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1. Introduction

An atom, initially prepared in the excited state can decay to the ground
state by spontaneous emission, so-called ﬂuorescence. The rate as well as the
direction of the emission is determined by the coupling between the atom and
the vacuum ﬁeld in which the emission takes place. As long as the vacuum
ﬁeld is undisturbed, the emission will be isotropic and the spontaneous decay
rate Γ will be constant. In that case, the population of the excited state will
decrease exponentially with a 1/e time of t = 1/Γ [1, 2]. Therefore, the
ﬂuorescence of a sample of atoms initially in the excited state is maximum
at the start of the process and decreases exponentially (Fig 1.1a).
When the concentration of atoms in the excited state is increased until
the vacuum ﬁeld is signiﬁcantly modiﬁed due to the spontaneous emitted
photons, the emission of photons by individual atoms is not longer independent of each other. Atoms in the excited state will be stimulated to emit a
photon in the same mode. The emission in that case takes place at a much
higher rate in a shorter pulse duration. The enhancement in the intensity of
the collective spontaneous emission is proportional to the number of atoms
N , as predicted by Dicke in 1954 [1]. The emission in this situation will take
place in a N times shorter time interval of t/N (Fig 1.1b). This strongly
enhanced spontaneous emission is called superﬂuorescence or superradiance.
In this work we will refer to this process as superradiance.
Since the work of Dicke superradiance has been extensively studied theoretically (see for a review Ref. [2]), and after the development of the pulsed
dye-laser in the 1970’s the process could also be investigated experimentally.
In Fig. 1.2 the level scheme of the process as used for sodium [3] is shown as
an example. Atoms in the 3S ground state are transferred to the 5S excited
state by a two photon transition generated by two short intense laser pulses.
The decay to the 4P state generates superradiant emission. Similar schemes
are used for Cs [4] and Rb [5].
In the experiments an elongated atomic sample is created by focusing a
pulsed laser beam through an atomic vapor [3, 6, 7] or an atomic beam [4, 5].
The interaction region obeys in most experiments the following relation:
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Fig. 1.1: The intensity of the emitted light as a function of time for (a) ﬂuorescent emission, and (b) superradiant emission. A schematic view of the
directionality of the emitted light for (c) ﬂuorescent emission, and (d)
superradiant emission.

λ  d  L, with L the length and d the diameter of the sample and λ the
wavelength of the emitted light. For the emission in the axial direction of
the sample, it holds in general that the diﬀraction angle θ D = λ/d is larger
than the geometrical angle θG = d/L. The emission in this direction is therefore single mode. In contrast, for the emission in the radial direction of the
sample, the diﬀraction angle is smaller than the geometrical angle yielding
multiple mode emission in this direction. The diﬀraction angle and the geometrical angle are combined in the Fresnel number F = πd 2 /Lλ, which is
smaller than 1 for single mode emission and larger than 1 for multiple mode
emission. Due to the large diﬀraction angle in the axial direction covering a
single coherence area, the emission in this mode is preferred above emission
in a radial mode. As soon as a single mode is signiﬁcantly populated the remaining atoms will be stimulated to couple with the same mode (Fig 1.1c,d).
Therefore, in an elongated sample the superradiant emission propagates only
in the axial direction of the sample, the so-called endﬁre modes.
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Fig. 1.2: The level scheme for superradiance in a thermal sodium sample [3]. The
atoms are transferred from the ground state 3S to the excited state 5S by
two short intense laser pulses (λlaser1 = 589 nm and λlaser1 = 616 nm).
The decay to the 4P state generates superradiance in the infrared at a
wavelength of λsup = 3.41 μm.

1.1 Superradiant scattering from a Bose-Einstein condensate
Besides the coherent emitted light generated by the superradiant scattering
also the recoiling atoms are coherent. However, due to the velocity spread
of the individual atoms the coherence √
will decrease in time. The coherence
time τcoh is proportional to 1/v̄ ∝ 1/ T , with v̄ the root-mean-square of
the velocity of the atoms and T the temperature. At room temperature
τcoh is less than 1 ns. To generate a coherent ensemble of recoiling atoms a
scatter rate larger than 1/τcoh is required. Experiments have shown that the
superradiant emission takes place at a typical timescale of 10 ns [3–5,7]. The
scatter rate of atoms to the coherent state is therefore suﬃcient to overcome
the decoherence rate.
When the temperature is decreased to the temperature of the BoseEinstein condensate (BEC) transition the τ coh increases to more than 100 μs.
The required scatter rate to compensate the decoherence is much smaller in
this case. Therefore, it is not longer necessary to excite the atoms by a short
intense laser pulse followed by a collective emission, but it is possible to drive
the process during the superradiant emission. This improves the controllability of the process signiﬁcantly, because the duration and the gain of the
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Fig. 1.3: Schematic representation of the superradiant scattering. The BEC is illuminated with a laser beam which is large compared to the size of the BEC.
By absorption of a photon from the laser beam and emission in the endﬁre
mode an atom is scattered forward. Also the scattered atoms can act as a
source for superradiant scattering resulting in higher-order modes. A photon from the endﬁre mode can be absorbed by a second atom followed by
stimulated emission into the laser beam resulting in backward-scattering.
Note, that the endﬁre mode can also travel upward in the condensate,
which is not shown for clarity.

process can now be tuned by adjusting the intensity and the pulse length
of the incoming laser beam. Furthermore, by keeping the intensity constant
the ampliﬁcation of the process can be studied, which is not possible at
room temperatures. This shows that the process of superradiant scattering
is preferably carried out at very low temperatures, although quantum degeneracy is not necessary as shown experimentally by Yoshikawa et al. [8].
However, in order to maximize the coherence time a BEC is used in most
superradiance experiments.
Superradiant scattering from a BEC was ﬁrst reported by Inouye et al.
[9]. In these experiments the BEC is illuminated with a weak laser pulse
compared to superradiance experiments in a thermal gas (Fig. 1.3). The
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atoms in the BEC absorb light from the laser pulse followed by emission in
the endﬁre mode. When the incoming laser beam is oriented perpendicular
to the long axis of the BEC the atoms that absorb a photon from the laser
beam followed by emission in the endﬁre modes, will experience a recoil at
an angle of ±45◦ with respect to the incoming laser beam. The recoiling
atoms will interfere with the atoms at rest. Because the atoms are coherent
the interference pattern will result in a regular matter-wave grating. The
ampliﬁcation of the process can now be described by two mechanisms. First,
the atoms in the excited state are stimulated to emit a photon into the
endﬁre mode due to stimulated emission. Secondly, the incoming photons are
scattered from the matter-wave grating in the direction of the endﬁre mode
amplifying the matter-wave grating due to the recoiling atoms traveling in
the same direction.
A second scattering process is possible when the emitted photon in the
endﬁre mode is absorbed by another atom, before it leaves the BEC, followed
by stimulated emission in the original laser beam. The scattering process
results in an atom scattering backward at an angle of ∓135 ◦ with respect to
the incoming laser beam [10]. Superradiant scattering of laser light can thus
be used to couple out atoms from the BEC in a coherent and self-amplifying
way in forward and backward direction. Furthermore, the creation of atom
pairs (forward and backward) by using superradiant scattering is a promising
way of creating many-particle entanglement [11], as described in the next
section.

1.2 Many-particle entanglement by superradiant scattering
In the 1980’s experimentalists succeeded in creating entangled states in the
polarization of photon pairs [12]. This opened up a rapidly developing ﬁeld
in physics. Beyond the fundamental aspect of testing the quantum theory,
as a reaction on the work of Einstein, Podolsky and Rosen [13], entangled
states are very promising for a wide area of research. These states are essential for quantum information [14], quantum teleportation [15, 16], quantum
cryptography [17,18], and quantum computation [14,19]. Most entanglement
experiments are carried out with photons; however, using massive particles
has some signiﬁcant advantages. The progress in generating entanglement
with a high number of massive particles is slow compared to entanglement
obtained with photons. However, with a large number of particles the entanglement becomes more robust and easier to use in experiments. Therefore, several schemes are proposed to create many-particle entanglement for
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massive particles [11, 20–22]. In Ref. [11] entanglement between the forward
and backward-scattered atoms in superradiant scattering from a BEC is predicted. When no photon escapes along the long axis of the BEC, the number
of particles in the forward-scattered mode is identical to the number of particles in the backward-scattered mode. Furthermore, because all the atom
pairs are coupled by the same coherent endﬁre mode, the phase diﬀerence
between the two recoil modes is well-deﬁned. This makes it a promising
candidate for many-particle entanglement.

1.3 This thesis
In this thesis the realization of a large atom number Bose-Einstein condensate together with light scatter experiments on condensed atoms is presented.
The large number of atoms yields a better signal-to-noise ratio compared to
smaller condensates, which is essential for a good quantitative analysis of
the light scattering processes. Because the superradiant scattering scale exponentially with the number of particles, a large atom number results in a
strong coupling between the BEC and the scattered states. These strong
coupling processes make scattering to higher-order states (up to 8th-order)
possible. Furthermore, the large number of atoms increases the possibility for reabsorption of the endﬁre mode. When this possibility is large,
backward-scattering is likely to occur. In that case the atom pair production is dominant over the single atom scattering, which is an important
criteria for number correlation in the system.
This thesis consists of two parts. In the following three chapters the
realization of a large atom number BEC and the hydrodynamic behavior
of the BEC is discussed, while the scattering of laser light from a BEC in
diﬀerent experiments is the subject of the last four chapters. A detailed
outline is given in the remaining part of this section.
In chapter 2 the experimental setup to create Bose-Einstein condensates
containing more than 120·106 sodium atoms is presented. The ﬁrst step in
this process is to cool and trap 2.0·1010 sodium atoms in a magneto-optical
trap (MOT). Subsequently these atoms are transferred to the magnetic trap
(MT) where evaporative cooling is applied. The transfer eﬃciency is in
our setup increased by more than a factor of 2 compared to similar sodium
experiments by spin-polarizing the sample in a strong magnetic ﬁeld. At
the end of the evaporation the MT is decompressed to reduce the losses
due to three-body collisions. In chapter 3 a detailed description of the spin
polarization in a strong magnetic ﬁeld is presented.
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Usually the mean free path of the atoms in a BEC is larger than the
size of the condensate (the collisionless regime), in which case the behavior of the atoms in not dominated by the collisions between the individual
atoms. In chapter 4 we present the ﬁrst realization of a BEC in the hydrodynamic regime, where the mean free path of the atom is less than the radial
size of the BEC. In this situation the behavior of the atoms in the BEC is
dominated by the inter-atomic collisions. A hydrodynamic BEC is in our
situation reachable due to the high number of atoms, the relatively low trap
frequencies, and the decompression of the trap in axial direction during the
evaporation. This leads to a high volume, elongated BEC with a relatively
low density. The shape and the low density of the BEC suppress the eﬀect of
avalanche enhanced losses triggered by three-body collisions. Compression
of the trap after condensation results in a BEC far in the hydrodynamic
regime.
In the last part of this thesis the light scattering experiments will be
discussed. First, Bragg scattering from a BEC is presented in chapter 5.
This experiment is used to get experience with the outcoupling of atoms from
a BEC. The Bragg scattering in our setup was not investigated thoroughly,
because these experiments are already reported before.
The superradiant scattering from a BEC will be the subject of chapter
6, 7, and 8. In chapter 6 a detailed study of the Rayleigh superradiant
scattering is presented, where quantitative agreement between the outcome
of a theoretical model and the measurements is obtained. This is followed
by the resonant backward-scattering in chapter 7. In this chapter the ﬁrst
indications for many-particle entanglement are discussed. The last chapter
(chapter 8) describes the results obtained with superradiant Raman scattering.
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2. Large atom number Bose-Einstein condensate of sodium

We describe the setup to create a large Bose-Einstein condensate containing more than 120·106 atoms. In the experiment a thermal beam is slowed by a Zeeman slower and captured in a dark-spot magneto-optical trap (MOT). A typical
dark-spot MOT in our experiments contains 2.0·10 10 atoms
with a temperature of 320 μK and a density of about 1.0·10 11
atoms/cm3 . The sample is spin polarized in a high magnetic
ﬁeld, before the atoms are loaded in the magnetic trap. Spinpolarizing in a high magnetic ﬁeld results in an increase in
the transfer eﬃciency by a factor of 2 compared to experiments without spin-polarizing. In the magnetic trap the
cloud is cooled to degeneracy in 50 s by evaporative cooling.
To suppress the three-body losses at the end of the evaporation the magnetic trap is decompressed in the axial direction.

