due to the convolution of the initial size with the

thermal motion, the 1/e2 radius of the gaussian profile of the cloud in the y direction

evolves as

∆y2(t) = ∆y2
0 +

2kBTy
m

t2, (3.15)

where ∆y0 is the radius of the cloud at t = 0, Ty is the temperature in the y axis

and m is the atom mass. Therefore, we get the temperature of the cloud in the y

axis:

Ty =
m

2kBt2
(
∆y2(t)−∆y2

0

)
. (3.16)

In the same way, we can find the temperature in any other axis.

The temperature can be derived also from a single shot, provided the picture

was taken after a long expansion time, where the expansion of the cloud has become

linear and the initial size of the trap does not matter any more. The temperature

is then given by

Ty =
m

2kB

(
∆y(t)

t

)2

. (3.17)

The error of this measurement is given by the expression

Treal
Tone shot

=
1

2

(
1 +

∆y2
0

∆y2(t)

)
. (3.18)

This implies that the method is not valid for small expansion times since the error

becomes significant.

Finally, the temperature can be found for any expansion time, given that we

know the trapping frequencies. This is done using the following relation:

Ty =
m

2kB

(∆y(t)ωy)
2

t2ω2
y + 1

, (3.19)

where ωy is the trap frequency in the y direction. The temperature can also be

found in the other directions using the corresponding cloud size and trap frequency.

This is the method we use for temperature measurements for thermal clouds in the

magnetic trap.
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Chapter 4

Apparatus

The energy of a room temperature atom is much higher than twice our trap depth.

Therefore, in a collision event between a trapped atom and a background atom,

the most likely thing is that the trapped atom will be kicked out of the trap. This

will reduce the trap lifetime, posing severe limitations in the cooling process. For

this reason, an ultra high vacuum (UHV) chamber, with pressure of the order of

10−11 mbar is used, which is described in Section 4.1.

We use several cooling and trapping techniques throughout our experiments and

in the end we monitor the atoms. For this, extensive use of lasers with certain

properties is required. More precisely, they need to be frequency stabilised to the

atoms optical transitions. The most convenient way to provide the experiment with

such laser beams is to use diode lasers, which are a cheap, compact and reliable

solution. Section 4.2, describes the overall laser system, which includes the following

parts: the frequency locking, the frequency modulation, and the power amplification

and distribution.

The control and synchronisation of the experiment, is done with the help of a

computer control system based on LabVIEW. With such a system, operations as

fast as a µs are possible, while it is a reliable and relatively easy to use system. The

experiment control is described in Section 4.4.

Finally, a high resolution imaging system is used in order to monitor the exper-

iment products. In Section 4.3 it is described the imaging system, that is based on

the principle of the absorption imaging technique.
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4.1 Vacuum system

In order to make BEC experiments possible, trap lifetimes of at least one minute

have to be achieved. Otherwise there is not enough time for all the procedures

such as adiabatic compression and mainly evaporation to be held properly. This is

because thermalisation is a relatively slow process. In order to obtain such magnetic

trap lifetimes, a background pressure in the low 10−11 mbar range is necessary.

3 

Op%cal access 
(3DMOT beams) 

Op%cal access 
(push beam) 

Differen%al Pumping 
Tube 

Figure 4.1: Vacuum glass cell. The two sections, the 2D MOT and the BEC section,
are separated by a differential pumping tube which causes a pressure difference of
about x700. In the drawing are also shown the various optical windows, needed for
the beams of the experiment.

In order for the experiment to take place, one needs optical access to the exper-

iment. For this, a glass cell with good optical quality windows is needed. Fig. 4.1

illustrates the glass cell used for our experiment. It consists of two parts, the 2D

MOT part, and the UHV BEC part. Those two parts are separated by a 40 mm

long differential pumping tube with diameter 1.5 mm. With a tube of those dimen-

sions, a differential pressure of three orders of magnitude is achieved between the

two chambers. The 2D MOT part of the cell is made of quartz, that can provide

good quality windows for the 2D MOT beams. The rectangular windows formed
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in this part have dimensions of 200×40 mm. The BEC part, given its demanding

shape, is made of pyrex, that is easier to manipulate. The optical windows used for

the 3D MOT and the imaging beam are anti reflection coated on both sides and

attached on the cell afterwards. Their net diameter is 18 mm limiting the size of the

beams.

The whole vacuum system is lying on the optical table, together with the coils

and the optical setup. Fig. 4.2 represents the vacuum system, which consists of two

chambers, one connected with the 2D MOT part of the cell (2D MOT section), and

the second connected with the BEC part (BEC section).

In the first chamber the atoms are precooled and arranged in a beam (2D MOT)

in order to be driven in the BEC section and the trap. This section is pumped by an
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Figure 4.2: Representation of the vacuum system.

ion pump with pumping speed 25 l/s (Gamma Titan), and the pressure in this area

is maintained approximately at 10−7 mbar. It contains a Rb capsule, which, after

sealing the vacuum, was broken in the chamber, filling the space with Rb vapour.

In order to control the pressure of the Rb vapour, a cold finger is used. This is



32 4. APPARATUS

simply a small peltier, stack on the glass cell, and by controlling the temperature

at this point, from 0◦C to room temperature, controls the pressure of the Rb in

the chamber. The excess heat produced on the top face of the peltier element is

dissipated using a aluminum heat sink, which is not depicted in the drawing. Also

not shown in the drawing, there is a second cold finger opposite to the atoms capsule

in order to protect the ion pump. Additionally, there are bellows between the ion

pump and the connection with the glass cell, in order to guarantee that the force

on the cell does not change during pumping the system down, and thus avoid any

breaking of the fragile glass cell.

The second part is the main part of the experiment since this is where the BEC

is formed. This section, is pumped by a 50 l/s ion pump (Varian Starcell). Extra

care was taken in order to place the ion pump ∼75 cm from the BEC formation area,

so that the field of the magnetic trap is not affected by the magnets of the pump.

In this section there is a titanium sublimation pump in order for the gas pressure in

the chamber to be reduced even further. However, this pump is rarely used and it is

not certain that it makes a large difference in the final pressure. The final pressure

achieved is of the order of 10−11 mbar. The diameter of the vacuum tubes in this

section is 100 mm, instead of 40 mm that is used for the 2D MOT section, and the

reason is to achieve better pumping speed and take full advantage of the higher

pumping speed of the ion pump.

Extra care was taken during the design of the vacuum setup in order to make it

safe for the glass cell on the one hand, and position adjustable on the other hand.

In order to avoid any forces on the glass cell due to any mechanical stresses, which

could lead to the glass braking, the two arms of the cell are supported on the same

metal base. In that way, the forces are imposed on the base instead of the fragile

glass cell. The mounts that hold the cell arms, are designed such that they can be

horizontally and vertically adjusted, while the one at the 2D MOT side is also angle

adjustable. Like that, the cell is first placed at the desirable position, and then

the mounts are tightened in a position defined by the cell. Afterwards, the vacuum

tubes were connected on the cell arms and the vacuum setup was sealed. The whole

vacuum setup is supported on three points that define the plane of the cell. As

shown in fig. 4.2, the two support points are at the position where the glass cell is

connected with the metal tubes, while the third support point lies under the big ion

pump. At these points, there are threaded holes on the base, and with the help of

screws, we are able to adjust the height of each point independently. In that way,

we can make fine adjustments in the height and the angle of the glass cell, and thus
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have full control over the position of the cell. Once fixed, the heights of the screws

at the support points are locked in order to avoid any unwanted displacement of the

cell. Because of its weight, the small ion pump is also supported. Its height does

not affect the position of the cell though thanks to the bellows that lay in between.

4.2 Lasers

As described in Chapter 3, in order to implement cooling, trapping and imaging

techniques, optical fields of specific frequencies are required to illuminate the atoms.

In this section it is described the several parts of the laser system. The laser system

used in the lab is also described in detail in [44]. An initial beam passes through

several stages of frequency modulation and power amplification in order to end up in

the several beams that meet all the requirements for the experiment. In fig. 4.3 there

is a diagram of the overall laser system. The several stages shown in the diagram

are constructed in separate boards, and they are connected with each other with

single-mode polarization-maintaining optical fibers.

Master laser: Our laser system is based on diode lasers, which is a cheap and

reliable solution. Although diode laser active materials have a rather broad emission

spectrum (∼ 3 THz), the cavity formed by the back surface and the front window of

the diode narrows the linewidth to levels that meet the requirements of cold atom

experiments1. Their frequency tends to drift though, due to many factors, such as

temperature drifts, electronic noise, mechanical stress, or others. For this reason,

an External Cavity Diode Laser (ECDL) is used (shown in fig. 4.4).

The mechanical design of our master laser is a combination of the standard

Hänsch-type [45] and the Sussex design [46]. The mirror mount holding the grating,

the diode, and collimator are all mounted directly onto a temperature-stabilised

base-plate. The temperature stabilisation is done with the help of a Peltier element,

that is glued directly on the baseplate, which in turn is glued onto a solid aluminum

base. Cyanoacrylate glue was used instead of screws in order to improve the me-

chanical stability and simplify the construction of the cooling elements of the laser.2

1The linewidth of the diode lasers are approximately 1 MHz. For our experiments the laser
linewidth has to be smaller than the linewidth Γ/2π of the atomic transition. In our case
Γ/2π=6 MHz.

2The glue has a glass transition at 115 ◦C and can thus be disassembled by heating it when
needed.
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Figure 4.3: Overall laser system, consisting of five stages. The first is the ECDL and
SAS stage where the master laser is frequency stabilised (a detailed diagram of this
stage given in fig. 4.2). The modulation stage (fig. 4.8) follows where a microwave
modulated slave laser boosts the master beam power, and also creates the repumper
frequency (described later in this chapter). Furthermore, two additional AOMs cre-
ate the 3D MOT and the imaging beams frequency. The last one is also used for
the 2D MOT needs. The beams from the modulation board are delivered to the
amplification and distribution board (fig. 4.9), where the beams are distributed to
individual parts of the experiment, after being amplified by a 2 W tapered amplifier.
Last come the OP beam creation and the 2D MOT beams amplification and distri-
bution boards, where the 2D MOT and the OP beams are created. All the stages
are connected with each other and with the experiment via polarisation maintaining
optical fibers.

Although cyanoacrylate does not have very good thermal conductivity, the thermal

conductance of the system is satisfactory due to the very thin layer of the glue used.

The laser diode and the collimation lens are mounted into a small aluminum

block as shown in fig. 4.4. The diode (Sharp GH0781JA2C) is mounted onto the

block by three small screws, and the collimations lens (Thorlabs C230TM-B) into a

threaded hole with a clamping mechanism. The grating (Thorlabs GH13-18U-UV)

is glued onto two Piezo stacks (Thorlabs AE0203D08F), which in turn are glued

onto a mirror mount (New Focus 9882) such that the laser beam hits the grating

close to the outer piezo stack. The alignment for coupling the diode to its extended

cavity can be done following standard procedures for Littrow configuration lasers
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Figure 4.4: The ECDL master laser. The cavity is formed by the diode and a
diffraction grating. The diode is mounted into a small aluminum block (diode holder)
together with an aspheric lens that serves for collimation purposes. The grating is
glued onto two piezo-electric elements that in turn, are glued to a commercial mirror
mount. The whole cavity is mounted on an aluminum plate. Most of its lower surface
is in thermal contact with a Peltier element for temperature stabilization.

