
Shock wave loading of a
magnetic guide



The cover is explained in the summary (page 108).

Nanophotonics
Debye Institute for Nanomaterials Science
Departement Natuur- en Sterrenkunde
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CHAPTER1
Introduction

The optical laser has revolutionized the field of optics. In 1960 both the con-
tinuous laser and the pulsed laser were created for the first time. At that time
they where thought of as a physical curiosity, but today they are used in an
enormous range of scientific and technological applications, due to their high
intensity and their ability to emit light in an extremely narrow range of wave-
lengths. For everyday people they have become a part of everyday life.

The atom laser has long been a holy grail within atom physics and with the
creation of an atom laser we hope to bring a similar revolution in to the field of
atom optics. With the creation of the Bose-Einstein Condensate (BEC) in 1995
the path to an atom laser was initiated. In a Bose condensate all the atoms
occupy the same quantum state and can be described by the same wavefunction.
A continuous beam of Bose condensed atoms is an atom laser.
With an atom laser the De Broglie wavelength of atoms can be much smaller
than the wavelength of light. Due to the ultimate control over the atoms the
atom laser is very interesting for atom optics, lithography, metrology, etching
and deposition of atoms on a surface.
All previous atom lasers have been created from atoms coupled out from an
existing Bose-Einstein Condensate. The phase of the atom laser remains the
same if the atoms laser is created from the same BEC. There are different
approaches but common to them all is that the duration of the output of the
atom laser is limited by the size of the initial BEC.
In 1997 the group of Ketterle, MIT, Boston [1] (see Fig. 1.1(a)) created the first
pulsed atom laser by flipping part of the condensed atoms out of a magnetic
trap. These atoms were no longer confined and propagated as a coherent matter
wave accelerated by gravity. Every five ms, a new pulse was created leading to
a train of pulses. Each small packet of atoms would spread out due to the
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(a) Pulsed atom laser
MIT. Each puls has a
duration of 5 ms

(b) Continuous atom
laser Munich. Highly
collimated with a du-
ration of 100 ms

(c) Horizontal atom laser, Paris. The de
Broglie wave length can be controlled and
is here 1.3 mm.

(d) Double atom
laser ACQAO. Mea-
sured an accuracy of
10−9 g.

Figure 1.1: Atom laser gallery. Common for all is that the duration of the atom
laser is absolutely depended on the initial size of the BEC

repulsive force between the atoms.
In 1999 the group of Esslinger (see Fig. 1.1(b))[2] produced the first continuous
atom laser with an identical experimental setup as Ketterle . By combining a
weak rf field with the magnetic trap the condensate output of atoms forms a
collimated atomic beam of 100 ms.

In 2006 the group of Aspect, CNRS, Paris [3, 4] managed to out couple a BEC
into a horizontal optical guide allowing for a controlled propagation of the atom
laser and thus a controlled de Broglie wavelength. In Fig. 1.1(c) the de Broglie
wavelength measures 1.3 mm.

In 2010 the group of Close, ACQAO, Brisbane outcoupled a dual atom laser
from a double optical guide [5] (see Fig. 1.1(d)) producing an interferometric
experiment. The two beams interfere creating an interferometric pattern that
with a single shot accuracy of 10−9 g for a free fall time of 100 ms.

Common for all these experiments is that the duration of the experiment is
limited by the initial number of atoms of the BEC. Thus all these atom lasers
have a low flux. This leaves the quest to build a continuous high flux atom laser.

An alternative approach to a continuous BEC beam is to channel a continuous
ultra cold atomic beam into a magnetic guide and then cool this beam down to
degeneracy. Cooling down a continuous beam of atoms faces three large prob-
lems: The collision rate has to be large enough for effective rethermalization,
evaporative cooling in 2D is not as effective as in 3D and a large thermal conduc-
tivity due to atoms with a high angular momentum causes heating downstream
in the guide.

From 2000 to 2007 David Guéry-Odelin ran an experiment in Paris at CNRS.
They build an experiment that should have produced the first continuous high
flux atom laser. It was a rubidium cold atom experiment using already know
experimental tools such as laser cooling, magneto-optical-trapping (MOT) and
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1. Introduction

molasses cooling. They transported in a pulsed scheme [6] large amounts of cold
atoms into an uphill magnetic guide of 1.7 meter and then a horizontal magnetic
guide of 2.6 meter. Each atomic packet contained 1.3 × 109 particles and was
injected with a rate of 6 Hz overlapping after 50 cm into a continuous beam with
a flux of Φ = 7.9 × 109 atoms/s, a mean velocity of 0.9 m/s at the top of the
hill, and a temperature of 500 µK. At this velocity the beam is supersonic. The
collision rate was not large enough to have an effective 2D cooling, producing a
degenerate atomic beam. A conveyor belt was implemented and the atom beam
was put into small packets and slowed down, but due to the short length of the
magnetic guide efficient RF-cooling was still not possible [7].

In this project we plan to build a continuous atom laser based on the experi-
mental setup from CNRS, but with a larger flux and much lower mean velocity,
such that the collision rate will increase. We will use rubidium and transport
atoms into a magnetic guide with the pulsed scheme [6]. The large difference
between the CNRS and this experiment is the slope of the magnetic guide. The
magnetic guide at CNRS had a uphill slope where our magnetic guide will have
a downhill slope. We create an atomic beam in the guide with a high collision
rate by slowing the beam down to subsonic velocities. Here we slow down and
compress the thermal beam using a shock wave. Combined with gravitational
compression and evaporative cooling the collision rate increase by more than
one order of magnitude, leading to an increase of the number of collisions by
two orders of magnitude. This results is an 3 meter long thermal cloud, which
can be cooled to degeneracy. However, to have effective evaporative cooling
and to overcome the thermal conductivity problem, part of the beam is loaded
into a smaller 3D trap, where evaporative cooling is applied and Bose-Einstein
condensation is reached.
The generation of the slow dense atomic beam and the possibility to reach de-
generacy is the first step in the process towards the atom laser. In the future
the 3D trap will be exchanged by a conveyor belt where continuous cooling is
preformed and thus a continuous atom laser can be produced.

This thesis contains 6 chapters. Combined they describe the experimental setup
of the atom laser and the realization of the 3 meter long thermal cloud where
part of the atoms are cooled to BEC. The setup consist of a large atom number
Magneto-Optical-Trap (MOT) and a 4 meter magnetic guide, designed to guide
the atoms. We plan to have a dense continuous ultra-cold atomic beam in the
guide, but this means that the atoms have to be loaded at a large rate in the
MOT and transferred into the guide.
The second chapter describes how we create the large number MOT. State-of-
the-art oven, Zeeman slower and lasers are described in detail.
The third chapter describes how we transfer these atoms into the magnetic
guide. The transfer has to be adiabatic and fast, otherwise we can not create a
continuous beam is created in the guide. The transfer rate of 6 Hz is enough to
have a continuous beam in the magnetic guide.
The atomic beam is at supersonic velocities and we want to slow the beam
down to subsonic velocities. With a large cloud of atoms we can extract part
of cold atoms into another magnetic trap. An interesting physical phenomenon
is created when the atom beam velocity is lowered from supersonic to subsonic
velocity: A shock wave is created. The development and movement of the shock
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wave is described in detail in chapter four. In chapter five we show the obser-
vations of the shock wave in the magnetic guide.
After the supersonic atomic beam has been converted into a subsonic atomic
beam, the density is large and the collision rate is large enough for effective
rethermalization. In chapter six we describe in detail how the change of trap
configuration has a large impact on the effect of the number of collisions needed
for effective evaporative cooling. We also describe, how part of the dense sub-
sonic beam is extracted into a 40 cm hybrid trap and thereafter cooled to con-
densation. The number of condensed atoms is larger than any other known
87Rb BEC.

12



CHAPTER2
Experimental setup

The goal of the experimental setup is to generate a continuous cold atomic beam,
with a density that matches normal Magneto-Optical-Trap (MOT) densities
(1010 atoms) [8, 9]. This is the first important step towards the continuous
atom laser. A MOT is a large collection of ultra cold atoms. The creations of
the continuous beam is archived by creating multiple MOT’s and lead them into
the guide, where the will merge together and form the atomic beam. A 4 meter
magnetic guide has been build, that will provide guidance for the atomic beam.
This setup must deal with very stringent requirements.

• The beam should be isolated from the environment so that no atoms are
lost to background residual gasses.

• The flux of atom beam should be as large as possible, so that many collision
occur, while propagating through the setup. This will provide a high
density.

• The beam velocity should be low, such that the length of the setup is
manageable.

• The atoms should be launched into the guide at a high frequency rate,
such that each MOT overlap in the guide creating a continuous beam.

The continuity of the atom laser beam depends on whether we are able to make a
large atom number MOT in a short time. For this purpose we have constructed
several components that are state-of-the-art, namely an oven with a large flux,
a highly collimated Zeeman slower, a larger atom number MOT and a vertical
launch into the 4 meter horizontal guide. The guide is held in ultra high vacuum
below 2.5× 10−11 mbar.
Each ultra-cold atom cloud will be transferred into a 4 meter magnetic guide
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Rubidium

and in doing so each cloud will have an elongated shape that will spread out
in the longitudinal direction due to its velocity distribution. These ultra cold
thermal clouds will merge together while being further compressed and slowed
down by various processes, generating a dense high flux atom beam. If we are
not able to create and launch a MOT fast enough, the clouds will not overlap
each other and a continuous atom beam can not be made.
In this chapter we will describe how we have created this large atom number
MOT. The launching of the atoms and the creation of the continuous atomic
beam is described in chapter 3.
First we describe the laser setup. The lasers are used to cool 87Rb to micro
Kelvin and to launch these atoms into the guide. Second, the vacuum chamber
with the magnetic coils design is described. The magnetic coils must trap and
lead the atoms into the guide. Third, we experimentally investigate the number
of atoms in the MOT. Fourth, we make a Bose-Einstein Condensate from the
MOT. This is thought of as an experimental verification of standards. Finally,
we describe the experimental setup of the 4 meter magnetic guide.

2.1 Rubidium

Many ultra cold experiments uses 87Rb [5, 10]. The cooling transition of 87Rb
atoms from the ground state S to the exited state P is at 780 nm. A stable laser
source that produces this wavelength is a diode laser. They are simple to build,
cheap and have a low maintenance.

87Rb has two hyperfine ground states: |Fg = 1⟩ and |Fg = 2⟩ (see Fig. 2.1).
Atoms can be in either ground states, but the closed cooling transition is from
the |Fg = 2⟩ → |Fe = 3⟩ state. Since the linewidth of the laser locked on the
cooling cycle transition is in the order of a few MHz and the energy gap between
the two ground states is 6.8 GHz, the atoms can get lost from the cooling cycle.
To be able to manipulate the atoms independent of their state we need two
lasers. One laser producing the |Fg = 2⟩ → |Fe = 3⟩ cycling transition and one
laser for the |Fg = 1⟩ → |Fe = 2⟩ transition. The first laser is called the cooling
laser and the second laser is called the repump laser. Atoms pumped to the
|Fe = 2⟩ can decay back to the |Fg = 2⟩ and from then on be cooled by the
cooling laser. These two lasers are used for the control and cooling of the atoms
in the MOT chamber. We build another two lasers for the Zeeman slower: one
slowing laser and one repump laser. We build a fifth laser for observation. This
laser is called the probe laser and we can change the frequency depending on
the state of the atoms, that we want to observe: |Fg = 1⟩ or |Fg = 2⟩.

2.1.1 Optical table

Figure 2.2 shows the laser setup. The five lasers build are on a separate op-
tical table to avoid ambient light disturbances and to increase the stability of
the locking process. The AlGaAs diode laser are controlled by a MOGlab con-
trol box, which control the current, temperature and the angle of the grating
through a piezo actuator. When the light exits each of the diodes it is ellipsoidal
in shape and linear in polarization. The shape is cleaned up with isomorphic
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2. Experimental setup

Figure 2.1: The atomic structure of 87Rb [11]. The cooling transition is |Fg =
2⟩ → |Fe = 3⟩ state. The closeness of the two exited states |Fe = 2⟩, |Fe = 3⟩
can lead to a loss into the |Fg = 1⟩. With a repump laser |Fg = 1⟩ → |Fe = 2⟩
the atoms are transferred back into |Fg = 2⟩ ground state.

prisms. A optical isolator is installed to prevent reflected light returning onto
the diode and thereby knocking the laser out of lock. Part of the beam (1 %) is
split off with a beam splitter. This beam is used for saturation absorption spec-
trometry through a 10 cm long Rb glass cell and an AOM. A reduced absorption
is observed when atoms with a velocity are resonant with the laser beam from
both directions or the cross-over frequencies. The lasers are frequently modu-
lated using the AOM at 100 kHz. This provides a locking signal with both the
resonant frequencies and the cross-over frequencies. All lasers have been found
to be stably locked through the whole day.
We use several AOMs to turn the lasers on and off and to shift the light to the
appropriate frequencies. All lasers have a mechanical shutter to turn off stray
light. The shutters are made out of old hard disc drives and have a shutter time
of 7 ms. All light is transferred from the laser table through optical fibers. The
optical path of each laser is now described (see Fig 2.2).
The repump laser (Fig. 2.2(a)) and the probe laser (Fig. 2.2(b)) are coupled
directly into single-mode optical fibers. The Zeeman slowing and Zeeman re-
pump laser (Fig.2.2(d)) beams are overlapped and amplified through a tapered
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Rubidium

(a) Repump laser (b) Probe laser

(c) MOT laser (d) Zeeman lasers

Figure 2.2: The laser setup.
AOM: Acoustical optical modulator.
ISO: Optical isolator. Preventing back reflected light entering the laser again.
TA: Tapered amplifier. Amplifies the power of the laser.
λ/2 and λ/4: Quartz plates that controls the polarization of the light.
f: Focus length of lens.
Cell: 87Rb cell.
Shutter: Mechanical shutter. Prevents stray light from entering the fibers.
Spiral: optical fibers. Guides the light from the laser table to the MOT table.
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2. Experimental setup

amplifier producing a laser power of 200 mW. The beam is then coupled into
a single-mode optical fiber. The MOT cooling laser (Fig.2.2(c)) is split into
two and then both beams are amplified through a tapered amplifier (beam 1
and beam 2). Beam 1 is the MOT cooling laser perpendicular to the guide
axes (See Fig. 2.4 x-axes). Beam 1 is split on two AOM. The +1st order is
coupled through an optical single-mode fiber. Beam 2 is the MOT cooling laser
along the guide axes (See Fig. 2.3). Beam 2 is split on two AOM. These AOMs
are shifted in frequency, when we launch the atoms. The +1st order is coupled
through optical single-mode fiber. The 0th order beam is split again on a AOM.
Here the −1st order is coupled out and this is the de-pump laser.

When the beams exits the optical fibers at the MOT chamber, the polarization
is cleaned with a λ/2 plate and a beam cube. The two MOT beams from beam
2 is again split into two on the MOT table. All six beams are circular polarized
and enlarged in diameter to the width of the window. All six beams cross each
other in the center of the MOT chamber and have a laser power of 13 mW.

2.1.2 Imaging

For a majority of the experiments described in this thesis, absorption imaging
has been employed. Absorption imaging relies on the resonant scattering of
light from the atoms of the probe beam. The intensity decays exponentially
through the atom cloud I = I0 exp(−OD). The optical depth (OD) is the
column density of the atoms along the probe direction OD(r) =

∫
n(r, z)σ0dz

for the light scattering cross section σ0 and the density n(r, z).
In the experiment three pictures are taken in order to determine the absorption
of an atom cloud. The first picture (Iatoms) is taken of the shadow created by
the atoms. The second picture determines the scattered light from the probe
beam (Ilight) and is evaluated by taking a picture with only the probe light on.
This light will be the dominant light compared to any other light that might
be present in the lab. A third picture determines the imperfections of the CCD
chip (Idark) and is evaluated by taking a picture without any light present. The
optical depth is then given by

OD = − ln

(
Iatoms − Idark
Ilight − Idark

)
. (2.1)

Discussion

Five lasers are built. Two for the Zeeman slower, one for cooling the atoms, one
for repumping the atoms into the cooling state and one for imaging.

2.2 MOT generation setup

The surrounding hardware provides the environment for the atoms to propagate
in. Since the atoms have a magnetic dipole we can guide and trap the atoms
with coils, that provide a minimum for the atoms to follow. Here the oven,
Zeeman slower, the MOT chamber and the coils for leading and trapping are
described. The whole setup is held under ultra high vacuum in order not to
loose atoms to collisions with residual background atoms.
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MOT generation setup

Figure 2.3: From the left is the 87Rb oven, the Zeeman slower, the MOT chamber
with the laser light directions at θ±45◦ and the entrance to the 4 meter magnetic
guide.

2.2.1 The vacuum table

Figure 2.3 shows the MOT generation setup. In the oven 25 gram of Rb is
placed. The oven is a vertical vacuum tube of steal NW 40 CF and is heated
with 4 heat rings to a temperature of at least 165◦C. At the beginning of the
beam line a 6 mm diaphragm is placed and 8 cm further a 1 cm diaphragm is
placed, each heated to 70◦C in order to prevent clogging. Running from the
second opening to the bottom of the oven is a recirculating tube. This gives a
practically infinite life-time for the oven (> 4 years). The oven is pumped with
two ion pumps, a Ti-sublimation pump and two cold plates kept at −15◦C that
provide a vapor pressure below 3 × 10−10 mbar. Through Doppler absorption
spectroscopy the flux of the oven is measured to be Foven = 1.25×1014 atoms/s,
a diameter of 2 cm, a velocity of 400 m/s and a 3D density of n3D = 9.9× 1014

atoms/m3. The atom beam from the oven is highly collimated and continues
through the Zeeman slower.

The atoms have a magnetic dipole that couples to the magnetic field if present.
This is the Zeeman effect and is used to reduce the atoms velocity. This is done
in the Zeeman slower. The Zeeman slower has an increasing amount of windings
going towards the MOT chamber. At the end of the Zeeman slower there is a
compensation coil that cancels the longitudinal magnetic field from the Zeeman
slower in the MOT chamber. Along the axial direction the Zeeman light is hit-
ting the atomic beam from the oven. The Zeeman light consist of both slowing
and repump light. When the atoms travel through the increasing magnetic field
they shift into resonance due to the Zeeman effect. At the end of the Zeeman
slower the flux of the slowed atoms is measured to be F = 5.3× 1011 atoms/s.
The diameter is 3.6 cm and has a velocity of 27 m/s, which the MOT can effec-
tively capture. Some atoms are lost due to transverse spreading in the slowing
down process and the 3D density has decreased to n3D = 1.88×1013atoms /m3.

The MOT chamber is a spherical steel vacuum chamber with 14 ports. The
vacuum is maintained by an 50 liter/s ion pump and two titanium sublimation
pumps. Two dual-stage cold plates held at −47◦C, providing a vapor pressure
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2. Experimental setup

below 2 × 10−11 mbar. Combining the pumps with the cold plates a vacuum
pressure of 10−11 mbar can be obtained.

2.2.2 Lasers at the vacuum table

Figure 2.4: Schematic of the magnetic fields. The preguide and the guide is
a quadrupole trap both placed vertically. The entrance of the guide starts 4
cm away from the MOT region. The four guide tubes are held together at the
beginning of the guide by 4 conducting rings separated at 3 cm distance. The
guide bends 90 degrees and the distance between guide wires decreases to 7.8
mm over a length of 20 cm leaving a spacing of 2 mm. For each ring the gradient
increases step-wise with a factor of 1.5 whereas with the spacing of the wires
the increase is continues with the total increase of a factor 4.2.

The Zeeman effect splits all states according to there magnetic dipole moment.
For 87Rb the |Fg,mf ⟩ = |1,−1⟩ is a low field seeker and can be trapped in a
pure magnetic trap.
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MOT generation setup

The MOT setup is designed with the six cooling lasers held on the transition
|Fg = 2⟩ → |Fe = 3⟩: two horizontal σ+ beam and four θ±45◦ vertical σ−
beams (see Fig. 2.3). All six beams have a diameter corresponding to the en-
trance window of 3.6 cm and cross each other in the center of the MOT chamber.

On one of the horizontal σ+ beam a repump laser |Fg = 1⟩ → |Fe = 2⟩ over-
laps. The repump laser ensures that all |Fg = 1⟩ atoms are pumped into the
desired |Fg = 2⟩ where cooling is possible. In the direction opposite to the
repumper a depumper is installed. This is used to pump the atoms into state
|Fg,mf ⟩ = |1,−1⟩ after molasses cooling, after which the atoms can be trapped
in the magnetic trap.