2.1 Introduction
Since the ﬁrst realization of a Bose-Einstein condensate (BEC) 10 years
ago [23–25], almost 60 groups built a setup, in which this phase transition
is achieved. The setups lead normally to BEC’s containing 1.6·10 3 [26] up
to 30·106 [27] atoms depending on the atomic element and the cooling technique.
In our setup we are able to condense more than 120·10 6 sodium atoms,
which is, as far as we know, the largest condensate made with a cooling
This chapter is accepted for publication as Large atom number Bose-Einstein condensate of sodium, K.M.R. van der Stam, E.D. van Ooijen, R. Meppelink, J.M. Vogels, and
P. van der Straten, Rev. Sci. Instrum.
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strategy based on laser cooling. In the hydrogen BEC experiment [28] a
cryogenic trap is used as a starting point for the evaporative cooling. This
allows orders of magnitude more atoms to start with resulting in 1·10 9 atoms
in the condensate.
In our experiment, where the condensate is used as a source for superradiant scattering experiments, a high number of atoms in the BEC is essential,
because the coupling of atoms to the superradiant scattered states scales
exponentially with the number of atoms in the condensate. In this case a
high atom number will give a strong increase in the signal-to-noise ratio
and allows for the excitation of higher-order modes. Furthermore, the high
number of atoms yields the possibility to enter the hydrodynamic regime.
In this chapter we will describe our setup and the techniques to realize such a large condensate. We start with a description of the ultra-high
vacuum (UHV) system, which is essential for reaching BEC. In Sec. 2.3 the
laser setup, which generates the laser light to control and probe the atoms, is
described. For the creation of a BEC control of the experimental parameters
is important. For this a computer-controlled system is developed, which will
be discussed in Sec. 2.4. The next section covers the Zeeman slower in the
zero-crossing conﬁguration used to slow the atomic beam down to 30 m/s.
Atoms from the slowed beam are trapped in the dark-spot magneto-optical
trap (MOT), as described in Sec. 2.6. The atoms from the MOT are spin
polarized in a high magnetic ﬁeld before the transfer to the magnetic trap
(MT). This process is discussed in Sec. 2.7. In Sec. 2.8 we describe the MT
and Sec. 2.9 covers the evaporative cooling of the atoms. The large number of atoms gives rise to three-body losses at the end of the evaporation.
This problem is suppressed by decompressing the trap, which is discussed in
Sec. 2.10. The imaging of the condensate is the subject of Sec. 2.11. Finally,
we will give the conclusions and the outlook of this work.

2.2 Vacuum system
For the realization of a large atom number BEC it is important to minimize the atomic losses during the cooling process. One of the important loss
processes is the inelastic collisions with background gas atoms. This is especially important during the evaporation, which takes a relative long time
(50 s). For a lifetime of the cloud, which is in the order of the evaporation
time, the background pressure must in general be below 10 −10 mbar. In our
setup the background pressure is below 10−11 mbar, which is largely enough,
as will be shown in Sec. 2.8. This ultra-high vacuum is reached by carefully

Large atom number Bose-Einstein condensate of sodium
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Fig. 2.1: Schematical representation of the vacuum setup (side view). From left to
right the oven, a pumping section, the ﬁrst part of the Zeeman slower, a
pumping section, the second part of the Zeeman slower, the ﬂow resistance,
and the BEC chamber. The diﬀusion pump is indicated by DP, the foreline pumps by FP, the turbo pumps by TP, and the combination of an ion
getter and titanium sublimation pump by IG/TS.

minimizing the beam load from the atomic source to the background pressure
and maximizing the pumping speed, as described in the following.
Our setup (Fig. 2.1) consists of three main parts: the oven, the Zeeman
slower and the BEC chamber. The ﬁrst part is a recycling sodium oven,
in which 50 g of solid sodium is heated up to 570 K. The ﬁrst chamber
of the oven consists of nw-35 conﬂat parts. The sodium vapor leaves this
chamber through a 6 mm diameter diaphragm. The resulting sodium beam
enters the recycling chamber, which consists of a conical adapter to nw-63.
In this chamber, atoms outside the well-collimated beam are removed from
the beam by an extra 8 mm diaphragm. Onto the recycling chamber a 6
mm internal diameter tube is welded and is connected to the bottom of the
ﬁrst chamber. This allows the sodium to ﬂow back to the ﬁrst chamber.
The relative large internal diameter of the ﬁrst part of this recirculating
oven is required to limit the pressure inside this chamber, which attenuates
the primary beam. The second diaphragm is heated up to 383 K by heat
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IG/
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Fig. 2.2: Schematical representation of the mounting of the ion getter and titanium
sublimation pump (IG/TS) (upper view). The vacuum chamber is at
the point of the pump very wide to maximize the pumping speed. The
diameter decreases towards the trapping region, because the coils must be
as close to the center as possible to create high magnetic ﬁeld gradients.

conduction from other parts of the oven, which keeps the sodium in the
ﬂuid phase. We choose not to apply any gold-coated stainless steel mesh
either in this chamber or in the recirculating tube, because wetting can be
problematic for sodium. At the running temperatures the 50 g sodium lasts
for 5000 hours without recirculation. This is as long as we are using it until
now, so no conclusion about the recirculation can be drawn at present. The
oven is pumped with a 1200 l/s diﬀusion pump to a pressure of 4·10 −8 mbar.
The second part of the setup is the Zeeman slower, which is used to slow
down the thermal atomic beam [29]. This device will be discussed in more
detail in Sec. 2.5. Regarding the vacuum system the Zeeman slower consists
of a 1900 mm long tube with a diameter of 50 mm yielding a conductivity of
8 l/s. One turbo pump is mounted between the oven and the beginning of
the Zeeman slower and another pump is mounted in the Zeeman slower 1300
mm from the beginning. This conﬁguration leads to pressure of 1·10 −9 mbar
at the point of the second turbo pump. Between the Zeeman slower and the
BEC chamber a tube with a length of 120 mm and a diameter of 17 mm is
mounted as a diﬀerential pumping section yielding a conductivity of 5 l/s.
The BEC chamber is equipped with 9 windows for optical access. All
windows are mounted with aluminum Helicoﬂex rings on both sides of the
window to provide a leak-tight glass-to-metal sealing. The leak rate of each
window is measured to be less than 7·10−11 mbar l/s. The total inﬂow
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in the BEC chamber including the beam load out of the Zeeman slower
is 6·10−9 mbar l/s. The BEC chamber is pumped by an ion getter and
titanium sublimation pump, mounted at a CF-160 port with a speciﬁed
pumping speed of 1000 l/s. From the pump towards the trapping region the
chamber has a conical shape to minimize the pumping resistance (Fig. 2.2).
With this shape the actual pumping speed is likely to be close to the speciﬁed
pumping speed. Therefore, the inﬂow of 6·10 −9 mbar l/s is compensated at
a pressure of about 6·10−12 mbar, which is below the measuring limit of our
pressure gauge of 1·10−11 mbar. The disadvantage of this conﬁguration is
that the thickness of the window and the conical shape force us to put the
coils further from the atoms leading to a reduced ﬁeld gradient.

2.3 Laser system
The ﬁrst step in the cooling process towards BEC is taken by laser cooling
and trapping [30]. For this we need laser light with the proper wavelength
to drive a closed transition. In the case of sodium this is the transition at
a wavelength of 589 nm from the 32 S1/2 to the 32 P3/2 (Fig. 2.3). For laser
cooling the hyperﬁne transition from the F g = 2 ground state to Fe = 3
excited state is used. Due to oﬀ-resonant scattering to the F e = 2 excited
state followed by decay to the Fg = 1 ground state (separated by 1772
MHz) about 2 % of the atoms will be lost from this transition. After 350
absorption-emission cycles, which is only a small fraction of the cycles needed
to slow down a thermal beam, less than 0.1 % of the atoms remain in the
Fg = 2 ground state. This problem is circumvented by re-exciting the atoms
from the Fg = 1 ground state with the so-called repump laser.
In our experiment we use for each frequency (cooling and repumping)
separated lasers (Fig. 2.4). The advantage of this system compared to setups, where only one laser is used, is that we do not need optical power
consuming elements to shift the frequency by 1772 MHz. The laser frequencies are produced by two Spectra-Physics 380D dye-lasers. The dye-laser
that produces light at the laser cooling frequency is pumped with a 5 W
solid state CW laser (Millennia, Spectra-Physics) and generates 700 mW
light. The other dye-laser, which is used for the repumping is pumped with
a 5 W argon-ion laser (serie 2060, Spectra-Physics) and generates 500 mW
light. The cooling laser is locked to the cooling transition frequency by frequency modulated saturation spectroscopy [31]. For this a small fraction of
the light is split oﬀ and used for the spectroscopy. The light is divided in
two beams. From one beam the intensity is measured on a photo diode after
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Fig. 2.3: The hyperﬁne structure of sodium. For laser cooling the transition from
the Fg = 2 ground state to Fe = 3 excited state is used. If an atom decays
to the Fg = 1 ground state, due to oﬀ-resonant scattering to the Fe = 2
excited state, it will be pumped back by the repumper.

passing a quartz sodium cell. The other beam is double passed through an
acousto-optical modulator (AOM). The frequency of this AOM is modulated
with 6 kHz and an amplitude of 2 MHz around a center frequency of 76 MHz.
The +1 order of the frequency modulated beam passes the quartz sodium
cell in opposite direction while overlapping the ﬁrst laser beam. The signal
from the photo diode is passed through a lock-in ampliﬁer, where the ﬁrst
derivative of the signal is generated. This makes it possible to lock the laser
on a zero-crossing of the signal, which corresponds to the maximum of the
absorption in the sodium cell. The +1 order of the AOM is locked to the
Fg = 2 to Fe = 3 transition. Thus the lock point of the laser is shifted by
-76.0 MHz with respect to the Fg = 2 to Fe = 3 transition.
For locking the repump laser a Doppler-free bichromatic lock (DFBL)
is used [32]. This lock has the advantage that no lock-in ampliﬁer and
frequency modulation is needed. The DFBL-lock is based on the saturation spectroscopy, in which the laser frequency is locked on the slope of a
resonance peak. Locking on a slope makes the frequency sensitive for ﬂuctuations in the laser power. In the DFBL-lock two orders of an AOM are
passed through a sodium cell generating two Lamb proﬁles. These Lamb
proﬁles are electronically subtracted resulting in a Doppler-free signal with
a possibility to lock on a zero-crossing. The lock point can be tuned by
changing the AOM frequency or by using a diﬀerent combination of orders
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Fig. 2.4: Laser setup before entering the optical ﬁbers. One dye-laser is used for the
generation of light at the cooling transition (lower one). This light is split
in four beams: one for the Zeeman slower beam, one for the MOT beams
in the x- and y-direction (splitting into two separated beams is done after
passing the ﬁber), one for the MOT beams in the z-direction, and one
for the probe beam, used for the illumination of the atomic sample. The
The other dye-laser (upper one) generates light at the repump frequency.
This light is also divided into four beams: one for repump light of the
MOT, one for spin-polarizing the sample, one for the probe beam, used
for the illumination of the atomic sample, and a probe beam for the atomic
beam. The frequency diﬀerence of the two lasers is monitored by beating
the two lasers on a photo diode. The repump light for the Zeeman slower
is generated by an EOM placed after the optical ﬁber.
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Purpose
MOT x-y
MOT z
Zeeman slower
F = 2 probe