[45]. The precision of the screws in the mirror mount allows one to easily optimise

the extended cavity lasing threshold, or to tune from one atomic absorption line to

the next. Using a ±15V ramp we are able to tune about 3 GHz without mode-hops

and thus observe either the D1 or the D2 lines of both isotopes of rubidium in a

single scan. We found that our commercial current sources degraded the short-term

frequency stability of our laser. Using an improved, simplified version of reference

[47], we were able to improve the short term stability of the free-running laser by

more than one order of magnitude. The diagram of the current supply used for our

master laser is given in Appendix B.

In order to eliminate the frequency fluctuations due to the acoustic vibrations,

we shield the laser by placing it inside an aluminum box of 10 mm wall thickness

with the inside coated by an additional 10 mm layer of standard plumbing foam.

The laser beam exits through a microscope cover slip mounted at Brewster angle.

The diode laser, the spectroscopy, and the fibre coupling optics are glued onto the

granite plate, which rests on a second stone plate (100 mm) which in turn sits on

rubber spacers on a stone table. In that way, vibrations through the optical table

are eliminated.

Together with the acoustic isolation, the aluminum box with the insulating foam

inside provides also good thermal insulation. The temperature, according to the

temperature controller readings, is stable to within ± 2 mK. The temperature is
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monitored using a thermistor placed close to the laser diode. The residual temper-

ature fluctuations then result in a frequency drift of the ECDL of less than 100 kHz

per second, which greatly facilitates locking the laser to an atomic reference.

We operate the master laser diode at 70 - 100 mA, well below the maximum

injection current (120 mA), in order to to maximise the life-time of the diode at cost

of its output power. In that way, we get an output power after the optical isolator

of around 70 mW. From that, we use 1 mW for the laser-stabilization spectroscopy

and the rest is distributed to the experiments.

We lock the master laser to the |5S1/2, F = 2〉 ↔ |5P3/2, F = 1 c.o. 3〉 cross-over

transition of the D2 line of 87Rb. Since the light provided by the master laser must

not contain sidebands, we modulate the atomic transitions using the Zeeman shifts

rather than the diode laser itself [48]. Figure 4.2 shows the optical setup.
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Figure 4.5: Layout of the laser frequency stabilisation spectroscopy setup. The

spectroscopy beam is expanded so that the interaction volume is increased and

hence the absorption of the light by the atoms. The common use of a pump and a

probe beam is replaced by one single retro-reflected beam, that makes the system

much simpler. The absorption signal is acquired by an amplified photodiode placed

before the Rb cell. The signal is demodulated by a mixer and a low pass filter, and

read by a PI filter which corrects through the voltage applied to one of the PZT

inside the laser. We couple the remaining output power to optical fibres leading to

the four experimental stations (2-7 mW each).

From the total output power of the laser, 1 mW is used for the spectroscopy. We
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polarise the beam circularly and expand it to 5 mm diameter in order to increase

the interaction volume and hence, absorption of light by the atoms. After passing

through the absorption cell, it is back reflected to cell again. Between the cell

and the mirror there is a 10-20 dB attenuator. The returning beam is reflected by

a polarising beam splitter and the signal is acquired by an amplified photodiode,

placed on the path of the reflected beam. We generate the oscillating magnetic

field using a simple coil (80 mm long, 25 mm in diameter, 12 windings) around the

Rb-cell with an HV-capacitor (15 nF Type 940C, Cornell Dubilier) connected in

parallel. The circuit is driven at its resonance frequency of about 1.2 MHz by a

standard function generator. We demodulate the resulting signal using a standard

RF-mixer (MiniCircuits ZAD-6) and filter the resulting error signal with a single pole

1 kHz low-pass filter. We use a PI-circuit to control the voltage on one pole of the

piezo stack. The other pole is connected to a circuit providing manual control over

voltage for scan and offset. The voltages on the two poles are displayed separately.

Using the manual offset voltage on one pole, we can tune the voltage of the locked

PI-feedback on the other pole to zero. This way, when we break the lock, the

laser will be scanning around the previous locking point, which provides very useful

information for trouble shooting. In order to minimise noise, we use exclusively low

noise operational amplifiers (OP-27A).

We found it very useful to place a large SI photodiode (100 mm2) between the

coil and the absorption cell, which allows us to monitor the fluorescence of the atoms

including the saturation dips even if the absorption signal is partially obscured by

mode-jumps of the laser diode. An example of the resulting fluorescence and error

signal used for locking can be seen in fig. 4.6.

Modulation board: Fig. 4.7 shows the frequencies required for all the procedures

of the experiment. More precisely, there are the frequencies used for the MOT beams

(2D and 3D MOT), the optical pumping beam and the imaging beam, together

with the repumper and the master laser locking frequency. In order to produce

these beams from the master laser, a frequency modulation stage is required. This

purpose is served by the modulation board, which is used to produce the imaging

and the 3D MOT beams. A more detailed diagram of the modulation board is

shown in fig. 4.8. Prior to being injected into a slave laser, the master laser passes

through a first Accousto-Optic Modulator (AOM), that shifts its frequency by 60

MHz (initial shift). Only a fraction of the master laser is used for our experiment,

since the same laser is also used for other experiments in the lab. This fact makes it
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Figure 4.6: Absorption (a and b) and differential (c and d) signal, taken by ramping
one PZT of the ECDL. In the absorption signal, there can be seen the trapping
and repump dips of both isotopes of Rb contained in the cell. With red dots are
indicated the locking points of the trapping laser (c) as well as for the repump laser
(d).

necessary to use slave lasers in order to amplify the light of the master laser before

the various frequencies can be derived from the master beam. The power of the

initial beam is approximately 4 mW, but the slave laser delivers approximately 100

mW with the carrier beam to remain the same optical properties as the initial beam.

In addition, the current of the slave laser is modulated with a frequency of 6.581

GHz, and as a result, sidebands on the beam spectrum are created, which are used

for the repumper frequency.

The beam from the slave laser is then separated into two parts, one for the 3D

MOT and the other for the imaging beam. Both parts pass through AOMs for a



4.2. LASERS 39

52P3/2 
F=2 

52S1/2 

F=1 
F=0 

F=3      13 MHz 

1‐3 co 

87Rb 

F=2 

F=1 

Modula2on 

30 MHz 

M
as
te
r 

2‐
D
 M

O
T 

Im
ag
in
g 

O
p2

ca
l P
um

pi
ng
 

Re
pu

m
p 

3‐
D
 M

O
T 

Figure 4.7: Laser frequencies used for cooling, trapping and imaging 87Rb atoms. It
is also shown the repumper frequency, and the frequency used for optical pumping.
The master laser is locked to the F=2→ F=1 c.o.3 cross-over. The repumper beam
is generated by rf modulation of frequency equal to the splitting of the 52S1/2 line.

second and final shift in frequency. As shown in the diagram of fig. 4.8, they make a

double pass through the AOMs, and as a result they are shifted twice. In the case of

the 3D MOT beam, the shift is 2×76 MHz, while in the case of the imaging beam,

the shift is adjusted according to the needs of the experiment. Because of the double

pass through the AOMs, there are a lot of losses (approx. 50% per AOM), and as a

result the final power of the beam going to the tapered amplifier on the distribution

board is 10 mW, and for the imaging beam approximately 2 mW. A small fraction

of the slave beam goes to a Fabry-Perrot cavity in order to monitor the slave output

at all times. There is also an extra input at the setup, that exists only for alignment

purposes.

Optical pumping board: Similarly, from the master laser, with the help of an-

other AOM, we get the optical pumping beam. This AOM is set at a frequency

of 55 MHz, resonant with the |5S1/2, F = 2〉 → |5P3/2, F = 2〉 transition. Like in

the previous case, the beam is first amplified by a slave laser ( slave 2), but is also
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Figure 4.8: Slave laser and frequency modulation board. The setup consists of a
slave laser used to enhance the laser power, which is also microwave modulated,
in order to generate the repumper frequency. The injection beam from the master
laser is shifted by 60 MHz by an initial AOM before injecting in the slave laser.
Two AOMs follow which create the 3D MOT and the 2D MOT/imaging beams,
both operated into a double pass configuration. A small fraction of the light is sent
into a Fabry-Perrot cavity in order to monitor the frequency of the slave laser. An
additional input beam is placed on the setup that defines the path for alignement.

modulated so that the beam contains the repumper frequency.

Amplification and distribution boards: All the beams, are delivered to the

distribution board through optical fibers, in order to be distributed to the experi-

ment. On the same board a 2W output tapered amplifier (TA) is installed for the

amplification of the 3D MOT beams. As it can be seen in fig. 4.9, there are three

inputs and eight outputs. One of the inputs is used for the TA injection, and the rest

for the imaging and the optical pumping. Among the output beams there is, except

the six 3D MOT beams, a 2D MOT push beam. The beams are interrupted ac-

cording to the needs of the experiment with the help of mechanical shutters. Those

shutters consist of power relays (Omron G2R-1-E) with a sharp blade glued on the

top of it. They are controlled via our computer program and we can achieve shutting
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Figure 4.9: Amplification and distribution stage. The amplification is held with
the help of a 2 W Sacher tapered amplifier. Three inputs are used in the setup,
while there is an additional input optical fiber used for alignment purposes. The
light is distributed into eight output fibers, six for the 3D MOT beams, one for
the 2D MOT injection beam, and one for the 2D MOT push beam. The beams
are interrupted according to the needs of the experiment with the help of computer
controlled mechanical shutters.

times of about 3 ms and open times of about 1 ms. If faster times are required they

are achieved with the help of the AOMs (50-100 ns). The AOMs are not sufficient

though, since they cannot block the background radiation coming from the TA. In

this case the use of the mechanical shutters is necessary.

The 2D MOT distribution board is a similar but a little bit more simplified setup,

that is used for the 3D MOT beams. This second distribution board is much simpler

than the first one, with only one input and two outputs, since in the experiment, our

2D MOT consists of only two retro-reflected beams. The difference in this board

(apart from the fact that it has less inputs and outputs) is the fact that as an

amplification means a 1 W TL chip is used. The TL-amplifier is used in a novel

double-pass configuration, which affords a much higher gain, and thus reduces the
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optical power requirements of the input side. This novelty relies on the fact that the

injection beam is injected in the chip from the big side of the chip. In this way less

than half milliwatt of injection power suffices to inject the TL.[49] This technique

has also led to a greek patent[50].

Microwave sideband generation In order to retain the atoms in the cooling

cycle, a repumping transition is required. The most common solution is the use of a

second ECDL laser, locked at the repumping frequency. For our experiment though,

we generate the repumper light by modulating the drive current of the slave laser

at a frequency of 6.8 GHz, i.e. the difference between the cooling and repumping

transitions [51].

Figure 4.10: An exploded view of the slave laser assembly. The picture is the
cross section of all the elements with exception of the aspheric lens and diode, that
are fully shown. The diode is inserted from the back of the mount and locked in
place using three screws. After which the micro-wave cable is inserted and soldered
directly to the laser diode. Cooling and temperature stabilisation is provided by a
Peltier element and heat sink (both not shown) glued to the back plate.