2.2.3 Magnetic coils

Each set of the magnetic are described here (see Fig 2.4). The MOT coils, the
pinch coils and the bias coils are in a set of two coils. The preguide are a set
of four coils and the Earth coils are a set of six coils (not shown in Fig 2.4).
The MOT operates alone and are design to trap the Zeeman slowed atoms.
The preguide operates with the bias coils and are designed to lead the trapped
atoms from the MOT into the guide. This configuration provides a harmonic
2D potential for the atoms the follow. The pinch coils operates with the bias
coils and the preguide to create a 3D harmonic potential for the atoms to be
trapped and cooled to degeneracy (see Sec. 2.4).
The entrance of the guide is placed 4 cm away from the MOT center and in
between the two top θ±45◦ vertical σ− beams.
The magnetic trap, in the MOT is made by a set of two anti-Helmholtz coils of
4×5 windings located around the horizontal beam axes (x-axes) and at equidis-
tance of 7 cm away from the MOT center.
In the frame of the setup at an equidistance of 50 cm 6 Earth-coils are placed,
two for each direction. These compensate for the Earth magnetic field, gravity
and any other permanent stray magnetic field that might be in the laboratory.
Since they compensate for permanent magnetic fields the coils are placed in
Helmholtz configuration.
In the horizontal direction a 4 meter guide is placed with a 90◦ bend of the
entrance of the guide. The entrance of the guide is situated 4 cm away from
the MOT center. The entrance of the guide is designed such that the magnetic
field gradient increases with distance. After 10 cm the guide bends 90◦. This
will be explained in detail in chapter 3.
In the longitudinal direction four preguide coils are placed. They are able to
produce a magnetic field gradient of up to 320 Gauss/cm at 410 A. They have
20 windings in an elongated shape and are wound with a decreasing magnetic
field at the end. They are 30 cm long and overlap the guide until the bend.
The two counter imposing decreasing and increasing magnetic fields from the
preguide and the guide, counteract each other and provide an adiabatic transfer
of the atoms from the MOT to the preguide to the guide.
Around the preguide a small set of Hemholtz coils are placed to create a bias
field. In the direction of the preguide a set of Hemholtz pinch coils are situated
at a distance of 10 cm away from the MOT center. They do not generate a
homogenous field because their diameter is smaller than their mutual distance.
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2. Experimental setup

They have 2 × 5 windings and are in combination with the preguide coils and
the bias coils used as a standard Ioff-Pritchard trap. In this trap a standard
BEC is created.

Magnetic trapping

The principle of magnetic trapping is based on the interaction between the
magnetic dipole moment of the atom µ and the magnetic field B. The hyperfine
state |F,mF >= |1,−1 > is a low field seeker for 87Rb and can be trapped in a
pure magnetic trap. The atoms will be trapped in the minimum of the potential
dU/dy = 0. The potential for an Ioff-Pritchard trap in the gravitational field
reads

U = mgy +
µB

2

√(
Bz +

1

2
z2B′′

z

)2

+
(
B′

ρρ
)2

(2.2)

with ρ =
√
x2 + y2 is the radial direction and z is the axial direction and m is

the mass of the 87Rb atom.
With the earth coils the contribution from any permanent magnetic fields can
be neglected and the axial and radial trap frequencies are found to be

ω2
z =

µB

2m
B′′

z (2.3)

ω2
ρ =

µBB
′
ρ
2

2mB0
. (2.4)

Here B′ is the magnetic field gradient and B′′ is the magnetic field curvature.
B0 is a combination of the field from the bias coils and the pinch coils. The
trap frequencies determine the width of the atom cloud.

Discussion

We have created a large flux source of slowed atoms with a state-of-the-art
hardware: an oven, a Zeeman slower and magnetic coils all held in ultra high
vacuum. The coils are placed such that they can be used as a trapping potential.
With the lasers we are able to create a MOT of 3.5× 1010 ultra cold atoms.

2.3 Load and losses of atoms from the MOT

The properties of the MOT is described in this section. The properties are the
loss rate, the lifetime and number of atoms. The loss rate and the life time of
the MOT is important for a stable MOT. In this experiment we are interested
in a large atom number MOT. The density of the MOT is not important since
the atoms are loaded into the magnetic guide and manipulated to large densities.

Atoms entering the capture zone of the MOT with a low enough velocity will
be loaded into the MOT. After a certain period of time, an equilibrium between
the load of atoms and loss of atoms due to collisions is reached. The evolution
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Load and losses of atoms from the MOT

of the number of atoms N in the MOT is described by the differential equation

dN(t)

dt
= L−AN(t)−BN(t)2, (2.5)

where L is the load rate and A is the linear loss rate, stated as A = Athermal+
Aback. Athermal is the loss rate from collisions with the thermal atomic beam
with the flux F and Aback is the loss rate from the background collision. B is
the loss rate due to cold collision where atoms within the MOT colliding with
each other.
The physical steady state solution of Eq. (2.5) is

N0 =
−A+

√
A2 + 4BL

2B
(2.6)

Previous work [12] has shown that the cold collisions are negligible within a
MOT of N0 = 105 atoms. However, in this work we have 1010 atoms.

2.3.1 MOT decay

To determine the influence of cold collisions we detect the MOT decay. The load
L from the oven is turned off and Eq. (2.5) under these conditions becomes

dN(t)

dt
= −A′N(t)−BN(t)2 (2.7)

The solution to this differential equation is

N(t) =
N0(

1 + BN0

A′

)
exp(A′t)− BN0

A′

(2.8)

Here A′ = Aback, the loss rate from the oven load. Athermal is no longer present.
Figure 2.5 shows the decay of a MOT where the atom source have been turned
off. The red curve is the fit of Eq. (2.8). Plotting the data on a logarithmic
scale clearly shows the quadratic term. The linear loss from the background
atoms is found to be A′ = 0.05 s−1. Initially the decay is fast, this is due to
two-body collisions B = 3× 10−11 s−1. The lifetime for low density is τ = 20 s.

2.3.2 MOT load

During the loading of the MOT the number of atoms is given by

N(t) = N0

(
1− 1(

1 + BN0

A

)
exp(At)− BN0

A

)
(2.9)

Figure 2.6 shows the load of a MOT and the fit of Eq. (2.9). At t = 0 the
magnetic field and all the laser light (the Zeeman light, the repump laser and
the MOT cooling laser) are turned on.
The number of atoms rises to a saturation level of 3.5× 1010 atoms after a load
time of 300 ms. The cold collisions are in the same order as the decay. The
linear loss rate is fitted to be A of 8.1 s−1. This gives a load rate L of 3.7× 109
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Figure 2.5: MOT decay. Initially the decay is dominated by cold collisions after
1 sec. the linear loss is dominating. The lifetime is 20 sec. A straight line is
plotted through the linear decay indicating where it is dominant.

atoms/s. The atomic level reaches 50 % after 80 ms and this is set to be the
load time of the MOT with the Zeeman slower load.
The lifetime of the low density MOT is 20 s, but in the experiment we only use
45 ms to lead the atoms into the guide. This is a short time span where losses
from the background gas collisions and the cold collisions are negligible.
There are 2 orders of magnitude between the two linear loss rates (A and A’).
This indicates that the contribution from the load atomic thermal beam is the
dominating factor in the load procedure. Therefore in the MOT load sequence
the load from the Zeeman slower is turned off after 80 ms but the load of the
MOT continues for another 35 ms to increase the load and minimize the loss.

Discussion

A MOT with 3.5×1010 atoms are loaded in 300 ms. However, for the continuity
of the next stage of the experiment we load the MOT for 80 ms.

2.4 Bose-Einstein condensation

The stationary large atom number MOT was used for cooling to degeneracy.
The BEC created was never used for any experiments but was merely thought
of as an experimental verification of standards. It must be noted that initially

23



Bose-Einstein condensation

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
0,0

5,0x109

1,0x1010

1,5x1010

2,0x1010

2,5x1010

3,0x1010

3,5x1010

4,0x1010

 

 

N
um

be
r o

f a
to

m
s

Time [sec.]

Figure 2.6: MOT load. The MOT has a load rate of L = 3.7× 109 atoms/s and
is fully saturated after 300 ms. After 80 ms the MOT is halfway full and in the
launch sequence the MOT load with atoms from the Zeeman slower is stopped.

the MOT chamber was rotated 90◦, so that the preguide coils where horizontal.
We compensate the sag from gravity with the bias coils.

2.4.1 Observing a BEC

When atoms start to condense into BEC from a thermal cloud the density
distribution of the cloud changes from a Gaussian distribution into a bi-modular
distribution

nbi(ρ, z) = (1− β)nth(ρ, z) + βnTF (ρ, z) (2.10)

where β is the fraction of Bose condensed atoms nth is the thermal distribution
and nTF is the Thomas-Fermi distribution. In Ref. [13] it is shown that a BEC
in a harmonic trap will have a sharp density distribution in the central region
of the trap. The Gaussian distribution and the bimodal distribution are two
distinctly different profiles and from the obtained density distribution of the
cloud we can directly confirm Bose-condensation. We look for a large increase
in density and a bimodal space distribution.
The coils used for the magnetic trap are the preguide, the pinch coils and the
bias coils (see Fig. 2.4). Due to the geometry of our magnetic coils the atoms

cloud will be an ellipsoid, with a symmetrical radial direction ρ =
√
x2 + y2

and an axial direction z.
By simply observing the change of spatial distribution we are able to identify a
BEC. A thermal cloud has a Gaussian spatial distribution and for the projection
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in the x-z-plane is written as [14]

nth(ρ, z) = Ath exp

((
x− x0

ρth

)2

+

(
z − z0

zth

)2
)

(2.11)

where Ath is given by the optical density observed and ρth and zth is the width
of the thermal cloud in the radial and axial direction. A BEC has a distinct
bi-modular distribution

nTF (ρ, z) = ATF

(
1− x2

ρ2BEC

− z2

z2BEC

)3/2

(2.12)

here ATF is the optical density for the BEC. The width of the cloud is found
through Time-Of-Flight. By releasing the cloud from the magnetic trap the
cloud will expand ballistically accordingly to

r = r0
√
1 + ω2τ2 (2.13)

where τ is the expansion time, ω is the trap frequency and r is the chosen
observable radius of either ρ or z.
From the width and the absorbtion of each distinct profile we can determine
the number of atoms and the temperature. The number of atoms is given by

NBEC =
2π

5

(
ABEC

σ0

)
ρBECzBEC (2.14)

Nth = 2π

(
Ath

σ0

)
ρthzth (2.15)

where σ0 = 3λ2

2π Cge with Cge being the coupling strength.
The temperature in the radial direction is given by kBTρ = mω2

ρρ
2 and likewise

for the axial direction. Measuring the width of the cloud is a direct measure of
the temperature, as long as we know the trap frequency and the time of flight
time.

To properly evaluate a BEC, we need to first measure the trap frequencies and
then estimate the absorption coefficient via absorption imaging and the radius
of the cloud.

2.4.2 Measuring trap frequency

The setup has several windows where direct observation of the thermal cloud is
possible. Therefore the oscillation of the cloud can be measured directly. The
atoms are trapped in the magnetic trap and an additional magnetic field is used
to temporally shift the minimum of the trap to a higher point of the original
potential. Turning off the extra magnetic field accelerate the thermal towards
the original trap minimum and thereby creating an oscillation of the thermal
cloud around the trap minimum. This oscillation can be measured directly for
both the axial direction and the radial direction. The contribution from gravity
is cancelled by the earth coils and for small energy shifts the oscillation follows
a harmonic potential. The radial trap frequency is found ωρ/2π = 29 Hz and
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Bose-Einstein condensation

Figure 2.7: Optical density of thermal atoms and Bose condensed atoms as a
function of evaporation time.

the axial trap frequency ωz/2π = 16 Hz.

The radial trap frequencies are relevant for the guiding of atoms into the guide,
whereas the axial trap frequencies are only relevant for the stationary BEC. The
pinch coils not used in the launching procedure and only used for the creation
of this BEC in the MOT chamber.

2.4.3 BEC in the MOT chamber

A normal MOT of 1010 atoms/cm is loaded (1 mK) and molasses cooled to 60
µK. The atoms are transferred into the purely magnetic state |F,mf ⟩ → |1,−1⟩
via the depumper. Three cm from the center of the MOT inside the vacuum
is a single wounded RF antenna. The evaporation curve follows Eq. (6.6) for
αT = 3 (to be explained in detail in Sec. 6.3) and cools from 100 MHz to 200
kHz above the trap minimum at t0 = 120 s. Figure 2.7 shows the optical density
of thermal atoms and Bose condensed atoms as a function of evaporation time.
The number of Bose condensed atoms is found with Eq. (2.14) from absorp-
tion imaging and with the given trap frequencies. The BEC created consists of
6× 106 condensed atoms at a temperature of 150 nK.

Discussion

The BEC presented is a large Rubidium BEC compared to other BEC Ref.[15, 5].
The BEC created was never used for any experiments but was merely thought
of as a experimental verification of standards, which have been met.
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It would be interesting to launch the BEC into the guide and observe how a
BEC would evolve in a magnetic guide, where the BEC is left to expand freely in
the axial direction. This would be a difficult task since the launching procedure
would excite the BEC.

2.5 The guide

The transfer of atoms into the guide is described in the next chapter. Here
the magnetic guide is described (see Fig.2.8). The guide is 4 meters long and
consists of four 6 mm hollow copper tubes with a spacing of 2 mm. The copper
tubes are water cooled with a pressure of 10 bar. The copper tubes are level out
on the 10 µm scale. The tubes are held together with non conducting ceramic
claps separated at 20 cm. The end of the guide is feed through swagelock
mounted on a ceramic plate. Both current and water are connected outside
of the vacuum. The operational current is 2 × 550A. Spanned underneath the
guide is a NEG-Strip. The strips contains a getter that helps maintaining a
vacuum below 10−11 mbar. The lifetime of the atomic beam in the guide is
measured to be τ = 400 s. The entrance of the guide is vertical and 20 cm
long. At the entrance the tubes diverges into a separation of 2 cm and is held
together with 3 conducting rings. Each ring has a resistance such that 1/3 of
the current is lead through the ring, creating a diverging magnetic gradient.
The end conducting piece is hollow to let water circulate and has a centered
opening of 3 mm. This is where the atoms are launched through from the MOT
region. In the entrance a glass tube 12 cm long and 3 mm in diameter is placed
to have differential pumping between the MOT chamber and the guide. In
this way the pressure in the MOT chamber can be significantly larger than the
pressure in the guide. This is preferable, since the loading of the MOT by the
Zeeman slowed beam increases the pressure in the MOT chamber considerably.
The increasing magnetic gradient from the guide entrance in combination with
the preguide configuration leads to an adiabatic transfer of the atoms into the
guide. The end of the guide is placed on a mount that can be manually lowered
from horizontal down to a maximum of 7 cm.
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2. Experimental setup

2.6 Resume

In this chapter we have described how a larger atom number MOT is created in
the experiment. We have described how the state-of-the-art oven with a flux of
Foven = 1.25×1014 atoms/s and the Zeeman slower with a flux of F = 5.3×1011

atoms/s work. The lasers for cooling and slowing down the atoms are described
and so are the magnetic coils and ultra high vacuum. All combined ensures
perfect conditions for the 3.5× 1010 atoms collected in the MOT. We used this
large MOT to cool to BEC. This provides us with a large 87Rb BEC of 6× 106

condensed atoms.

29





CHAPTER3

Launch

From the MOT we transfer the atoms into the guide and further cool the atoms
to degeneracy. For the cooling, we must create a continuous atom beam with
a larger flux, a lower mean velocity and a large enough collision rate to cool to
degeneracy.
Atoms in the MOT are transferred away from MOT region to the magnetic
guide. Another MOT is created and then moved quickly into the magnetic guide,
thus creating a continuous atom beam. This launching process is described in
this chapter. The launch velocity is so large that it is at supersonic velocities.

To lead the atoms from the MOT into the guide there is a preguide. In this
chapter, first the setup of the preguide and the guide is described. The preguide
is initially a harmonic trap and the guide is a linear trap. Secondly, the transfer
of atoms between these two trap shapes are investigated. We are interested
in minimizing the loss of phase-space density and the increase of temperature.
Thirdly, the vertical launching of an atom packet is simulated and fourth in-
vestigated experimentally. Finally, the simulation of the continuous beam is
explained.

3.1 Experimental setup.

The entrance of the guide is situated 4 cm away from the MOT region and
to transfer the atoms from the MOT into the guide we have a preguide. The
preguide overlap geometrically the MOT coils and the entrance of the guide (see
Fig. 2.4).
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3.1.1 Preguide

The preguide is a magnetic quadrupole field which is created by four rect-
angular, elongated coils located in the planes x = ± 5 cm and y = ± 5 cm,
where the symmetry axis is at x = 0 and y = 0. The current in the coils facing
each other have opposite sign, with the resulting field given by

B = (−B′x,B′y, 0) (3.1)

where B′ is the magnetic field gradient. The field is zero along the z-axis and
the transverse gradient can be varied. By adding a longitudinal bias field B0

the magnetic field is nonzero everywhere in space.

3.1.2 Guide

The magnetic field gradient from the guide and the preguide overlap. The
entrance of the guide starts 4 cm away from the MOT region. The four copper
tubes of the guide are parallel and their centers are spaced 16 mm. The four
tubes are held together at the beginning of the guide by 4 conducting rings
separated at 3 cm distance. The total distance the atoms have to travel vertically
is 20 cm. After that the guide bends 90 degrees and the distance between guide
tubes decreases to 7.8 mm over a length of 20 cm leaving a spacing of 2 mm.
Both the conducting rings and the increase in distance between the guide tubes
creates an increase of the magnetic filed gradient. For each ring the gradient
increases step-wise with a factor of 1.5, whereas with the spacing of the tubes
the increase is continuous with the total increase of a factor 4.2. The preguide
fully overlap the first three conducting rings adding an extra magnetic gradient.
In Fig. 3.1 the magnetic field gradient in the radial direction is shown at the
beginning of the guide. The stepwise increase is caused by the conducting rings
holding the 4 copper tubes together and the shape of the preguide being de-
creasing just before the bend in the guide ensures a smooth transfer from the
preguide to the guide and a close to adiabatic transfer between the magnetic
traps. Two power supplies generate the current through the guide. A magnetic
field minimum is generated in the center of the guide, where the atoms will
travel in the same manner as the preguide with an extra bias field B0. In fact,
the 4 meter long guide is a very long Ioffe-Pritchard trap. The magnetic field
gradient can be as strong as 20 T/m, when the guide is running at maximum
current.
The black curve is where the preguide is ramped up to 1.78 T/m and the mag-
netic gradient of the guide is held at 13.5 T/m. High transfer efficiency was
found to be here. The preguide can be run at a maximum gradient of 3.56 T/m
for a current of 200 A and the guide can run at max gradient of 20 T/m for a
current of 800 A. A more stable system or a larger increase in atom numbers
was not found using higher operational values.

3.1.3 Minimum and maximum launch velocity

The atom cloud has to travel 20 cm vertically upward where the guide bends into
horizontal. To overcome the gravitational potential a minimum launch velocity
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Figure 3.1: The magnetic field gradient from the guide overlapped with the
preguide. At z = 0 is the entrance of the guide. The black curve represents
the operational value (550 A), whereas the gray curve represents the maximum
value (800 A). There is no change of magnetic field gradient in the bend.

of 2.0 m/s is needed. The maximum launch velocity vmax is determined by
the strength of the magnetic field gradient in the bend of the guide and the
gravitational potential. The maximum value of the velocity vbend in the bend
is found by equating the centrifugal force with the magnetic force:

mv2bend
R

=
1

2
µBB

′. (3.2)

With a magnetic field gradient of 3 T/m in the bend (see Fig. 3.1) the max-
imum velocity vbend is found to be 3.1 m/s. Which gives a maximum launch
velocity of vmax = 3.7 m/s.

Discussion

The preguide and the guide is described. The preguide overlap the MOT coils
and the guide providing a guiding magnetic minimum for the atoms to follow.

3.2 Transfer of atoms from the MOT into the
guide.

The transfer of atoms from the MOT into the guide has to be as subtle as
possible. The preguide overlapping with the entrance of the guide is designed
such that the transfer is as adiabatic as possible. The increase from the four
conducting rings gives a gentle increase of the magnetic field gradient that the
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atoms experiences in contract to a single conducting ring where the increase of
the magnetic field gradient is very sudden [6]. Initially the preguide is kept at
a weak magnetic field gradient, but as the atoms propagate along the preguide
towards the guide the strength is increased into a linear guide, thus overlapping
the shape of the guide. The increase and change of the shape will lead to a
temperature and phase-space density increase. Here the conditions for adiabatic
transfer is investigated and the change of temperature and phase-space density.

3.2.1 Adiabatic transfer

In order to have an adiabatic transfer of atoms from the preguide into the guide
the conditions of the guide entrance have to be matched with the preguide.
However, the initial trapping conditions of the MOT do not match the guide
conditions and the atoms are loaded in to a weak trap in the preguide. This is
governed by the current in the coils. The strength of the preguide is increased,
until the guide entrance condition are met. This process has to be adiabatic to
conserve phase-space density, but the adiabatic process is by definition slow. A
fast reliable adiabatic transfer can be achieved by stepping the trap frequency.
Ref. [16] shows a shortcut to adiabaticity in a time depended harmonic trap. To
go from an initial trap frequency ω0 to a final trap frequency ωf fast an interme-
diate trap frequency ω1 is used in a two step process, where ω1 is the geometric
average ω1 =

√
ω0ωf . The initial trap frequency is immediately raised to ω1,

where it is held at a quarter of the corresponding oscillation period tf = π
2ω1

,
before stepping the frequency to the final trap frequency ωf .
Another issue for the transfer is the atoms passing the stepwise increase of mag-
netic confinement at the guide entrance. For each of the four rings at the en-
trance of the guide the current through the guide changes suddenly and thereby
also the magnetic field gradient. This may alter the adiabaticity, depending on
the velocity of the atoms passing the rings.
The stepwise increase of the magnetic field gradient adds an additional trans-
verse compression. If the increase is done slow enough the phase-space density
is conserved and thereby adiabatic. To compress slow enough means that the
atom will make many transverse oscillations, while being compressed in the ra-
dial direction. If the time used for the atom to pass the ring tpass is much
larger than the time it takes to make one oscillation tosc, then the compression
is adiabatic:

tpass

tosc
≫ 1. The time it takes to pass a ring is given by tpas = ℓ/vz,

where ℓ is the length of the region where the compression is performed. The
length ℓ is assumed small and therefore the velocity vz does not change during
the pass even though the passing is vertical.
The time for one oscillation in the harmonic potential is found to be tosc =
2
√
2mkBT
µBB′ . The adiabatic condition resolves into

2
√
2mkBTvz
µBB′ℓ

≪ 1 (3.3)

At the entrance of the guide vz is the largest and with a length of ℓ = 2 cm, the
temperature can not be higher than 5 mK to meet the condition from Eq. (3.3)
at experimental operational values, namely vz = 1.9 m/s and B′ = 1.78 T/m.