Transition
F =2→F
F =2→F
F =2→F
F =2→F

Purpose
F = 1 probe
Repumper
Beam probe
Spin-polarizing

Transition
F =1→F
F =1→F
F =1→F
F =1→F

=3
=3
=3
=3

Detuning (MHz)
−11
−11
−351
+4

Power (mW)
80
13
130
6.0·10−4

=1
=1
=1
=1

Detuning (MHz)
+2.5
+2.5
+2.5
+12.5

Power (mW)
6.0·10−4
1.2
1.0
2.0

Tab. 2.1: Overview of the used laser frequencies and powers. The detuning in the
third column is given with respect to the transition in the second column.

of the AOM. We use the +1 and +2 order of a 70 MHz AOM. This results
in a laser frequency of -77.5 MHz with respect to the F g = 1 to Fe = 1
transition [32].
The lock point of the cooling laser is in principle independent of the
parameters of the laser, which makes it the frequency reference of our experiment. Although the lock of the repump laser is not sensitive for ﬂuctuations
in the total laser power, it does depend on the balance between the two orders of the AOM. This makes the lock sensitive for pointing instabilities of
the laser. We monitor this shift in the repump frequency by measuring the
beat signal of the two lasers. Shifts in the beat frequency are manually corrected by adjusting the balance between the two orders of the AOM used
for the DFBL-lock. The beat also allows us to deduce the exact frequency
of the repump laser. The ﬂuctuation of the beat frequency is less than 2
MHz, from which we conclude that the frequency ﬂuctuations of each laser
remains within 1 MHz, assuming both lasers have the same stability.
All laser beams needed for the experiment are controlled by AOM’s. By
adjusting the frequency and the power of the rf-input of the AOM we have
full control over the frequency and the intensity of the laser beams. After
passing the AOM’s the light is transported through single-mode polarizing
preserving optical ﬁbers (Fibercore, HB600) to the setup. The ﬁber has a
diameter of 125 μm and a numerical aperture of 0.15. The incouple eﬃciency
of the ﬁbers is between 45 and 65 %, depending on the quality of the beam
shape entering the ﬁber. In Tab. 2.1 an overview of the detuning and the
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power after passing the ﬁbers is given for all laser beams.

2.4 Sequencing
For the realization of a BEC a large number of diﬀerent steps have to be
taken. The starting time and the duration of several of these steps is very
critical. This requires a computer controlled system that can switch and
adjust with μs-resolution the parameters of the experiment: the AOM’s,
the light and atomic beam shutters, the currents through the coils, the rffrequency, the rf-power and the CCD-camera.
In our experiment this is done by programming a sequence on a computer
and subsequently sending the sequence to two National Instruments PCIcards. The cards generate the signals that drive the setup. The digital
and analog signals are produced by a PCI-6534 card and PCI-6713 card,
respectively. The signals from the digital card are used for switching devices
on and oﬀ at a 2 μs time scale. The signals from the analog card are used
for ramping the magnetic trap up and down. The rf-ﬁeld for the evaporative
cooling is generated by a direct digital synthesizer (DDS).
In Tab. 2.2 an overview of the timing of the diﬀerent steps during the
cooling towards the BEC transition and the imaging of the BEC is shown.
A more thorough discussion of each step will follow in the remaining part of
this chapter.
The clock of the experiment is a frequency shifting key (FSK) clock.
The frequency of this clock is controlled by one of the digital lines of the
experiment. The sequence can be slowed down by a factor of 100 during
times where exact timing is not required, conserving time and memory and
allowing us to reach 2 μs resolution in experiments running for more than
200 s.

2.5 Zeeman slower in zero-crossing conﬁguration
Our recycling oven produces a sodium ﬂux of 3·10 12 atoms/s at a temperature of 570 K. This ﬂux is determined by measuring the absorption from a
beam probe at the end of the Zeeman slower. If we assume that the velocity
distribution of the atoms out of the oven obeys the Maxwell-Boltzmann distribution at a temperature of 570 K, only 0.02 % of the atoms have a velocity
smaller than 30 m/s, which is the capture velocity of our trap. The loading
of the trap can be increased signiﬁcantly by predecelerating the beam in a
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Process
Loading dark-spot MOT
Turning oﬀ MOT magnetic ﬁeld
and repump laser beam
Turning on the magnetic ﬁeld for the
spin-polarizing
Applying spin-polarizing laser pulse
Applying depump laser pulse
Turning on MT/Turning oﬀ laser beams
Stabilization of the MT
Evaporative cooling in a compressed
trap
Decompression and evaporative cooling
Evaporative cooling in a decompressed
trap
Turning oﬀ the MT
Time of ﬂight
Imaging of the atoms
Escape of the atoms
Imaging without atoms
Wait time
Background image

Duration
6s
1 ms

N
2.0·1010
2.0·1010

T (μK)
320
320

500 μs

2.0·10 10

320

500 μs
500 μs
2 ms
4s
42 s

2.0·10 10
2.0·1010

320
320

1.4·1010

350

120·106
120·106
120·106

0.15
0.15
0.15

2s
6s
750 μs
0 to 250 ms
400 μs
1s
400 μs
1s
400 μs

Tab. 2.2: Overview of the BEC sequence. The duration, the number of particles N
and the temperature of the cloud T are given at diﬀerent instants in the
BEC process. During the evaporation the number of particles and the
temperature is changing, therefore the values for these two parameters
during this process are not given.

Zeeman slower. In a Zeeman slower the atoms are decelerated by a counterpropagating laser beam, while the changing Doppler shift is compensated by
a changing Zeeman shift due to an inhomogeneous magnetic ﬁeld along the
deceleration path. In the Zeeman slower the longitudinal velocity decreases,
but there is no cooling in the radial direction. The loss of atoms due to
this increasing divergence can be compensated by positioning the end of the
Zeeman slower as close to the trapping chamber as possible. In this situation it is impossible to install a vacuum pump between the Zeeman slower
and the trapping chamber. Therefore, our Zeeman slower is divided in two
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Fig. 2.5: The solid line shows the calculated magnetic ﬁeld as a function of the
distance from the beginning of the Zeeman slower. Between the 1200 and
1500 mm a pumping section is implemented resulting in a zero magnetic
ﬁeld. The dotted line shows the velocity of the atoms during the slowing.
The trapping region is at 1900 mm from the beginning of the Zeeman
slower.

parts, seperated by a pumping section. The pumping section is passed by
the atoms with a velocity of 200 m/s, so that the beam divergence is still
small at this point.
Alternative ways of minimizing the losses due to the divergence is by
using 2D optical molasses [30], a magneto-optical lens [33] or a magnetooptical compressor [34] at the end of the Zeeman slower. All of these options
have proved to be eﬃcient; however, they need extra laser beams, which
makes them in day-to-day operation less favorable compared to our solution.
In Fig. 2.5 the calculated magnetic ﬁeld in the Zeeman slower as a function of the distance from the beginning of the Zeeman slower is shown (solid
line). The ﬁeld starts at 1000 G for a capture velocity of 950 m/s. In the
Zeeman slower the atoms pass a region with a zero magnetic ﬁeld. In this
region the energy splitting of the magnetic sublevels is not large enough to
prevent oﬀ-resonant scattering to the Fe = 2 excited state followed by decay
to the Fg = 1 ground state. Therefore, a repumper is needed to prevent
losses from the cooling process during the passage of the pumping section.
This repump frequency is generated by passing the laser beam through an
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electro-optical modulator (EOM) operating at 1720 MHz. The side band
generated with the EOM contains 10 % of the total intensity. The EOM is
placed after the optical ﬁber because the EOM crystal disturbs the beam
proﬁle too much to get suﬃcient transmission through the ﬁber (>45%).
Figure 2.5 also shows the calculated velocity of the atoms passing the
Zeeman slower (dashed line). We can see that the ﬁnal velocity (30 m/s) is
not reached until close to the trapping region, which optimizes the number of
particles in the slowed beam. The slow atom ﬂux is measured with the beam
probe to be 7·109 atoms/s. Taken the divergence of the atomic beam due to
the slowing into account the slowing eﬃciency is determined to be around
10 %. We have not yet fully tracked down the reason for this sub-optimal
performance.

2.6 Dark-spot magneto-optical trap
With atoms slowed down to 30 m/s, a dark-spot MOT is loaded for 6 s. In
this MOT conﬁguration the repump beam has a black spot in the center of
the beam. The spot is imaged at the MOT, where it has a diameter of 12
mm. The atoms in the center of the dark-spot MOT are optically pumped to
the Fg = 1 ground state due to the presence of only cooling light [35]. This
prevents the density limitation present in a bright MOT [36, 37]. The light
of the dark-spot MOT consists of three retro-reﬂected laser beams (MOT
beams) with a beam diameter of 25 mm and a detuning of −11 MHz with
respect to the Fg = 2 to Fe = 3 transition, and one beam (repump beam)
with a detuning of +2.5 MHz with respect to the F g = 1 to Fe = 1 transition
(see Tab. 2.1).
The quadrupole magnetic ﬁeld needed for the MOT is generated by two
anti-Helmholtz coils producing a ﬁeld gradient of 5 G/cm at a current of
15 A. A typical dark-spot MOT in our experiments consists of 2.0·10 10 atoms
with a temperature of 320 μK at a peak density of about 1·10 11 atoms/cm3
[38]. Note, that due to the slow atom ﬂux of 7·10 9 atoms/s the MOT loads
in a few seconds.

2.7 Spin-polarizing in a high magnetic ﬁeld
After loading the dark-spot MOT the atoms are transferred to the MT for
the evaporative cooling. The eﬃciency of this transfer depends on the distribution of the atoms over the magnetic sublevels of the trapped state. The
sodium atoms trapped in a dark-spot MOT occupy the F g = 1 ground
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32P 3/ 2

Fe = 1

16MHz

Fe = 0

Fg = 2

1772MHz

32S1/ 2

Fg = 1

Fig. 2.6: The principle of spin-polarizing. The atoms in the Fg = 1 ground state
are optically pumped to the Fe = 1 excited state by a laser beam with
σ− polarization (solid arrows). The atoms in the Fe = 1 excited state can
decay to the Fg = 1, mg = −1 ground state, making them spin polarized.
However, also decay to the other Fg = 1 ground states is possible, which
makes another absorption-emission cycle needed. An atom in the Fe = 1
excited state can also decay to the Fg = 2 ground state. From this state
the atoms are depumped by the MOT laser beams to the Fg = 1 ground
state. The diﬀerent decay possibilities from one excited state are indicated
with dashed arrows. The depump transitions are not shown.