The microwave source for modulation is a low-cost PLL synthesiser (AME-

engineering LO-45B-680) with a resolution of 100kHz and absolute precision better

than 10 kHz. The amplitude of the microwave signal is controlled with a commercial

mixer (MiniCircuits ZMX-8GLH) followed by either a 10 mW (Kuhne LNA BB-

0180A) or a 5 W (Stealth Microwave SM6451) amplifier. The DC-current from our

current source is then combined with the microwave signal using a bias-Tee (Mini-

Circuits Z85-12G or for larger currents Picosecond Pulse Labs 5585). In fig. 4.10

is shown the design of the slave laser. In order to minimise microwave losses and

optimise its coupling to the slave diode (Sharp GH0781JA2C), the microwave cable

was soldered directly to the diode. The Peltier element is glued onto the mount and

its heat sink. The alignment of the slave laser is simplified by mounting the whole
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slave laser assembly directly into a 1” kinetic mirror mount. In fig. 4.11 is shown the
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Figure 4.11: Microwave sideband generation diagram. The black arrows represent
the electrical connections, while the red arrows represent the laser beams travelling
through optical fibers. The beam from the master laser (single peak) is injected in
the slave laser and, due to the current modulation, the beam delivered to the AOM
board contains the carrier together with the sideband frequency (double peak).

overall diagram of the slave sideband production. In the end, a small fraction of the

beam is driven in a Fabry-Perot cavity order to monitor the power of the sidebands

at any time.

By changing the current of the slave laser and/or the microwave power, we are

able to control the ratio of the power in the cooling and the repumping transition.

Fig. 4.12 shows example spectra of this microwave-modulated slave laser for different

injection currents and microwave powers. In the first case, (top spectrum) there is

very little light at the repumping transition with respect to the cooling transition,

as is required for an effective MOT or even the imaging. For optical pumping the

power of the repumping light needs to be equal or stronger than the one of the

optical pumping/cooling light, as in the two bottom spactra. Once adjusted, the

amplitude of the sidebands remains stable for a long period of time (several weeks).

4.3 Imaging System

After creating a BEC, one would like to observe it. The technique used here is the

absorption imaging. Our imaging technique together with others, is also described

in [52].

The main idea of our imaging system is shown in fig. 4.13. The cloud is illu-

minated with the imaging beam, which is in resonance with the F = 2 → F ′ = 3

transition of the 87Rb D2 line. The imaging beam comes from the same collimator

as the MOT beam, and for this reason its polarization is circular, while its power is

approx. 1mW. Due to the geometry of the setup, the microscope objective cannot

approach close enough to the cloud and thus a relay-telescope is used. Because of



44 4. APPARATUS

-15 � -10 � -5 � 0 � 5 � 10 � 15 �

Detuning from injection frequency [GHz] 

Re
pu
m
pe
r 

Co
ol
in
g 

MOT/Imaging 

Optical Pumping 

a. 

b. 

c. 

d. 

e. 

Figure 4.12: Spectra of the slave laser for different laser currents and microwave
powers, taken with a Fabry-Perot cavity. The frequency on the horizontal axis is
relative to the D2-line of 87Rb (injected light). The dashed lines are used to mark the
cooling and repumping transitions. In the top spectrum it is represented a typical
spectrum used for a MOT, which requires only a weak repumper. In the two bottom
cases, conditions for optical pumping are fulfilled, where the repumper light has to
be the same or stronger than the trapping light.

the limited optical access allowed by the cell, the imaging beam follows the same

line as the y-axis MOT beams. For this reason, a polarising beam splitter is used

to separate the two beams. The objectives are interchangeable, so that the magnifi-

cation can be chosen freely depending on the requirements of each experiment. For

the MOT that is big in size, the objective that is used is 0.6×. For smaller clouds

or BECs that need better magnification, 1×, 4× or even 10× objectives are used.

This gives images with resolution as low as 5µm. The setup is built in such a way

that the objectives are changed without any further changes on the system. The

image is focused and recorded on a high resolution CCD camera (Andor iKon-M).

4.4 Experiment control

For our experiments it is crucial to have complete control over all those parts de-

scribed above, with a sub millisecond precision over one minute. For this purpose,

a PXI system is used, controlled by LabVIEW. In fig. 4.14 it is shown a diagram of

the overall connections used for the control of the experiment.

We have a NI PXIe 1082 chassis that contains a NI PXI 6723 card (32 analog
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Figure 4.13: Main idea of the imaging technique: the atoms absorb photons from
the imaging beam and the absorption image is depicted on a CCD camera. The
imaging beam is in resonance with the F = 2 → F ′ = 3 transition of the 87Rb D2

line. Because of the limited space, the imaging beam shares the same optical path
as the MOT beams in the y axis. For this reason a polarizing beam splitter is used
to divert the imaging beam from the MOT beams path and send it to the CCD
camera.

channels) and two more analog cards which are not currently used: a NI PXI 6733

card (8 high speed analog channels), and a NI PXIe 6259 (32 analog channels) card.

An extra card is installed in the chassis (NI PXIe8370) that is used to control the

chassis through the computer. All the above components are bought from National

Instruments. Together with the analog cards, we use a DIO64HSC card with 64

input/output digital channels, bought from Viewpoint. This card is connected di-

rectly to the computer and not in the chassis. Half of the digital channels are used

for the control of the experiment parts, while the rest 32 channels are reserved for

the rf generation, although they are not currently used. The cards are connected

with BNC interface boxes, so all the connections with the devices of the experiment

are done with standard BNC cables. The control by the computer is done using Lab-

VIEW. In addition, there is a DDS (Direct Digital Synthesis) AD 9854 card from

Analog Devices, which serves for the ramping of the frequency of the rf coils, used

during the evaporation cooling stage. This card is the only one that is controlled by

its own software and not by LabVIEW.

The synchronisation of the cards is done with a 10 MHz clock (Stranford In-
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struments FS725 - Benchtop rubidium frequency standard), which is divided by 10

by a custom made divider. We have observed that instabilities in the phase of the

mains power cause fluctuations of B0. Unfortunately, the 50Hz supplied by the local

electricity company has a very poor phase stability with a coherence time of a just

a few seconds. We therefore have to re-lock the experiment at a later stage of the

experimental cycle. For this reason we use a circuit to stop the main clock until a

zero-crossing of the mains electricity occurs. This forces the experiment to stop if

the mains phase is negative and re-triggers when the phase becomes positive. We

normally re-synch the experiment at the end of the evaporation stage, just before

the switch off of the magnetic trap. Like that we ensure that at the end of the

magnetic trapping we will always have the same B0 and hence better stability.
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Chapter 5

Novel Ioffe-Pritchard Trap

Magnetic trapping of atoms is one of the most important steps on the road to a

BEC as it overcomes the phase-space density limitations set by the photon recoil

limit in the magneto-optical trap (MOT).

The first magnetic trapping of neutral atoms was performed in 1985 using a

spherical quadrupole trap [53]. This is the simplest trap to implement as it only

consists of two coils arranged in anti-Helmholtz configuration. Unfortunately, the

zero magnetic field at the centre of the trap causes losses of atoms when the cloud

is cooled below the temperature where Majorana spin flip [54] become important.

Initially, this has been overcome using a blue detuned laser beam, which pushes the

atoms away from the centre of the trap [17]. The first purely magnetic technique

developed, which avoided Majorana losses was the time-orbiting potential (TOP)

trap, where a rotating bias field is added to the quadrupole trap [55]. This results

in a time-averaged harmonic potential with a finite magnetic field at the centre of

the trap.

The most common configuration for trapping neutral atoms, is the well known

Ioffe type trap. It was originally developed for plasmas [56], and was first applied

on neutral atoms by Pritchard in 1983 [39]. The so called Ioffe-Pritchard (IP) trap,

in its most usual configuration, consists of 4 current carrying bars, which create a

quadrupole field in the radial directions, and two circular pinch and compensation

coils, which are used to create parabolic field in the axial direction. Its finite offset

field at the trap minimum eliminates Majorana losses.

There have also been a number of variations of the IP trap, such as the baseball

trap [57, 58], which has only three coils and the cloverleaf IP trap [59], which has a

12 coil design but offers ease of access to the centre of the field. Furthermore, the
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quadrupole Ioffe Configuration (QUIC) trap is also a variation of the IP trap. It

uses a pair of coils in an anti-Helmholtz configuration with the addition of a third

perpendicular coil, which applies a bias field to offset the zero magnetic field at the

centre to create a Ioffe type field [60]. The QUIC trap offers simplicity and ease of

construction, while it can produce a rather tight trap for the atoms.

Radio frequency magnetic fields can be used in combination with the above

mentioned static trapping techniques to force the atom’s Zeeman states to actively

couple, giving rise to RF dressed potentials. Various configurations and combina-

tions have been realised resulting in a number of trap shapes [61, 62, 63, 64, 65].

Time averaged adiabatic potentials (TAAP) combine static traps, time averaged

potentials and RF dressed potentials which allows a variety of trap shapes which

can be adiabatically transformed from one to another [23, 52, 66].

In this experiment we use a novel Ioffe-Pritchard trap coil configuration based

purely on circular coils [1] which allows much higher gradients to be achieved for a

given power compared to the standard Ioffe-Pritchard trap. The fact that the axial

and radial confinements are minimally coupled, gives full control over the aspect

ratio of the trap. The versatility of this coil arrangement is underlined by the fact

that it can be converted into a QUIC trap or a TOP trap simply by changing the

current of the coils.

5.1 Standard Ioffe-Pritchard trap

A standard Ioffe-Pritchard trap consists of four straight bars which create a quadrupole

field along the radial directions with a zero field along the axial direction. In order

to confine the atoms along the axial direction, extra coils, known as pinch coils, are

used to add a curvature to the axial field but have little contribution to the radial

confinement gradient. Fig. 5.1 depicts the coils arrangement that is usually used for

the creation of the Ioffe-Pritchard type trap.

The field produced by the Ioffe bars is described by the relation

BI = α
(
x,−y, 0

)
(5.1)

where α is the gradient of the field close to the centre of the coils. The field produced

near the centre of the trap by the pinch coils is given by

BP = B0

(
0, 0, 1

)
+

1

2
β
(
−xz,−yz, z2 − 1

2
(x2 + y2)

)
, (5.2)
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Figure 5.1: Standard Ioffe-Pritchard trap, consisting of four Ioffe bars that create
a linear quadrupole field along the axis of the bars and two pinch coils in anti-
Helmholtz configuration that create a confinement along the axial direction. The
trap is also consisted by two compensation coils, used to compensate for the large
field offset created by the pinch coils. The compensation coils are operated in a
Helmholtz configuration, with the current flowing to the opposite direction than in
the pinch coils. The direction of the current flowing in the coils is indicated by the
arrows next to the coils.

where B0 is the axial bias field and β is the curvature of the field. If the Ioffe bars

are combined with the pinch coils, the total magnetic field of Ioffe-Pritchard trap is

B = BI +BP , i.e.

B = α
(
x,−y, 0

)
+B0

(
0, 0, 1

)
+

1

2
β
(
−xz,−yz, z2 − 1

2
(x2 + y2)

)
. (5.3)

Essential for an Ioffe-Pritchard trap are the compensation coils that are used to

compensate for the large field offset created by the pinch coils and control the trap

minimum. The compensation coils are also operated in a Helmholtz configuration,

but with the current flowing to the opposite direction than in the pinch coils, as

shown in fig. 5.1.
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5.2 Ioffe coils instead of Ioffe bars

As a racetrack becomes longer its resistance increases. Thus the electric power

required to produce a certain gradient is increased as the racetracks become longer.

Fig. 5.2 shows a graph of the gradient produced by four racetracks divided by the

power consumed by each racetrack as a function of the length of the racetracks. The

best performance is achieved for zero length, i.e. for round coils instead of racetrack

shaped coils. This becomes very important if the limiting factor is the power.
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0 . 1
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l / d
Figure 5.2: Gradient produced by four Ioffe racetracks (α), divided by the electric
power consumed in each racetrack (P) as a function of the length of the racetracks
(l). For zero length, i.e. round coils, the gradient per Watt is maximized.