34



3. Launch

3.2.2 Change of temperature in the confinement

When atoms are transferred from one trap to another, the two traps differ in
strength and shape. Due to the change the temperature and phase-space density
will change. In our system the atoms move from a harmonic trap into a linear
trap. To estimate how much the temperature changes in this process the number
of states is evaluated and the energy difference of the total system is calculated.
A trap has a number of states with index S and a total energy of

εtot =

∫ ∞

0

f(S)ε(S)d. (3.4)

where the state S has the energy ε(S) and the distribution is a Maxwell-
Boltzmann distribution describing the system in equilibrium and is given by

f(S) = f0 exp

(
−ε(S)
kBT

)
. (3.5)

Here the number of states has to be evaluated and can be done so from the
density of states:

S =

∫ ε(S)

0

D(ε′)dε′ (3.6)

For the atoms entering the guide the transverse and the longitudinal directions
are completely separate. With the density of states per unit area in two dimen-
sions being m

2π~2 , the density of state in a trap is written as

D2D(ε) =
m

2π~2

∫
U⊥(ρ)<ε

2πρdρ (3.7)

where the integral over the surface is restricted to energies, and U⊥(ρ) < ε is
the transverse potential.
For a linear guide U⊥(ρ) = λρ and thus ρmax = ε/λ. For a linear guide the
density of states becomes

D2D,ℓ(ϵ) =
mε2

2~2λ2
(3.8)

and εℓ(S) =
(

6Sλ2~2

m

)1/3
from Eq. (3.6). The total energy Eq. (3.4) can be

written as εtot,ℓ = 3kBTN where N is the number of atoms in the trap.
For a harmonic trap U⊥(ρ) = 1

2mω
2ρ2, thus the maximum radius is ρmax =√

2ε
mω2 . Therefore, the density of states becomes

D2D,h(ϵ) =
ε

~2ω2
(3.9)

and εh(S) =
√
2Sω~ from Eq. (3.6). The total energy from Eq. (3.4) can be

written as εtot,h = 2kBTN.
It is now possible to express how much the temperature changes as the strength
and the shape of the trap changes. With Eq. (3.5) the initial distribution f(S)
will remain the same in the new trap with energy ε(S), since the transfer is
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adiabatic. This will result in an energy difference. The energy difference in the
three scenarios are: from harmonic to harmonic and from linear to linear:

Tf = Ti
ωf

ωi
Tf = Ti

(
λf
λi

)2/3

(3.10)

and from harmonic to linear trap

kBTℓ = Γ

(
8

3

)(
λ2k2BT

2
h

9mω2

)1/3

. (3.11)

Initially the MOT has a trap frequency of ωint/2π = 11.3 Hz at a temperature
of Ti =70 µK as determined by TOF measurements. With the launching of the
atoms the strength of the preguide increases until it overlaps the magnetic field
gradient of the entrance of the guide. Thereafter the strength of the magnetic
field gradient of the guide increases due to its design to 13.5 T/m. With Eq.
(3.11) this gives a final temperature of Tf = 900 µK.
In the experiment a rise of temperature from 70 µK from the molasses to 1.2
mK is measured in the beginning of the horizontal guide, concluding that we do
not have a perfect adiabatic transfer.

The increase of phase-space density can be found from the number of atoms
which is given by

N =

∫ ∞

0

D(ε) exp

(
− (ε− µ)

kBT

)
dε (3.12)

where µ is the chemical potential. For a linear trap the number of atoms are
found to be

Nℓ =
8mϱℓ

(~λ)2(kBT )3
(3.13)

and for the harmonic trap the number of atoms are found to be

Nh =
8ϱh

(~ωkBT )2
(3.14)

where ϱ = eµ/kBT is the phase-space density.
With no loss of atom number the phase-space density will remain the same if
the shape of the trap is the same. However, in the transfer between harmonic
and linear trap there is an increase of phase-space density of ϱℓ = 2.64ϱh. This
is preferred since we want a larger phase-space density. As described in Ref. [17]
the change of trap shape can help for reaching degeneracy. If for some reason
the phase-space density is not high enough in a harmonic trap, changing the
trap shape into a linear trap can increase the phase-space density.

Discussion

To have a transfer of atoms that is fast and adiabatic we need in the preguide a
quarter of a trap frequency tf of the intermediate frequency ω1. In the passing
of the stepwise increase of the magnetic field gradient in the guide, a pass time
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tpass has to be larger than one oscillation. This condition is met at
√
Tvz

B′ℓ ≪ 2.3√
K/s T.

With a stepwise increase of the trap frequency and the relation between the
launch velocity and magnetic field gradient the design of the preguide overlap-
ping with the guide provides as close to adiabatic transfer. The change of the
trap strength and shape causes an increase of the temperature and the phase-
space density.

3.3 Calculation of the launching of the atom
cloud.

The launching of atoms is in the vertical direction against gravity. The atoms
start with a Gaussian velocity and spatial distribution, but when transported
in the preguide and the guide, the spatial distribution becomes wider in the
longitudinal direction and smaller in the transverse direction due to the mag-
netic confinement. The cloud becomes dilute in the longitudinal direction. A
simulation that illustrates the launch of the atoms in the longitudinal direction
is described here.

The initial distribution in a trap with frequency ω launched vertically up with
a velocity v0 is given by

f(z, v, t = 0) = f0 exp

(
−mω

2z2 +m(v − v0)
2

2kBT

)
(3.15)

The atoms travel vertically upwards and the position and velocity change ac-
cordingly to

z(t) = −1

2
gt2 + v0t+ z0 (3.16)

v(t) = −gt+ v0 (3.17)

A boundary condition representing the bend of the guide is added. All atoms
with an energy larger than the gravitational potential mgh are cut away, where
h = 20 cm is the distance to the bend of the guide.

If the atoms do not have enough energy to enter the guide, the atoms will return
to the MOT chamber. The return of the atoms cloud is observed at z = 0, e.g.,
at the MOT position. The atoms cloud is launched towards the guide with an
initial velocity vi and returns due to gravity at a time t. When the atom packet
returns it has expanded in width, where the initial width is determined by the
initial temperature only.
Figure 3.2 shows the result of the simulation of returning atoms as a function of
time. Five different initial velocities vi are shown. Notice that at low velocities
not all atoms leave the MOT region. This makes is difficult to distinguish these
atoms from atoms returning from the launch and at larger launch velocities the
returning cloud stretches out and the signal becomes smaller. At large launch
velocities the atoms do not return since they have an energy that exceeds the
gravitational potential of h = 20 cm, representing atoms entering the horizontal

37



Launching the atom cloud experimentally

a b
c

d

e

0.0 0.1 0.2 0.3 0.4 0.5
0.00

0.05

0.10

0.15

0.20

Time sec.

N
or

m
al

iz
ed

si
gn

al

Figure 3.2: Simulation of normalized atoms distribution returning from a throw
vertical and only influenced by gravity. The initial velocities are vi = 0.35 m/s,
0.88 m/s, 1.32 m/s, 1.76 m/s and 2.1 m/s.

guide.

Figure 3.3 shows the width of the distribution of returning atom. Notice how
the width increases with launch velocity in a linear way. Initially the spatial
width of the atom cloud is ∼ 1 cm, but after the launch the cloud expands to
several centimeter. At low velocities the width can not be determined properly,
since it is hard to distinguish between atoms staying in the MOT region and
atoms that have been launched. At large launch velocities the energetic atoms
are removed and therefore the width of the distribution of the returning atoms
is smaller.

The signal decreases with launch velocity and the width increases with launch
velocity. Figure 3.4 shows the number of returning atoms as a function of launch
velocity determined through a Gaussian fit. Notice how the number of atoms
stays constant except for small velocities and large velocities for the same reason
as previous explained.

3.4 Launching the atom cloud experimentally

In order to produce a high-flux, low velocity cold atomic beam propagating in
the guide we use a pulsed injection scheme. The sequence is 168 ms long and
is used to inject one packet of atoms into the guide. For a measurement the
sequence is repeated at a rate of 6 Hz.
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Figure 3.3: Simulation of the width of the distribution of the returning atom

Figure 3.5 shows the time line of the sequence, to illustrate the changes in the
magnetic fields and detuning of the light. A time of 8 ms is used to open the
mechanical shutters for the Zeeman, MOT and repump light, followed by a full
load of the MOT in 80 ms. After the MOT load the Zeeman slower is turned
off and the MOT and repump light continue for another 35 ms. Meanwhile the
preguide is turned on to a magnetic field gradient of 0.4 T/m. This compresses
the atoms and ensures that the MOT and the preguide overlap after the launch
and the molasses cooling. The shape of the atomic cloud is slightly cigar shaped.
The MOT is fully loaded to 1010 atoms and is launched in about 15 ms by
accelerating the atoms. The launching velocity Ref. [18] is controlled by shifting
the frequencies of the 4 ±θ=45◦ beams according to

v =
δ

k cos(θ)
. (3.18)

A small frequency offset δ is applied between the front and the rear pairs of the
MOT beams lying in the vertical plan. The atoms have to travel 20 cm up-
wards before entering the horizontal guide. Therefore typical launch velocities
are 2.1 m/s. We found that more atoms are launched if we initially accelerate
the atoms away from the guide and then accelerate the atoms towards the guide.
The reason for this is that the atoms are exactly in the center of the laser beams
again when the acceleration toward the guide is stopped. We can at that point
perform co-moving molasses cooling for 3 ms. For the cooling the magnetic
fields are switched off and the detuning of the cooling lasers is increased to -60
MHz leading to a temperature of the cloud is 70 µK. The atoms are pumped
into the |Fg,mf ⟩ = |1,−1⟩ state. The magnetic trap is initially switched on at
a gradient of 0.4 T/m corresponding to a harmonic trap frequency of ω0/2π =
76.5 Hz. In order to transfer the cloud fast and adiabatic into the 1.78 T/m
harmonic trap the stepwise scheme is used. Initially the trap frequency ω0 is
mode-matched to the MOT. The trap frequency is increased over a time of 5
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Figure 3.4: Number of returning atoms as a function of launch velocity, fitted
through a Gaussian fit.

ms to the intermediate frequency ω1. The cloud shrinks and after tf = 8 ms the
cloud is as small as possible, after which the final frequency ωf is immediately
set. The final trap frequency is mode-matched to the guide conditions. The
cloud then propagates for another 18 ms. When the atoms are launched with
a velocity of 2.1 m/s, they travel 6 cm before the preguide is fully ramped up.
The entrance of the guide is placed 4 cm away from the MOT region and there-
fore the atoms have reached the second ring of the guide before the preguide
is fully ramped up. A time of 24 ms is used to turn on the Zeeman magnetic
fields. It takes 10 ms, before the magnetic fields are stable. Turning on the
Zeeman slower has no effect on the atoms propagating in the preguide or the
guide, since the contribution from the longitudinal magnetic field gradient and
the bias of the Zeeman slower is cancelled out with a compensation coil. Due
to the compression caused by the ramping up of the preguide the atom cloud is
compressed and squeezed into a cigar shape. The bias field is turned on at the
same time as the preguide to improve mode-matching.

Figure 3.6 shows data from launching the atoms. The atom pack has been
launch upwards in the gravitational field and is returning due to gravity. The
curves represent the data fitted with a Gaussian distribution. For the red curves
the guide is not on and for the blue curves the guide is on. With a launch veloc-
ity less that 1 m/s the atom packet does not reach the guide and is therefore not
affected by the guide gradient. At low velocity (vi = 0.35 m/s) the returning
atoms are difficult to distinguish from the atoms that are not launched and an
accurate fit can not preformed. At vi = 0.7 m/s the launched atoms do not
reach the entrance of the guide and are therefore not affected by the magnetic
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Figure 3.5: The time sequence for the launch of one atom packet into the guide.
The scheme for both the Zeeman and the MOT, is controlling the light and
magnetic fields at the same time. The bias and preguide is only magnetic fields.
The launch frequency and the the molasses are both shifting of the detuning of
the light.

field gradient present. The returning atoms are fitted with a Gaussian profile
and the number of atoms and the width are determined.
When launching at 1 m/s the atom packet does reach the guide and is affected.
For a launch velocity of 1 m/s results both with and without the guide on are
shown. With the guide off the returning atoms show a Gaussian profile and
this indicates that the entrance of the guide is hit spot on. However, with the
guide on a double peak occurs. The first peak is from atoms returning on the
confinement created by the magnetic field of the guide, whereas the second peak
is from the atoms returning from gravity. The slowest atoms get affected by the
transverse force from the sudden increase of the magnetic field gradient from
the guide, they come to a halt and return.
At larger velocities (vi = 1.4 m/s and 1.75 m/s ) all atoms enters the guide and
the confinement is not strong enough to return on. Notice how the shape does
not follow the Gaussian profile anymore. This is caused by atoms lingering in
the bend or entering the guide but are returned on the extra confinement after
the bend. The last curve is at a velocity of vi = 1.9 m/s. Here a large part of
the atoms have a velocity large enough to enter the bend of the guide and sub-
sequential enter the 4 meter guide. From the simulation in Fig. 3.2 we would
expect a sudden cutoff for the fastest atoms. However, we detect an almost
linear decrease of atoms. This is due to lingering atoms in the bend and in the
horizontal confinement. The atoms are returning on the increasing confinement
of the guide after the bend. A weak second peak from atoms returning on the
increasing confinement after the bend has also been observed (not shown here).
At a velocity of 2.1 m/s no atoms return from the launch and all atoms have
entered the guide.

Figure 3.7 shows the change of width of the atom distribution as a function
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Figure 3.6: Atoms returning from the launch. The launch velocity are (vi =
0.35 m/s, 0.7 m/s, 1 m/s, 1.4 m/s, 1.75 m/s and 1.9 m/s ). The red curves are
atoms that are not launched into the guide whereas the blue curve are atoms
that have been in the guide. They are fitted with a Gaussian function. The low
velocities shows a clear return of the atoms and a clear Gaussian distribution.
When the atoms enters the guide the width becomes wider due to lingering
atoms from the confinements.

of launch velocity. As can be seen the width increases with launch velocity as
expected from the simulation (see Fig. 3.3). However, at the largest velocity the
width is much larger, which is a clear sign of lingering atoms in the bend and at
the horizontal confinement. The increase of the width and thus the expansion
of the packet in the longitudinal direction is beneficial, since we want to have a
continuous atom beam and therefore each atom packet has to overlap with the
previously launched packet.

Figure 3.8 shows the number of atoms returning from the launch as a function of
launch velocity. The average value of the number of returning atoms is 1.8×1010

atoms. Since the number of atoms returning stays nearly constant indicating
that the launching is effective. If the number of atoms drops suddenly for a
certain launch velocity it indicates that the transfer is not adiabatic, e.g, the
atoms are heated out of the trap, or that the atoms have hit the guide tubes or
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Figure 3.7: Measured width of the atom distribution returning from the launch.
The strong increase is due to lingering atoms returning later that expected.

guide entrance and therefore had an inefficient launch.
Launching at a velocity larger than 2.1 m/s yields a launch efficiency of 50%
from the MOT number of atoms, producing 1.8 × 1010 atoms per MOT cycle
in the horizontal guide. Dispersion stretches the cloud in the longitudinal di-
rection to 7 cm and the cloud has a mean velocity of 0.7 m/s at the top of the
guide. Measurements show that increasing the launch velocity does not help in
the final goal, since launching faster does not show a significant improvement
of efficiency. The faster velocity only produces a more supersonic atom beam
velocity, which is not beneficial for a slow continuous beam.

Discussion

We have simulated the launch of one atom cloud. We fully understand how
the atoms cloud expand with the initial launch velocity. We have verified this
experimentally and understand how the increase of the magnetic field gradient
causes the slower atoms to return to the MOT chamber. A minimum launch
velocity of 2.1 m/s is required so that a dominant fraction of atoms are launched
into the guide.
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Figure 3.8: Number of atoms returning from the launch

3.5 The continuous atom beam

The width of each cloud increases with distance in the guide. With several
clouds launched after each other the clouds will overlap leading to a continuous
atom beam. When the beam can be considered continuous is investigated here.
The conservation of energy can be used, where δv is the width of the distribution
centered around v

1

2
mv2i −mgh =

1

2
mv2f (3.19)

1

2
m (vi + δvi)

2 −mgh =
1

2
m (vf + δvf )

2
(3.20)

From Eq. (3.19) and (3.20) the final deviation from the mean velocity is ex-
pressed as δvf = δvi

vi

vf
, thus the velocity width increases due to the slowing of

the beam.
Figure 3.9 shows the simulation of three atom packets at the bend. With a

launch sequence of 168 ms we can have a launch rate of 6 Hz. With an initial
launch velocity of 2.1 m/s the thermal cloud has slowed down to 0.7 m/s at the
bend of the guide. The cloud has expanded to 7 cm due to the width δvf = 0.32
m/s and the distance between two packets in the vertical launch is 11 cm. The
atom beam is continuous in the horizontal guide after 10 cm. Experimentally
we observe a continuous beam 50 cm after the bend with a flux of 1.2 × 1011
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Figure 3.9: Three packets of cold atoms at 20 cm after the bend with a launch
rate of 6 Hz. The beam is close to being continuous.

atoms/sec, a temperature of 1.4 mK and a beam velocity of 1 m/s.

3.6 Scattering

In usual cold experiment only s-wave scattering is considered, since in station-
ary experiments the atoms has a low kinetic energy. However, the atoms do
not have a low kinetic energy in the guide and therefore the scattering in the
guide is not isotropic. The atoms enter the horizontal guide with a longitudinal
velocity of 0.7 m/s and collide with returning atoms from the end coil, which
are initially at a velocity of 0.7 m/s. The scattering is therefore no longer just in
the s-wave regime at but may also have larger angular momentum contributions
and the scattering distributions changes from the usual scenario.

The scattering distributionW (θ) is directly proportional to the differential elas-
tic cross section. For two identical bosons it reads

σ(θ) = 2π|f(θ) + f(π − θ)|2. (3.21)

Here the Bose-symmetrized scattering amplitude is given by a summation over
the even partial waves,

f(θ) + f(π − θ) =
2

k

∑
l=even

(2l + 1)eiηlPl (cos θ) sin ηl, (3.22)

where Pl (cos θ) is the Legendre polynomial of order l and ηl is the partial wave
phase shift. Only even l are allowed since odd partial waves are forbidden by
the argument of complete symmetric wave functions for identical bosons. The
l’th term represents particles having orbital angular momentum l~.

The phase shift can be evaluated since the radial wave function corresponding
to scattering of different low collision energies and different angular momenta
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(a) Low velocity (0.32 m/s)
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Figure 3.10: Phase shift as a function of increasing angular momenta and the
differential cross section, at low and a high velocity in our experiment.

should all be in phase at small distances 20 a0. The accumulated phase shift is
given by

Φ(r) = K(r)

(
∂ lnψ(r)

∂r

)−1

, (3.23)

where ψ(r) is the radial wave function and K(r) is the wave vector of the atoms
with V (r) = −C6

r6 being the Van der Waals potential

K(r)2 =
µ(E − V (r))

~2
− l(l + 1)

r2
. (3.24)

The accumulated phase shift can be determined from the scattering length a0.
Fig. 3.10 shows the change of phase shift as a function of increasing angular
momentum at a low center of mass velocity (0.32 m/s) and at high center of
mass velocity (2 m/s). As can be seen the relevance of the larger angular mo-
menta drops of but for larger relative velocities, more angular momenta become
relevant. For velocities of 2 m/s we have to take into account the contribution
from all even waves until the l = 8.
With a higher relative velocity the phase-shifts varies between positive and neg-
ative lowering the total scattering cross section as seen in Fig. 3.10(b). The
scattering is mostly in the longitudinal direction and is more of the glancing
kind than the head on collisions, which causes large scattering angles.
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Figure 3.11: The total cross section as a function of the relative velocity of two
colliding particles. The largest cross section is at the d-wave resonance

The total cross section as a function of the relative velocity is depended on the
scattering angle.

σtot =

∫ 2π

0

σ(θ) sin θdθ (3.25)

As can be seen in Fig. 3.11 initially with a high relative velocity the cross
section is not large. This is because there are more destructive interferences
between the phases (see Fig 3.10(b)). In our experiment we have a center of
mass velocity of 1.4 m/s. This corresponds to a cross section of 2× 10−16. But
still our experimental results shows that there are enough collisions for the atoms
to slow down. Moreover, when the atoms slow down the cross section increases
and become more effective than s-wave scattering. In all our simulations we
always assume s-wave scattering, since this is possible to work with.

3.7 Measurement of density and temperature in
the guide.

When the atoms have entered the guide, the atomic beam is supersonic. But at
the end of the guide is a magnetic coil that acts as impassable barrier for the
atoms and the supersonic beam returns and creates a subsonic beam through
collisions. Between the two velocity regimes a shockwave will occur naturally.
This process is described in chapter 4. With a shock wave we should be able to
observe a sudden increase of both density and temperature.