state. The homogeneous distribution over the three magnetic sublevels,
makes that only 1/3 of the atoms are in the so-called ”low ﬁeld seeking”
state (Fg = 1, mg = −1), which can be trapped in the minimum of the
magnetic trap. The Fg = 2, mg = 2 state, which can also be trapped in
the minimum of the magnetic trap with two times stronger conﬁnement is
not investigated. It is harder to reach BEC with atoms in this state, since
only a pure Fg = 2, mg = 2 state is stable against spin changing collisions.
Therefore, all the atoms in other Fg = 2 ground states must be removed
from the trap before evaporation [39].
The transfer eﬃciency from the MOT to the MT of 1/3 can be increased
by spin-polarizing the sample before loading it into the MT. This can be done
by applying a short laser pulse with the proper polarization in combination
with a small magnetic ﬁeld to deﬁne the spin state with respect to the
magnetic trap (Fig. 2.6). Spin polarization is a commonly used technique in
BEC experiments, for example in the experiments with Rb [23], He [40], and
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Ne [41]. In these experiments transfer eﬃciencies up to 0.70 are reached. To
our knowledge in sodium BEC experiments the eﬃciency has never exceeded
0.35 [39] due to the large number of transitions lying very close to each other
in frequency in combination with the high optical density. The ﬁnal degree
of polarization is determined by the balance between the optical pumping
to the polarized state and the depolarization. The depolarization is caused
by oﬀ-resonant scattering of the spin-polarization beam by atoms, which are
already polarized, and the reabsoption of spontaneous emitted photons. In
sodium MOTs used in BEC experiments the optical density is so high, that
these are strong depolarization mechanisms. For sodium it is not possible to
circumvent this problem using a larger detuning due to the large number of
optical transitions, which are close to each other in frequency.
In our experiment we spin polarize the atoms in a high magnetic ﬁeld.
The high magnetic ﬁeld induces large level splittings, which makes it easier to
drive only the transition needed for the polarization process. Furthermore,
due to the large level splittings the optical density of the sample decreases
signiﬁcant, which makes the reabsorption of spontaneous emitted photons
no longer problematic [42]. A detailed description of the process will be
presented in chapter 3. The magnetic ﬁeld is created by a combination of
the ﬁelds generated by the pinch and bias coils of the magnetic trap. The
details of this trap will be discussed in Sec. 2.8. With these coils we can
tune the magnetic ﬁeld from 0 to 125 G with a accuracy of 1 G. Directly
after the MOT magnetic ﬁeld and the repump laser beam are turned oﬀ, the
magnetic ﬁeld for spin-polarizing is turned on. Note, that the MOT laser
beams are still on. It takes about 500 μs for the magnetic ﬁeld to stabilize.
After this time the spin-polarizing beam is turned on for 500 μs. During
spin-polarizing the MOT beams pump the atoms decaying to the F g = 2
ground state back to the Fg = 1 ground state. After spin-polarizing these
beams are kept on for another 500 μs to make sure all the atoms end up
in the Fg = 1 ground state. In Fig. 2.7 the transfer eﬃciency from the
MOT to the MT is shown as a function of the applied magnetic ﬁeld. This
ﬁgure clearly shows that spin-polarizing in a high magnetic ﬁeld gives a high
and stable transfer eﬃciency around 0.7, which is comparable to other spin
polarization experiments. The solid line in Fig. 2.7 shows the calculated
transfer eﬃciency. In this calculation the optical Bloch equations are solved
for the multilevel structure of sodium in a magnetic ﬁeld. After elimination
of the population of the excited state rate equations for transitions from one
ground state to another ground state are obtained. These rate equations
form the basis for the calculation. A more detailed description of the model
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Fig. 2.7: Transferred fraction of atoms from the MOT to the MT as a function of
the applied magnetic ﬁeld. The dots are the measurements and the solid
line is the simulation.

is given in Ref. [42] and in chapter 3.

2.8 Magnetic trap
For trapping the atoms during the evaporative cooling we use a magnetic
trap in the cloverleaf conﬁguration [43]. The trap is schematically shown in
Fig. 2.8. The two pinch coils generate a curvature in the magnetic ﬁeld in
the z-direction, which causes conﬁnement along this direction. The oﬀset
in the magnetic ﬁeld is compensated by the bias coils producing a ﬁeld in
the opposite direction. The gradient coils produce a quadrupole ﬁeld for
the radial conﬁnement. The advantage of the cloverleaf trap is the full 360 ◦
optical access.
We operate the gradient and the pinch/bias coils at 300 A and 200 A, respectively. The current of 300 A through the gradient coils yields a magnetic
ﬁeld gradient of 118 G/cm in the radial direction. The curvature ﬁeld in the
axial direction is 42 G/cm2 at a current of 200 A through the pinch/bias
combination. The minimum of the ﬁeld is 3.4 G. This leads to trap frequencies in the axial and radial direction of ν z = 16 Hz and νρ = 99 Hz.
The stability of the minimum of the magnetic ﬁeld is essential for a reproducible evaporation. Because the minimum is generated by subtracting the
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Fig. 2.8: Schematic view of the cloverleaf trap. From left to right we see the MOT
coils (transparent), the bias coils, the set of four gradient coils and the
pinch coils.

two large magnetic ﬁelds of the pinch and the bias coils, it is very sensitive
for the current through the coils as well as the position of the coils.
To minimize the ﬁrst eﬀect the current through the pinch and bias coils
is produced by the same power supply. In parallel with the bias coils a shunt
is placed, to ﬁne tune the current through the bias coils. The second eﬀect
is minimized by gluing all the windings of the separated coils together with
Loctite, subsequently both sets of coils are ﬁxed in polyester boxes. The
coils are made of hollow, rectangular copper wires, through which cooling
water is pumped. The temperature of the cooling water is stabilized within
1 0 C. With these precautions the stability of the ﬁeld minimum of our trap
is 0.4 mG. This is determined by measuring the stability in the number of
particles in the BEC, when the atoms are cooled very close to the bottom of
the trap. The stability of the trap is 500 Hz, which corresponds to 0.4 mG.
Most information from the cold atoms is obtained from time of ﬂight images of the expanding cloud. Therefore, the expansion of the cloud should be
dominated by the dynamics of the cloud and not by the remaining magnetic
ﬁeld. This makes it important that the magnetic ﬁeld is switched oﬀ fast on
the time scale of the trap period (less than 1 ms). To meet these require-
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ments all the sets of coils are equipped with a fast switch. Our switch consist
of a resistor and a diode, which are placed in parallel with the coils, and an
insulated gate bipolar transistor (IGBT, Dynex DIM600BSS17-E000) in serial to the coils. To switch oﬀ the magnetic ﬁeld the IGBT is opened. This
is done relatively slowly (50 μs) on the time scale of the IGBT to limit the
peak voltage during the turn-oﬀ to 1200 V. This limitation does not increase
the switch-oﬀ time, because this is determined by the self induction of the
coils. The energy that is released from the coils is absorbed in the resistor.
Because a diode is placed in serial with the resistor, no current ﬂows through
the resistor during normal operation of the magnetic trap. To suppress the
limitations in the switch-oﬀ time due to eddy currents the amount of metal
between the coils is minimized. This is achieved by mounting large windows
(radius of 63.5 mm) in the vacuum chamber in the z-direction (Fig. 2.2).
The radius of the windows is twice as big as the outer radius of the pinch
coil. The switch-oﬀ time of the coils is less than 300 μs (1/e time). In the
experiment we have increased the time to 750 μs, because a switch-oﬀ time
of 300 μs generates repulsive forces between the coils large enough to crack
the polyester box in which they are mounted.
After spin-polarizing, as described in the previous section, the gradient
coils are turned on and the shunt is closed, which changes the high bias
ﬁeld used for the spin-polarizing into a curvature ﬁeld. The strength of
the trapping potential of the MOT and the MT must be matched, so that
heating during the transfer is avoided. When the MT is much stronger than
the MOT, this can be done by turning the MT on slowly. However, in
our experiment we can turn on the magnetic trap immediately at the full
strength without problems of mode matching the distributions of the atoms
in the MOT with the distribution of the atoms in the MT. In the MT we
can load 1.4·1010 atoms at a temperature of 350 μK with a peak density of
5.0·1010 atoms/cm3 .
In Fig. 2.9 the amount of atoms in the MT is plotted as a function of
the storage time in the MT. From the ﬁt of the data to an exponential decay
the lifetime of the atoms in the MT is determined to be 260 s. This is long
enough for the evaporative cooling, which takes only 50 s. Therefore, we
loose only ≈ 20% of the particles due to the ﬁnite pressure.

2.9 Evaporative cooling
The atoms in the magnetic trap are cooled to degeneracy by evaporative
cooling. The basic principle of this technique is that the atoms with an
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Fig. 2.9: Number of atoms in the MT as a function of the storage time. The solid
line is ﬁt of the data to an exponential decay yielding a lifetime of 260 s.

energy higher than the average kinetic energy are removed from the sample
by spin-ﬂipping them to an untrapped state, followed by rethermalization of
the remaining atoms due to elastic collisions [44, 45]. The energy diﬀerence
between the trapped and the untrapped state is given by μ B B/2 corresponding to a frequency of 50 MHz at 70 G. The ﬁeld for spin-ﬂipping is generated
by a single-turn rf-coil (diameter of 21 mm) driven by a 10 W ampliﬁer. The
coil is placed outside the vacuum system between the window and the pinch
coil at 40 mm distance from the atoms. The rf-frequency is ramped down
from 50 MHz to 2.5 MHz in 50 s. The frequency in the ﬁrst 42.5 s is linearly
ramped down with a rate of 1.08 MHz/s; in the last 7.5 s the ramp rate is
decreased to 200 kHz/s. The rf-power is kept at a constant level of 10 W
during the ramp.
For an evaporation time of 50 s we can condense 35·10 6 atoms in the
setup. Even in 15 s we can reach condensation but with signiﬁcantly less
atoms. In Fig. 2.10a the number of atoms is plotted as a function of the
rf-frequency relative to the bottom of the trap for a 50 s ramp. During
the evaporation the density increases to 4·10 14 atoms/cm3 . The three-body
collision rate is given by G3 ·n2 with G3 = 1.1·10−30 cm6 /s [46] and n is the
density of the sample, which yields a loss rate of 0.2 /s. The loss rate due to
two-body collisions is given by G2 ·n, with G2 = 6·10−17 cm3 /s [47]. This loss
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Fig. 2.10: (a) Number of atoms as a function of the rf-frequency with respect to
the bottom of the trap. At frequencies below 150 kHz we see that the
eﬃciency parameter α decreases, as indicated with the two dashed lines.
(b) The temperature of the cloud as a function of the rf-frequency. BEC
is reached at a temperature of 150 nK.

rate is small compared to the three-body lose rate. For the evaporation an
Ṫ /T
[48]. The high loss rate due
eﬃciency parameter α can be deﬁned as α = Ṅ
/N
to three-body collisions results in a decreasing α, as shown in the last part
of the evaporation ramp (below 150 kHz). In Fig. 2.10b the temperature
of the cloud is plotted as a function of the rf-frequency with respect to the
bottom of the trap. BEC is reached at a temperature of 150 nK and an
rf-frequency of 50 kHz.

2.10 Evaporative cooling in a decompressed magnetic trap
To reduce the losses due to three-body collisions the trap is decompressed
after 42 seconds of evaporation, corresponding with an rf-frequency of 2.04
MHz with respect to the bottom of the trap. At higher frequencies and thus
higher temperatures three-body losses are not the limiting loss process, since
the density is always below 2·1013 atoms/cm3 yielding a loss rate of 4·10−4 /s.
For the decompression the trap frequencies can be lowered in either axial or
radial direction. In Fig. 2.11 the results of those measurements are shown,
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Fig. 2.11: The number of particles during the evaporation in a decompressed trap.
The left ﬁgure is for the evaporation in the radial decompressed trap,
resulting in 60·106 atoms in the condensate. The right ﬁgure is for the
axial decompressed situation leading to a BEC containing 120·10 6 atoms.

where the radial and the axial decompression reduces the trap frequencies
from 99 to 50 Hz and from 16 to 4 Hz, respectively. Note, that the radial
decompression takes place in 2 directions instead of only 1 direction in the
axial decompressed case. This means that the decrease in density is the same
in the two cases. The losses compared to the compressed trap are strongly
reduced by decompression. The evaporation in the radial decompressed trap
results in 60·106 atoms in the BEC. This is an increase of almost a factor of
two compared to the compressed trap. The number of atoms can even be
increased by almost a factor of four by evaporation in an axial decompressed
trap. In this elongated trap we can condense 120·10 6 atoms. This is as far
as we know the largest number of atoms in a BEC starting from an optical
trap.
The fact that the axial decompression works better than radial decompression is a strong indication that the collisional density is high enough to
generate avalanches, which heats the atoms in the trap strongly [49]. In
a collisional opaque sample evaporated atoms have a larger probability to
escape from an elongated cigar shaped trap without creating an avalanche
than from a more spherical symmetric trap. The collisional opacity is given
by nr σs , with σs = 8πa2 the s-wave cross section, a the scattering length,
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and nr the average column density. In the non-decompressed trap the
collisional opacity is 1.7, which is signiﬁcant larger than the critical value
of 0.693 [49]. The avalanches in the BEC are discussed in more detail in
chapter 4.