The field produced by four round coils with a configuration as depicted in

fig. 5.3b, is the sum of the fields produced by each pair separately. Given that

each pair is operated in an anti-Helmholtz configuration, the field is given by the

following equations:

Bx = αx

(
2x,−y,−z

)
and By = αy

(
x,−2y, z

)
(5.4)

where αx and αy are the gradients of the field of the two pairs. The total field then
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Figure 5.3: (a) Ioffe racetracks of length l used to create a 2D linear quadrupole
field. (b) Racetracks of zero length used in our novel Ioffe-Pritchard trap. The
arrows on the coils indicate the direction of the current.

will be B = Bx +By, or

B =
(

(2αx + αy)x, (−αx − 2αy)y, (−αx + αy)z
)

(5.5)

If the two pairs are identical, αx = αy. In that case Eq.5.5 becomes

B = α
(
x,−y, 0

)
(5.6)

where α = 3αx = 3αy. Eq. 5.6 shows that the field produced by four round coils

close to the center is the same as the one produced by the standard Ioffe racetracks

of non zero length. With the addition of the pinch coils exactly as they would be

placed in a conventional IP trap, we get a much tighter trap for a given electrical

power, which is very important in case the electrical power is the limiting factor in

the experiment.

5.3 Physical layout

Due to the spatial limitations and the geometry of our experiment, we were not able

to have two identical pairs with the same separation between them. Thus one pair
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of coils is larger, but also separated over larger distance in order to maintain the

same gradient as the smaller coils pair. This is essential because both gradients have

to cancel in the z axis close to the center of the trap. The coils being different size

poses limitations though since further from the center the field of the two coils differ

from the quadrupole, which in turn limits the range of trap frequencies that can be

achieved. The limitations of the trap will be discussed in more detail in a following

section. The two pairs of coils will henceforth be called the small Ioffe (SI) and the

big Ioffe (BI) coils.

In the z axis, there are the pinch and the compensation coils, which are used

to create a confinement in the axial axis but also an offset field which prevents the

atoms from spin flipping and thus escaping the trap (Majorana losses). The pinch

coils are used to create the confinement in the z axis, by forming a parabolic trap

with a large magnetic field at its minimum. The compensation coils are used to

compensate the large offset in the magnetic field to zero. We then apply an external

field to create a finite offset (∼1 Gauss). The pinch and compensation coils are

operated in Helmholtz configuration, but the currents of the two pairs flowing in

the opposite directions. All the coils are shown in fig. 5.4, while their dimensions

and other physical characteristics are given in table A.1.

Coil Windings
Inner diam Outer diam Separation Coil

(mm) (mm) (mm) configuration

Small Ioffe
23 24 62.4 50 anti-Helmholtz

(x axis)

Big Ioffe 23×2
46 105.6 86.4 anti-Helmholtz

(y axis) (in series)

Pinch
15 24 23.2 34 Helmholtz (+)

(z axis)

Compensation 31×2
110 180 152 Helmholtz (−)

(z axis) (in parallel)

Table 5.1: Geometrical characteristics of the coils.

Our coils are made by OSWALD Elektromotoren GmbH from a square copper

tube, with external dimensions 4×4 mm2 and with a 2.5 mm diameter bore for cool-

ing. Externally, they are encased in a rectangular block of epoxy for mechanical

protection and ease of mounting them. The dimensions of the epoxy case of the

Ioffe and the pinch coils is such that it matches their separations. This allows them
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Figure 5.4: Schematic of the coil assembly. The four pairs of coils are shown in (a),
as well as their orientation in space. It also shows an illustration, (b) that depicts
how the assembly looks in reality. The coils are held together with metal bars, that
are supported on the housing of the coils. Given that the coils require water cooling,
at the end of each coil there are water connections.

to be assembled simply by bolting them together using metal threaded bars. As a

result we have a robust and stable set of coils. The outer compensation coils are

tightened against the internal block using rubber spacers, which allows tuning of

the separation distance. A representation of the final assembly of the coils is shown

in fig. 5.4b. In this drawing, the epoxy case of the coils can be seen, as well as the

water cooling connections and the metal bars that are used for mounting. For more

effective cooling, the larger coils (i.e. the compensation and the BI) have each been

made from two identical coils in a single casing allowing the current to flow in series

and cooling water in parallel.

Earth’s field compensation coils In order to cancel the earth’s field, or other

residual magnetic fields that may disturb the atoms, we use three extra pairs of

coils, laying in the three axes. The coils are made by wrapping 1mm diameter wire

around a frame made of aluminium. The frame is cut in order to avoid any eddy

currents during switching on or off the coils. We have wound a number of different
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coils around the same frame, so that we have the flexibility to use different number

of loops, depending on the needs of the experiment. More precisely, the windings

are made in a series of powers of two so that any winding-number can be formed.

5.4 Electrical Connection

Both pairs of Ioffe coils are connected together in series and electrical power is sup-

plied by two 400 A power supply units (PSU) connected in series. The compensation

coils are connected in series with the pinch coils and these coils are powered by a

third 400 A PSU.

The two spools of each compensation coil are connected in parallel. This has been

done to reduce the resistance of the rather large coils, and was possible because of

the rather lax size constraints. The compensation and pinch coils are driven in series

from the the same PSU. The spools of each BI coil are electrically connected in series.

The overall connection of the big and small Ioffe coils is shawn in fig. 5.5a, while the

connection diagram for the pinch and compensation coils is given in fig. 5.5b.

FAST 
SWITCH 
CIRCUIT 

Pinch 

Compensation 

BYPASS 
RESISTOR 
BLOCK 

400 A 
15 V 

FAST 
SWITCH 
CIRCUIT 

Big Ioffe 
Small Ioffe 

MOT 
SWITCH 
CIRCUIT 

400 A 
30 V 

BYPASS 
RESISTOR 
BLOCK 

(a)	
 (b)	


Figure 5.5: (a) schematic of the connection for the big and small Ioffe coils, that
consists of the coils and the PSU together with the corresponding Fast Switch. in
addition, it includes a bypass resistor block for fine tuning of the BI current. The
MOT switch shown in the diagram is used in order to bypass the SI coils during the
MOT phase. In (b) it is shown the corresponding circuit for the compensation and
pinch coils.

The coils are operated with high currents, and if under these circumstances one

uses the power supply only in order to switch off the coils, the rise or fall times of
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the currents in the coils (and hence the produced magnetic field) are rather long

(of the order of ms). For our experiments though we need the switch off to be fast

compared to 1/ωtrap. Otherwise In order to achieve faster switching times of the

order of a few µs, the high currents required for the magnetic trap are switched

using a fast switching circuit based on IGBTs. The diagram of these fast switches

is given in appendix B.

The magnetic field required for the MOT is a spherical quadrupole field that can

be produced by one pair of circular coils in anti-Helmholtz configuration. The BI

coils alone meet those requirements. But since the SI coils are connected in the same

circuit as the BI coils, we need to bypass the SI coils during the MOT stage. We

do this using a separate IGBT transistor circuit (MOT Switch) which is in parallel

with the SI coils. In the MOT configuration, the current thus bypasses the SI and

flows through the BI coils only. When the MOT Switch is open, the current flows

through both pairs, BI and SI, as is needed for the magnetic trap. The diagram of

the MOT Switch can also be found in Appendix B.

The positions of the Ioffe coils are defined by the epoxy housing of the coils. For

this reason, we cannot easily adjust the distance of the coils in order to compensate

for gradients caused by external sources or by small imperfections in the geometry

of the coils. To do that, we have to vary the current through each individual pair

of coils. Given that both pairs of the Ioffe coils share a single PSU, the current

through each pair cannot be controlled individually. To perform such a task a

box containing a set of resistors (Bypass Resistor Block), is placed in parallel with

the BI coils, which allow small amounts of current, to be bled from them. This

resistor block is described in Appendix B.3. In order to avoid any current flowing

backwards we use a Fast Recovery Epitaxial Diode (FRED) Module MEO 450-12

DA from IXYS. For this reason, the resistor block is connected at the positive pole

of the power supply, before the fast switch, so that the existing diode in the fast

switch is in parallel with the bypass resistor diode and the current in the bypass is

proportional to the one in the coil at any current. Under the same principle, we are

able to bleed small amounts of current from the pinch coils if needed.

5.5 Tuning, physical adjustment and bypass

One important aim of our coil assembly is to provide maximum flexibility in the

trapping potentials. In order to be able to change the axial confinement indepen-

dently from the trap bottom and from the radial confinement, the three trapping
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parameters (α, β, and B0) should be as independent as possible. Due to imperfec-

tions in the coils, mechanical and/or electrical fine tuning is required: studding is

used to press the coils together and rubber spacers between the Ioffe and compensa-

tion coils, allow us to adjust the distance of the compensation coils with a precision

of about 200µm. By doing that we can eliminate the contribution of the pinch coils

to the B0 and thus to control B0 solely using an additional, external pair of coils.

The gradients of the Ioffe coils may not match perfectly and thus the axial coils

may produce an offset field. The Ioffe and pinch coils are bolted together into a sin-

gle block in order to ensure maximum mechanical stability preventing a mechanical

tuning of the coils. Therefore, we fine-tune the gradients αx or αy of the big or small

Ioffe coils by bleeding some current from the BI using the bypass resistors. There

is also the issue with the center of the quadrupoles not being exactly the same due

to imperfections in the coils. This results in an effective offset field. We fix this

by applying an homogeneous field which displaces the quadrupole. This is achieved

with a big wire loop electrically connected in series with the Ioffe coils and placed

on their axis. By adjusting its position we are able to remove the dependence of B0

on the Pinch current.

B0 has to be as low as possible, otherwise the radial confinement is softened as a

result of the large bias field [67]. It should be non-zero though because when passing

through the center, the trapped Zeeman state is coupled to untrapped states. In

order for the atom to remain in a trapped state, the Landau-Zener parameter Γlz

has to fulfil the following condition [68, 69]:

Γlz =
(gFµBB0)2

~mFgFµBαυT
� 1, (5.7)

where υT =
√

8kBT/πm is the velocity of the atom. For a cloud in the sub-milli

Kelvin temperature range, a B0 > 0.3 - 0.5 G, is enough to provide us with a stable

trap. If B0 is over-compensated, i.e. B0 < 0, then a pair of zero field crossings along

the axis of the trap appears, destroying the smoothness of the trap. In fig. 5.6 it is

shown such a case, where the over-compensated B0 results in a double well instead

of a smooth single well trap.

The coils are placed together according to the separations given in table A.1 and

fixed in place. The rubber spacers used between the compensation coils and the

internal block allow us to adjust the distance between the coils in order to adjust

the field minimum (B0).

First we need to be able to measure B0. We do that using a weak rf-field. By
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Figure 5.6: Over-
compensated B0 results
in a double well trap.

ramping down the rf frequency until all the atoms escape from the trap, we can

determine the offset of the trap (B0) by the following formula:

B0 =
~ωrf

µBgF

, (5.8)

where ωrf is the rf frequency where all the atoms disappear. gF is the the hyperfine

Landé g-factor and is given by the expression gF = gJ
(F+1)F−I(I+1)+J(J+1)

2F (F+1)
, with

gJ = 1 + J(J+1)−L(L+1)+S(S+1)
2J(J+1)

[43]. By putting F = 2, I = 3/2, J = 1/2, L = 0, S =

1/2, we obtain the simple conversion rule which is 1 kHz→ 1.43 mG, or 700 kHz/G.