In the experiment it is possible to measure the density and temperature di-
rectly. By aligned the probe beam vertically to the guide tubes the change of
temperature and density can be measure over radial distance. The scattering
cross section changes according to the magnetic field and the polarization of the
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(a) The supersonic beam (b) The subsonic beam

Figure 3.12: The measured transition with a fixed polarization

probe beam and is given by [19]

σ0 =
∑
e

3λ2

2π
Cge

1

1 +
(

2δge
γ

)2 fge, (3.26)

where the summation is taken over all possible transitions of the magnetic
ground states. Cge is the coupling strength and fge is the fraction of the
laser light available to drive the π- or σ- transition. The fraction of light de-
pends on the magnetic field and the detuning δge is given by the Zeeman offset:
δge = δ∆|F,mf> + δ0. This can be determined through the interaction Hamil-
tonian, since the orientation of the polarization changes with respect to the
magnetic field. Figure 3.12 shows the measured transition with a fixed polar-
ization of the supersonic (Fig. 3.12(a)) and subsonic (Fig. 3.12(a)) beam as
a function of the radial distance, e.g, the magnetic field. The line is the the-
ory and the transition value is the absorption with respect to the other regions
where no atoms are present. When comparing Fig. 3.12(a) and Fig. 3.12(b) a
stronger absorption is observed in subsonic beam when the end coil is turned
on indicating an increase of density.
When fixing the polarization, the density and temperature can be measured

as the shock wave moves past a certain point in the guide. Figures 3.13 and
3.14 show the temperature and the density of a shock wave moving past a point
situation z = 50 cm from the bend of the guide. Initially the beam is super-
sonic and the temperature is measured to be 1.14 mK and a linear density of
n1D = 1.8 × 1010 atoms/m. After the end coil is turned on at time t = 0 the
temperature rises to 1.8 mK and the linear density starts to increase. Notice
that for t > 10 s the temperature decreases whereas the density continues to
increase. This is due to evaporative cooling on the guide tubes. Evaporative
cooling is explained in details in chapter 6

3.8 Resume

The transfer of atoms from the MOT region to the preguide has been investi-
gated and explained. The overlap between the preguide and the design of the
guide entrance ensures an adiabatic transfer. The preguide is initially considered
as being a harmonic trap, but with the increase of the magnetic field gradient
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Figure 3.13: Temperature in the guide at a fixed position 50 cm after the bend
of the guide. At t = 0 the coil is turned on.

Figure 3.14: Linear density in the guide at a fixed position 50 cm after the bend
of the guide. At t = 0 the coil is turned on.
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the trap becomes linear, which overlaps the guide magnetic field gradient. This
causes an increase in temperature as well as in phase-space density, which only
works at our advantage. When the cloud is launched the cloud will expand in
the longitudinal direction and the atoms will return to the MOT chamber, if
the launch velocity is not larger than 2.1 m/s. When the atoms are in the guide
the cloud has expanded and with a launch rate of 6 Hz the atom clouds overlap
each other into a continuous beam. The beam is measured to be continuous
50 cm into the guide with a flux of 1.2 × 1011 atoms/s, a temperature of 1.14
mK and a supersonic beam velocity of 0.7 m/s. We have noted that we do not
have s-wave scattering, but that the scattering is dependent on the center of
mass velocity and that the cross section increases with slower center of mass
velocities.
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CHAPTER4
Shock wave

When the continuous beam has formed in the magnetic guide the density of the
beam is ∼ 2×1010 atoms/m and the velocity is 0.7 m/s. In order to manipulate
as many atoms as possible in a controlled way, we slow the beam velocity down
to zero. This provides a continuous source of ultra cold atoms with a density
close to ∼ 1011 atoms/m, which are normal MOT atom numbers. The slow
down of atoms can be done in two ways: either by a decelerating potential or
through collisions.
A magnetic coil is placed 3 meter down the magnetic guide. This coil acts as
a potential barrier. The potential is so large that atoms can not pass it and
incoming atoms will return on the barrier. Initially the beam is supersonic but
is slowed down to subsonic velocities on the rising potential from the barrier or
through collisions. In the region between the supersonic beam and the subsonic
beam a shock wave will be created. After its generation close to the barrier the
shock wave moves upstream in the guide generating a dense beam in its wake.
The shock wave stabilizes in the beginning of the guide, where the confinement
is weakened. If enough collisions occurs in the beam a shock wave is generated
regardless of the potential, which can be upwards, downwards and horizontal.
The density increase after the shock wave depends on the potential. With an
upwards potential the density increase is less than with a downward slope. If
the shockwave is on a downward slope another physical effect happens: gravi-
tational compression. The weight of the upstream atoms simply increases the
pressure on the downstream beam.
In this chapter the generation of the subsonic atom beam through a shock wave
is discussed in detail. The hydrodynamical equations describe the system com-
pletely, but to get a deeper understanding of the process we first look at a
simplified system.
The first approach is to discuss a system of two atomic beams colliding and
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Figure 4.1: A confinement closed off at time t = 0 with a beam of particles with
velocity v returning at the barrier in opposite direction with a velocity −v.

observe how the density increases, independent of the original beam velocity
and the potential used.
Second, a flow continuity model is presented. This is the ideal case of the shock
wave, where the properties of the supersonic beam and the subsonic beam are
evaluated separately. It is shown that in order to change from one velocity
regime to another, a shock wave must occur.
Third, the Boltzmann transport equation is used to describe the system. Two
beams of supersonic velocity are set to collide with a controlled collision strength.
The difference of collision strength is investigated and the scenario where a re-
gion with collisions become collisionless. This will create a stabilization of the
shock wave.
Fourth, the hydrodynamical equations are used to describe the system fully.
With a supersonic beam entering the linear trap confinement from the left, the
beam slows down on the barrier to subsonic velocity. Subsequently the su-
personic beam hits the subsonic beam creating a moving shock wave from the
right. The collision strength is governed by thermal conductivity and viscosity.
These are two important parameters when addressing flow and are evaluated
in the relevant trap configurations, both the harmonic trap and the linear guide.

4.1 Filling up the bucket

A simple way of understanding the motion of the atoms in the guide is by look-
ing at how a 1D horizontal ”bucket” is filled up. Here it is shown how filling up
a bucket creates a density increase with a distinct edge.

A beam of particles moves from the left with a certain velocity v and density n0.
We assume that there is only particle conservation and no external forces, no
temperature dependency or no damping processes between the particles. The
beam moves in a confinement that at t = 0 is closed off at one end (see Fig.
4.1). We assume that the atoms return from the end barrier with a velocity
−v. If the particles do not collide the density in the confinement will increase
with a factor of two (see Fig. 4.2 dashed line ). However, depending on the
cross section σ and density n of the particles the atoms will collide. Now, we
assume that if two particles collide they will both stop. Let this be scenario
a. Furthermore, we assume that if an atom with a velocity +v collides with a
particle that stands still, they both have zero velocity after the collision. Let
this be scenario b. Thus, in the last case there is no momentum conservation.
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Figure 4.2: The ”pile-up” wave created from a beam of particles returning from
the barrier colliding with the incoming beam. The ”pile-up” wave moves in time
from the right to the left.

The time evolution of the atoms at rest is thus given by

dn0
dt

= σan+n− + σb (n+n0 + n−n0) (4.1)

with σ(a,b) being the cross section for each scenario.

Figure 4.2 shows the result for σa = σb. At t = 0 the particles will start to
pile up at the end of the confinement. A ”pile-up” wave will start to travel
from the right to the left, leaving behind a stand still beam with a density of
ntot. In this case the edge of the ”pile-up” wave is very sharp and moves with
a velocity of vbeam = v/3. Initially the density is more than three times higher,
since there is a contribution from n0, n+ and n−. After some time the particles
n− is depleted and only atoms from n0 will contribute from the left side of the
”pile-up” wave, leaving only a contribution from n0, replicating the ”pile-up”
wave as it is filled up from the left side. The ”pile-up” wave then moves from
the right to the left.

In Fig. 4.2 the edge of the ”pile-up” wave is very sharp due to the effect that
the cross section is set very high. However, if the cross section decreases, the
edge will have a finite width. Figure 4.3 shows 3 cases at a certain time t, where
the cross sections are from one figure to the next decreased with a factor 10.
It can be seen that the width of the edge is direct correlation to the cross section.
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Figure 4.3: Change of cross section with a factor 10 decrease. The solid line is
the stand still beam, the dotted line is the beam from the left (v), the dashed
line is the beam from right (−v).

Discussion

This simple and crude model shows that in this configuration with collisions
between two atomic beams an increase of the density larger than two is observed
and that this increase moves towards the source. In this model the width of the
”pile-up” wave depends on ratio between σa and σb. In Sec. (4.4) this is related
to thermal conductivity and viscosity in the hydrodynamical model.

4.2 Flow continuity model

Depending on the average velocity of the particles, the beam is either in the
supersonic velocity regime or in the subsonic velocity regime. In each regime
the flow is different. Here it is shown that the transition between the two regimes
has to be done through a shock wave.

Subsonic flow

Sound is a wave travelling through a medium. When this wave travels through
the medium it exerts a small change of pressure. A small disturbance travels
through a medium with a maximum velocity of the speed of sound. So if a
medium has a velocity less than the speed of sound, information can travel
throughout the system. Changes downstream will have an impact upstream. If
there is an object in the path of the beam, a stagnation pressure builds up and
this can bring the fluid to a standstill.
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Supersonic flow

Flow travelling at a speed larger than the speed of sound is supersonic flow. In
supersonic flow information can not travel through the system. What happens
downstream of the system has no impact upstream. When a supersonic flow hits
an object the properties of the temperature, pressure and density can change.
This is done through an irreversible process called a shock wave.

Shock wave

A shock wave is an abrupt and discontinuous change of the characteristics of
the medium, such as pressure, temperature and density. It carries energy and
can propagate through the medium (BEC [20], solid, liquid, gas or plasma).
The relation between the speed of sound and the beam velocity is the Mach

number: M = vb/vs. The sound velocity is given by vs =
√

cp
cv

kBT
M . Here

cp = 5
2 + 2

γ and cv = 3
2 + 2

γ , where γ is the exponent of the radial confinement
of the potential Uρ = λργ . If M > 1 the beam is supersonic and if M < 1 the
atom beam is subsonic. Initially in the guide the atoms have supersonic veloci-
ties, but we are interested in slowing the atoms down to subsonic velocities. If
the atoms are slowed down almost to a standstill, the density of the atom beam
can be much larger causing the mean free path to decreases significantly. When
the atoms go from supersonic to subsonic speed a shock wave occurs, with a
discontinuity in temperature and density. The temperature will increase, but
more importantly the density will increase even more.

4.2.1 Continuity equations

The flow of a beam can be expressed by the linear density n(z), the velocity u(z)
and the temperature T (z) in an external potential V (z). In a closed stationary
ideal system there is conservation of particles flux and phase-space density. With
the only external force from a potential V (z) there is enthalpy flux conservation.
This allows us to write down the conservation laws of the number of particle
flux, enthalpy flux and phase-space density.
Conservation of particles flux

n(z)u(z) = Const (4.2)

Conservation of enthalpy flux

n(z)u(z)

(
cpkBT (z) +

1

2
Mu2(z) + V (z)

)
= Const (4.3)

Conservation of phase-space-density

1

kBT (z)3/2
n(z)

(kBT (z))2/γ
= Const (4.4)

This set of equations for the flow has two real solutions for the velocity u(z):
the supersonic and the subsonic solution.
Figure 4.4 shows the Mach number as a function of potential. The character-
istics of the graphs is determined by the density, phase-space density and the
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Figure 4.4: The two velocity classes as a function of potential. The super sonic
velocity branch is the top curve. The lower curve is the subsonic branch.

enthalpy through Eq. (4.2)-(4.4). The upper curve is the supersonic branch and
the lower is the subsonic branch. At the connection point the Mach number is
one. Notice that particles travelling in a rising potential with supersonic veloc-
ity will reach a point where the velocity has slowed down to subsonic velocity,
from then on the particle will follow the subsonic branch travelling down the
potential again.

Between the two solutions a shock wave occur. At the shock wave phase-space
conservation no longer holds but particle flux conservation Eq. (4.2), momentum
flux conservation and enthalpy flux conservation Eq. (4.3) does.
Momentum flux conservation is given by

n1
(
kBT1 +Mu21

)
= n2

(
kBT2 +Mu22

)
(4.5)

Here the index indicates particles on each side of the shock wave. Eq. (4.5) with
Eq. (4.2) and Eq. (4.3) has two solutions, a trivial and the physical solution
given by

n2 =
8Mn1u

2
1

9kBT1 +Mu21
(4.6)

u2 =
9kBT1Mu21

8Mu1
(4.7)

kBT2 =
−9kBT

2
1 + 62MkBT1u

2
1 + 7M2u41

64Mu21
. (4.8)

Figure 4.5 shows the phase-space density as a function of M. It can be seen
that if M < 1 before the shock wave the phase-space density increases dra-
matically. A transition from a subsonic beam to a supersonic beam through

56



4. Shock wave

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

1

2

3

4

Mach number before shock wave

Ph
as

e-
sp

ac
e

de
ns

ity
in

cr
ea

se
du

e
to

th
e

sh
oc

k
w

av
e

Figure 4.5: Phase-space density as a function of M.

a shock wave is forbidden since the entropy of the closed system can no de-
crease. For M > 1 the phase-space density remains constant. For large M the
the phase-space density decreases. This not not desirable, since a large phase-
space density is needed to reach degeneracy. This shows that we want to have a
shockwave transition from a supersonic beam to a subsonic beam close to M=1.

Figure 4.6 shows the change in density, velocity and temperature given by Eq.
(4.6)-(4.8). The larger the M before the shockwave the larger the density in-
crease will be. Notice though that the increase of temperature is not as large.
This means that the gain of density compared to the temperature increase is
large. However the phase-space ratio is still decreasing. Also note that the
decrease in velocity is significant at larger M.

4.2.2 The calculation

This model is an ideal case and can be used to describe what happens in the
experiment. Equations (4.2)-(4.4) give two solutions for the flow. The first is
the supersonic solution, the second is the subsonic solution. Both solutions are
dependent on the external potential V (z).
The external potential resembling the magnetic guide with an end coil is ex-
pressed as

V (z) = mgh

(
1− 1

zmax

)
+

µ0INr
2

Wcoil

∫
1

2 ((z − zmax − zcoil)2 + r2)
3/2

dzcoil. (4.9)
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Figure 4.6: Ration after the shock wave for the density, velocity and temperature
as a function of the Mach number before the shock wave.

where Wcoil is the width of the coil, zmax is the length of the guide and zcoil
is the position of the coil. The initial conditions are set to be experimentally
realistic values. The guide is zmax = 4 m and has a coil at zcoil = 3 m. With a
current of I = 70 A and with 55 windings, a radius of 6.4 cm and a Wcoil of 3.7
cm the coil works as an impassable barrier. The density is set at n0 = 1× 1010

atom/s., with a temperature of T0 = 1.4 mK and a velocity of u0 = 0.7 m/s
corresponding to a Mach number of M = 1.7, which is well into the supersonic
regime.
The calculation is done where the shock wave is already created. For the cal-
culation the shock wave is chosen at zshock = 1.7 meter and described by Eq.
(4.6)-(4.8).

First, a horizontal guide is used. Figure 4.7 shows the calculation at the initial
conditions. The shape of the potential is shown as a reference. The shock wave
is step-wise which is due to the lack of damping processes. The density ratio is
2.4 and the Mach number ratio is 1.7 and both remain constant as long as the
potential does not change. The calculation on the right side of the barrier has
no interest, since this part is strongly governed by the boundary conditions.

Figure 4.8 shows the calculation with a sloped guide. Here the elevation is set
to 10 cm. In the experiment the maximum elevation is 7 cm and is usually not
more than 2 cm while running the experiment. The large elevation is chosen
to show the effect of the elevation. The initial conditions are the same as pre-
vious. In the supersonic case the atomic beam is accelerated, thus the density
decreases and the Mach number increases. This is due to the increase of velocity
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Figure 4.7: Ideal shock wave in a horizontal guide. The gray curve is the
potential. The black curve is the Mach number and the red curve is the density.

and the temperature remains nearly constant. After the shock wave the Mach
number decreases below 1 into the subsonic regime and the density increases
stepwise with a ratio of 2.73. The temperature increases slightly but the veloc-
ity decreases more. The atoms pile up against the end barrier and continue to
slow down while travelling downstream. The density goes up since there is a
pile up of atoms at the foot of the barrier. If the shock wave is placed higher
up the stream the density increase from the potential will be larger. This is
gravitational compression. Gravitational compression is caused by the weight
of atoms accumulating at higher elevation

Discussion

The continuity model shows that if there is a supersonic regime and a subsonic
regime, the transition between the supersonic regime and the subsonic regime
happens through a shock wave. Over this shock wave the temperature will
increase but more importantly so will the density. The increase of density of
more than a factor of 2 and the step wise increase is so significant that it
is observable in the experiment. With a downward slope a larger increase is
observed due to gravitational compression.

4.3 Boltzmann collision model

To simulate the change of density through collisions at supersonic velocities,
we produce two beams of opposite velocity. These will collide and interact
through collisions and a shock wave will occur. This is described through the
Boltzmann transport equation. This simulation is based on the interaction
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Figure 4.8: Ideal shock wave in a sloped guide, h = 0.1 meter. The gray curve
is the potential. The black curve is the Mach number and the red curve is the
density.

between distribution which makes it difficult to describe the evolution of density
n, velocity u and temperature T under different situations. However a good
clear picture of the development of a shock wave can be described in this model.
To describe the motion of the beam, it has to be evaluated if the beam is
collisionless or not, both in the axial direction and in the radial direction. The
mean free path is the average distance travelled by an atom between collisions.
If the mean free path is longer than the size of the thermal cloud, in general no
collisions will occur during one oscillation. However, if the mean free path is
shorter than the thermal cloud, many collisions will occur during one oscillation
and the behavior of the atoms is dominated by the interaction. This is the
hydrodynamical regime.
The mean free path is given by lmfp = 1

σn . For s-wave scattering, the isotropic
cross section of two identical bosons is σ = 8πa2 where a is the scattering
length and n is the effective density of the trapped thermal atoms. The mean
free path in a linear guide can be written as [21]

lmfp =
32πk2BT (z)

2

n1D(z)µ2
BB

′2σ
.

Inserting realistic values for T = 1.4 mK, B′ = 13.5 T/m and n1D = 2.5× 1010

atoms/m, yields a mean free path of 13.5 cm. Since our guide is 2 mm wide and
3 meter long, the radial direction is nearly collisionless, but the 3 meter axial
direction is fully hydrodynamical.
In the experiment, the guide design is such that after the bend of the guide
the distance between the guide wires decreases from 7.8 mm to 2 mm. This
decreases the collision rate. This simulation will allow to change the collision
rate causing the shape of the shock wave to change. Also it is shown that if the
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collision is removed in a region in front of the shock wave, the shock wave will
stabilize.

4.3.1 The Boltzmann transport equation

The transport process are described by Boltzmann transport equation and is
written as [

∂

∂t
+ v · ∂

∂r
− 1

M

∂U

∂r
· ∂
∂v

]
f (r, v, t) = Icoll(f) (4.10)

where U is the external potential and Icoll(f) is the collision integral.
The distortion of the distribution function f (v, r, t) can be described as a func-
tion of the coefficients αijk (r, t) that determines all properties of the system:

f (v, r, t) = f0 (v, r)
∑
ijk

αijkE
i
⊥L

2jvkz (4.11)

where E⊥ is the transverse energy and L is the angular momentum. The func-
tion f0 (v, r) is the equilibrium Maxwell distribution function, given by

f0 =
M2Γcoll

2
√
2πσ(kBT )2

e
−E
kBT . (4.12)

where Γcoll is the collision rate, σ is the cross section and E is the total energy.
Starting from the Boltzmann transport equation (Eq. (4.10)), the evolution of
the distribution function reads

∂f (v, r, t)

∂t
= −v ∂f (v, r, t)

∂r
+

dU

Mdr
· ∂f (v, r, t)

∂v
(4.13)

−
∫ ∫

σ

4π
|v − v2| (f (v, r, t) f (v, r2, t)− f (v3, r, t) f (v4, r, t)) dΩ34dv2

The term on the left is the time evolution term, on the right is first the convec-
tion term, then the acceleration term, and last the collision term. The collisions
are assumed to be in the s-wave regime, where the cross section σ is constant
and isotropic. Ω34 is the direction of v3 with respect to the center of mass vcm
determined by v and v2.

With the use of the bi-linear property of collision term, Eq. (4.13) can be
rewritten with Eq. (4.11) by the use of cylindrical coordinates in real space and
spherical in velocity space and integrated over v and ρ:

A
∂α

∂t
= B

∂α

∂z
+Cα

dU

dz
+ (Jα)α. (4.14)

Here J is a collision tensor and A,B,C are matrices that can be determined,
as described in [22]. Due to the radially collisionlessness, there is no radial
dependency and α is a vector as a function of z.

4.3.2 The simulation

The change of density for two opposing supersonic beams moving through each
other can be simulated with Eq. (4.14). The density is the integral of the
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Figure 4.9: Two thermal clouds collide and a shock wave occur and atoms pile
up behind the shock wave. Each line is at time step on 50 ms.

distribution function with the linear confinement set at γ = 1. Knowing the
matrices A,B,C and J from ref.[22] the vector α from Eq. (4.14) can be
evaluated as a function of distance r and time t.

Figure 4.9 shows the density of the two beams of atoms in a linear guide colliding.
Initially the beam velocity is supersonic. The interaction between the atoms
slows the atoms down to a standstill thus creating a shock wave between the
supersonic region and the subsonic region, leaving behind a slow dense cloud
of atoms. For each time step the shock wave moves away from the center. In
a co-moving frame the Mach number of the incoming beam is M = 2.0. This
lead to an density increase according to the ideal case of 2.7 (see Sec. 4.2).