2.11 Probing of the Bose-Einstein condensate
The atoms are probed by absorption imaging. For this purpose the cloud is
overlapped with a collimated laser beam aligned perpendicular to the long
axis of the trap. The shadow caused by the cloud is imaged on the CCD
camera (Apogee AP1E, Kodak KAF-0401E chip). To obtain information
about the momentum distribution of the atoms, the atoms are probed after
a time of ﬂight after switching oﬀ the trap. In our experiment the BEC
is typically imaged after 80 ms time of ﬂight, when the optical density is
between 3 and 5. The probe beam is +2.5 MHz detuned from the F g = 1
ground state to the Fe = 1 excited state transition (Tab. 2.1). The atoms
can also be probed at the Fg = 2 ground state after optical pumping to
this state, but this did not improve the quality of the pictures. The pulse
length of our probe beam is 400 μs, long enough for a good contrast and
short enough to avoid heating of the cloud.
To extract the absorption from the image we take after the ﬁrst image
at 1 s intervals two additional images: one of the probe beam without atoms
and one of the background. The absorption is determined by taking the ratio
of the image with atoms and the image without atoms, after ﬁrst subtracting
the background image from both.
The absorption proﬁle is ﬁtted with a density proﬁle, which is the sum
of Thomas-Fermi proﬁle for the condensed atoms and a Gaussian proﬁle for
the thermal atoms. From the ﬁt three parameters for the condensate are extracted: the absorption at the center of the proﬁle due to the condensate (A),
and the width of the Thomas-Fermi proﬁle in the r- and z-direction (σ r and
σz ). The number of condensed atoms can be determined in two ways: either
by the total absorption or by the width of the Thomas-Fermi proﬁle [50]. In
the ﬁrst case the number of condensed atoms becomes N = (8π/15)n 0 σr2 σz ,
where the center density is given by n 0 = (3A/4σσr ), with σ the absorption cross section. For the Fg = 1 ground state to the Fe = 1 excited state
transition the absorption cross section is given by σ = (3λ 2 /2π)Ceq and the
square of the Clebsch-Gordan coeﬃcient becomes C eq = 5/18. The second
method of extracting the number of atoms from the images is to determine
the chemical potential from the width of the proﬁle. This is given by the
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relation:
μ=

mωr2
1
,
2 1 + ωr2 σr2 t2

(2.1)

with μ the chemical potential, ω r the radial trap frequency and σr the
Thomas-Fermi radius after a time of ﬂight t. The number of particles in
the BEC can then be determined with the following equation:
μ5/2 =

152 m1/2
N ω̄ 3 a,
25/2

(2.2)

with a scattering length, N the number of atoms in the BEC, and ω̄ the
average trap frequency [50]. When the used time of ﬂight is more than 30 ms
both methods give the same results within the measurement uncertainty.
After expansions shorter than 30 ms the high optical density makes the
ﬁrst method less reliable. In our experiment we use the chemical potential
for determining the number of particles (second method), because this is
insensitive for ﬂuctuations in the probe frequency, while optical density is.
With the decompression, as described in the previous section, we can condense 120·106 atoms at a temperature of 150 nK and a density of 2.8·10 14
atoms/cm3 . Axial and radial size of the condensate is approximately 1 mm
and 20 μm, respectively. Evidence for the phase transition from a thermal
gas to a BEC is the changing aspect ratio as a function of the time of ﬂight
(Fig. 2.12). After a short time the cloud of atoms still has the shape of
the atom distribution in the magnetic trap, which is elongated in the vertical direction in the pictures. This aspect ratio changes due to the mean
ﬁeld energy, which causes the cloud to expand more rapidly in the direction of the strongest conﬁnement. This eﬀect can been seen clearly in our
measurements.

2.12 Conclusion and outlook
To summarize, we have realized a BEC of sodium containing 120·10 6 atoms.
This is as far as we know the largest condensate starting from an optical
trap. The large number of particles is mainly due to two reasons compared
to similar experiments. First, we start with a large number of atoms in the
MT due to spin-polarizing the sample before we load the atoms in the MT.
Secondly, we loose less than a factor of 120 in the number atoms during
the evaporation. This relatively small loss is caused by suppression of the
one-, two- ,three-body losses during the evaporation. The one-body losses
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Fig. 2.12: Absorption images for diﬀerent times of ﬂight. Above each picture the
time of ﬂight is given. It is clearly shown that the aspect ratio changes
from the shape dominated by the trap potential (elongated in the vertical
direction) to the shape dominated by the mean ﬁeld energy (elongated
in the horizontal direction).

are strongly reduced due to the low background pressure, resulting in a
lifetime of the atoms in the MT which is more than a factor 5 longer than
the evaporation time. Furthermore, the two-body losses and especially the
three-body losses are suppressed by lowering the density of the cloud due to
the decompression during the evaporation.
The large number of atoms will provide us the opportunity to perform
experiments such as superradiant scattering with a better signal-to-noise
ratio (chapter 6, 7, 8). Furthermore, the large number of atoms in combination with the low trap frequencies gives rise to a high volume condensate.
Together with the low density in the condensate compared to similar experiments this yields us the possibility to enter the hydrodynamic regime
(chapter 4).
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3. Spin-polarizing cold sodium atoms in a strong magnetic
ﬁeld

The eﬃciency of evaporative cooling, which is used for the
creation of a Bose-Einstein condensate, relies strongly on the
number of particles at the start of the evaporation process. A
high eﬃciency can be reached by ﬁlling the magneto-optical
trap with a large number of atoms and subsequently transferring these atoms to the magnetic trap as eﬃciently as
possible. In our case (for sodium) this eﬃciency is limited to 1/3, because the magnetic substates of the F = 1
state, which is used in the trapping process, are equally populated. This limit can be overcome by spin-polarizing the
sample before the transfer. For sodium atoms, however, the
improvement is very small when it is done in a small magnetic ﬁeld due to the large number of optical transitions in
combination with the high optical density. In this chapter we
describe spin-polarizing sodium atoms in a strong magnetic
ﬁeld. The transfer eﬃciency is increased by a factor of 2.
The strong magnetic ﬁeld makes the process also more robust
against variations in the magnetic ﬁeld, the laser frequency,
and the polarization of the laser beam.

This chapter has been published as Spin-polarizing cold sodium atoms in a strong
magnetic ﬁeld, K. M. R. van der Stam, A. Kuijk, R. Meppelink, J. M. Vogels, and P. van
der Straten, Phys. Rev. A 73, 063412 (2006).
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3.1 Introduction
The ﬁrst realization of a Bose-Einstein condensate (BEC) opened up a completely new ﬁeld of research [23–25]. Currently, a BEC is often used as a
starting point for further research. Therefore, it is of great importance to
have a reliable process of generating a BEC. The process of creating a BEC
can be divided into two main steps. First, atoms are cooled and trapped
in a magneto-optical trap (MOT) using laser cooling. Second, the sample
is transferred to a magnetic trap (MT), in which evaporative cooling is applied. The latter cooling technique is based on selectively removing the most
energetic atoms, followed by rethermalization of the remaining atoms due to
elastic collisions. The eﬃciency of the evaporative cooling depends strongly
on the rethermalization rate. Therefore, at the start of the evaporation the
density of atoms in the magnetic trap should be as large as possible. This
can be achieved by creating a MOT with a large number of atoms, and subsequently transferring those atoms to the MT as eﬃciently as possible. In
our case, we trap sodium atoms in the F = 1 m F = −1 state, because only
the atoms that have a decreasing potential energy with decreasing magnetic
ﬁeld will be trapped in the minimum of the MT (low ﬁeld seekers). The
transfer eﬃciency is limited to 1/3, because the magnetic substates of the
F = 1 state are equally occupied in the MOT. The transfer eﬃciency can be
increased by spin-polarizing the sample before loading it into the MT. This
can be done by applying a short laser pulse with the proper polarization in
combination with a small magnetic ﬁeld to deﬁne the diﬀerent spin states
with respect to the magnetic trap, after the MOT is turned oﬀ and before
the MT is turned on, Fig. 3.1.
Spin-polarization is a technique commonly used in BEC experiments, for
example in experiments with Rb [23], He [40], and Ne [41]. In these experiments, transfer eﬃciencies up to 0.70 are reached. To our knowledge, in
sodium BEC experiments the eﬃciency has never exceeded 0.35 [39], due to
the large number of transitions lying very close to each other in frequency
in combination with the high optical density. The ﬁnal degree of polarization is determined by the balance between the optical pumping to the
polarized state and the depolarization of it. The depolarization is caused by
oﬀ-resonant scattering of the spin-polarization beam by atoms that are already polarized, and by the reabsoption of spontaneous emitted photons. In
sodium MOTs used in BEC experiments, the optical density is so high that
these form strong depolarization mechanisms. For sodium it is not possible
to circumvent this problem using a larger detuning due to the large number
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3 2 P3/ 2

Fe = 1
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Fe = 0

Fg = 2

1772 MHz

Fg = 1

3 2 S1/ 2

Fig. 3.1: The principle of spin-polarizing. The atoms in the Fg = 1 ground state
are optically pumped to the Fe = 1 excited state by a laser beam with
σ− polarization (solid arrows). The atoms in the Fe = 1 excited state can
decay to the Fg = 1, mg = −1 ground state, making them spin polarized.
However, also decay to the other Fg = 1 ground states is possible, which
makes another absorption-emission cycle needed. An atom in the Fe = 1
excited state can also decay to the Fg = 2 ground state. From this state
the atoms are depumped by the MOT laser beams to the Fg = 1 ground
state. The diﬀerent decay possibilities from one excited state are indicated
with dashed arrows. The depump transitions are not shown.

of optical transitions, which are close to each other in frequency.
In this chapter we describe a method of spin-polarizing a high-density
sample of cold sodium atoms at a strong magnetic ﬁeld. The method suppresses the depolarization due to the previously mentioned processes strongly
and makes the process also more robust against instabilities in magnetic ﬁeld
strength and laser frequency.

3.2 Experimental setup
In our BEC experiment, a thermal atomic beam produced by an oven operating at 570 K is slowed longitudinally by means of Zeeman slowing. In the
Zeeman slower, the magnetic ﬁeld decreases from approximately 1000 G at
the beginning to approximately -200 G at the end of the slower. The large
negative magnetic ﬁeld at the end of the slower makes the extraction of the
atoms from the slower less critical compared to a slower with a small positive
end ﬁeld. The slowing process is driven by a laser beam with a detuning
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of 356 MHz below the Fg = 2 to Fe = 3 transition. During the passage of
the zero-crossing of the magnetic ﬁeld, atoms can be excited to the F e = 2
state, since the detuning becomes small in a small magnetic ﬁeld. Atoms in
this state can be lost from the slowing process due to decay to the F g = 1
ground state. Therefore, a second frequency (the so-called repumper) that
excites the atoms from the Fg = 1 ground state to the Fe = 2 excited state
is needed. In the case of the Zeeman slower, this repump frequency is generated by adding sidebands to the laser beam with a frequency diﬀerence of
1720 MHz by using an electro-optical modulator (EOM). After the atoms
have been slowed down to 30 m/s, a dark-spot MOT is loaded for 6 s.
The dark-spot MOT is operated with three retroreﬂected laser beams
(MOT beams) with a detuning of -12 MHz with respect to the F g = 2
to Fe = 3 transition, and one retroreﬂected beam (repump beam) with a
detuning of +2.5 MHz with respect to the Fg = 1 to Fe = 1 transition. For
the MOT, the repump beam is generated with a separated laser instead of an
EOM. In the dark-spot MOT conﬁguration, the repump beam has a black
spot in the center of the beam. The atoms in the center of the dark-spot
MOT are optically pumped to the Fg = 1 ground state due to the absence of
repump light [35]. This avoids the density limitation, which is present in a
bright MOT [36, 37]. A typical dark-spot MOT in our experiments contains
1 · 1010 atoms at a temperature of 320 μK at a peak density of about 1 · 10 11
atoms/cm3 [38].
After the loading, the magnetic ﬁeld and the repump beam are ﬁrst
switched oﬀ and the MOT beams 1 ms later to make sure that all the atoms
end up in the Fg = 1 ground state. Subsequently, the atoms are transferred
to the magnetic trap. We use a cloverleaf magnetic trap for full 360 ◦ optical
access. The magnetic ﬁeld gradient of 118 G/cm and 42 G/cm 2 leads to trap
frequencies in the axial and radial direction of ν z = 16 Hz and νρ = 99 Hz,
respectively. The maximum transfer eﬃciency is 1/3 because the atoms in
the MOT are equally distributed over the three magnetic sublevels of the
trapped state (Fg = 1), of which atoms in one of the three states can be
trapped after the transfer to the MT. The eﬃciency can be increased by
transferring the atoms to the magnetically trapped state, F g = 1, mg = −1
in our case, before loading them into the MT. This spin-polarizing process
can increase the number of atoms at the start of the evaporative cooling
with a factor of 3. Since the evaporative cooling is a nonlinear process, the
increase of atoms in the BEC can be much larger, depending on the loss
mechanism during the evaporation.
The number of atoms in our experiment can be determined either by
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ﬂuorescence or absorption imaging. In this experiment, we mainly use ﬂuorescence imaging, where 20 ms after the atoms are released from the trap
(MOT or MT), a 1 ms laser pulse with the repump, and MOT frequency is
applied. The density of the cloud after an expansion time of 20 ms is small
enough to neglect optical density eﬀects. Therefore, the number of atoms
that are illuminated scales linearly with the measured ﬂuorescence. We determine the transfer eﬃciency by taking the ratio of the number of atoms in
the MOT and the MT.
A possible complication of the measurement is that not only the F g =
1, mg = −1 state can be trapped in the MT, but also the F g = 2, mg = 1, 2
states. These states are not distinguishable from the F g = 1, mg = −1
state with our imaging technique. However, since we use σ − light and apply
after spin-polarizing an extra laser pulse at the MOT (F g = 2 → Fe = 3)
frequency to pump the atoms to the Fg = 1 state, it is highly unlikely for
the atoms to end in the Fg = 2, mg = 1, 2 states.