Using this conversion, we first adjusted the spacing between the compensation

coils such that the B0 corresponds to the measured contribution from the external

offset coils. We then double the current through the external coils and re-measure

B0. This ensures that the compensation and the pinch coils have a negligible effect

on the value of B0 for this particular current setting.

Then we checked the contribution of the Ioffe coils to B0. By setting α=220 G/cm

and 440 G/cm we found a change in the offset field B0 by 0.7 G, which corresponds

to a dB0/dα=3 mG/(G/cm). Rather than disassembling the trap we chose to wind

an extra coil on one of the compensations coils pointing in the z-direction and

consisting of two windings from the current leads of the Ioffe coils. After optimising

the position of the extra windings we found dB0/dα= 320 µG/(G/cm).

For an ideal coil system, in the axial direction the gradient is exactly zero. In

a real system though, there can be small displacements of the Ioffe coils from the

center of the trap or small imbalances in the current flowing through them resulting

in a small gradient at the z axis. As a result of this, the trap position changes for

for different β. We can calculate this gradient αz by measuring the displacement of

the trap. In the z axis the potential is U = 1
2
βz2 +B0 + αzz. At the trap minimum

it is dU
dz

= 0 ⇒ βz0 + αz = 0 , where z0 is the trap minimum, displaced from zero

due to the αz. By adjusting the relative currents in the two Ioffe coil pairs using the

bypass resistor circuit, we recorded a series of measurements of αz. In fig. 5.7 there
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is a graph of αz as a function of the bypass current for our configuration.
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Figure 5.7: Gradient in the z axis due to imperfections of the system, as a function
of the BI coils bypass current.

5.6 Resulting magnetic field

With the coils geometry described above and with maximum current (400 A for

both PSUs) the resulting magnetic field has the form shown in fig. 5.8. The first

three graphs (a, b and c) show the field produced by the BI and SI coils indepen-

dently (dashed lines) and together (solid line) in the x, y and z axis correspondingly.

Samely, are given the graphs for the compensation and pinch coils (d, e and f). In

g, h and i is given the total field produced by all four pairs of coils. The field is

given over a wide region in order to show the behaviour of the field, but in reality,

the interesting part is only a few millimeters around the center, where the trap is

smooth.

The gradient (α), the curvature (β) and the offset (B0) at the center of the trap,

are given in Table 5.2. The values are calculated with the help of Mathematica

Radia.

BI SI pinch compensation All
B0 (G/A) 0 0 1.48 -1.48 0
α (G/cm A) 0.4 0.4 0 0 1.22
β (G/cm2 A) 0 0 0.54 0.03 0.51

Table 5.2: Offset (B0), gradient (α) and curvature (β) per Amp of our coil system
calculated with mathematica Radia.
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Figure 5.8: Magnetic field calculated for a trap configuration with geometry as given
in Table A.1 and maximum current, for all three dimensions. The field is calculated
for each pair individually, and combination of them. With black line (g, h and i) is
the total magnetic field.

5.7 Trap frequencies

The radial and axial frequencies are given by

ωρ =

√
gFmFµB

m

(
α2

B0

− β

2

)
and ωz =

√
gFmFµB

m
β (5.9)

respectively, where gF is the Lande factor, MF is the Zeeman substate of the hyper-

fine level F, µB is the Bohr magneton and m is the atom mass. According to these

equations, we see that the axial frequency depends only on the curvature of the field,

and not on the gradient. Since the Ioffe coils have no effect on the curvature, we

can change ωρ by changing the Ioffe coils current while ωz remains unchanged. This

allows us to have complete control over the aspect ratio of the trap.

The trapping frequencies, for maximum current in all coils, according to the

calculations are ωz = 18.2 Hz for the long axis (z) and ωρ = 593.7 Hz for the radial

direction. In order to verify those numbers, we measured the oscillation frequency of

the cloud after having given it a kick. The oscillation frequency is the trap frequency

in this direction. The oscillation frequency measurement was done as follows: The
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cloud has been given a kick along one direction with the use of a magnetic field

pulse of a few ms. Then we measured the displacement of its center for different

waiting times. Such a measurement is shown in fig. 5.9. The frequency in the axial

direction was found to be 20.7 Hz, which is in good agreement with the calculation.

The corresponding measurement for the radial frequency gave a result of 501.7 Hz,

close to the value predicted from the coil design.
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Figure 5.9: Trapping frequency in the axial direction. The measured frequency is
20.7 Hz.

From the trap frequencies, and with the help of equations 5.9, we can obtain an

experimental value for α and β. The values that we find are αexp = 1.44 G/(cm

A) and βexp = 0.76 G/(cm2 A). Although the values are close enough, the difference

may be due to imperfections of the trap.

5.8 Limitations of the trap

At very low axial confinement, the finite size of the Ioffe coils comes into play. In

the coil configuration described in this paper, one pair of coils is larger than the

other. This is done in order to take advantage of all the available space, since it is

limited. Close to the center of the trap, this causes no problems. Therefore, as one

moves along the z axes away from the centre of the trap, the field contribution of

the larger coils becomes more important. For z>0 this will add to the offset field

B0 and for z<0 it will subtract, thus limiting the trap depth. This can be partially



5.9. CONVERSION TO OTHER KINDS OF TRAPS 63

compensated by applying a small gradient along the z axis, at the cost of introducing

a dependence of B0 on the axial confinement.

At low aspect ratios (Λ . 1) and low B0, so called escape channels open up.

For z, ρ 6= 0 the parabolic field of the axial confinement has a radial component,

which can either subtract from or add to the radial quadrupole field thus forming

escape channels. The resulting equal potential surfaces inside the trap have an

approximately tetrahedral shape. This effect can be reduced by increasing both B0

and α, posing limitations to the achievable trap frequencies though.

5.9 Conversion to other kinds of traps

Due to the round shape of the coils, and their geometry, the trap can be transformed

into other kinds of traps, such as a QUIC trap or a TOP trap, simply by changing

the distribution of currents in the coils. By selecting one of the Ioffe coil pairs as the

quadrupole coils and a pinch coil as the Ioffe coil, the trap can be transformed into a

QUIC trap. The trapping frequencies for our system are 10 Hz in the axial direction,

and 186 Hz in the radial with a B0 of approximately 1 G. In the same way, the TOP

trap can be made by using any of the pinch coils or the Ioffe coils as the quadrupole

coils and the remaining two pairs of coils to generate the time orbiting potential.

In this case the trapping frequencies are calculated 185 by 262 Hz, again for an

offset field of 1 G. This clearly demonstrates the increased flexibility of the circular

Ioffe bars as compared to the classical Ioffe bars. It also demonstrates the superior

trapping of the spherical IP trap since it affords about twice higher confinement at

the same currents.
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Chapter 6

Procedure for achieving high

atomic density BECs

In order to achieve the goal of a high atom number BEC, we need to optimise

the conditions throughout the whole experiment. In this chapter the several steps

towards the achievement of a high atom number BEC are described, together with

the choice of the optimum parameters.

6.1 Magneto-optical Trapping

6.1.1 Cold atom beam (2D MOT)

The Rb atoms need to be pre-cooled and transferred from the high pressure area, to

the low pressure, BEC, area in order to be trapped, cooled and eventually condensed.

To do so, they are magneto-optically trapped in the radial directions, and left free

to travel in the axial direction. In that way, a beam of pre-cooled atoms traveling

in axial direction is formed.

In order to achieve this two-dimensional magneto-optical trapping (2D MOT),

two retro-reflected beams are used with dimensions 100×25 mm2. They are red de-

tuned with respect to the F = 2 → F ′ = 3 transition of the D2 line by 13 MHz,

while their polarization is σ+. The magnetic field gradient is 12 G/cm, and is cre-

ated by two rectangular coils with dimensions 50×270 mm and 15 mm thick. In

order to control the position of the atom beam along the horizontal plain, there

is an additional coil (push coil) with dimensions 50×150 mm and thickness 10 mm.

Fig. 6.1 shows the 2D MOT configuration drawing including the laser beams and

the magnetic coils.
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Figure 6.1: 2D MOT configuration consisting of two retro-reflected beams, and two
rectangular coils that create a linear quadrupole field along the axis of the cell. A
push beam is also used in order to force the atoms to travel towards the magnetic
trap.

Since the atoms in the atom beam move towards both directions, only the half

of the atoms travel towards the BEC area. In order to increase the flow of atoms

a push beam is used. The push beam is focused on the tube such that it passes

through it without hitting on the glass. In that way, it remains gaussian shaped

at the position of the trap and it does not distort the trapping field. It is required

though that its power is balanced by the opposite MOT beam. Its frequency is the

same as the beams used for the 3D MOT, and its power is approximately 0.5 mW.

This corresponds to 0.1 times the saturation intensity of the Rb87 out of the focus

for circular polarised beam. The push beam is focussed and therefore the saturation

intensity will be much higher where the atoms are.

Fig. 6.2 gives a diagram showing the relation of the 2D MOT flux with the

detuning of the laser beams, from which is shown that the optimum flux is achieved

for a detuning of 13 MHz. The flux also depend on the pressure of the Rb atoms

in the 2D MOT cell, which, in turn depends on the temperature of the glass cell.

In order to have full control of the flux and better stability, the temperature is

controlled with the help of a peltier element, stuck on the glass cell.

With all the parameters optimized we achieved atom fluxes of up to 3×109

atoms/s with a stability of 5%.
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Figure 6.2: 2D MOT flux vs laser detuning.

6.1.2 3D MOT

As a first stage of the creation of the BEC, can be considered a three-dimensional

MOT (3D MOT), which is loaded by the 2D MOT and after further cooling results

in a BEC.

For our 3D MOT we use beams with 25 mm diameter and power of approximately

2.5 mW/cm2 (1.5 saturation intensity). The frequency is controlled independently

of the 2D MOT beams and is set to -25 MHz. The polarization is σ+ for all the

beams in the radial directions, and σ− for the beams in the axial direction, with

respect to the lab frame. The coils used for the magnetic confinement are the big

Ioffe coils operated in anti-Helmholtz configuration. The 3D MOT magnetic field

and beam parameters are given in Table 6.1.

3D MOT
Magnetic Field Gradient 15 G/cm
Beam Diameter 2.5 cm
Beam Power 2.5 mW/cm2

Beam Detuning -25 MHz

Table 6.1: 3D MOT beams and magnetic field parameters.

Fig. 6.3 gives the loading curve (left) and the lifetime (right) of our MOT. By

using the expression N(t) = Nsat(1− e−t/τload), we find the fit for the loading curve,

and from that we get the following numbers for our MOT: number of atoms after

full loading Nsat = 9.51 × 109 atoms and loading time constant τload = 4 s. The

lifetime curve is plotted in a logarithmic scale. From the two different slopes of the

curve, there can be distinguished two different regions: the first is where the size of

the MOT is limited by the interactions between the atoms. In the second the size

of the MOT does not change any more since the losses are balanced by the loading
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from the background atoms. From the fit on the lifetime curve, we get the time at

which the number of atoms has reached the 1/e of the initial number, which is 10 s.
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Figure 6.3: (a) Loading curve and (b) lifetime of the 3D MOT. The loading parame-
ters are: Nsat = 9.51×109 and τload = 4 s. The lifetime curve is plotted in a log-linear
scale. There can be distinguished the two different regions. In the first region with
the big slope is where the atom-atom interactions is the dominant mechanism that
leads to atom loss from the cloud. The second region has zero slope, since the atoms
are reloaded from the backgrand and the size remains constant. From the slope of
the first region, we find the lifetime of our MOT which is 7 s.