Figure 4.10 shows the difference in collision rate. Notice how the shape of the
shock wave changes with collisions strength. With less collisions the shock wave
becomes wider and the density increase is slower. As long as there are collisions
the density increase will remain the same, but the time used is longer.

Figure 4.11 show the normalized density growth at the position slightly away
from the center of the collision region (z = 0.02 m). The blue curve is the Boltz-
mann collision simulation where the collision term J is set to zero. The wiggles
are due to a break down of the simulation accuracy. The density increases less
without collisions as the beams just pass through each other. In the collisionless
regime the maximum increase of density is a factor of 2.

The black curves is with increasingly stronger collision rates. Initially only
atoms moving to the right are observed and the density does not increase. Af-
ter a time the atoms from the left arrive, but some of the atoms may be stopped
by collisions and arrive later. However, with the piling up of the atoms the den-
sity increases more that expected without collisions.
Figure 4.12 shows the normalized density growth for different initial velocities.
In the co-moving frame of the shock wave, the Mach number of the incoming

62



4. Shock wave

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
0.0

0.5

1.0

1.5

2.0

2.5

Length @mD

N
or

m
al

iz
ed

lin
ea

r
de

ni
ty

Figure 4.10: Difference in collision rate. The stepped curve is no collisions
and each step is the velocity class. The oscillation is due a break down of the
simulation that could be solved by increasing the accuracy.

0.00 0.02 0.04 0.06 0.08 0.10 0.12
0.0

0.5

1.0

1.5

2.0

2.5

Time @sec.D

N
or

m
al

iz
ed

lin
ea

r
de

ni
ty

Figure 4.11: Increase of density for stronger collision interactions (black curve),
The blue curve is no interaction.
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Figure 4.12: Increase of density for different initial velocities. There is a 10%
velocity increase for each curve. All initial velocities are supersonic.

beam is M = 1.45, 2.0, 2.32, respectively. The smallest density increase is for
the lowest initial velocity. The density increase is larger with larger initial ve-
locity, supporting the model from Sec. 4.2. The density increase follows Fig.
4.6(a). Notice how the slope of the shock wave does not change. This shows
that the velocity and collision rate are independent.
Figure 4.13 shows the situation where collisions only occur within a certain

region. This represents the shock wave generated at the guide entrance. This
can be considered for the following reason: At the guide entrance the diverging
geometry of the guide wires would normally destabilize the shock wave in a
fully hydrodynamical system. However, here, the diverging wires can also cause
a critical weakening of the collisions. In this situation the shock wave will stabi-
lize at the edge of the collision region. When this happens, atoms will leak from
the subsonic region through the incoming beam. But notice how the density in
the center increases even more, than when the collisions are everywhere. This is
because of the stabilization of the momentum flux. Momentum flux is a better
way to describe pressure in the collisionless region. The momentum or recoil
of the escaping atoms causes a larger pressure in the guide and hence a larger
density in the center.

Discussion

The Boltzmann collision model shows that a subsonic cloud will emerge between
two supersonic beams due to the collisions. Not only can we show that the
density increase of the subsonic beam is larger than a factor of 2 but also how
the density is dependent on the initial velocity and independent of the collision
rate. Moreover, the shape of the shock wave is only dependent on the collision
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Figure 4.13: Collision within a restricted collision region. Notice how the density
is larger. This is due to the stabilization of the momentum flux.

rate and not on the initial velocity. Finally, it is seen that stabilizing the shock
wave between a region with collisions and a region without collisions provides
an even larger density increase.

4.4 Hydrodynamical model

The Boltzmann model deals with distributions. When using distributions it is
difficult to describe the evolution of density n, velocity u and temperature T
under different situations, like damping process and losses. If the system is hy-
drodynamic, we can describe the system with the hydrodynamical model. Since
the system is fully hydrodynamical is the axial direction and fully collisionless
in the radial direction the system can establish a local thermal equilibrium spec-
ified by linear density n, velocity u and the local temperature T. Radially, the
system is in good thermal equilibrium. The density n, the velocity u and the
temperature T are all independent of each other and we can use the hydrody-
namical model in the axial direction. The hydrodynamical model describes the
evolution of n, u and T . This is three parameters and easier to work with than
distributions. In the hydrodynamical model we can also include factors such as
damping processes and loss.

4.4.1 Hydrodynamical equations

Since the beam is fully hydrodynamical in the longitudinal direction we can get
a clear pictures of the shock waves development in the guide potential using
the hydrodynamical equations. The hydrodynamical equations describes the
propagation of the shock wave in the system. Setting up the hydrodynamical
equations reflects the conservation of particles, momentum and energy.
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The evolution of n, u and T can be derived from Boltzmann Equation Ref.
[23] by multiplying on both sides of Eq. (4.10) by 1, to get the particle con-
servation, by u to get the momentum conservation and by the energy E =(
cvkBT (z, t) + 1

2Mu (z, t)
2
+ V (z, t)

)
to get the energy conservation, and then

integrated in cylindrical coordinates over radial space and velocity . The sys-
tem is radial collisionless, thus u and T are independent of the radial distance ρ
but n(ρ) depends on the radial potential V (ρ). However, the potential V (ρ) is
constant throughout the guide and therefore n(ρ) remains constant. To include
loss processes due to inelastic collisions, collision with background atoms and
evaporation on the guide tubes we ad-hoc include a loss rate Γ in the equations.
The generalized hydrodynamical equations can be given by the linear density
n(z, t) , the velocity u(z, t), the temperature T (z, t) and the external potential
V (z) given by Eq. (4.9). Including the damping processes which are the viscos-
ity η and κ the thermal conductivity a full set of equations can be written. In all
three cases, the integrals over Icoll(f) will vanish by the virtue of conservation
of atoms, momentum and energy. On the right side of Eq. (4.15)-(4.17) a loss
term Γ has been added and the space and time indicator (z, t) has been omitted.
The conservation of particle

∂

∂t
n+

∂

∂z
(nu) = −Γn (4.15)

The conservation of momentum

M
∂

∂t
(nu) +

∂

∂z

(
n
(
kBT +Mu2

)
− η

∂

∂z
u

)
+ n

∂

∂z
V = −MΓnu

(4.16)

The conservation of energy

∂

∂t
(nE) +

∂

∂z

(
u

(
n (E + kBT )−

(
η
∂

∂z
u

)))
− ∂

∂z

(
κ
∂

∂z
kBT

)
= −ΓnE

(4.17)

The viscosity can be defined as [23]

η = η0ΣM
√
π

√
kBT

M

1

σ
(4.18)

and the thermal conductivity as

κ = κ0Σ
√
π

√
kBT

M

1

σ
(4.19)

where the surface of the beam Σ is defined as the area, where the density is
larger than 1/e of the peak density:

Σ = π

(
kBT

λ

) 2
γ

(4.20)

with λ is the gradient of the potential: V (ρ) = λργ .
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γ Thermal conductivity κ0 Viscosity η0
1 99 15.66
2 5.98 1.56
∞ 1.2 0.42

Table 4.1: Thermal conductivity and viscosity as a function of confinement.

The initial coefficients η0 and κ0 can be found by evaluating Eq. (4.11) through
the Chapman-Enskog procedure (see Ref. [24]).
The result can be seen in Tab. 4.1. Here γ = (1, 2,∞) in a linear guide, a har-
monic guide and hard wall potential respectively. As can be seen the thermal
conductivity and viscosity increases dramatically due to the inhomogeneous dis-
tribution. In the linear case, the increase in thermal conductivity is two orders
of magnitude. A large thermal conductivity limits the achievable temperature
gradient, which is needed to reach degeneracy. For a beam based atom laser it
is important that heat does not transfer from upstream, hot atoms to already
colder atoms downstream. The hot atoms spiraling around the beam, will travel
downstream and eventually collide with much colder atoms, heating them up
again. This will lead to a less effective cooling towards degeneracy.
The enhancement of the thermal conductivity and viscosity can be interpreted
as an increase of the effective surface of the beam with respect to Σ: Σκ,eff =
κΣ/κγ=∞. For a linear confinement, we found Σκ,eff = 82.5Σ, which is sur-
prisingly large. Evaporative cooling on the guide wires will removed these outer
spiralling atoms leaving the colder atoms one behind.

The following boundary and initial conditions apply:

n(0, t) = n(z, 0) = n0 u(0, t) = n(z, 0) = u0 T (0, t) = T (z, 0) = T0

∂

∂z
u(zmax, t) = 0

∂

∂z
T (zmax, t) = 0

The atoms are injected from the left at supersonic velocity. They are accelerated
on the downward slope (if present) and slowed down to subsonic velocities on
the potential barrier created by the magnetic coil situated 3 meter down the
guide. At the crossover between the supersonic and subsonic beam is a shock
wave. The characteristics of the shock wave, such as width and density increase
is determined by the damping processes and the initial Mach number.

4.4.2 The motion of the shock wave

As previous there is an incoming flux of particles from the left moving towards
the right with a certain supersonic velocity. The beam direction is reversed
at the barrier, which is in this case a magnetic coil. The beam returns and
collisions between atoms in the two beams occur resulting in a shock wave that
moves from the right to the left.
Figure 4.14 shows the shock wave developing in time and moving from the

right to the left in a horizontal guide resembling the experimental setup. As
the shock wave propagates through the system the beam velocity drops to an
almost zero and the density increases. Note that the density increase is the same
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Figure 4.14: The shock wave developing, moving from the right to the left in a
horizontal potential

as the density increase of Fig. 4.9, as expected since all simulations starts with
the same initial conditions. Close to the barrier the density is slightly larger,
which is due to the contribution from atoms rolling back from the barrier. The
simulation on the right side of the barrier is not relevant, since this part is
strongly governed by the boundary conditions.
In the experiment we set the probe laser at fixed positions on the guide and

observe the density increase as a function of time. Fig. 4.15 shows what we
should expect as a function of time. Notice how the width of the shock wave does
not change as a function of position and that the density stays constant after
the shock wave has passed by. The shock wave moves with a constant velocity
through the guide with conditions before and after the shock wave, that are
independent of position. In the co-moving frame the shock wave does not move
and the incoming flux and the outgoing flux obeys the shock wave relations from
Eq. (4.6)-(4.8), except for the additional loss rate. Passing the shock wave both
the drop in Mach number and increase of density is seen, following Fig. 4.6(a).

By tilting the guide the shock wave occurs as before, but the continuous density
increase is due to the gravitational compression from the tilt. Figure 4.16 shows
the shock wave for different heights h at the same time t. Notice how the Mach
number is the same for all heights of the barrier, but the drop of Mach number
over the shock wave is not the same. The lower the external potential the larger
acceleration of the supersonic beam and hence larger supersonic Mach number.
This gives a larger density increase than with the horizontal guide. Notice how
the shape of the shock wave does not change, confirming that the width of the
shock wave is independent of the external potential.

Figure 4.17 shows the development of the shock wave at the same time steps
as in Fig. 4.14. The shock wave does not propagate as far to the left as in a
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Figure 4.15: Shock wave moving in a horizontal guide. Observed at different
positions z=0.5 1 1.5 2 2.5 m.

horizontal guide. This is because atoms pile up at the bottom of the potential
and the density increase due to the gravitational compression. Notice how the
velocity of the shock wave slows down. The shock wave can come to a standstill
if the losses from the beam is large enough. However, this has never been ob-
served in the experiment. Also, initially the density increase is larger, before a
density equilibrium point is reached between the pressure from gravity and the
pressure from the incoming beam. The extra increase is from atoms returning
on the barrier. As can be seen the density increase from the gravitational com-
pression is a much more effective than the density increase from the shock wave.

Figure 4.18 shows the motion of the shock wave at different positions at a fixed
height. Again an increase of density due to the shock wave and the gravitational
compression is clear observable. However, the density increase from the gravi-
tational compression is continuous but limited by the pressure at the beginning
of the guide. Notice how the shape of the shock wave does not changes.

4.4.3 No losses, no damping

The shape of the shock wave will change if the collision cross section changes.
The collision cross section is determined by the thermal conductivity and the
viscosity. They are both damping processes.
The effect of the damping processes is evaluated at a certain time t. Figure

4.19 shows the hydrodynamical simulation with a sloped guide of 10 cm, no
damping process (η = 0, κ = 0) and no losses (Γ = 0). The Mach number re-
sembles an initial velocity u0 = 0.7 m/s and temperature T0 = 1.4 mK and the
conditions for the ideal case (see Sec. 4.2). Figure 4.19 overlaps with Fig. 4.8,
the ideal case. This shows that the hydrodynamical equations can be used to
understand the changes of the system. With a low damping rate it can be seen
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Figure 4.16: The change of potential h=0, 2 cm, 7 cm at a time t. Notice that
the density increase from the shock wave is the same, but the final density is
larger with a larger compression

that the shock wave become very step and close to stepwise. Initially the beam
is supersonic and accelerated down the slope leaving the beam more diluted at
the shock wave. The beam changes characteristics and becomes subsonic with
an increasing density on the downward slope.

4.4.4 Loss rate

If the loss rate is large enough the shock wave can be stabilized independent of
the shape of the potential. Atoms can escape from the guide due to background
collisions, evaporative cooling or a finite height of the end barrier. In figure
4.20 the effect of the change of loss rate is shown. Both curves are at the same
time step t. Only the density changes, the shape of the shock wave does not.
However the gravitational accumulation is affected. If there is no loss the beam
velocity will go to zero since there is no place the atoms can escape to.

4.4.5 Damping processes

Figure 4.21 shows the effect of the change of the damping rate at time t. The
lower the damping rate the stronger the shock wave becomes. The only property
that determines the width of the shockwave is the rate of the damping process.
Notice that changing the flux corresponds to the change of damping process
rate.

Discussion

To explain the motion of the supersonic atom beam propagating in the 1D mag-
netic guide the hydrodynamical equations are set up from the Boltzmann trans-
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Figure 4.17: Shock wave moving in a sloped guide h=10 cm, at the same time
t as the horizontal guide (see Fig. 4.14). Notice how shock wave moves slower
due to compression as the guide is filled up.
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Figure 4.18: Shock weave moving in a sloped guide h=10 cm, observed at dif-
ferent positions z=0.5,1,1.5,2
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Figure 4.19: Hydrodynamical simulation with no losses and no damping pro-
cesses, η = 0 and κ = 0. The grey curve is the potential. The black curve is
the mach number and the red curve is the density. The simulation overlap with
flow continuity flow figure 4.8.

port equation. The development of the supersonic beam moving in a returning
potential and thus creating a subsonic beam is investigated. The development
of the shock wave in the guide is initially because a few atoms slow down to
subsonic velocity. Thus creates a shock wave. New incoming supersonic atoms
collide with the shock wave/slower atoms and enhances the shock wave, letting
it grow. It is shown that the density increases and the Mach number decreases
over a shock wave. Further more it is shown that adding a downward slope
increases the density after the shock wave. This is due to gravitational com-
pression. Finally it is shown that the shape of the shock wave is independent
on the initial velocity and the change of external potential and only dependent
on the damping process.

4.5 Resume

Four models have been presented each describing the features of a shock wave.
The first model lets us understand how the density increases due to collisions
and that a simple pile-up wave will be created that moves towards the source.
The second model lets us understand how the transition between supersonic
and subsonic flow happens through a shock wave. It is shown that a large
density increase through a shock wave can be achieved and a larger density
increase can be achieved through gravitational compression. In the third model
the collision between two supersonic beams are investigated. It is found that
solely through collisions a subsonic beam emerges with a shock wave separating
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Figure 4.20: Shock wave with and without losses at time t.
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Figure 4.21: Shock wave at damping rates 100%, 50%, 25% with losses at time
t. The lower the damping rate the stronger the shock wave becomes.
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Resume

the two regimes. The width of the shock wave is found to be governed by
the collision rate and the density increase is governed by the initial velocity.
Furthermore it is found that the shock wave can be stabilized by only having
collisions in a well-defined area. This only adds to the density increase. In
the fourth model the hydrodynamical equations are used to understand the
motion of a supersonic beam moving in the potential of the magnetic guide.
It is found that a subsonic beam is created from atoms decelerating through
an increasing potential or through collisions. The shock wave can be created
on any potential. The density increase through the shock wave is larger and is
enhanced with gravitational compression. In the guide loss of atoms can occur
and it is found that only the density increase is affected by losses. It is found
that the guide potential and initial velocity determines the density increase,
whereas the damping rate determine the width of the shock wave.
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Figure 4.22: Density increase in a horizontal guide as a function of Mach number
for the last three models. The solid red line is the density increase from the
flow continuity model, the ”∗”’s are from the Boltzmann model and the ”x”’s
are from the hydrodynamical model.

The last three models simulates the development of the shock wave in the hori-
zontal guide show a density increase. Figure 4.22 shows the density increase for
each model. We understand from the theoretical side the evolution of the shock
wave.
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CHAPTER5
The shock wave driven atom laser

We have build the experimental setup with a 4 meter magnetic guide. We
can load atoms into the guide with a flux of 1.2 × 1011 atoms/s. We have a
theoretical understanding of how a shock wave is created in the guide. This
chapter describes the experimental verification of the shock wave.

This chapter is based on a publication for Science.
Authors: L. Kindt, P.C. Bons, K. van Aken, P. van der Straten, J. M. Vogels

Abstract
Shock waves are abiquitous in astrophysics, aerodynamics and liquids, when
matter moves faster than the speed of sound. Shock waves are utilized to in-
crease the density of a medium, for example in ramjets. Here we demonstrate
the use of a shock wave to slow down and compress a magnetically guided, su-
personic beam of atoms. Due to the ability of optical absorption techniques
to measure the density, velocity and temperature of the atoms, the physics of
shock waves in a unique, dilute regime can be studied. After the shock wave the
subsonic atomic beam is gravitationally compressed. By extracting the beam
in packets we are able to perform evaporative cooling to degeneracy, generating
a pulsed atom laser. We expect that all future continuous atom lasers will be
based on shock waves.
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An atom laser is a beam of Bose condensed atoms, which due to the ultimate
control over the atoms is very interesting for atom optics [25], atomic clocks [26],
precision measurements of fundamental constants [27, 28], tests of fundamental
symmetries [29], and atom lithography [30]. The first atom lasers [1, 31, 2, 32]
consisted of atoms coupled out from a cloud of condensed atoms limiting its
applicability, since the condensate is rapidly depleted due to the outcoupling.
Schemes have been implemented to replenish the condensates during the out-
coupling, but these are difficult to implement and only result in small sustained
fluxes [33, 34]. An alternative idea is to channel atoms into a magnetic guide,
which can be cooled down to degeneracy [35]. This idea has been implemented
in several experiments [18, 36, 37, 38]. However, this approach appears futile,
since the evaporative cooling to degeneracy requires several hundreds of colli-
sions, where in the most promising experiment only thirty could be achieved [39].
Here we slow down and compress the beam using a shock wave. The shock
wave is robust, reproducible, stable, and improves the evaporation efficiency
dramatically. Due to the shock wave we can use gravitational compression and
combined with the shock wave it leads to an increase of both the collision rate
and the traversal time through the cooling section by more than one order of
magnitude. This leads to an increase of the number of collisions by two orders of
magnitude. The resulting densities and temperatures of the beam are adequate
to cool the atoms down to degeneracy using evaporative cooling, but the cooling
is restricted due to heat conduction of the hot part of the beam to the cold part.
We show that the beam can be cooled to degeneracy by transferring part of the
beam periodically out of the subsonic region to an insulated cooling region,
which results in a pulsed atom laser. Due to the large increase of the number
of collisions we expect that the next generation of continuous atom lasers will
rely on the use of shock waves.
A shock wave is a surface of discontinuity in the flow of matter, where the flow
abruptly changes from supersonic to subsonic behavior. This is characterized by
marked increases in temperature, pressure, and density. In our setup the shock
wave is generated due to collisions between two counterpropagating beams of
supersonic atoms creating a region of subsonic atoms. The first beam is created
by launching atoms supersonically into the guide. The second beam is created by
reflecting the first beam at the end of the guide using a magnetic barrier. After
the generation of the shock wave near this barrier, atoms hitting the shock wave
are slowed down and accumulate in the subsonic region. As a result the density
in the subsonic region increases and this pushes the shock wave upstream. It
generates a dense, subsonic beam in its wake with an increased density and
collision rate and a reduced speed compared to the supersonic beam. The shock
wave stabilizes in the beginning of the guide, where the radial confinement is
weaker.
The situation for magnetically guided atomic beams is unique, since the beams
are hydrodynamic in the axial direction, whereas they are collisionless in the
radial direction. Furthermore, in contrast to other cases of hydrodynamic be-
havior, the microscopic interactions between the particles are well-known and
this allows for a complete modelling of the hydrodynamic features. In the usual
case the temperature and density after the shock wave are given by their stag-
nation values, which are mainly determined through the flux conservation of
particles, momentum and energy through the shock wave. In our case we can
after the shock wave compress the beam above the stagnation density using
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5. The shock wave driven atom laser

A
B

MOT

0

B
C

Figure 5.1: Schematic overview of the setup. Atomic packets launched from the
MOT at supersonic velocities and hit the shock wave resulting in a reduction of
the beam speed to subsonic speeds. Subsequently the beam is gravitationally
compressed to obtain sufficient high collision rates for cooling to degeneracy.
Beam packets are extracted, cooled to degeneracy using rf-induced evaporative
cooling and released from the cooling region.

gravitational compression as well as cool the beam below the stagnation tem-
perature using evaporative cooling. All these features play a crucial role in
improving the performance, stability and feasibility for cooling to degeneracy.
Due to the well-developed imaging techniques for cold atoms, by which one
can study locally and temporally the density, velocity and temperature in the
guide, our system allows for a detailed research of the shock wave in this un-
usual regime. Shock waves in ultra-cold, degenerate matter, where the system
is hydrodynamic in all directions, have been observed by several groups [40, 41],
but in that case the shock wave only led to heating of the cloud.