3.3 Optical transitions of sodium in a magnetic ﬁeld
To determine the magnetic ﬁeld and laser frequency required for the spin
polarization, we have calculated the frequencies of the transitions from the
3 2 S1/2 ground state to the 3 2 P3/2 excited state as a function of the magnetic
ﬁeld for the diﬀerent hyperﬁne levels. The results are shown in Fig. 3.2 for
transitions from the Fg = 1 → Fe = 0, 1, 2, 3 driven by σ− and σ+ light.
Note that F is no longer a good quantum number in a magnetic ﬁeld and
therefore the selection rule ΔF = 0, ± 1 no longer applies. The frequency is
given with respect to the 3 2 S1/2 (Fg = 2) to 3 2 P3/2 (Fe = 0) transition.
From Fig. 3.2 we can determine which combinations of magnetic ﬁeld
and frequency result in a transfer to the sublevel, where atoms can be
trapped. The ﬁrst criterion is that the atoms need to be transferred to
the Fg = 1, mg = −1 state. Therefore, the transfer from the m g = 1 to
me = 0, −1 state and from the mg = 0 to me = −1 state are important.
The transition from the mg = −1 to me = −2 state should be suppressed
because this transition is not necessary for polarizing the atoms, but can
cause depolarization and heating of the cloud. The second criterion is that
the situation is robust against ﬂuctuations in magnetic ﬁeld, laser frequency,
and polarization. The last requirement is a frequency between 1620 and 1860
MHz, because detunings larger than 1860 MHz and smaller than 1620 MHz
are diﬃcult to reach in our setup.
The ﬁrst requirement is met at four combinations of magnetic ﬁeld and
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Fig. 3.2: The transition frequencies from the 3 2 S1/2 (Fg = 1) ground state to the
3 2 P3/2 (Fe = 0, 1, 2, 3) excited states as a function of the magnetic ﬁeld
for (a) σ− and (b) σ+ light. On the right side of the ﬁgure, the magnetic
quantum numbers of the transitions are given, mg → me . The detuning is
given with respect to the 3 2 S1/2 Fg = 2 to 3 2 P3/2 Fe = 0 transition. The
dashed line indicates the spin-polarization laser frequency. The numbers 1
to 4 in (a) show the possible combination of magnetic ﬁeld and frequency
that drive the atoms to the Fg = 1, mg = −1 state. In (b) the numbers
2 and 4 are the situations that are stable against ﬂuctuations in magnetic
ﬁeld and frequency and can be reached in our setup (see text).

detuning shown in Fig. 3.2a, which will be discussed in this paragraph. At
these combinations both transitions from the m g = 1 to me = 0, and from
the mg = 0 to me = −1 state are close to resonance, while the m g = −1 to
me = −2 transition is as far detuned as possible. In case (1), a magnetic
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ﬁeld of 100 G with a detuning of 1570 MHz is in principle possible. This
detuning is, however, problematic to reach in our setup. In case (2), another suitable situation is reached at 1790 MHz, which is achievable in our
setup. Case (3) is reached by decreasing the magnetic ﬁeld to 20 G, while
the detuning is set slightly higher at 1810 MHz. This results in a situation
that also gives the two transitions we need, but is more sensitive to ﬂuctuations in both parameters. The last possibility (case (4)) is at a detuning of
1880 MHz, combined with a magnetic ﬁeld of 25 G. This means that only
considering the pumping process, the second and the fourth combinations
are useful. Looking at the transition that can be made with σ + light (see
Fig. 3.2b), we observe that the (25 G, 1880 MHz) combination is resonant
with two transitions, while the high magnetic ﬁeld (100 G) situation is not
close to resonance. Therefore, combination 2 is much more stable against
polarization ﬂuctuations. The large energy splitting of the transitions at
high magnetic ﬁeld reduces also the optical density, and for that reason will
be used in our work.
In the spin-polarizing process, atoms are optically pumped from the F g =
1 state, because this is the occupied state in the dark-spot MOT. To prevent
atoms from being lost from the spin-polarizing process due to decay to the
Fg = 2, we apply an extra depump frequency. This depump frequency
excites the atoms from Fg = 2 ground state. We use the MOT laser beams
for depumping. With respect to the quantization axis of the atoms, the
polarization of the MOT laser beams is a combination of σ − , π and σ+
polarization. In Fig. 3.3, the transition frequencies from the F g = 2 ground
state to the diﬀerent excited states as a function of the magnetic ﬁeld are
shown for σ− , π and σ+ light.
Figure 3.3 shows that at the chosen combination for depumping (100 G
and 98 MHz), the depump frequency is nearly resonant with the transition
from the Fg = 2, mg = 1 state to the Fe = 2, me = 0, 1, 2 state. However, the
transitions from other magnetic sublevels of the ground state are detuned
much further. Therefore, it takes more time to complete the spin polarization
when atoms pass another Fg = 2 state during the optical pumping process.
The scatter rate for an oﬀ-resonant transition is given by
γs =

s0 Γ/2
,
1 + s0 + (2δ/Γ)2

(3.1)

where s0 is the saturation parameter, δ is the detuning from resonance, and
Γ is the line width of the transition used. For example, the transitions from
the Fg = 2, mg = 0 state have a detuning of 80 MHz with respect to the
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Fig. 3.3: The transition frequencies from the 3 2 S1/2 (Fg = 2) ground state to the
3 2 P3/2 (Fe = 0, 1, 2, 3) excited states as a function of the magnetic ﬁeld
for (a) σ− , (b) π, and (c) σ+ light. To the right side of the ﬁgure, the
magnetic quantum numbers mg → me of the transition are given. The
detuning is given with respect to the 3 2 S1/2 (Fg = 2) to 3 2 P3/2 (Fe = 0)
transition. The dashed line indicates the used laser frequency. Number
2 shows the combination of magnetic ﬁeld and laser frequency we use for
the depumping during spin-polarizing.
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depump frequency. The scatter rate (γs ) from this state decreases by more
than a factor of 500 with respect to the on-resonant scattering.
To simulate the optical pumping process, we have to solve the optical
Bloch equations (OBE) for the density matrix of a multilevel atom in a
magnetic ﬁeld. In case the optical pumping process is long compared to the
lifetime for spontaneous decay, we can adiabatically eliminate the optical
coherences and obtain generalized equations for the evolution of the density
matrices σg of the ground state and σe of the excited state [51]. To simplify the treatment, we choose the quantization axis along the propagation
direction of the pump laser, in which case only the diagonal elements of the
density matrix play a role. The evolution equations of the density matrix
thus reduce to rate equations for the populations of the ground and excited
state. The eﬀect of the depumping process is taken into account by assuming
that the depump beam induces all (σ+ , π and σ− ) possible transitions in the
atom with equal strength. Finally, we eliminate the population of excited
states. This is valid, since the duration of the optical pumping process is
much longer than the excited-state lifetime. This way the largest rate in
the rate equations is reduced from the spontaneous decay rate to the optical
pump rate, which in the case of large detuning can be much smaller. This
allows us to increase the time step in the numerical integration of the rate
equation considerably and thus decrease the computation time.
The optical pumping process can now be described as the transfer of the
atom from the ground to the excited state by the absorption of a photon,
followed by a branching of the atom from one excited state to diﬀerent ground
states by spontaneous emission. The transfer of an atom from one ground
state i to another ground state j is then determined by an optical pump
rate γp , which in zero magnetic ﬁeld is proportional to the Clebsch-Gordan
q
of the polarization q = 0, ±1 of the pump beam, the detuning
coeﬃcient Ceg
δ of the transition, and the branching ratio B je of the spontaneous-emission
process,
q2

s0 Bje Cei
Γ/2
,
(3.2)
γp,ij =
q2
1 + s0 Cei + (2δ/Γ)2
e
where the summation runs over all possible excited states e. Here s 0 =
I/Isat is the saturation parameter for the strongest transition and δ = ω −
ω0 . In the case of a nonzero magnetic ﬁeld, all these three parameters
are modiﬁed. First, the magnetic ﬁeld changes the energies of ground and
excited states and therefore the transition frequencies ω 0 . Second, since the
states at nonzero ﬁeld become a linear combination of the states at zero ﬁeld,
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the coupling between ground and excited states for a given polarization is
q
and the branching
modiﬁed and this eﬀects both the coupling coeﬃcient C ei
ratio Bje . All these eﬀects are taken into account in our simulation.

3.4 Spin-polarizing in a strong magnetic ﬁeld
The process of spin-polarizing in a strong magnetic ﬁeld as indicated in the
previous section is done at a ﬁeld of 100 G combined with a detuning of 1790
MHz. The magnetic ﬁeld is created by a combination of the ﬁeld produced
by the pinch and the bias coils of the cloverleaf magnetic trap. This ﬁeld
can be tuned from 0 to 125 G with an accuracy of 1 G. The frequency of the
spin-polarizing laser can be tuned by changing the rf-frequency that drives
the AOM and can be changed from 1790 to 1850 MHz with an accuracy of
3 MHz.
To determine the eﬃciency of the spin-polarizing process, we measure
the transfer from the MOT to the MT. This is done by loading the atoms
in the dark-spot MOT for 6 s. After the loading, the MOT laser beams and
the MOT magnetic ﬁeld are turned oﬀ and subsequently the sample is spinpolarized by switching on the magnetic ﬁeld, the spin-polarizing laser beam,
and the MOT laser beams (for depumping) for a certain period τ . After
switching the magnetic ﬁeld and the spin-polarizing beam oﬀ, we apply an
extra depump period τdepump to make sure all the atoms end up in the Fg = 1
ground state. After 6 s of trapping the atoms in the MT, the MT is turned
oﬀ and subsequently ﬂuorescence imaging is applied, as described in Sec.
3.2. The transfer eﬃciency is determined by taking the ratio between the
ﬂuorescence images of the MOT and the MT. The eﬃciency depends on the
polarization, the pulse length τ , and the frequency ω of the spin-polarizing
beam, the length of extra depump time τ depump , the magnetic ﬁeld, and the
frequency of the depump beam ωdepump . All data are taken, unless otherwise
stated, with a polarization beam intensity of 5 mW/cm 2 , a depump beam
intensity of 20 mW/cm2 , τ = 1 ms, τdepump = 1 ms and a magnetic ﬁeld of
100 G.
In Fig. 3.4, the eﬃciency of the transfer is shown as a function of the
polarization of the spin-polarizing beam. The maximum transferred fraction
is 0.75, which implies an increase with a factor of 2.7, compared to 0.28
without spin-polarizing. That the fraction of 0.28 is lower than 1/3 is due
to imperfections in the geometrical overlap between the two traps. In day to
day measurements, we obtain an increase with a factor of 2. Furthermore,
the simulation agrees with the measurements satisfactorily and therefore,
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Fig. 3.4: The transfer eﬃciency from the MOT to the MT as a function of the angle
between the linear polarization of the laser beam and the slow axis of a
quarter-wave plate. Here 0◦ , 45◦ , and 90◦ correspond with σ− , π, and
σ+ , respectively. The dots are the measurements and the solid line is the
simulation.