6.1.3 Compressed MOT and molasses

The main forces acting on the atoms in a MOT, are the radiation forces, caused

by the interaction of the atoms with the laser beams and lead to a compression

of the cloud. Apart from the radiation force by the laser beams, there are forces

due to the absorption of the light that the neighbour atoms emit spontaneously,

(reradiation forces) [20]. These kinds of forces act repulsively, and prevent the cloud

from collapsing [70]. This limits the density in the MOT though and consequently

leads to a decrease of the phase space density [71, 72]. In addition, reradiation forces

cause a raise of the temperature of the MOT when the number of atoms in the MOT

becomes large [73, 74, 75, 76, 77].

In order to compress the size of the MOT and increase the phase space density, we

need to go through a compressed MOT (CMOT) stage [78]. The CMOT technique

most commonly is based on the suppression of the reradiation forces by further red-

detuning the laser beams and then the ramp up of the MOT quadrupole magnetic

field in order to have a tighter confinement of the atoms.

In our experiment, the best performance of the CMOT stage was for a change in

the detuning of the MOT beams from -35 MHz to -40 MHz. As far as it concerns the
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magnetic field, we observed that a reduction of the magnetic field gradient instead

of an increase, led to maximum compression with the minimum loss of atoms. The

best value of the gradient was αCMOT =5 G/cm. The optimum duration of the

CMOT stage was 5 ms.

After the CMOT, further cooling was done using the polarization gradient cooling

technique (molasses). During molasses, we switch off the magnetic trap and reduce

the power of the laser beams, so that the radiation pressure decreases and the

temperature of the cloud reduces. The duration of the molasses stage was 7 ms,

during which we reduced the power of the MOT beams to the 30% of their initial

power. The temperature was then reduced to 70-100µK. It should be mentioned

that the CMOT and the molasses stage have a similar effect on our cloud, since the

difference in the field gradient is very small. We cannot skip one of the two though,

because it seems that this sequence leads to the optimum temperature and atom

number in the magnetic trap.

6.2 Magnetic Trapping

A very important stage before achieving the BEC is the magnetical trapping of the

atoms in order to tightly confine them and manage evaporative cooling. In order to

achieve a magnetic trap with a large number of atoms though, a number of steps

have to be done.

This section describes the procedure in order to achieve effective magnetic trap-

ping of the atoms. More precisely, after the MOT is loaded, we need to compress

it in order to increase phase space density. Since the compression leads to a tem-

perature increase, we need to lower it by a polarization gradient cooling technique

(molasses). Then, an optical pumping stage is required, in order to increase the

number of atoms of the thermal cloud that can be magnetically trapped. Next,

is the mode matching stage, where the atoms from the MOT are transferred to a

magnetic trap such that their volume and temperature does not change. Finally,

the trap is adiabatically compressed, in order to increase the collisions in the cloud,

which are essential for an effective evaporation cooling.

6.2.1 Optical pumping

Optical pumping (OP) is performed in order to prepare the atoms in the correct

hyperfine magnetic state (mf=2) where they can be trapped. In that way, we
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are able to maximise the number of atoms in the trap. The theory of the OP

was presented in Chapter 3. For the optical pumping stage we use a homogeneous

magnetic field of 0.5 G along the z axis. In addition, we shine a laser beam at the

same axis with direction defined by the magnetic field vector. The power of the

beam was about one saturation intensity (i.e. 1.67 mW/cm2), and its polarization

circular with ellipticity factor better than 1%. With the optical pumping we manage

to increase the number of atoms by a factor of up to 3.5. We did not manage the

ideal which is 5, and this is probably due to imperfections in the stability of the

light polarization and/or the direction of the magnetic filed.

6.2.2 Mode matching

In order to maximize the collision rate in the cloud which is essential for evaporative

cooling, atoms are transferred into an optimized (”mode matched”) magnetic trap,

and then adiabatically compressed. Mode matching between an atom cloud and a

trap is achieved when the transfer of atoms maximizes phase-space density.

Atoms are transferred into a magnetic trap by switching off the MOT and turning

on the magnetic coils in order to create a new trapping potential for the atoms. The

switching on and off of the magnetic field has to be fast with respect to the trap

frequencies. Furthermore, it is essential to ensure that the atoms maintain their

volume and temperature. The trap frequencies have to match with the cloud size.

If the trap is too tight, the temperature of the atoms will be increased. If it is too

loose, the atoms will expand non-adiabatically. In either case phase-space density

will be lost. The term ”mode matching” is used for the optimum transfer of the

atoms in the trap, and it is used in analogy with the coupling of a laser beam into

a single mode fiber, where the coupling efficiency depends on the focusing of the

beam.

The size, ∆i with i = x, y, z, of a cloud in a harmonic trap depends on the

frequency, ω, of the trap as ∆i = (1/ωi)
√

2kBT/m, where T is the temperature

and m the mass of the atoms. From this equation, and given that our MOT size is

16.5 mm at a temperature of 70µK, we calculate that the trap frequencies should

be 7 Hz. We found that the optimum transfer for our cloud was achieved with the

following parameters: α=75 G/cm, β=40 G/cm2 and a large offset B0 =60 G (which

is applied by a pair of external coils and it is the maximum that can be achieved

with the given coils and PSU). This corresponds to trap frequencies 8 Hz in the axial

and 10.9 Hz in the radial direction, limited by B0. We manage to transfer 10% of
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the MOT atoms to the magnetic trap, due to ineffective optical pumping. It may

be also due to the fact that the center of the MOT does not coincide exactly with

the center of the magnetic trap, and as a result the cloud feels a kick that causes

loss of atoms.

6.2.3 Trap optimization and quality factor

The goal of the BEC machine is to achieve high atom number in the condensate.

The optimization of the system thus has to be done in terms of the condensed

atom number. The system at each step is described by three parameters: the atom

number (N), the trap frequency (ω) and the temperature of the cloud (T).

Starting from a trap with (N1, ω1, T1) we need to end up, after evaporation, in a

cloud (NQ, ωQ, TQ), where the index Q indicates the optimized values. In between

there is an intermediate stage, (N1, ωQ, T2), which is the compressed cloud. During

compression, we set the trap frequency to the final value, the atom number should

remain constant, while the temperature is expected to increase to a value T2, much

higher than the final temperature.

T1 and T2 are related with the ratio T2

T1
=

ωQ

ω1
⇒ T2 = T1

ωQ

ω1
. It is also true

that between the initial and final atom number there is the proportionality
NQ

N1
=(

TQ
T2

)α−1

⇒ NQ = N1

(
TQ
T2

)α−1

= N1

(
TQω1

T1ωQ

)α−1

, where α here is a factor found

experimentally to be equal to 1.1 [69]. TQ and ωQ are fixed parameters set by us, so

they are neglected from the formula. Hence the quantity that remains is the quality

factor that indicates how well is our system optimized:

Q = N
(ω
T

)α−1

or Q = N

(
1

∆xT

)α−1

(6.1)

since ω ∝ ∆x−1.

Moving one step forward, we can define a new dimensionless quality factor in

energy units:

Q = N

(
~ω
kBT

)α−1

= N

(√
2

mkBT

~
∆x

)α−1

(6.2)

The quality factor is only valid after the atoms are magnetically trapped. For

earlier stages, other quantities need to be optimized: At the MOT stage, only the

atom number indicates the level of optimization. After the CMOT also size starts

to matter, and temperature starts to matter after the molasses stage.

In our experiment, a typical quality factor for a rather optimized cloud has the
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value 20000 to 25000, while we have achieved quality factors up to 40000.

6.2.4 Gravitational shift compensation

Due to the gravity, the trap position is displaced with respect to the MOT center.

This happens as the potential of the MOT is not a conservative one and thus its po-

sition is not affected by gravity. This displacement should be prevented, because the

movement of the cloud during the transfer to the magnetic trap can lead to heating

of the cloud. We achieve that with the help of a homogeneous magnetic field created

by the earth’s field compensation coils. For a harmonic potential the gravitational

shift is ∆ygrav = ge/ω
2
ρ, where ge is the earth acceleration. This corresponds to a

displacement of ∼ 6 mm for our trap. In order to eliminate such a displacement, a

gravitation shift compensation field By = 30.3 G is required.

6.2.5 Adiabatic compression

Adiabatic compression plays a crucial role in BEC experiments because it increases

the collision rate before evaporative cooling. In order to do that, the gradient and

the curvature parameters are ramped to maximum compression over a period of 2 s,

during which time the offset field is ramped down to a value close to 1 G.

In order to remain adiabaticity during the compression the following condition

for the gradient has to be fulfilled:

ω̇

ω2
< 1⇒ ω̇ < ω2 ⇒ ω2 >

dω

dt
⇒ ω2 >

dω

dI

dI

dt
. (6.3)

This is because the compression becomes non-adiabatic if the atoms cross to other

levels of the harmonic oscillator and thus the change in the trap frequency should

be slow enough with respect to the trap oscillations. Note that this is only true if

the aspect ratio stays the same. Since in the matched trap we have α = 75 G/cm,

which corresponds to 90 A in the PSU, and ωρ =10.9 Hz, we can calculate how fast

we can ramp the current to compress the trap in the radial direction:

dI

dt
< ω2 dI

dω
= ω2 90A

ω
= ω 90A = 5600A/s. (6.4)

This means that a 2 s ramp is slow enough to remain adiabaticity. After the adiabatic

compression we achieve clouds of approximately 5×108 atoms at a temperature of

200 µK.
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Figure 6.4: Lifetime of the magnetic trap after the adiabatic compression. The
lifetime is 22.9 s.

The main mechanism that causes atom loss in the trap and limits its lifetime is

the collisions with the thermal atoms of the background. The number of trapped

atoms decays exponentially as N(t) = N(0)e−t/τbg , where τbg is the trap life time.

In order to measure the trap lifetime a series of atom number measurements was

taken for various trap durations. From these measurements we got the graph of

fig. 6.4. From the fit on the data we get a trap lifetime of 23 s. Most probably the

lifetime is that short due to vacuum problems.

6.3 Evaporative cooling and observation of BEC

The last step towards the creation of the BEC is the drastic decrease of the temper-

ature of the cloud and the increase of the phase-space density with the help of the

evaporation cooling technique.

After having transferred the atoms into the magnetic trap and having compressed

it to its final state, we cool the cloud by forced evaporation. The evaporation has

to be slow enough to allow continuous thermalisation, but in the same time fast to

avoid excessive losses due to the finite lifetime of the trap. During this stage we

ramp down the rf frequency linearly from 50 MHz down to its final value (typically

to 0.5 MHz) in 7-10 s, until the critical temperature is reached and condensation

occurs. After evaporation cooling we achieve BECs of up to 5×105 atoms.

We generate the rf using a direct digital synthesis (DDS) card (Analog Devices
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AD9854 /PCBZ), amplify it using an rf amplifier (Amplifier Research 25A250A),

which is coupled to two antennas in parallel (4 cm diameter, three windings each).
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Figure 6.5: Diagram showing the procedure followed in order to achieve condensa-
tion. In the horizontal axis it is shown the duration of each phase of the experiment,
while in the vertical axis are given the main actions that take place during the ex-
periment. The values of the magnetic fields in the vertical axis are not in scale.

In fig. 6.5 there is a summary of the procedure towards the creation of the BEC.

In this diagram there are the main actions that take place during the experiment

(vertical axis) and the corresponding duration of the several stages (horizontal axis).

More precisely, there are the four main actions that form the magnetic trap, which

are the Ioffe coils operation, the pinch and compensation coils operation, as well

as the z offset coils and the x offset coils used for the compensation of the gravity.