The magnetic guide is 4 m long (see Fig. 5.1) and consists of rods carrying
currents producing a two-dimensional quadrupole field to guide the atoms. The
guide is loaded with 87Rb atoms, which are launched up in packets from a
magneto-optical trap (MOT) and enter the horizontal part of the guide with a
speed of vb = 0.7 m/s. The flux of the atoms is 1.4 × 1010/s at a temperature of
T = 1.2 mK. At the beginning of the guide the magnetic field gradient increases
gradually by a factor of 13. The slope of the guide is adjustable by tilting the
guide. At the end of the guide there are two coils, which can act as a magnetic
barrier for the atoms. Under these conditions the speed of sound c = 0.4 m/s
is below vb and thus the initial beam is supersonic.

One of the key features of a shock wave is that it converts a supersonic beam into
a subsonic beam. In the supersonic case vb > c and atoms are predominantly
moving downstream. In the subsonic case vb < c and a significant fraction of
the atoms can temporarily move upstream. This can be used to determine the
velocity of the beam. Atoms in a certain region are optically pumped to an
untrapped state and can no longer be imaged. After a certain time the atoms
at the edges are replenished from the upstream and downstream side and from
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Figure 5.2: Beam velocity vb and speed of sound c measured at point A as a
function of time after the magnetic barrier is turned on at t=0. Results are for
full flux (black squares (vb) and green triangles (c)) and for half flux (red circles
(vb) and blue stars (c)). When the shock wave develops the beam velocity vb
drops below the speed of sound c and the temperature increases. In the case of
full flux the shock wave develops faster than the case of half flux, leading to a
faster decrease of the beam velocity and a faster rethermalization.

an absorption image of the region we can determine the velocity distribution of
the beam. Its center yields the mean velocity and its width is a measure for the
temperature of the atoms.

In Fig. 5.2 the beam velocity vb and speed of sound c measured at point A (see
Fig. 5.1) are plotted for different fluxes of the beam, where at t = 0 the barrier
is switched on. For full flux the beam velocity drops, once the supersonic atoms
return from the barrier at t ≈ 5s. Collisions between atoms from the two coun-
terpropagating beams produce a shock wave, which leaves atoms with subsonic
speeds behind. At the same time the axial temperature and therefore the speed
of sound increase. The incoming supersonic atoms are further suppressed by
collisions with the subsonic atoms, which reduces the beam velocity even fur-
ther. In the shock wave the atoms are not in thermal equilibrium and when
the shock wave develops the axial and radial temperature become more in equi-
librium causing a reduction of the axial temperature. The results clearly show
that the shock wave converts the incoming beam of supersonic atoms (vb > c) to
a beam of subsonic atoms (vb < c). For half flux the situation is comparable to
full flux, although relatively more supersonic atoms return from the barrier and
they are inadvertently detected as fast moving downstream atoms. This results
in an apparent increase of the beam velocity and an apparent stronger initial
increase in the temperature. Notice that the reduction of the beam velocity is
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Figure 5.3: Radial temperature (a) and density (b) of the atoms in the beam, as
measured using absorption imaging of the beam. At t = 0 the barrier is turned
on. The increase of the temperature in the period up to t = 10 s is due to the
shock wave, whereas the decrease for longer times is due to evaporative cooling.

faster for the case of full flux compared to half flux and this is to expected, since
the shock wave develops faster under more hydrodynamic conditions. The data
shows that our system allows for a detailed observation of the thermodynamic
properties during the shock wave, which is not easily achieved in other cases.

Complementary to the measurements of Fig. 5.2 the radial temperature and
density are measured again at point A by imaging the absorption of the beam
as a function of time (see Fig. 5.3). In order to obtain sufficient accuracy
the images are recorded at several detunings and from the combined images
the radial temperature and the density of the atoms can be determined (see
Supplementary information). After the initial increase of the radial temperature
for a period of 10 s, the temperature decreases, which we attribute to evaporative
cooling in the guide. The ratio η for the evaporation process between the depth
of the guide and the radial temperature reaches a value of η ∼ 6 at t = 10 s,
which is sufficiently low for the evaporative cooling of the atoms against the
guide rods to be effective. The evaporative cooling leads to an inhomogeneous
temperature in the guide, where the atoms at the end of the guide have the
lowest temperature. The combined effect of the shock wave and the evaporative
cooling lead to an increase of the linear density, by a factor ∼5 under the
circumstances of Fig. 5.3. Note that for collisionless behavior in the guide the
increase can not exceed a factor of 2, since after switching on the barrier atoms
are also moving upstream instead of only moving downstream. This is another
clear signature of the shock wave. The atoms are retained in the guide due to
the kinetic pressure of the incoming atoms. If we stop launching the packets of
atoms from the MOT, the number of atoms in the guide quickly diminishes.
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Figure 5.4: Beam velocity (a), optical density (b) and number of atoms (c) for
a horizontal guide (black squares) and a guide with a downward slope of 5 mrad
(red circles). The barrier is turned on at t = 0. The beam velocity and optical
density indicate that the shock wave appears later in the tilted guide compared
to the horizontal guide. From the beam velocity and optical density we can
derive the number of atoms, which pass by the detector at point A. In the tilted
guide the accumulation of atoms occurs over a longer period, which leads to a
larger accumulation of atoms in the guide compared to the horizontal guide.

Tilting the guide downwards has a dramatic effect on the shock wave. In Fig. 5.4
we compare the beam velocity and optical density at point A for a horizontal
guide with the same measurement on a tilted guide. As can be seen from the
beam velocity and the optical density, the shock wave appears later when the
guide is tilted. From these two parameters we can derive the number of atoms,
that have passed the detector at point A and accumulate in the guide. In both
cases the initial flux (the slope of the number of atoms) is identical and the
loading rate does not depend on the tilt of the guide. However, the growth of
the number of atoms in the guide continues longer for the tilted guide compared
to the horizontal guide. Thus more atoms accumulate in a tilted guide, which we
refer to as gravitational compression. Gravitational compression is caused by the
weight of atoms accumulating at higher elevation and works in our guide due to
two reasons. First, the gravitational energy of the atoms for a guide that is tilted
a few cm downwards is comparable to the thermal energy. Second, the shock
wave has converted the supersonic beam into a subsonic beam and gravitational
compression on a downward slope only works for subsonic atoms. This has to
be contrasted to slowing a supersonic beam on an upward slope [39], where the
slowing is limited to the speed of sound. Here we can slow the beam down to
arbitrary low velocities. The straight lines indicate the situation for a discrete
shock wave in the hydrodynamic limit. The slope of the number of atoms for
long times are determined by the loss of atoms in the guide due to evaporative
cooling. The increase of the slope for a tilted guide compared to a horizontal
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Figure 5.5: Growth of optical density on resonance after the barrier is turned
on at t = 0 for different positions in the guide with a downward slope of 5
mrad. Positions: point A (black squares), point B (red circles) and point C
(green triangles). Due to the gravitational compression there is an increase in
the density by nearly a factor of 3 at the lowest point (point C) compared to
the highest point (point A).

guide is due to the larger number of atoms in a tilted guide and not by a higher
loss rate, which we have confirmed by carefully analyzing the data. Figure 5.4 is
a clear signature for the hydrodynamic behavior of our atoms in the guide and
together with the results of Figs. 5.2 and 5.3 striking evidence for the appearance
of a shock wave. Roos et al. [42] discuss a theoretical model for the loading of a
non-dissipative trap using collisions between incoming atoms and atoms already
present in the trap. Although they obtain similar results as presented here, their
results depend on the use of different evaporation thresholds in the axial and
radial direction and do not rely on the use of a shock wave. Their approach will
not lead to compression in the horizontal guide.

One of the issues that remains to be discussed is the stabilization of the shock
wave, which is evident from the experimental results. Under normal conditions
the shock wave is expelled from the guide in a converging geometry like ours.
This behavior, which is referred to as inlet unstart, relieves the kinetic pressure
on the atoms in the guide and all subsonic atoms will flow back to the MOT
region. This does not play a role in our experiment, as is evident from the
continuous increase in the density in Fig. 5.3 even after the shock wave has
reached the beginning of the guide. We think that inlet unstart is not happening
in our guide, because the mean free path at the entrance of the guide exceeds
the distance to the MOT, causing excess atoms to leak back to the MOT.

81



This stabilizes the shock wave and thus maintains the kinetic pressure on the
atoms in the guide. One of the key properties here is the fact that our beam is
guided using a conservative potential and that the beam in the guide is radially
collisionless, which allows for rapid transition from hydrodynamic behavior in
the guide to collisionless behavior at the entrance of the guide in the axial
direction.
The use of a shock wave in our experiment yields several advantages for the
cooling of the beam. First of all, the beam is reduced to subsonic speeds, which
increases the traversal time considerably. The densities are increased, which
leads to a higher collision rate. But, what is most important, the shock wave
allows us to exploit gravitational compression, which further increases the den-
sity. In Fig. 5.5 the optical density is shown at different positions in the guide.
The density increases towards the end of the guide, which is another sign of
gravitational compression, whereas the density gradient is small in a horizontal
guide. Note that the optical density is approximately proportional to the colli-
sion rate of the atoms (see Supplementary information), which grows at the end
of the guide by more than an order of magnitude. Tilting the guide leads to an
increase of the accumulation time of the guide (as seen from Fig. 5.4) and thus
to an increase of the number of atoms in the guide. Under these conditions we
have accumulated 5×1011 cold atoms in the guide, which is more than an order
of magnitude larger than the traditional way of loading a magnetic trap [15].
Shock wave assisted loading thus also is a promising route for continuous load-
ing of a conservative trap without the use of nearly resonant light [43] or the use
of atom specific dark states [44], where the loading times are limited by light
scattering to below a second.
Converting the beam to subsonic speeds completely changes the paradigm in
the requirements and achievable performance of a continuous atom laser. For
cooling a supersonic atom beam a guide length of hundreds of mean free paths is
required, but for a subsonic atom beam strictly only the width of a shock wave
(a couple of mean free paths) is needed. For a subsonic beam there is no longer
a direct proportionality between the distance traveled and the collision rate
so the length of the cooling region can be neglected. The use of gravitational
compression is only achievable due to the low temperatures in our setup. The
limits of gravitational compression are not clear, as a larger slope should always
result in higher densities. Our experimental results show that this is not true
in practice.
To show that the conditions in the guide are sufficient to cool the beam down to
degeneracy, we have employed rf-induced evaporative cooling on the atoms in the
guide. Cooling all the atoms in the beam down simultaneously using different
rf-stages [39] is a challenge for a subsonic beam. First of all, the cooling has to
be performed on an upward slope to compensate for the decreasing number of
atoms, since the behavior of the subsonic beam is dominated by hydrodynamic
pressures. Secondly, the heat conduction through the beam can be prohibitively
large [45], which limits the temperature gradient in the guide. Heat conduction
in subsonic beams has a large influence on the attainable temperature gradient,
whereas it does not play a significant role for supersonic beams. To circumvent
these problems, we have extracted about 20% of the atoms from the reservoir
by temporarily lowering the first barrier and trapping them between the first
and second barrier (see Fig. 5.1). These atoms are evaporatively cooled for
95 s to degeneracy and subsequently released further into the guide, leading
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5. The shock wave driven atom laser

to a pulsed atom laser [1]. A long evaporation time is used, since our guide
is not optimized for evaporation using a single rf-frequency. The procedure of
extracting atoms is repeated and this way we have created a pulsed atom laser
with each packet containing 107 atoms. This method can be further optimized
by using several moving barriers, in which the evaporation can take place, thus
effectively creating a conveyor belt scheme, which allows for the creation of a
continuous atom laser [46]. Note that the complications and limitations for
loading the conveyor belt using a supersonic beam, as identified in that work,
are not present if a subsonic beam is used. Based on our loading flux of the
guide and usual evaporation efficiencies [15, 47] the expected flux of the atom
laser will be 2× 107 atoms/s, which is about two orders of magnitude increase
compared to the “traditional” way of producing Bose-condensed atoms. Such an
atom laser beam can be adjusted to be either supersonic or subsonic, pulsed or
continuous and thus can be considered as a “universal” atom laser. A transition
from the subsonic to the supersonic regime constitutes a black hole for the
elementary excitations (phonons), and as such generates a version of Hawking
radiation [48]. Phenomena to be studied are cosmological inflation [49], trans-
Planckian physics [50] and black hole lasers [51].
In conclusion, we have created a shock wave that allows for the conversion of
an incoming supersonic beam to a dense, subsonic beam. Due to the shock
wave the collision rate in the beam can be increased dramatically using gravita-
tional compression and evaporative cooling. We have used magnetic barriers to
repetitively split off part of the beam and cool it to degeneracy in a very short
distance to create atom laser pulses. In combination with a conveyor belt the
present setup can be used to generate a continuous atom laser with a flux rate
of condensed atoms as high as 2× 107 atoms/s. The use of a shock wave makes
the atom laser robust, reproducible, and stable. The large increase in the num-
ber of collisions due to the shock wave makes the production of a sustainable
continuous atom laser viable.

83



Supplementary information

Setup – Our primary atom source is a recirculating oven [47] heated to a tem-
perature of 430 K with an aperture with a diameter of 6 mm, which generates
a flux of 8× 1012 atoms/s through a hole with a diameter of 36 mm close to the
MOT chamber. A Zeeman slower slows atoms down to a velocity of 30 m/s for
loading into the MOT. The MOT capture rate is 4 × 1011 atoms/s, which is a
factor of 20 higher compared to Ref. [36]. During a period of 80 ms we capture
about 3 × 1010 atoms. The atoms are launched in packets with a frequency of
6 Hz into the guide. The cloud is pre-shaped into an elongated cloud before
launching for 30 ms and accelerated in upward direction for 10 ms to 2.4 m/s
using a moving molasses. The magnetic field is switched off and the detuning of
the cooling lasers is increased to -60 MHz leading to a temperature of the cloud
is 0.09 mK. A transient two-dimensional quadrupole field is mode-matched at
0.6 T/m to the cloud and ramped up in 44 ms to 1.7 T/m forcing the atoms
into the guide. In this procedure we manage to compress, launch, cool, and spin
polarize about 6× 109 atoms per packet.
The four meter long guide consists of four rods of copper tubing with a diameter
of 6 mm with a spacing of 2 mm. The tubes are cooled by water pumped with
a pressure of 10 bar through the core with a diameter of 4 mm. The maximum
gradient of the guide is 20 T/m at a current of 800 A, but we typically operate
at a current of 550 A leading to a gradient of 13 T/m. To avoid spin-flips in
the center of the guide a longitudinal bias field of 0.7 mT is used. The guide in
a Corning 7740 Pyrex tube is pumped by ion pumps of 50 l/s at both ends. In
the tube a SAES st707 NEG strip is used to lower the pressure. The lifetime
due to background collisions is ∼400 s, indicating a pressure below 5 × 10−12

mbar in the guide. Two barrier coils at the end of the guide can provide a bias
field of 40 mT.
To adiabatically transfer the atoms from the pre-guide into the guide, the gra-
dient at the entrance of the guide is slowly increased from 1 T/m to 13 T/m.
To achieve this the four rods in the guide are partially shorted in the beginning
using twelve segments. Furthermore, in the beginning the spacing between the
rods is 10 mm, which is reduced to 2 mm after 30 cm. After launching vertically
for 15 cm the trajectory of the atoms is bent to horizontal in a 5 cm radius.
The final velocity is 0.7 m/s and the temperature in the guide is 1.1 mK. We
find a loading efficiency of 1/3 for the atoms launched towards the guide. In a
guided beam the speed of sound is given by c =

√
9kBT/7M , which is 0.4 m/s

under our conditions.
Cooling to degeneracy – The collision rate of the shock wave assisted loading is
∼70 Hz, which is high enough to cool the atoms to degeneracy. However, there
is a trade-off between loading and evaporative cooling. For optimal evaporative
cooling the gradient should be reduced during the cooling cycle from 8 T/m
to 2 T/m, which reduces the three-body decay. At the end of the cycle the
atoms are trapped in an harmonic trap with trap frequencies of 0.6 x 70 x 70
Hz. Although this trap is not optimal for the evaporation, we are able in 95 s
to generate nearly pure condensates of 2×107 atoms, which is to our knowledge
comparable to the largest rubidium Bose-Einstein condensates [15]. Our current
flux of condensed atoms is around 105 atoms/s. Limitations are the compromise
for the gradient between the loading and the evaporation, and the propagation
of the rf-signal along the guide or the NEG strip. These limitations should be
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5. The shock wave driven atom laser

imaging region

mask

Figure 5.6: Setup for the detection of the velocity distribution.

taken into account in the design of future atom lasers.

Probing the velocity distribution – The velocity distribution in Figs. 5.2 and 5.4
is determined by depleting atoms in a 4 mm region (see Fig. 5.6) by illumination
for 1 ms with light detuned −8 MHz from the 52S1/2(Fg = 1) to 52P3/2(Fe = 2)
transition. This pumps all the atoms to an untrapped state. Atoms flowing into
this region during 3 ms are imaged using the same light beam. The image is
simulated using a Gaussian distribution and the center yields the beam velocity
and the width is a measure of the temperature. Potential limits in the accuracy
of the method are incomplete depumping, atoms in the high velocity tail of
the distribution, and the exact position of the measurement area. Note that the
depletion region is much smaller than the guide length and thus that this probing
technique does not affect the distribution of atoms in the guide significantly.

Probing the density and temperature – To measure the linear density and tem-
perature of the beam in Fig. 5.3 we detect the absorption of nearly resonant light
by the atoms. To obtain sufficient accuracy using this technique the detuning
of the light is varied over a large range from −30 to +10 MHz. The absorption
of the atoms in the inhomogeneous magnetic field is modeled using the cross
section for transitions to different upper states, which are Zeeman shifted [19]
(see also Ref. [52]). The absorption for different positions and detunings are
fitted, where the only two relevant fit parameters are the temperature and the
linear density. The method is repeated for different linear polarizations of the
light and the results are consistent. The probing is effectively non-destructive
due to the low probing repetition rate, and the small illuminated area.

Probing the optical density – In Fig. 5.5 the optical density is measured directly
by observing the absorption of a light beam at a detuning of −8 MHz from
the 52S1/2(Fg = 1) to 52P3/2(Fe = 2) transition. Under these conditions,
the optical density is highly correlated to the collision rate, like in a harmonic
guide at low temperatures, For a harmonic guide one obtains the collision rate
γcol ∝ n3Dvth and the optical density OD ∝ n3Dσ, where n3D is the density, vth
the thermal velocity and σ the width of beam. The last two are proportional to
each other by the relation vth = ωσ with ω the guide frequency. The effects of
non-harmonicity of the trap and of Zeeman broadening largely cancel each other
for different temperatures, as we have deduced from our model described above.
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Within the temperature of the experiment (1.1–1.8 mK) an optical density of
one corresponds to a collision rate of 16 Hz.
Simulations – The experimental evidence of the shock wave has been corrobo-
rated by simulations based on the hydrodynamic equations [53] including evap-
orative cooling. The cooling is effectively two-dimensional instead of three-
dimensional as discussed in Ref. [54]. In the simulations also viscosity and
thermal conductivity [45] are taken into account. The partial differential equa-
tions are solved with boundary conditions for the flux, temperature and speed
of the incoming beam. These are supplemented with von Neumann boundary
conditions on the temperature and velocity gradients on the downstream side
the barrier. These equations are only valid under local thermal equilibrium,
which is not fully met at three places: at the barrier, which is not wide enough,
in the shock wave, since it is rapid transition, and at the entrance of the guide,
where the behavior is largely collisionless due to the weaker confinement. The
results can therefore only qualitatively be compared to the experimental results.
An important parameter in the evaporative cooling, viscosity and thermal con-
ductivity is the collisional cross section. The atoms in our system collide at ener-
gies larger than the s-wave regime, and also exceed the d-wave resonance [55, 56].
The scattering becomes dominated by d-waves, g-waves and i-waves. Moreover,
the scattering becomes non-isotropic, and many of the scattering events are
glancing causing only a small velocity change. In our simulations these compli-
cations are taking into account by assuming an isotropic cross section reduced
by 30% from the zero-energy s-wave cross section.
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CHAPTER6
Bose-Einstein condensation in a magnetic guide

Direct evaporative cooling of a supersonic beam is more difficult than cooling
a trapped cloud of atoms. First, the pulsed injection results in a longitudinal
dilution of the atom packets and the resulting decrease in the atomic density
results in a low initial collision rate γ. Second, the time available for evapora-
tion is limited by the guide length and the mean velocity of the beam. Third,
the collision rate and thus the phase-space density scales less favorably in a 2D
confinement than for a 3D trap.
The subsonic beam is a continuous source of ultra-cold atoms ready for evapora-
tive cooling. The subsonic beam is not diluted but hold a large density (8×1010

atoms/m ). With the subsonic beam loaded into the 4 meter long conservative
trap it is possible to make BEC. Loading a part of the beam into a 3D trap and
apply normal 3D evaporative cooling.
In this chapter it is first shown, that surface evaporation on the guide tubes is
present and can be evaluated by the hydrodynamical equations. Second it is
shown, how the number of collisions are dependent on the trap potential that
the atoms are evaporated in. Both 3D traps and 2D traps are analyzed with
3D evaporative cooling. Third, it is shown that it is possible to make a large
BEC (≫ 1 × 107 atoms) from the subsonic beam. Lastly it is shown that it is
possible to make a BEC, while the guide is being loaded continuously.