we will use the results of the simulation to explain other data. Increasing
the transfer further becomes problematic because the F g = 1, mg = −1
state is not completely dark. Although we set the frequency such that the
Fg = 1, mg = −1 to Fe = 3, mg = −2 transition is oﬀ-resonance, the scatter
rate is still more than 8000 /s. Those emitted photons will be reabsorped
by the optically thick sample and can cause a depolarization of the sample.
The used pulse length of 1 ms is long compared to the natural lifetime
of sodium of 16 ns. In 1 ms, an atom can scatter on-resonance more than
6 · 104 photons, which is much more than the number of photons it takes to
spin-polarize the atom, which is of the order of 10. We have measured the
transfer eﬃciency of the atoms from the MOT to the MT as a function of
the pulse length (Fig. 3.5). We observe an increase of the transfer eﬃciency
until a pulse duration of 1 ms and a decrease of the transfer toward longer
pulses. To understand this behavior, we have to take the decrease of the
scatter rate by a factor of 500 due to the detuning of the depump transition
and a decrease by a factor of 15 due to the detuning of the spin-polarization
transition into account. We ﬁnd that on average only 8.4 photons per atom
are scattered during the pumping process. Why at longer pulse durations
(>1 ms) the transferred fraction decreases is not completely clear, since we
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Fig. 3.5: The transfer eﬃciency of atoms from the MOT to the MT as a function
of the pulse length of the spin-polarizing pulse.
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Fig. 3.6: The transfer eﬃciency of atoms from the MOT to the MT as a function
of the magnetic ﬁeld applied during spin-polarization.

have not investigated this in suﬃcient detail.
In Fig. 3.6, the results of the measurement are shown, in which the
transfer of the atoms is determined as a function of the magnetic ﬁeld. These
results show that the transfer is large and nearly constant at magnetic ﬁelds
in excess of 40 G. Therefore, the process is insensitive for ﬂuctuations in the
ﬁeld strength in this range. The minima at 10 and 35 G can be understood
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Fig. 3.7: The transfer eﬃciency of atoms from the MOT to the MT as a function
of the spin-polarization frequency.

by looking at Fig. 3.2a. The dashed line (the laser frequency used) crosses
the F = 1, mg = −1 to F = 2, mg = −2 transition at 10 G and the F =
1, mg = −1 to F = 3, mg = −2 transition at 35 G. At these magnetic ﬁelds,
the atoms in the F = 1, mg = −1 state scatter more than 104 photons in
1 ms, which results in complete depolarization of the sample.
At ﬁelds below 5 G, which are generally used for spin polarization, the
measurements show a small transfer eﬃciency. This is due to the large
detuning of the depump frequency (30 MHz), causing most of the atoms to
end up in the Fg = 2 state. This can be circumvented by using an extra
depump laser beam at the resonance frequency instead of using the MOT
laser beams. However, even with an extra depump beam, the spin-polarizing
at ﬁelds below 5 G is problematic according to our simulation because the
detuning of the Fg = 1, mg = −1 → Fe = 2, me = −2 transition is too small
to suppress this transition signiﬁcantly. Furthermore, the absorption of the
spontaneously emitted photons leads to depolarization of the sample, since
the sample is optically thick [39].
The results of the measurement of the frequency dependence of the spin
polarization are shown in Fig. 3.7. This measurement is done at a magneticﬁeld strength of 60 G instead of 100 G. The results can be explained using
Fig. 3.2. When we increase the detuning at a constant magnetic ﬁeld of
60 G, the essential transitions Fg = 1, mg = 0 → Fe = 2, me = −1 and
Fg = 1, mg = 1 → Fe = 2, me = 0 are reached at 1800 MHz. Both the
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Fig. 3.8: The transfer eﬃciency of atoms from the MOT to the MT as a function of
the number of particles in the MOT. Under normal conditions, the number
of atoms in the MOT equals 1·1010 .

measurements and the simulation show indeed an increase at 1800 MHz.
The dependence of the transfer eﬃciency on τ depump has also been measured. It turns out that a τdepump of 1 ms is optimal. This long duration
is due to the large detuning of the depump beam. A frequency change of
± 10 MHz with respect to ωdepump does not inﬂuence the transfer eﬃciency
signiﬁcantly, but due to the detuning the needed τ depump changes.
The inﬂuence of the reabsorption of the emitted photons by the optically
thick sample is studied by measuring the transfer eﬃciency as a function
of the number of atoms in the MOT. In Fig. 3.8, we see a small increase
in the transfer eﬃciency when the number of particles is decreased. As
the density scales with the number of particles [35], spin-polarizing works
only slightly less when the optical density is increased by more than one
order of magnitude. This shows that reabsorption is strongly suppressed
in our experiment by using a high magnetic ﬁeld. This agrees qualitatively
with the theoretical work of Tupa and Anderson [52], where they study the
eﬀect of radiation trapping on the polarization of a cloud of thermal atoms.
However, their results cannot be applied to our work, since in their case the
reabsorption takes place in a Doppler-broadened sample.
Finally, we studied the eﬀect of the gain of a factor of 2 in transfer
eﬃciency on the evaporative cooling of the trapped atoms in order to reach
Bose-Einstein condensation. In Fig. 3.9, an image of a BEC without and
with the use of spin polarization is shown. Since evaporative cooling is a
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Fig. 3.9: A three-dimensional presentation of the eﬀect of spin polarization after
evaporative cooling. The images are generated by using absorption imaging after a time of ﬂight of 40 ms. The left picture shows the optical density of a BEC produced without using spin polarization, the right picture
shows the same measurement with spin polarization. The left condensate
contains 1·106 atoms. Spin-polarizing the sample enhances the number of
atoms to 9·106 (right picture), which implies a gain of a factor of 9 in the
condensate.

nonlinear process, this gain factor of 2 in the number of particles at the
beginning of the cooling leads in Fig. 3.9 to an increase of a factor of 9 in
the number of particles in the BEC. The latter gain depends strongly on
the number of particles at the start of the evaporation. After we improved
our initial conditions, we start with a higher number of particles in the
MT. In this case the loss of atoms due to three-body collisions during the
evaporation limits the increase in the BEC. In the situation where without
spin-polarizing the sample a BEC containing 6·10 6 atoms is reached, the
gain becomes a factor of 3. This results in a BEC of 1.8·10 7 atoms.

3.5 Conclusion
In this chapter, we have described spin-polarizing of a sample of cold sodium
atoms in a strong magnetic ﬁeld. This way of spin-polarizing circumvents the
problem at low magnetic ﬁelds with the large number of optical transitions
in combination with the high optical density. Furthermore, this method is
more robust against variations in the applied magnetic ﬁeld as well as the
used frequency. We have increased the transfer eﬃciency of the atoms from
the MOT to the MT by a factor of 2.7. The day to day gain is a factor of 2.
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This increase leads to a gain of a factor of 3–9 in the condensate.

4. Reaching the hydrodynamic regime in a Bose-Einstein
condensate by suppression of avalanches

We report the realization of a Bose-Einstein condensate
(BEC) in the hydrodynamic regime. The hydrodynamic
regime is reached by evaporative cooling at a relatively low
density suppressing the eﬀect of avalanches. With the suppression of avalanches a BEC containing 120·10 6 atoms is
produced. The collisional opacity can be tuned from the collisionless regime to a collisional opacity of more than 3 by
compressing the trap after condensation. In the collisional
opaque regime a signiﬁcant heating of the cloud at time scales
shorter than half of the radial trap period is measured. This
is direct proof that the BEC is hydrodynamic.

The behavior of excitations in a BEC with energies larger than the mean
ﬁeld energy is determined by the mean free path of the atoms. Usually the
mean free path of the atoms is larger than the size of the sample (the collisionless regime). It would be of great interest to realize a BEC in the hydrodynamic regime, where the mean free path of the atom is less than the size
of the condensate. In this situation the properties of the BEC are strongly
inﬂuenced by the inter-atomic collisions. A hydrodynamic BEC would give
the opportunity to investigate interesting properties of the condensate, for
example, thermal excitations, heat conduction, and shape oscillations, when
there is only local thermal equilibrium.
The transition from the collisionless to the hydrodynamic regime above
the BEC transition temperature has been studied earlier, both theoretically
This chapter has been submitted as Reaching the hydrodynamic regime in a BoseEinstein condensate by suppression of avalanches, K. M. R. van der Stam, R. Meppelink,
J. M. Vogels, and P. van der Straten, to Phys. Rev. Lett.
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[53] and experimentally [54]. For the situation below the BEC transition
temperature theoretical discussions are given in Refs. [55–58]. In this chapter
we will discuss the experimental realization of a BEC in the hydrodynamic
regime and study the excitations generated by three-body decay.
The most obvious way of reaching the hydrodynamic regime is creating
a large and dense BEC. However, like shown in Ref. [49] the atom losses will
increase strongly due to avalanches at such high densities, that are normally
necessary for entering the hydrodynamic regime. This will severely limit the
lifetime of the condensate in the hydrodynamic regime, as well as the collisional opacity. Therefore, Schuster et al. [49] concluded that the collisionally
opaque regime can hardly be reached in alkali BEC experiments. In the case
of a metastable helium BEC, experiments to reach the hydrodynamic regime
has so far been unsuccessful [59, 60]. A second way of realizing a hydrodynamic BEC is increasing the cross section for the elastic collisions by means
of a Feshbach resonance. The increase in the cross section; however, results
in a large loss rate [61], which makes it an unsuitable approach for achieving
a hydrodynamic BEC.
In this chapter we will show that it is possible to enter the hydrodynamic
regime by following the ﬁrst approach with a strong reduction of the eﬀects
of the problems mentioned above. This is done by evaporative cooling a
cloud of atoms to the BEC temperature in a decompressed trap. The low
trap frequencies lead to a relatively low density of the cloud, which reduces
the onset of avalanches. The suppression of avalanches results in our setup in
a BEC containing 120·106 sodium atoms at a density of 2.7·1014 atoms/cm3 .
The low density suppresses the losses as a result of avalanches, while the
large physical size of the BEC results in a collisional opacity close to the
hydrodynamic limit. The hydrodynamic regime can subsequently be entered
deeply by compressing the trap after BEC is reached. The lifetime of the
BEC in the hydrodynamic regime is more than 5 s, which is an increase with
a factor of 25 compared to earlier work [49].
During the evaporation process towards the BEC transition the cloud will
experience losses due to inelastic collisions between the atoms. These losses
can be divided into three categories: one-, two- and three-body collisions,
determined by the rate constants G1,2,3 . The one-body collisions are the
collisions between the trapped atoms and the background gas. The pressure
of our background gas (below 10−11 mbar, the limit of our detector) results
in a lifetime of 260 s. These losses are dominant at densities below 5.9·10 13
atoms/cm3 or at temperatures above 1 μK. For reaching a large atom
number BEC this is an important loss process; however, at the densities
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reached in our BEC it is no longer dominant. The loss rate due to two-body
collisions is given by G2 · n, with G2 = 6·10−17 cm3 /s [62] and n is the
density of the sample. This collision rate never exceeds the one- or threebody losses in our experiment and will therefore not be considered further
in this chapter.
The dominant loss process at the densities needed for the BEC transition
in our case is three-body collisions. The loss rate for this process is given by
G3 · n2 with G3 = 1.1·10−30 cm6 /s [63]. The three-body collisions generate
high energy atoms that in the collisionless regime will be removed from the
trap by evaporation before they rethermalize. However, when the sample is
in the hydrodynamic regime, the high energy atom will collide with other
atoms before it leaves the trap resulting in an avalanche. In that case a
large fraction of the energy generated by a three-body decay is released into
the BEC resulting in a large loss rate of atoms and a strong heating of the
sample. By contrast, in the collisionless regime only 3 atoms are lost without
heating the sample. This striking diﬀerence in thermal properties makes the
hydrodynamic regime very interesting, but extremely hard to reach.
The apparatus used for this experiment is described in more detail in
chapter 2 and in Ref. [42, 64]. We start the experiment with a magnetooptical trap (MOT) containing 2.0·1010 sodium atoms. After spin-polarizing
in a high magnetic ﬁeld 1.4·1010 atoms are loaded in a cloverleaf magnetic
trap (MT). The magnetic ﬁeld gradient of 118 Gauss/cm in the radial direction and the curvature ﬁeld in the axial direction of 42 G/cm 2 lead to trap
frequencies in the axial and radial direction of ν z = 16 Hz and νρ = 99 Hz
at a ﬁeld minimum of 3.4 G. We can cool the sample of atoms to degeneracy
in 50 s.
When we measure the number and the temperature of the particles durdecreases at
ing the evaporative cooling, the eﬃciency parameter α = ṄṪ /T
/N
rf-frequencies below 150 kHz (Fig. 4.1). The density at this point in the
evaporation is (7 ± 1) · 1013 atoms/cm3 , which is close to the density, where
the three-body losses become dominant. Despite the large loss rate we can
still condense 35·106 atoms at a density of 4.0·1014 atoms/cm3 .
The collisional opacity κ is given by κ = nr σ s , with σs = 8πa2 the
s-wave cross section, a the scattering length, and nr the average column
density. Under the conditions of Fig. 4.1, κ equals 1.3, which means that
the mean free path of an atom in the condensate is less than its size making
the BEC hydrodynamic. However, for a thorough investigation of the hydrodynamics of the BEC it is desirable to enter the hydrodynamic regime
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Fig. 4.1: (a) The number of atoms and (b) the temperature as a function of the rffrequency for evaporative cooling with respect to the bottom of the trap.
To make the decrease in the eﬃciency more clear two lines are drawn
through the data.