All the coils are turned on only during the magnetic trapping stage and kept off

during the rest of the experiment, with the exception of the B0z coils and the big

Ioffe coils. The B0z coils are used also during the optical pumping stage to create

a small homogeneous field to polarise the atoms, and the big Ioffe coils are used

for the MOT. Together with the magnetic field creation actions, there is the rf field

production used for the evaporation stage. The rf generator is set to 50 MHz from
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the beginning of the experiment, and its frequency is ramped down linearly to the

appropriate value during evaporation cooling. Finally, there are shown the three

main actions that are related with laser light i.e. the MOT, the pumping and the

imaging beams. In the diagram is shown only the presence or not of light, and there

is given no information about their intensity, frequency or polarisation.

Ncond = 9.9x105 atoms
Ntherm = 6.6x105 atoms
a = 450 G/cm
b = 215 G/cm2

B0 = 0.5 G
fz = 19 Hz  
fr = 811 Hz

131126_1348_58

Figure 6.6: Almost pure BEC of approximately 106 atoms, trapped in an Ioffe-
Pritchard trap with frequencies fρ =811 Hz and fz =19 Hz. The picture was taken
after 22 ms of expansion time. It is one of the biggest BECs observed in our lab.

In figure 6.6 there is a picture of one of the first BECs observed in the lab. The

density profile which is a parabola and not a gaussian, is a proof that the cloud is

condensed, while the gaussian tails denotes that there are still thermal atoms in the

cloud.

Another characteristic of BEC is the evolution of its aspect ratio. In the trap,

the BEC is elongated along the y axis. After being released, it expands faster at the

axis with the tighter confinement as a result of the repulsive interactions between

the atoms in the condensate. This leads to a change of its shape from a cigar to a

sphere and then to a disc, as shown in fig. 6.7.

6.4 High atom-number condensates

For high atom-number condensates, that are evaporated very fast, we expect fluc-

tuations of the phase along the axial axis, due to its longer length. This is expected

to end up in an interference pattern, like the one shown in fig. 6.8.
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120320_1509 - 120320_1517

Figure 6.7: Evolution of the BEC, after being released to fly freely for 35 ms. The
BEC falls downwards under the influence of gravity. The repulsive interactions
between the atoms in the condensate are transformed into velocity, which forces the
condensate to expand faster at the axis with the strongest confinement. This leads
the BEC to change from a cigar to a sphere and then to a disc shaped cloud.
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Figure 6.8: Interference fringes

The condensate shown above is created in a trap with frequencies 810 Hz and

20 Hz and B0=0.5 G. The rf evaporation cooling stage lasted for 7 s. The number of

atoms in the condensate was not possible to be determined, due to the fringes that

did not allow us to do a proper fit of the image. We believe though that the atom

number is of the order of 105, too high - for the given conditions and cooling time -

to allow the phase to stabilise along the long axis. These are still preliminary data,

and need further analysis in order to reach a solid conclusion. They are evidence

though that our statement about the coherence spreading is true.



Chapter 7

Time Dependent Adiabatic

Potential Atom Lasers

7.1 Introduction

In this chapter it is presented a novel output coupler for an atom laser, based

on time dependent adiabatic potentials (TDAP), which provides atom lasers with

small divergence and high brightness. Part of this chapter has been published in

[2]. Contrary to the traditional outcoupling method, where a weak rf field is used

to slowly outcouple a small fraction of the condensate, in the TDAP atom lasers

strong rf fields are used to deform the trapping potential such that the atom laser

beam emerges from the bottom of the condensate instead of the center. The main

advantage of the TDAP atom lasers against the weak-field outcoupler is that the

atoms can be extracted from the condensate to the atom beam at an arbitrary rate.

This led to fluxes per trapped atom sixteen times larger compared to what has been

observed until now with any other technique.

In the TDAP atom laser the rf-field dresses the atomic Zeeman states in a mag-

netic trap thus limiting its trap-depth. Gravity tilts this potential allowing atoms to

spill out of the bottom of the trap, as described in Chapter 2.2. Slowly ramping the

rf-field from higher frequencies to lower frequencies the hottest atoms can escape.

The remaining atoms cool down below the critical temperature until condensation

occurs. As the trap depth approaches the chemical potential of the BEC, an atom

laser beam appears, coming from the bottom edge of the condensate. Since all atoms

spilled from the BEC enter the atom laser beam, the flux of the TDAP atom laser

is just a function of the rate at which the rf-frequency is ramped down. After the
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atoms have been outcoupled from the BEC, they accelerate forming the atom laser

beam. This acceleration is due to a combination of gravity, magnetic forces, and

interaction with the atoms remaining in the condensate.

Many applications of the atom laser require a good phase-stability of the mat-

terwave beam. Indeed the first definition of an atom laser stated that its output

should be “well approximated by a classical wave of fixed intensity and phase” [3].

This phase stability is difficult to achieve with atom lasers based on a weak rf since

it outcouples atoms from inside the condensate where the potential energy depends

both on the rf frequency and on the constantly changing chemical potential of the

condensate [79]. In contrast to this, the chemical potential of the condensate is fully

determined by the TDAP and the interaction of the TDAP laser beam with the

remaining condensate is negligible. This makes the TDAP atom laser an excellent

candidate as a coherent bright source for continuous matterwave interferometry [6].

One of the main attractions of the atom laser is its potentially very large flux

of coherent atoms. Much effort has been focused on trying to maximise the flux

available from a given BEC [80, 81, 82]. For very weak fields, the flux of the atom

laser is proportional to the intensity of the rf-field [83]. As the coupling strength

becomes strong though, a bound state, which shuts off the atom laser, appears thus

putting an upper limit in the flux that can be achieved [84, 85]. This happens

because it is not possible to adiabatically transfer the atom population from the

bare states of the weak rf onto the dressed states (adiabatic potentials) of the strong

rf simply by ramping the rf-intensity. In contrast to this, the TDAP atom laser

relies on a strong rf, where the rf-frequency is scanned (time-dependent adiabatic

potentials). Since for a large rf-intensity the energy gap to the bound states is large

(Ω2
rf � Ω̇L/2π), the atoms can be outcoupled at an arbitrarily large rate simply by

adjusting the ramping rate of the rf-frequency.

7.2 Atom laser analysis

In order to analyse the atom lasers observed in the lab, we use absorption images

taken with a CCD camera in the x-z plane of the lab frame. We then cut the images

into thin horizontal slices as shown in fig. 7.1, integrate each slice along the vertical

direction, and fit them with the following binomial profile:

f = a+ b e
−
(

x−x0
∆xt

)2

+ cRe

[
1−

(
x− x0

∆xc

)2
]3/2

. (7.1)
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The first term is an offset. The second term represents the Gaussian profile that fits

to the distribution of the thermal part of the beam. The third term is an inverted

parabola shape profile that fits to the atom laser part of the atom beam. It has

been chosen for the reason that the experimental data present no wings, and thus

the inverted parabola profile seems the best fit for it.

Figure 7.1: Atom Laser profile along its length. The red fits are according to eq. 7.1.

From the fits to the individual integrated atom slices we can then determine the

atom number and sizes of both the coherent and thermal components. From the

position of a slice we can calculate the velocity and outcoupling time of the atoms in

it and subsequently the divergence, temperature, and local flux of the atom beam.
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7.2.1 Beam Divergence

We are interested in measuring the divergence of the atom lasers, since it is one of

their most important properties. To do that we find the size of the atom laser beam

(∆xc) at several points along its length, and we plot it versus the position x. We

then fit a straight line on the data. The divergence is the arctangent of the slope of

this fit line.

The divergence can also be found in momentum space. This is done by calcu-

lating the velocity along the length of the atom laser and take the arctangent. This

method requires knowledge of the initial size of the beams, which we estimate as

the Thomas-Fermi radius of a BEC in the non-dressed trap containing all the atoms

detected in the atom laser. The velocities are calculated from the position in the

image on the basis of the gravitational and magnetic acceleration.

Since the optical density is very low, the results are not limited by the imaging

resolution nor by the pixel size of 43µm. A potential problem in the interpretation of

the images is that atoms in image slices from different positions have been outcoupled

at different lasing times and might therefore have had different initial sizes. A more

thorough analysis of the divergence would follow the expansion of a single image

slice, but this requires a stability of B0 beyond what is available in our laboratory.

7.2.2 Temperature

The temperature of a slice of atoms is calculated from the fit of eq. 7.1 as

T =
1

2kB

M

(
∆xt

tL + tE

)2

, (7.2)

where kB is the Boltzman constant. This slightly overestimates the temperature,

because it neglects the contribution to the ∆xt from the negative curvature of the

potential of eq. 2.13 during the lasing phase.

7.2.3 Flux

During the lasing phase the atoms are accelerated both by gravity (ge) and by

the gradient of the magnetic field (aα = mFgFµBα/M). During the time-of-flight

expansion they feel only earth’s acceleration. The atoms in the slice located in the
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image at position x have been accelerated for a time:

tL =

√
t2E +

2x

ge + aα
− tE (7.3)

For convenience, we set the position of the BEC to zero (x = 0) after time-of-flight

expansion of duration tE. The velocity of the atoms just after the time-of-flight

expansion is given by vE = (ge + aα)tL + getE. The flux just after the lasing phase

but before the time-of-flight expansion is then

j(x) = n1D(aα + ge)(tE + tL), (7.4)

where n1D is the one dimensional density of the atoms, i.e. the number of atoms

contained in a slice divided by its thickness.

7.3 Experimental results

The atom lasers described in this thesis, originated from magnetic traps with gra-

dient α = 440 G/cm and curvature β = 170 G/cm2. The rf-frequency was ramped

down from 50 MHz to the final value, at a speed of ω̇rf/2π = 5 MHz/s. This means

that we had an intermediate rate outcoupling (ωz � Ωoc < ωρ). We determine the

coupling strength, Ωrf , by measuring the rf-frequency at which the trap vanishes

(ωrf2 and ωrf1) for two different coupling strengths (Ωrf and Ωrf/10). We find a

coupling strength of Ωrf/2π = 78± 20 kHz for (ωrf2 − ωrf1)/2π = 16 kHz.

In fig. 7.2 there are images of TDAP atom lasers observed in the lab. We give

three indicative cases in order to reinforce our arguments for superior characteristics

of the TDAP atom lasers. In the left (a) there is a highly collimated pure atom laser

of ∼ 4.5 mm length and 2 ms duration. In (b) there is an ultra high brightness atom

laser and in (c) it is shown for the first time a combined atom beam partly thermal

partly coherent. The upper part is a pure atom laser beam, and in the lower part

of the image it becomes an ultra-cold thermal atom beam. The temperature of the

thermal beam is 200 nK which is by two orders of magnitude the coldest thermal

beam ever observed.
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Figure 7.2: Atom Lasers observed in the lab. In the left image (a) there is a highly
collimated pure atom laser, in (b) there is a TDAP atom laser with a very high flux,
while in the right (c) the atom laser coexists with an ultra cold thermal atom beam.

7.3.1 Highly collimated atom laser

The pure atom laser of fig. 7.2(a) originated from a trap with a non-dressed axial and

radial trapping frequencies of 16.6 Hz and 561 Hz, respectively. Since there are no

observable thermal wings to the atom laser we fit only the atom-laser part of eq. 7.1

and find a peak flux of 2.5 × 107 atoms/s for a total of 3.7 × 104 atoms (fig. 7.3).