6.1 Evaporation on the guide tubes

From the experiment we can see that there is an extra gain in density and an
extra lowering of the temperature as the subsonic beam propagates down the
guide (see fig. 5.3). This is a contribution from evaporative cooling on the
guide tubes. In order to evaluated the evaporation on the guide the loss rate
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Evaporation on the guide tubes

Figure 6.1: The integration space. The cylinder represent the guide. The sphere
represent the collision sphere. If the sphere extends the cylinder an atom is
evaporated away.

is estimated by using the hydrodynamical equations (4.15)-(4.17) with an extra
loss parameter for the evaporation Ref. [53].

. . . = −Γ1n− Γ2 (η)n (6.1)

. . . = −MΓ1nu−MΓ2 (η)nu (6.2)

. . . = −Γ1nE − Γ2 (η)n

(
1

2
Mu2 + V

)
− Γ3 (η)nkBT (6.3)

Here Γ2 is the evaporative-induced particle loss rate and Γ3 is the energy loss
rate. They are proportional to the elastic collision rate γ and depend on the
evaporation parameter η Ref. [53]. Calculating the evaporation space in mo-
mentum space allows for an evaluation of the decrease of temperature and the
increase of density in the atom beam. Figure 6.1 shows the elliptical cylinder
representing the momentum of the particles trapped in the magnetic field of the
guide. The shorter axis represents the radial velocity needed to escape the trap
and the other axes represents the tangential velocity. In the axial direction the
velocity is infinite, since all velocities are trapped in the longitudinal direction of
the guide. The region outside the elliptical cylinder represents all the momenta
for which the particle can escape the trap.
The relative velocity of two colliding particles can be represented by a sphere,
since momentum and energy is conserved and all angles for the collision are
allowed. Depending on the relative velocity of the collision the outcome of the
collision may lead to a loos of a particle, if one particle gains momentum in
the radial direction larger than the trap can contain. The other particle will
then have a smaller momentum and thereby cooled down, which decreases the
average temperature. This is evaporative cooling and data strongly indicates
that we have evaporative cooling on the guide tubes.

88



6. Bose-Einstein condensation in a magnetic guide
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Figure 6.2: The effect on the density and the temperature of the evaporative
cooling on the guide tubes.

Figure 6.2(a) shows the effect of evaporative cooling until a new equilibrium is
reached. It is clear that additional increase of the density due to evaporative
cooling is present after the shock wave. The guide is horizontal and the shock
wave develops without evaporative losses until a time t, where the evaporative
losses are added. The end barrier has been moved to 6 meter. This is done to
ensure that the shock wave has developed but not reached the beginning of the
guide, so that the increase due to the evaporation loss is clear. After the shock
wave the beam velocity is close to zero and to maintain a constant force in the
guide the density must increase, when the temperature decreases. Figure 6.2(b)
shows the decrease of temperature. Notice that the decrease of temperature is
larger the further down the guide the beam is. This simulation corresponds to
the tendencies in the measurement of Fig. 5.3. When applying a downward
slope in this situation, the evaporative cooling and gravitational compression
can be mutually enhancing. In simulations at high fluxes, it can even lead to
an instability towards Bose-Einstein condensation or three body decay. This
physical situation discussed here is quite similar to the situation discussed in
Ref. [57]

Discussion

We have corroborated the additional increase of density and decrease of tem-
perature in the subsonic beam. This is from evaporation of the hot spiraling
atoms circulating the atomic beam.

6.2 BEC

BEC can not be reached by laser cooling alone. Even though laser cooling of
atoms can reach temperatures of µK, the achievable phase-space density is lim-
ited. Laser cooled atoms effectively repel each other through radiation pressure,
limiting the achievable density. Light from one atom is reabsorbed by another
causing a repulsion between them, when the cloud becomes optical thick. Fur-
thermore, when the density increases, so does the collision rate. Inelastic colli-
sions lead to the loss of atoms. The dominant process is light assisted collisions
between atoms in the atomic ground state S and atoms in the excited state P.
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Figure 6.3: Truncated Maxwell-Boltzmann distribution at two energies ε′ < ε
and εt is the cut-off energy.

A cold gas contained in a conservative trap has a specific energy distribution
f (ε) (see figure 6.3). A good way of removing the energetic atoms is by evapora-
tive cooling in a conservative trap. Evaporative cooling is performed by letting
two particle collide producing a low energy particle and a high energy particle.
Efficiently removing the highest energy particles causing the cloud to cool down.
Evaporative cooling can be done in two ways: either by a solid surface or by
an RF knife. The idea is the same. The atoms with the highest energy travel
further out to the periphery of the cloud. Moving a solid surface close to an
atom cloud will then remove the most energetic atoms, leaving the colder atoms
and letting them rethermalize through collisions. With an RF-knife, atom at
a certain threshold energy εt are spin flipped to a high field seeking state and
therefore removed from the confining potential. The threshold energy is contin-
uously lowered with the temperature. The process is continued until the atoms
reach BEC. To describe the evaporation process the truncation parameter is
defined

η =
εt
kBT

(6.4)

where T is the temperature of the system. The parameter η is a measure of
the trap depth. For low η a large evaporation rate occurs, but the average
temperature drop per evaporated atom is low. For large η the temperature
drop per evaporated atom is large, but only few atoms will have an energy high
enough to get evaporated. Using a constant η means lowering the energy εt,
since the temperature is lowered per evaporation step.
Usually a BEC experiment starts with a phase-space density of 10−9, which can
be brought to unity and thus BEC by losing up to 3 orders of magnitude in
atoms.
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6. Bose-Einstein condensation in a magnetic guide

6.3 Cooling in different trap configurations

Here we study the 3D and 2D evaporative cooling in different trap configura-
tions. We want to explain the difference between evaporative cooling in a guide,
a Ioffe-Pritchard trap and all 2D or 3D combinations in between.
At the end of our guide two coils are placed. One of the coils is used to create a
shock wave and the other is placed 40 cm below. These two coils in combination
with the guide create a combination of linear and harmonic 3D trap (a hybrid
trap) where RF-evaporative cooling is applied. As the evaporation continues
the trap eventually becomes a 3D harmonic trap, before we reach degeneracy.
The guide is a 2D trap, where at high temperatures it is linear, while at lower
temperatures it is harmonic due to the presence of a small longitudinal bias
field. All 5 trap configurations are investigated for the efficiency of evaporative
cooling.

The evaporative cooling process is limited by the rate at which atoms scat-
ter into high energy states that are non-trapped. However, in Ref. [24] it is
shown, that this rate is reduced due to depletion of energy states just below the
threshold. It is found that as soon as high energy particles collide and some are
evaporated, it takes time until the high energy states are refilled. This causes
a limited availability of high energy particles that can be evaporated, thereby
slowing down the evaporation process. The distribution function at lower en-
ergies is barely affected by this process and thus corresponds to a Boltzmann
distribution. In Ref. [24] only two cases are discussed, the 3D harmonic and
linear trap, but here we report on all different trap geometries.
The purpose of the model Ref. [24] is to determine the time t0 to reach degener-
acy. This can be done by monitoring the evolution of the collision rate, density
and temperature. The distribution function and the collision rate can be de-
scribed by self-similarity. The distribution function will reshape itself through
the thermalization process into a shape identical for all temperatures, (see Fig.
6.3). When the temperature gets colder the distance between the atoms in a
trap decreases thereby increasing the collision rate γ.
For the collision rate γ the time derivative depends quadratically on γ, since if
the collision rate increases the time between each collision t will decrease. Thus
dγ/dt = γ2/Nc. The solution is

γ = γ0

(
1− t

t0

)−1

. (6.5)

Note that this shows the behavior of runaway evaporative cooling, where the
collision rate goes to infinity for t = t0, indicating BEC is reached in a finite
time. In a similar way the time-dependence of temperature T and number of
particles N can be written [58]

T = T0

(
1− t

t0

)αT

(6.6)

N = N0

(
1− t

t0

)αN

(6.7)

where T0 andN0 are the initial temperature and number of particles respectively,
and αT and αN can be determined by the minimum number of collisions. The
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Cooling in different trap configurations

relation between αN and αT is

αN = αT

(
δ − 1

2

)
− 1, (6.8)

where δ is a number determine by the potential (see Tab. 6.1). Depending on
the potential the density of state, and the number of collisions will change. All
numbers presented in Tab. 6.1 is for 3D cooling. The sequence of the potential
are determined by the energy per particle. Notice that the density of states
follows this order as well.
Here the transverse and longitudinal directions can not be separated due to
collisions and the density of state is calculated for the 3D case. With the initial
collision rate γ0 = n0σvrel and the time t0 it takes to reach degeneracy the crit-
ical number of collision is given by Nc = γ0t0. The critical number of collisions
is constant for a given trap and evaporation efficiency. Only the time it takes
to reach degeneracy is determined by the initial conditions.

Figure 6.4 shows the number of collisions Nc in a potential for 3D cooling and
2D cooling. The effective evaporation efficiency kBTηeff ≡ dE

dN is the effective
amount of energy that is cut off per evaporated particle. It is the energy of the
atoms that are leaving the trap, instead of the energy above which atoms can
leave the trap. The dashed line is the truncated Boltzmann distribution where
the solid line is the model of Ref. [24]. The dotted line is 2D cooling and is
determined from Eq. (6.1)-(6.3). The 2D cooling is shown for the 2D traps
where this is relevant. In all cases the truncated Boltzmann underestimates Nc.
The result shows that the evaporation process is definitely slower than can be
expected Ref. [59] due to the lack of high energy particles.
The potential configuration with smallest Nc is the quadrupole trap. This is
clear since there are more relative energetic particles, thus the cloud shrinks
faster as a function of temperature. The energy per particle removed decreases
in each trap resulting in a larger number of collisions per trap and a higher αT

is needed per trap for effectively cooling. It is seen that the 2D cooling is a
factor of two less effective than 3D cooling. The effective minimum is still the
same and the αT is the same as for 3D cooling. This shows that cooling directly
on the guide is a very difficult task.

In our experiment we start with a hybrid radially linear and axially harmonic
trap. About halfway in the evaporation sequence the atoms become so cold that
the trap is effectively harmonic. At this time, the collision rate usually will have
increased by only a factor of 2 in all three directions, following Eq. (6.5).
Throughout the sequence of the RF-knife an αT = 3 is chosen to have an
effective evaporative cooling, both in the hybrid and 3D harmonic trap. Hence
the temperature follows a (1 − t/t0)

3 curve. For the RF-knife this curve is
followed with respect to the resonance frequency for atoms at the center of the
trap.

Discussion

The number of collisions are investigated for all possible trap configurations
spanning from the quadropole trap to the 2D harmonic guide. It can be seen
that the least number of collisions is needed in the quadropole trap whereas the
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6. Bose-Einstein condensation in a magnetic guide
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Cooling in different trap configurations

(a) Number of collision in a quadrupole trap. (b) Number of collision in a hybrid trap.

(c) Number of collision in a 2D linear guide. (d) Number of collision in a 3D harmonic
trap.

(e) Number of collision in a 2D harmonic
guide.

Figure 6.4: Number of collision Nc in different trap configurations as a function
of the evaporation efficiency ηeff

largest number of collisions is needed in the 2D harmonic guide. It is shown that
the lack of high energetic particles increases the number of collisions needed and
that cooling in 2D is a very difficult task.
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6. Bose-Einstein condensation in a magnetic guide

Figure 6.5: The 4 meter guide with the two coils

6.4 BEC in the guide

The previous section lead us to understand that direct evaporative cooling in
the guide is an almost impossible task and that the best approach is to load the
atoms into a 3D trap for evaporative cooling. This is described here.
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Figure 6.6: The trap potential made by second coil and the half coils shows the
potential the atoms flow into when the first coil is lowered. Red curve is without
the anti bias coil the black curve is with.

The guide is tilted down 2 cm over 4 meters. After 3.7 m two coils are placed
with a distance of 40 cm in between. These will act as pinch coils. The coils
are identical and have 7× 8 windings with a mean diameter of 15 cm. For the
first coil the maximum current is 120A, since at a higher current the cooling
water can not effectively cool the coil down. The second coil is attached to two
ZUP power supplies in parallel with a maximum of 70A each. The two coils in
combination with the guide is a standard Ioffe-Pritchard trap. Since the guide
is tilted downwards the atoms sag to the end of the guide, causing asymmet-
rical evaporative cooling. To counteract the repulsive force of the end coil at
the position of the trap during loading, another anti-bias coil with 2 winding in
series with the second coil is placed 20 cm before the second coil. This levels the
potential out (see Fig. 6.6), but does not counteract the sag. Between the two
coils a butterfly wounded RF antenna is placed on the outside of the vacuum
glass. The RF-power is up to 4W, which creates an oscillating field of 52 mG.
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Figure 6.7: Frequency ramp used in the evaporation process as a function of
time. The black curve is the RF-frequency and the red curve is Eq. (6.6) for
αT = 3. The dashed line is the bottom of the trap.

In the last 20 s of the evaporation sequence this is lowered to 37 mG.

The guide is loaded on the last coil with 400 packets creating a shockwave and
subsequent a dense subsonic beam. The lifetime in the guide is up to 400 s,
limited by the vacuum pressure. The first coil is raised in 1 s and the guide
magnetic field gradient is reduced from 13.5 T/m to 9.64 T/m. A part of the
subsonic beam is now in a 3D hybrid trap and settles down in a 4 second equi-
librium period. The current through the coils is held constant creating a axial
trap frequency of ωl/2π = 0.67 Hz. Figure 6.7 shows the evaporation curve as
a function of time. The dashed line indicates the bottom of the trap and the
black curve the radio-frequency ramp. The red curve is Eq.(6.6) at a chosen
αT = 3. Evaporative cooling is performed for 92 seconds. At the same time
the magnetic gradient from the guide is lowered from 9.64 T/m to 4.82 T/m
decompressing the trap to a trap frequency of ωr/2π = 98 Hz. After the evapo-
ration we decompress again for 60 ms in the radial direction to a trap frequency
of ωr/2π = 24.5 Hz, before applying time of flight, by releasing the atoms.

In general, 3D adiabatic decompression leads to a conservation of phase-space
density

ρ = N

(
~ω
kBT

)3

(6.9)

and the ratio ~ω
kBT remains constant. We can assume that when the cloud

is released in TOF it only expands radially, since ωlτTOF ≪ 1. The radial
decompression of the trap frequency ωrad by a factor of 4 leads to a reduction
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6. Bose-Einstein condensation in a magnetic guide

Figure 6.8: Image sequence of the BEC forming out of a thermal cloud

of the temperature in the radial direction with a factor of 4, T int
rad = 4T final

rad .
BEC is reached at a rf-frequency 200 kHz above the bottom of the trap.
The pixel size is measured to be 16.9 µm with the chosen lens and by measuring
the width in both the axial and the radial direction the size of both the BEC
and the thermal cloud can be determined. The images are observed after an
expansion time τ = 45 ms. The width of the cloud will expand according to
equation (2.13). The BEC shown in the last pictures of Fig. 6.8 is 0.96 mm
long and 70 µm wide holding 1× 107 condensed atoms.

The number of atoms are determined by absorption Eq. (2.14) and Fig 6.9 show
the result. This is the last 20 s of the evaporation process. At condensation
temperature Tc = 162 nK we have 108 thermal atoms. Degeneracy is reached
in the last 10 s and the BEC grows out of the thermal cloud as a bimodal
distribution reaching a pure BEC with 1 × 107 condensed atoms. Figure 6.10
shows the axial temperature and the radial temperature. They drop from 500
µK down the 50 µK in unison, indicating that good rethermalization is present.
It must be noted that this trap does not produce the largest condensates. We
have made a BEC with 3×107 condensed atoms in a under weaker trap frequency
conditions.

Discussion

A BEC of 1× 107 condensed atoms is created in a weak axial and strong radial
3D trap with the source of the cold atoms from the subsonic beam with a density
of 1010 atoms/m. This BEC is a record for 87Rb BEC Ref.[15].
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Figure 6.9: Number of atoms for the thermal atoms (black dots) and the con-
densed atoms (blue dots) as a function of the rf-frequency for evaporative cool-
ing.
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Figure 6.10: Temperature for the condensed atoms in the radial direction (black
dots) and axial direction (red dots.)
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6.5 BEC in the guide while loading the guide

It is relatively straight forward to load the beginning of the guide while at the
end of the guide evaporative cooling is performed. Here we will create a BEC
as previous described, but while RF-cooling we continue to load the guide on
the first coil. Remember that while loading the next bit of the subsonic beam,
the guide current is lower so that effective evaporative cooling is made in the
3D trap between the two coils, this will give a less effective loading of the guide
and the next BEC is expected smaller. The first BEC is discarded and the trap
is loaded again from the subsonic beam that have been affected by the creation
of the previous BEC. This cloud is cooled to degeneracy and observed.
In total 400 packets are loaded into the guide on the second coil. The second
coil is held at a constant current. The first coil is lowered for 1 s to zero and
the subsonic beam flows along the guide until stopped at the second coil. The
first coil is raised again and the now 3D trapped beam is left for 4 s to settle.
The guide current is lowered from 13.5 T/m to 9.64 T/m and 92 s of evapora-
tion is conducted. At the same time the guide is loaded again on the first coil
to continue adding atoms to the subsonic beam. A BEC is created with the
same numbers in Sec. 6.4. The new BEC is then discarded and the first coil is
lowered. Again part of the subsonic atom beam flows along the guide until the
second coils is reached and is trapped in the 3D trap. This scheme can be set
at a repetition of 10.5 mHz. For observation the guide is lowered to 0.3 T/m
in 200 ms and then turned off giving a TOF time of 43 ms before the BEC is
observed underneath the guide tubes.

Figure 6.11 shows the number of atoms as determined by Eq. (2.14). This is
the last 20 s of the evaporation process. Because the trap is stronger than the
previous BEC the bottom of the trap is raised with an additional 5 MHz, hence
the evaporation curve is raised 5 MHz higher than in Fig. 6.7. Degeneracy
is reached in the last 10 s from a thermal cloud of 107 atoms into BEC with
5.3 × 106 condensed atoms. Figure 6.12 shows the axial temperature and the
radial temperature relative to the bottom of the trap. It is not until we have
reached a pure BEC that there is effective rethermalization.
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Figure 6.11: Number of atoms. The black dots are the thermal cloud and the
blue dots are the BEC.
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Figure 6.12: Temperature for the condensed atoms in the radial direction (black
dots) and axial direction (red dots).
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6. Bose-Einstein condensation in a magnetic guide

Discussion

The number of condensed atoms in second BEC is 50% of the first BEC made.
We believe that there can be three reasons for this: The magnetic gradient
of the guide is lowered and will have an effect on the loading of the guide,
and thus on the creation of a subsonic beam. Second, large condensates are
produced under the condition that the radial trap frequency is lowered. But
the second BEC is created in a stronger trap than the first BEC. Third, the
RF-signal leaks over the confining barrier removing atoms in the subsonic beam.

That the BEC is created from the affected subsonic beam shows that we are on
the right track to a continuous BEC machine. The capability of cooling atoms
while loading the guide creates the possibility of loading a conveyor belt, which
will replace our trap. The loading of a conveyor belt is even more efficient, since
the loss of phase-space density when the first coil is opened does not occur. From
atoms cooled in such a conveyor belt a continuous atom laser can be generated.
Our demonstration of reaching Bose-Einstein condensation shows that it is in
principle possible to reach degeneracy in a conveyor belt.

6.6 Resume

We have investigated evaporative cooling in all different trap configurations and
can show that the lack of atoms with a large energy add to an increase of number
of collisions before reaching degeneracy. Moreover, the trap configuration is very
important, as can be seen from Fig. 6.4. The least number of collisions is needed
in a quadropole trap and the largest number of collisions is needed in the 2D
harmonic guide. With 2D evaporative cooling it becomes even more difficult.
This shows that even without the thermal conductivity direct evaporative 2D
cooling in the magnetic guide is impossible, and another approach to evaporative
cooling in a magnetic guide should be used.
The dense subsonic beam is used to load a hybrid trap between two coils at
the end of the guide. In this trap we have created large 87Rb BEC of 1 × 107

condensed atoms. We have also created a BEC of 5.3 × 106 condensed atoms,
while the guide is loaded at the same time. This shows that we have successfully
designed, constructed and tested an experimental setup, where a continuously
dense source of ultra cold atoms is produced and ready to cool to degeneracy.
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CHAPTER7
Future perspective and summary

7.1 Future perspective

We have shown that it is possible to cool a part of the subsonic beam to de-
generacy while loading the guide. One option to obtain an atom laser is to
continuously outcouple part of the BEC. This has been done before [3, 32] but
only leads to a low flux quasi-continuous atom laser. In order to have a high
flux atom laser we must provide a continuous evaporative cooling of a cold atom
beam. This is hard due to the thermal conductivity. To archive the continuous
Bose-Einstein condensate beam we have to perform evaporative cooling while
the atoms are moving in the magnetic guide.
We suggest to suppress thermal conductivity, by placing a co-moving barriers
or conveyor belt in such a beam (see Fig. 7.1). This would enable efficient
initial evaporative cooling of a very slow beam with a roughly constant beam
velocity. The evaporative cooling can occur completely analogous to the proven
evaporative cooling in a Ioffe-Pritchard trap.
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7. Future perspective and summary

As a practical example, we will discuss a plausible scenario for our system. The
magnetic guide is extended into an 8 meter guide. A conveyor belt with 52 coils
can be build. Each 3th coil is connected in series and by alternating the current
in the coils the bottom of the traps can move from the left to the right. With a
lifetime of 400 s, and a cooling section of 4 m, a suitable beam velocity would be
around 4 m/400 s = 1 cm/s. This would be the slowest velocity of the conveyor
belt. With an initial collision rate of 70/s, as demonstrated in Sec. 6.3, the
number of collisions along the guide would be about 70/s × 400 s = 28000, an
order of magnitude over what is required in the worst possible scenario. This
conveyor belt can move at an arbitrary velocity. The conveyor belt providing
multiple standard Ioffe Pritchard traps, which are hybrid at high temperature,
but 3D-harmonic at low temperature. Adding multiple RF antennas along the
conveyor belt, each with a decreasing frequency from the previous and activated
when an atom cloud passes by, the atoms in the trap will be evaporatively cooled
while moving in the co-moving frame. By decreasing the amount of windings on
each coil the potential of each barrier between each trap is lowered and follows
the dropping of the temperature (see Fig. 7.2). Due to lowering of the barrier
the axial decompression vanishes and the scenario of standard Ioffe Pritchard
traps (Fig. 6.4(b) and Fig. 6.4(d)) are no longer valid. Instead the evaporative
cooling closely resembles the scenario of cooling in a guide (Fig. 6.4(c) and Fig.
6.4(e)).

Two possible scenarios can be used to reach a degenerate atomic beam. Either
cooling to degeneracy in the conveyor belt or not. If the choose is made to cool
to degeneracy in the conveyor belt effectively a pulsed atom laser is created
when the atoms leave the conveyor belt. Here each BEC while have a different
phase. A continuous degenerated beam will form since the BEC’s will merge
together in the longitudinal direction due to expansion. This will happen as long
as the condensation temperature Tc will not drop below the expansion energy.
The condensation temperature Tc drops due to the dilution of the density in the
longitudinal direction. For each merger one soliton will be emitted ensuring the
same phase for the degenerated atomic beam [60, 61], which could decay into
quantized vortices.

The other option is to not cool all the way down to Tc in the conveyor belt.
As the temperature drops and hence the mach number becomes high, the ther-
mal conductivity becomes inconsequential, at which point the barriers can be
removed completely. The reason why the thermal conductivity becomes incon-
sequential is that the diffusion process causing thermal conductivity, is much
slower than the evaporative cooling rate. Again the atom packets will form a
continuous atomic beam in a decelerating potential. At this point, the final
stretch of evaporative cooling to degeneracy can be performed in the guide in
two ways. The first way is to continue evaporative cooling to degeneracy follow-
ing Fig. 6.4(e). Alternatively, the mach number can be kept constant by using
an upward sloped guide. This will result in an evaporation scenario resembling
fig. 6.4(d).

Note that not only is there the flexibility in the scheme to generate supersonic or
subsonic atom laser, there is also the advantage of either a pulsed or a continuous
atom laser.
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The black hole laser.
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Figure 7.2: The potential from the conveyor belt of 52 coils, where every 3th
coils is in series. By alternating the current in the coils the bottom of the traps
can move from the left to the right.

7.2 The black hole laser.

The atom laser can be used to create an artificial event horizon and thereby the
ability to study the equivalence of Hawking radiation in this system.
Hawking predicted that an event horizon should spontaneously emit quantum
pairs of particles, where one particle of each pair falls into the hole and the
other escapes into space, constituting the radiation of the horizon know as the
Hawking temperature.

Picture the atom laser flowing from right to left at subsonic velocities (See Fig.
7.3 [62]). Inserting a Laval nozzle will accelerate the beam to supersonic veloc-
ities. Consider the fate of a sound wave propagating against the current of the
atom laser beam. In the subsonic region sound wave can travel against the flow,
but in the supersonic region it can not. No sound can escape the point where
the flows turns supersonic. This is the sonic horizon.
The sonic horizon acts as an acoustic equivalent of an event horizon. Travelling
from subsonic to supersonic is the equivalent of a black hole horizon and travel-
ling from supersonic to subsonic is the equivalent of a white hole horizon. Both
horizons emits quanta of phonons. However, for the black horizon phonons can
propagate against the flow on the right side of the black horizon. Just to the
left of the horizon phonons can only travel with the atom laser flow and the
phonos from the subsonic region will be swept into the supersonic region. For
the white horizon phonons can propagate on the left side of the white horizon
but not on the right side.
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7. Future perspective and summary

Figure 7.3: Sonic horizon in a atom laser, in which the speed of sound is 1. The
velocity profile of the fluid attends the value 1 at two values for z. These are
the horizons for the sound waves that are moving towards the right with respect
to the flow of the atoms laser beam. At the right hand horizon right moving
waves are trapped, with waves just to the left of the horizon being swept into
the supersonic flow region v > 1. No sound can emerge from the region through
the horizon and is equivalent to a black hole horizon. At the left hand horizon
the situation is reversed and this is equivalent to a white hole horizon.

This means that the horizons combined works as a cavity and that all phonos
propagating in the supersonic region will leave though the white horizon. Adding
multiple alternating horizons will lead to a continuous flow of phonos propagat-
ing from the right to the left thus creating, what is know to be, a black hole
laser.
The phonos emitted from the black hole laser will have the equivalent of a
Hawking temperature. In the sonic case this is given by the velocity gradient
at the horizon [50], which corresponds to 1.2 nK/phonon. This is an effect that
is possible to study in a high flux atom laser.
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Summary

7.3 Summary

In 1925 Einstein predicted a new state of matter. Einstein was heavily influence
by the statistical work done by Satyendra Nath Bose. Bose worked with the sta-
tistical properties of light particles, called photons, which Einstein expanded to
atoms. When the temperature is lowered to absolute zero, bosonic atoms show
strong ”social” behavior and allowed to share the same quantum state namely,
the one with the lowest energy. This is known as Bose-Einstein condensation
(BEC). When the temperature of the atoms is lowered the atoms behaves as
waves instead off as particles. In a BEC all the atoms merge together and form
one large wave. This wave has one phase and one wavelength.
An atom laser is a coherent beam of atoms with one phase. De Broglie wave-
length of the atoms is much smaller than the wavelength of light. An atom
laser provides a tool for high precision interferometry and holographic images.
So far all atom lasers have been made by outcoupling condensed atoms from an
already existing BEC. The flux and lifetime of these atom lasers are restricted
by the initial size of the BEC. A typical atom laser has a lifetime of 100 ms
and is of low flux. The continuous high flux atom laser is a holy grail for atom
physicist. This work describes our experimental setup for the high flux atom
laser.
The kinetic energy of an ensemble of atoms is a measure of the temperature, so
by lowering the kinetic energy of the atoms is equivalent to cooling the atoms.
The most effective way for lowering the kinetic energy of the atoms is by Doppler
cooling. If an atom is excited, it will experience a momentum loss equal to the
momentum of the photon. On average this does lead to a change of the mo-
mentum of the atom. Repeating this process many times will lead to a lowering
of the kinetic energy. The Doppler cooling has a minimum temperature due to
the random recoil of the emitted photons. To further decrease the temperature
evaporative cooling is used. Evaporative cooling is a slow process that much
resembles the cooling of a cup of coffee. The atoms are put in a trap where they
will collide. The most energetic atoms will leave the trap and the least energetic
stays behind, which must thermalize through collisions to a lower temperature.
In chapter two the experimental setup is described. The experiment consists
of a rubidium oven, where a beam of rubidium atoms is formed. The atoms are
slowed using laser light and collected and cooled using optical molasses. The
atoms are loaded into a 4 meter magnetic guide acts as a outlet for the atom
laser. The entire experiment is kept at ultra high vacuum. In order to cool the
atoms we use Doppler cooling, which cools atoms from hundred of degrees to
milli Kelvin temperatures in a matter of milli seconds. We have built five lasers,
two for slowing the atoms, two for cooling the atoms and one for observing the
atoms. All lasers are at 780 nm, the wavelength used to manipulate rubidium
atoms. In the cooling chamber we produce a collection of 1010 ultra cold atom
in 80 ms, which is a very large number.
In chapter three the launching procedure is described. The large packet of
atoms that was made in the previous chapter is transferred into the magnetic
guide. The lasers that are used for cooling also push the atoms into the guide.
The magnetic guide confines the atoms in the transverse direction but the atoms
are free to travel in the axial direction. Where new atoms are launched into the
guide every 166 ms the atom beam become continuous 50 cm into the guide.
This beam has a velocity that is larger than the speed of sound and therefor
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supersonic. Unfortunately the density of this beam is not large enough to have
effective evaporative cooling. By changing the beam into a subsonic beam the
density of the beam will increase. The beam velocity is changed by reflecting the
beam on a magnetic barrier and colliding the returning beam with the incoming
beam. This creates many collisions that result in a shock wave.
In chapter four the theoretical understanding of the creation of the shock wave
is described. The creation of the shock wave is best described by an analogous
situation. Take a high pressure hose that is used to clean tiles in the garden and
aim it into a bucket. When the high pressure water beam hits the bottom of
the bucket the water do not spray over the bucket edges and stays behind. This
is because the water molecules collide with each other. After the collision the
velocity of the water molecules has lowered and the water remains in the bucket,
thus creating a water mirror. Any additional water from the high pressure beam
that hits this water mirror is slowed down to slow velocities as well and raises
the water level. This is how the shock wave is created and affects the supersonic
atomic beam in our experiment, even though the guide is horizontal. The shock
wave have an additional feature: the only way that the supersonic beam can
become subsonic beam is through a large density increase. This hydrodynamical
phenomenon is used in the creation of a dense subsonic atomic beam. This dense
subsonic atomic beam has an internal collision rate large enough for effective
evaporative cooling. With a subsonic beam an additional density increasing
effect can be used: gravitational compression. The theory shows that if the
guide has a downward slope the density of the subsonic beam at the end of the
guide will increase due the weight of the upstream atoms.
In chapter five the experimental prof of the shock wave is described. At a
distance of 3 meter from the entrance of the guide is a magnetic coil, which
acts as an impenetrable barrier for the atomic beam. The supersonic beam
returns on the coil and collides with the incoming beam. This creates a shock
wave between the supersonic beam and the subsonic beam. The change of
beam velocity is directly observed by looking at the flow of atoms passing by
a specific point in the guide. In the experiment the shock wave is identified
by a density increase and a velocity decrease that travels upstream. The shock
wave is observed for different fluxes of the supersonic beam and it shows that
the lower the flux the larger the width of the shock wave becomes. It is also
observed that the density increases significantly when the guide is tilted on a
downward slope. In the experiment a subsonic dense atomic beam ready for
evaporative cooling has been created.
The dense subsonic beam is to be cooled to Bose-Einstein condensation. How-
ever, there are two problems. Direct cooling on a beam is not as effective as
cooling atoms in a trap. Second, thermal conductivity by high energetic atoms
spiralling the atomic beam produces an unavoidable heating of already cooled
atoms. In chapter six the difference in trap configurations for evaporative
cooling is described. The critical number of collision for BEC is investigated for
different trap configurations and it is found that in a trap 2 orders of magnitude
less collisions are needed than in a guide. After the magnetic barrier a second
magnetic coil is placed. These two coils together with the guide act as a three-
dimensional trap into which part of the subsonic beam is loaded. In this trap
evaporative cooling is preformed, producing the largest rubidium condensate,
as far as we know.
In the last chapter (chapter seven) the future prospect of the experiment is
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described. In principle atoms from the large BEC can be outcoupled to form
an atom laser, but this still only leads to a low flux atom laser, with a lifetime
determined by the initial size of the BEC. We strive for a continuous high flux
atom laser. This can be done by loading the subsonic beam into a conveyor belt
and perform evaporative cooling of the packets in the conveyor belt. This leads
to very cold packets of atoms that can be merged together again after of the
conveyor belt and cooled to BEC with evaporative cooling. This scheme leads
to a high flux atom laser.

7.4 Sammenvatting

In 1925 voorspelde Einstein een nieuwe toestand van materie. Einstein was sterk
bëınvloed door het statistische werk van Satyendra Nath Bose. Bose werkte aan
de statistische eigenschappen van elementaire lichtdeeltjes, fotonen genaamd,
en Einstein breidde het werk uit voor atomen. Wanneer de temperatuur ver-
laagd wordt tot het absolute nulpunt, gaan een bepaald soort atomen, bosonen
genaamd, zich “sociaal” gedragen en is het toegestaan, dat ze dezelfde toes-
tand bezetten, namelijk degene met de laagste energie. Dit is sindsdien bekend
geworden als Bose-Einstein condensatie. Bij lage temperaturen gedragen de
atomen zich als golven in plaats van deeltjes. In het condensaat smelten de
atomen samen en vormen één grote golf met één fase en één golflengte.

Een atoomlaser is een coherente bundel van atomen met een welbepaalde fase.
De golflengte van ene atoomlaser is veel kleiner dan de golflengte van licht.
Een atoomlaser is een apparaat, dat gebruikt kan worden voor hoge-precisie
interferometrie en holografische beelden. Alle atoomlasers, die tot dusver on-
twikkeld zijn, maken gebruik van het uitkoppelen van gecondenseerde atomen
van een bestaande Bose-Einstein condensaat. De flux en levensduur van deze
atoomlasers worden beperkt door de oorspronkelijke grootte van het conden-
saat. Typisch is de levensduur in de orde van 100 milli-seconde. De constructie
van een continue hoge-flux atoomlaser is een heilige graal voor atoomfysici. Dit
proefschrift beschrijft onze inspanningen voor de constructie van een hoge-flux
atoomlaser.

De kinetische energie van een verzameling van atomen is een maat voor de tem-
peratuur, dus door het verlagen van de kinetische energie kan de temperatuur
verlaagd worden. De meest effectieve manier voor het verlagen van de kinetis-
che energie van atomen is door Doppler koelen. Als een atoom aangeslagen
wordt, dan zal de impuls verlaagd worden gelijk aan de impuls van het foton.
Na korte tijd zal het atoom vervallen naar de grondtoestand door spontaan ver-
val, waarbij het foton in een willekeurige richting uitgezonden wordt. Daarbij
blijft na vele spontane verval processen gemiddeld de impuls in de richting van
de waarnemer onveranderd, zodat in het gehele proces, absorptie gevolgd door
spontane emissie, de impuls in de richting van de waarnemer afneemt. Door het
veelvuldig herhalen van dit proces, zal de kinetische energie afnemen. Doppler
koelen heeft een minimale temperatuur door de willekeurige terugstoot van de
uitgezonden fotonen. Om de temperatuur verder te verlagen wordt verdamp-
ingskoeling gebruikt. Verdampingskoeling is een traag proces dat lijkt op het
koelen van een kop koffie. Door de meest energetische atomen uit de val te
verwijderen, kunnen de overgebleven atomen door middel van botsingen ther-
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maliseren naar een lagere temperatuur. Het is daarom van groot belang, dat
de dichtheid van de atomen en daarmee de botsingssnelheid voldoende hoog zijn.

De experimentele opstelling is beschreven in Hoofdstuk 2. Het experiment
bestaat uit een rubidium bron, waarmee een bundel van rubidium atomen ge-
produceerd wordt. De atomen worden vertraagd door een laserbundel, die tegen
de richting van de atoombundel ingeschoten wordt. Daarna worden de atomen
ingesloten in een web van laserlicht, die de atomen verzamelt en afkoelt. Daarna
worden de atomen geschoten in een magnetische geleider van vier meter, die ge-
bruikt wordt als uitlaatstuk voor de atoomlaser. Het gehele experiment word
uitgevoerd in metalen ketels, die onder ultra-hoge vacuüm condities gehouden
worden. De atomen worden met laserlicht in een korte tijd van enkele milli-
seconden gekoeld van honderden graden Kelvin naar enkele milli-Kelvins. Voor
het produceren van licht hebben we vijf lasers gebouwd: twee voor het vertragen
van de atomen, twee voor het koelen van de atomen en één voor het detecteren
van de dichtheid van de atomen. Alle lasers hebben een golflengte van 780
nm, de resonantie golflengte voor de rubidium atomen. In de opstelling produc-
eren we 1010 ultra-koude atomen in 80 milli-seconde: een bijzonder groot aantal.

De lanceer-procedure is beschreven in Hoofdstuk 3. Het grote aantal ultra-
koude atomen, zoals beschreven in het vorige hoofdstuk, worden verplaats naar
de magnetische geleider. De lasers, die eerst gebruikt werden voor het afkoelen
van de atomen, worden nu gebruikt om de atomen in de geleider te duwen. De
magnetische geleider van vier meter sluit de atomen op in de transversale richt-
ing, maar laat de atomen vrijelijk bewegen in de axiale richting. Na een periode
van 166 milli-seconde wordt er weer een nieuw pakket ultra-koude atomen in de
geleider geschoten, en na 50 centimeter in de geleider vormen de pakketten een
aaneengesloten bundel. De snelheid van de bundel is groter dan de geluidssnel-
heid en we noemen de bundel daardoor supersoon. Helaas is de dichtheid van de
atomen in de bundel onvoldoende om verdampingskoeling toe te passen. Door
de bundel te vertragen tot subsone snelheden, waarbij de bundelsnelheid onder
de geluidssnelheid komt te liggen, zal de dichtheid van de atomen toenemen.
De bundelsnelheid wordt verlaagd door de bundel aan het eind van de gelei-
der op een magnetische barrière te laten reflecteren en te laten botsen met de
inkomende bundel. Door de vele botsingen ontstaat er een schokgolf, waardoor
atomen met subsone snelheden geproduceerd worden.

Het theoretische begrip van het ontstaan van een schokgolf is beschreven in
Hoofdstuk 4. Beschouw voor het gemak een hoge drukspuit, die gebruikt
wordt om de tegels in de tuin schoon te maken. Richt de spuit op een gat tussen
de tegels. Als de waterstraal met hoge druk de bodem van het gat bereikt, dan
loopt het water niet over de rand van het gat: het water blijft achter. Dit komt
omdat de water moleculen met elkaar botsen en na de botsing is de snelheid
van het water molecuul verlaagd. Het water blijft in het gat staan en vormt een
water spiegel. Het water van de waterstraal dat de water spiegel raakt wordt
vertraagd en dit laat het waterpeil stijgen. Dit is de manier waarop de schokgolf
werkt voor de supersone bundel in ons experiment, ook al staat onze geleider
vlak. De schokgolf heeft een extra voordeel: de enige manier waarop een super-
sone bundel subsoon kan worden is door middel van een sterke toename in de
dichtheid van de atomen. Dit hydrodynamische fenomeen is waar we gebruik
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van maken voor het construeren van een dichte, atomaire bundel. De dichte,
subsone bundel heeft een interne botsingssnelheid, die voldoende hoog is voor
effectieve verdampingskoeling. Door het toepassen van de schokgolf kunnen we
gebruik maken van nog een ander fenomeen: compressie door middel van de
zwaartekracht. Onze theorie laat zien, dat als de geleider omlaag gekanteld is,
dan neemt de dichtheid aan het eind van de geleider toe door het gewicht van
de atomen, die zich daarboven bevinden.

Het experimentele bewijs van een schokgolf in onze opstelling is geleverd in
Hoofdstuk 5. Op drie meter van de ingang van de geleider is een ondoordring-
bare barrière gecreëerd door een magnetische spoel. De supersonische bundel re-
flecteert aan deze barrière en botst met de inkomende bundel en dit veroorzaakt
de schokgolf. De verandering van de bundelsnelheid wordt direct waargenomen
door de flux van de atomen op een specifiek punt in de geleider waar te nemen.
Tegelijkertijd kunnen we de schokgolf waarnemen, die van het eind van de gelei-
der zich verplaatst naar het begin van de geleider. Verder kunnen we waarnemen
dat de schokgolf breder wordt naarmate de inkomende flux lager wordt. Door
het naar beneden kantelen van de geleider hebben we waargenomen, dat de
dichtheid van de atomen aan het eind van de geleider sterk toeneemt. Hierdoor
hebben we in het experiment een dichte, subsone atomaire bundel geproduceerd,
die geschikt is voor verdampingskoeling.

We hebben daarmee een subsone bundel verkregen, die we verder kunnen afkoe-
len naar temperaturen, waarbij Bose-Einstein condensatie optreedt. Er blijven
echter twee problemen over. Ten eerste is het verdampen van een bundel atomen
niet zo effectief als het verdampen van atomen in een val. Ten tweede is de ther-
mische geleiding in een subsone bundel sterk vergroot ten gevolge van atomen,
die om de bundel heen spiraliseren. In Hoofdstuk 6 is de invloed beschreven,
die de vorm van een val heeft op het verdampingskoelen. Het kritieke aan-
tal botsingen voor Bose-Einstein condensatie is bestudeerd en we vinden, dat
voor een drie-dimensionale val 100 keer minder botsingen nodig zijn dan voor
een twee-dimensionale geleider. Na de magnetische barrière is een tweede spoel
geplaatst en tussen de twee spoelen ontstaat een drie-dimensionale val, waar
een deel van de subsone bundel geladen kan worden. In deze val is verdamp-
ingskoeling uitgevoerd, waarbij het grootste rubidium condensaat van de wereld
geproduceerd is, voor zover wij weten.

In het laatste hoofstuk (Hoofdstuk 7) is de toekomst van het experiment be-
sproken. In principe kunnen we van het grote condensaat atomen uitkoppelen
om een gepulste atoom laser te maken, maar dit zal leiden tot een lage flux
atoomlaser met een levensduur, die beperkt wordt door de grootte van het con-
densaat. We willen echter een continue, hoge flux atoomlaser. Dit kunnen
we bereiken door de subsone bundel te laden in een transportband voor koude
atomen en de atomen op de transportband verder te koelen door verdamping.
Dit leidt dan tot pakketjes van atomen die zeer koud zijn, die na de trans-
portband samengevoegd kunnen worden en uiteindelijk verder gekoeld kunnen
worden naar Bose-Einstein condensatie door verdampingskoeling. Een dergelijk
schema leidt tot een continue, hoge flux atoomlaser.
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