The width of the atom laser at its origin is 49.8 µm, which is very close to the

Thomas-Fermi radius of a condensate of 3.7×104 atoms (57.1µm). This fact can be

considered as a proof that all the condensed atoms will eventually enter the atom

laser beam. This argument is further reinforced by the fact that all the atoms in

the laser are in the mF = −2 state (confirmed with a Stern Gerlach experiment)

and that no trapped atoms are left behind after the rf-frequency has swept across

the trap bottom.

With the method for the determination of the divergence described above, we

find a divergence of only 10 mrad (fig. 7.4). This compares well with the lowest

divergences reported for any atom laser [86, 87]. This high degree of collimation,

is due to the absence of lensing, since the atoms are emitted from the edge of the



7.3. EXPERIMENTAL RESULTS 83

0.0 0.5 1.0 1.5 2.0 2.5
0

5

10

15

20

25

30

Vertical Position below condensate @mmD

L
as

er
Fl

ux
@1

06
A

to
m

s�
sD

12
02

02
_1

84
7_

39

Figure 7.3: Flux of the atom
laser. The horizontal axis is the
position below the condensate af-
ter expansion. The average flux
is 1.93 × 107 atoms/s, while the
peak flux is 2.5× 107 atoms/s.

condensate and they do not traverse through the condensate that would lead to the

beam distortion.
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Figure 7.4: Divergence of the pure atom laser of fig. 7.2(a). The graph at the right
(a) shows the divergence in real space, while at the left (b) is the divergence found
in the momentum space.

7.3.2 Ultra-bright atom laser

Our ultra-bright atom laser shown in fig. 7.2(b) is extracted from a trap with fre-

quencies 16.6 Hz and 793.4 Hz and B0 = 0.5 G. A plot of its transverse size can be

found in fig. 7.5(a) and of the flux of the atom laser in fig. 7.5(b). The axis of fig. 7.5

is the position below the condensate after a free expansion of 1 ms. Atoms imaged

at higher values of the position have been outcoupled at higher dressing frequen-

cies (ωrf). Since there are no observable thermal wings, we fit the atom-laser part

of eq. 7.1 only. The signal to noise ratio at large distances does not permit us to

analyse whether the beam exhibits Gaussian (thermal) tails. However, at 1.6 mm

in fig. 7.5(a) we observe a clear change in fitted transverse size: At larger distances

(and thus larger ωrf) the atom laser fits to much larger transverse widths, whereas

at smaller distances the beam is much more collimated. We equate this transition



84 7. TIME DEPENDENT ADIABATIC POTENTIAL ATOM LASERS

with the onset of atom-lasing, i.e. the point in time where the trap depth becomes

smaller than the chemical potential of the BEC.
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Figure 7.5: (a) Atom laser
width plot. There can
be distinguished two ar-
eas: in the first the atom
laser is much more colli-
mated with respect to the
second. The point of the
transition (1.6 mm) is the
point where the trap depth
becomes smaller than the
chemical potential of the
BEC. The divergence of the
atom laser calculated by
taking under consideration
the first area, is 22 mrad.
(b) Flux of the atom laser.

The total atom number is 1.4×105 atoms, extracted from the BEC in 2.41 ms,

with an average flux 5.86×107 atoms/s. The peak flux reaches 7.4 × 107 atoms/s.

This flux is more than seven times larger than the previous maximum flux even with

our initial BEC having only half as many atoms [82]. The flux per atom is therefore

sixteen times stronger than [82]. Larger initial BECs and faster ramping rates will

allow us to push this by another order of magnitude.

7.3.3 Combined atom beam

Fig. 7.2(c) shows a novel atom beam - part atom laser - part thermal atom beam.

Whereas the upper part is an almost pure atom laser, the lower part is an ultra-cold

thermal beam, with the middle part containing both. During the evaporation phase,

as we ramp down the rf frequency, we first have only thermal atoms outcoupling

from the BEC, with a peak rate of 1.5 × 108 atoms/s. At an rf-frequency of about

5 kHz above the trap bottom (vertical dashed line on fig. 7.6) atom lasing sets in.

It reaches a flux of up to 8.3 × 107 atoms/s until the trap opens up completely.

The fluxes of the thermal and the atom laser parts are given in the plot of fig. 7.6.

The divergence of the atom laser is 18 mrad (fig. 7.7) and its duration 0.35 ms. The
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analysis of the image was done using the inverted parabola and the Gaussian part

of eq. 7.1.
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Figure 7.6: Flux of the
thermal atom beam
(red squares) and of
the atom laser beam
(blue circles).

The relatively small atom number results in a critical temperature of only 450 nK,

thus ensuring that there is still a thermal fraction present even at very low temper-

atures. Fig. 7.8 shows the temperature of thermal beam according to eq. 7.2. It is

found to be 200 nK, that makes it the coldest thermal atom beam reported to date

by more than two orders of magnitude [88, 89, 90, 91]. The temperature remains

constant during all the outcoupling time because the collision rate is insufficient for

thermalisation in the trap and thus for forced evaporative cooling.
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Figure 7.7: Divergence of
the combined atom beam of
fig. 7.2(c). At position around
1 mm below the condensate, the
beam gets thermal, and thus it is
not collimated anymore.
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Chapter 8

Conclusions

This thesis describes the construction of a BEC machine capable of producing high

atom-number condensates, giving emphasis on the novel Ioffe-Pritchard magnetic

trap introduced for the first time in our lab. The novelty of our coil system is that

it is based purely on circular coils. This fact means that the coils have reduced

resistances, and thus achieve a better performance of the trap with less electrical

power. The trap is manufactured in such a way that the axial and radial confinement

fields are completely independent, which gives us full control over the aspect ratio

of the trap. Using our machine, we have achieved BECs with up to 106 atoms.

In addition to the magnetic trap, a novel method to create high flux matter-wave

lasers is presented here. The most important characteristics of the atom lasers are

their high brightness and small divergence, which together with their coherence,

makes them an excellent tool for many applications, superior than the conventional

thermal atomic beams. The traditional output coupler of the atom laser places

severe limits on the maximum flux that can be achieved from a given condensate.

For this reason, a novel output coupler that would push the limits towards higher

fluxes and lower divergence, would be a very important development.

Such an output coupler was presented here, based on time dependent adia-

batic potentials (TDAP), which provides atom lasers with small divergence and

high brightness. Contrary to the traditional outcoupling method, where a weak rf

field is used to slowly outcouple a small fraction of the condensate, in the TDAP

atom lasers strong rf fields are used to deform the trapping potential, and under

the influence of gravity to allow the atoms out of the trap. The small divergence

is an immediate consequence of the fact that the TDAP atom laser emerges from

the edge of the BEC, contrary to the traditional outcoupling method, where the
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atoms are extracted from the center of the condensate. In this way, the extracted

atoms do not interact with the trapped atoms so we have much less distortion in the

resulting atom beam and thus better collimation. The high brightness comes from

the fact that , as opposed to the traditional method, we can outcouple the atoms

at an arbitrarily large rate, since all the atoms of the BEC will enter the atom laser

beam, with a rate defined by the rf frequency ramping. In addition to that, we

were also able to create thermal atomic beams with temperatures as low as 200 nK,

which is the coldest thermal beam ever observed by two orders of magnitude. Ther-

mal atom beams of such low temperature would be very useful for high-resolution

spectroscopy of ultra-cold collisions.

8.1 Further improvement of the BEC machine

Our BEC machine was built to produce high atom number condensates, giving em-

phasis on the stability and the reliability of the experiment. The novel magnetic

trap based on circular coils was used for this reason, which led to the production of

BECs of up to 106 atoms. This is a rather satisfactory result, but further improve-

ment of this number would lead to better fluxes of our TDAP atom lasers, and also

would allow the study of the coherence of large atomic BECs which is planned to

be done by the group in the future.

An action that would probably help towards this direction could be to improve

the optical pumping technique. Despite the fact that we tried it and it seemed to

work, as it increased our atom number by up to 3.5 times, for some reason it was

not stable. We suspect that this is because stability of the repumper power. Since

the ratio of the repumper and the optical pumping beam varies this seems to have

a huge effect on the final atom number trapped in the magnetic trap. Stability is

a key factor for the success of our experiments though. This fact made us skip the

optical pumping step in an big number of our experiments, but with the cost of the

loss of atoms. In the future it would be extremely useful to fix this problem since

that would increase the atom number in the BEC by a few times.

The fact that during the transfer of the atoms from the MOT to the magnetic

trap, we manage to trap only the 10% of the atoms, means that, except the optical

pumping, there is another factor of loosing atoms. This could be a poor matching of

the magnetic trap with the MOT. Although there was a serious effort done in this

direction, maybe there is still room for optimisation.



Appendix A

Rb Properties

Parameter Symbol Value
Frequency ω0 2π·384.230 484 THz
Transition Energy ~ω0 1.589 049 eV
Wavelength (vacuum) λ 780.241 209 nm
Wavelenght (air) λair 780.032 nm
Wavenumber (vacuum) kL/2π 12 816.549 389 cm−1

Lifetime τ 26.24 ns
Natural Linewidth (FWHM) Γ 2π·6.065 MHz
Absorption oscillator strength f 0.6956
Recoil Velocity vr 5.8845 mm/s
Recoil Energy ωr 2π· 3.771 kHz
Recoil Temperature Tr 361.96 nK
Doppler Shift (vatom = vr) ∆ωd(vatom = vr) 2π 7.5419 kHz
Doppler Temperature TD 146µK
Saturation Intensity Is 1,67 mW/cm2

Table A.1: 87Rb D2 (52S1/2 → 52P3/2) Transition Optical Properties
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Figure A.1: 87Rb D1 and D2 transition hyperfine structures. [92, 93, 94]



Appendix B

Electronics

B.1 Laser power supply

The current supply used for the master laser is a simple ultra-low noise current

supply constructed by the electronics team of the IESL-FORTH. The design is a

simplified, improved version of [47]. In order to reduce mains noise, the current

supply is placed in a magnetically shielded box supplied by an external 18 V DC

power supply, which is regulated to ±15V at the entrance to the box (not shown

in figure). The 4× 200 Ω current-sensing precision resistors are mounted on a small

heat sink. We use a double shielded BNC cable to carry the DC current to the bias-

Tee and then on to the laser diode, which is grounded onto the electrically floating

base-plate of the laser.

Figure B.1: Master laser current supply.
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B.2 Switches

Fast Switches are used in order to decrease the rise and fall times of the currents

during turning on or off the coils. The diagram of the Fast Switches used in the

lab is given in fig. B.2. The Fast Switches were designed and manufactured by the

electronics workshop stuff of the IESL -FORTH.

MOT Switch is used to isolate the Big Ioffe coils during the MOT stage. The

MOT Switch was also made by the electronics workshop stuff of the institute and

its diagram is given in fig. B.3.
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Figure B.2: Fast Switch diagram.
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Figure B.3: MOT Switch diagram.
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B.3 Resistor Block

For fine tuning of the magnetic field, where it is not possible to adjust the distance of

the coils, we use a set of resistors (resistor blocks), which is connected in parallel with

the coils. By changing the resistance of the circuit, we can make fine adjustments

in the current flowing through the coils. The device consists of 14 resistors with

resistances from 2 Ω, to 16 kΩ, connected in parallel. Each resistor has its own

switch, which allows us to isolate or connect the resistor to the circuit. Like that

we can vary the total resistance at will. The diagram of the resistor block circuit is

shown in fig. (B.4).
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Figure B.4: Diagram of the resistor block. It consist of 14 resistors, connected in
parallel. Each resistor has its own switch, which allows us to isolate or connect the
resistor to the circuit. Like that we can vary the total resistance at will.
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