even deeper. Therefore, a BEC containing more atoms is needed. This is
realized by suppressing the losses due to three-body collisions during evaporation. Since the three-body losses scale quadratically with density, this
suppression is achieved by reducing the density. In order to achieve this, the
trap is decompressed after 42 seconds of evaporation, when the rf-frequency
has reached 2.04 MHz with respect to the bottom of the trap. The decompression is done adiabatically in 2 s. Before this point three-body losses
are not the limiting loss process because the density is always below 2·10 13
atoms/cm3 yielding a loss rate of 4·10−4 /s. For the decompression the trap
frequencies can be lowered in either axial or radial direction.
In Fig. 4.2a the number of particles during the evaporative cooling is
shown for a radial decompressed trap. The radial trap frequency is in this
case lowered from 99 Hz to 50 Hz resulting in an average trap frequency
√
ω̄ ≡ 3 ωr ωr ωz = 34 Hz. Combined with the results of the temperature as
a function of rf-frequency, we observe no decrease in eﬃciency. The evaporation in this trap results in a BEC containing 60·10 6 atoms at a density
of 2.7·1014 atoms/cm3 . When the decompression takes place in the axial
direction (16 Hz → 4 Hz) instead of the radial direction the eﬃciency is
even higher (Fig. 4.2b). Note, that this decompression results in the same
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Fig. 4.2: The number of particles during the evaporation in a radial decompressed
trap (a) and in an axial decompressed trap (b).

average trap frequency ω̄ as above and thus the same decrease in density.
The evaporation in the axial decompressed trap leads to 120·10 6 atoms in
the BEC. This is as far as we know the largest condensate starting from an
optical trap. Note, that we loose less than a factor of 120 in the number
of atoms during the evaporation indicating an eﬃcient suppression of the
losses. The increase in the eﬃciency parameter α indicated in Fig. 4.2b by
the dotted lines suggests that an earlier decompression would even lead to
more condensed atoms. However, by carefully optimizing the sequence it
turned out that the decompression after 42 s of evaporation leads to the
largest number of atoms.
In Fig. 4.3 the results of a more quantitative analysis of decompression
are given. In this ﬁgure the number of atoms in the BEC is plotted for
diﬀerent decompression scenarios. The radial trap frequency is adjusted in
such way that for every measurement the average trap frequency is identical (ω̄ = 34 Hz). The decompressions discussed above in the axial and
radial direction represent the two extremes in this ﬁgure. The number of
particles shows a monotone increasing behavior with decreasing axial trap
frequency. In all cases, the initial temperature, density and therefore, threebody collision rate are identical. The only diﬀerence is the aspect ratio of
the cloud. In the radial decompressed trap the collisional opacity κ is larger,
so that atoms undergoing three-body collisions are more likely to generate

56

Chapter 4





1XPEHU RI SDUWLFOHV











$[LDO WUDS IUHTXHQF\ +]

Fig. 4.3: The number of particles in the BEC as a function of the axial trap frequency with ω̄ = 34 Hz.

avalanches. Furthermore, a large κ can hamper the evaporative cooling.
Either way, these measurements are a clear sign that we have reached the
hydrodynamic regime. In the axial decompressed trap the avalanches are
suppressed, until BEC is reached. At the BEC transition the collisional
opacity has increased to 0.8 resulting in a BEC at the cross-over between
the collisionless and the hydrodynamic regime. Since the suppression of
avalanches in this case is already eﬀective at 8 Hz, further decompression
to 4 Hz does not lead to a strong increase in the number of particles in the
BEC.
Above we have described how a large atom number BEC with κ close
to 1 is realized by the suppression of avalanches. After the BEC transition
is reached κ can be tuned from the collisionless regime to a value of 3.2 by
compressing the trap in axial direction in 100 ms. In the remainder of this
chapter the adjustability of κ is used for two kind of experiments. First, the
inﬂuence of the avalanches on the loss rate in investigated. Second, a direct
proof of the hydrodynamics is presented for κ = 3.2 by studying the heating
due to avalanches.
Previous work [49] has shown that the lifetime of a BEC in the hydrodynamic regime is severely limited by avalanches. In this experiment the
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Fig. 4.4: The increase in G3 coeﬃcient as a function of the collisional opacity κ. The
determined G3 coeﬃcient is divided by the G3 coeﬃcient in the collisionless
regime [63]. The solid line is a guide to the eye.

avalanches increases the G3 coeﬃcient by a factor of 8. We have measured
the G3 coeﬃcient as a function of κ (Fig. 4.4). For each value of κ the G 3
coeﬃcient is determined from the lifetime of the BEC. As seen from Fig. 4.4,
the G3 coeﬃcient increases with more than two orders of magnitude by increasing κ. At collisional opacities below 0.8 the loss rate is determined by
the G3 coeﬃcient in the collisionless regime, indicating that there are no
avalanches. This is slightly above the predicted value of 0.69 for the onset
of the avalanches [49]. This small discrepancy was already mentioned by
Streed et al. [65]. The diﬀerence between the predicted value and the measurements indicates that the transition from the collisionless regime to the
hydrodynamic regime is not as sharp as expected. The energy of a threebody decay is in the order of 3000 Tc , so it is expected that the G3 coeﬃcient
will increase even further with increasing κ. In our experiment we are not
able to compress the MT further or to condense more atoms, so we could
not determine the upper limit of G3 .
When the trap is fully compressed after reaching the BEC transition κ =
3.2 is reached at a density of 6.6·1014 atoms/cm3 . The increased density due
to the compression and the eﬀect of the avalanches results in a reduction of
the lifetime to below 20 ms. The lifetime is suﬃcient for several experiments
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Fig. 4.5: The number of particles in the BEC as a function of the storage time for a
hydrodynamic BEC with κ = 1.7 (circles), and a BEC in the collisionless
regime with κ = 0.8 (squares). The horizontal lines indicates κ = 1.

and can be increased by tuning the BEC to a slightly lower collisional opacity.
In Fig. 4.5 the lifetime of the BEC in the hydrodynamic regime is studied in more detail by measuring the number of particles in the BEC as a
function of the storage time for a hydrodynamic BEC with κ = 1.7 (circles),
and a BEC in the collisionless regime with κ = 0.8 (squares). During the
storage time an rf-shield is applied at 100 kHz generating a trap depth of
5 μK to avoid strong heating. The lifetime of the condensate in the hydrodynamic and collisionless regime is 10 and 20 s, respectively. The horizontal
lines indicate the number of particles needed for κ = 1.0. Note, that the
crossover between the hydrodynamic and collisionless regime is diﬀerent for
the two situations, because the trap frequencies are diﬀerent. We can see
that the hydrodynamic BEC stays in the hydrodynamic regime for more
than 5 s, which is an increase with more than a factor of 25 compared to
earlier work [49]. The hydrodynamic BEC was produced with radial decompression during the evaporation, proving that we can evaporative cool in
the hydrodynamic regime. Since the losses are larger during the cooling the
BEC contains less atoms. Note, that the decay of the hydrodynamic BEC
is much faster at small time scales indicating avalanche enhanced losses.
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Fig. 4.6: The heating of the sample for a strongly hydrodynamic BEC with κ =
3.2. The solid line is a guide to the eye.

The collisional opacity of 3.2 results in a s-wave collision probability of
0.96. This means that an atom has chance of 96 % to collide with another
atom, while traveling from the center to the edge of the condensate. In
this situation a signiﬁcant amount of the energy generated in a three-body
collision is distributed over the BEC. In the collisionless regime the high
energy atom will be evaporated by the rf-shield before the energy is released
into the BEC. In the hydrodynamic regime heating can occur on a time scale
faster than half the radial trap period, which is 5 ms in our case. When we
measure the temperature of the strongly hydrodynamic sample as a function
of the storage time we see an increase of the temperature due to heating of
more than 35% within 4 ms (Fig. 4.6). This is a direct proof that the BEC is
deeply in the hydrodynamic regime. Even when an rf-shield is applied this
heating is not signiﬁcantly suppressed.
In this chapter we have described the experimental realization of a hydrodynamic BEC. This is achieved by suppressing the avalanches during
the evaporation towards the BEC transition resulting in a BEC containing 120·106 sodium atoms with a collisional opacity of 0.8. The collisional
opacity is low enough to suppress the avalanches during generation of the
BEC, while it is high enough to yield the possibility to enter the hydrodynamic regime deeply by compressing the trap, after the BEC transition is
reached. The collisional opacity can be tuned from the collisionless to the
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hydrodynamic regime with a collisional opacity of 3.2 by axial compression.
Furthermore, the lifetime of the BEC in the hydrodynamic regime is more
than 5 s, which makes it a very good starting point for further research on
the hydrodynamic behavior of the BEC.

5. Coherent splitting of a Bose-Einstein condensate

In 1912 W.H. Bragg demonstrated backward-scattering of xrays from crystal planes, so-called Bragg scattering. In this
chapter we will present Bragg scattering in which the radiation is not diﬀracted from a grating of atoms, but the atoms
are diﬀracted from a light grating. This diﬀraction leads to a
momentum transfer from the light to the atoms. The atoms
in the diﬀracted state have the same coherence properties as
the condensate. Therefore, this technique can be used as an
output coupler of an atom laser or as a tool for interference
experiments between diﬀerent BEC’s.

5.1 Introduction
Bragg scattering of atoms from a light grating was ﬁrst demonstrated by
Martin et al. [66], where a mono-energetic sodium beam (Δv/v = 0.11) is
diﬀracted from a standing light wave. In this setup the interaction time
between the atoms and the standing light wave is rather short due to the
large velocity with which the atoms traverse the light ﬁeld. The interaction
time can be increased by using a slow atomic beam, as showed in Ref. [67].
Since the realization of a Bose-Einstein condensate (BEC) it is also
possible to use a sample of atoms, which is at rest instead of an atomic
beam [68–70]. This provides the possibility to vary the interaction time by
simply changing the length of the light pulse. The energy and momentum
transferred to the atoms is determined by the frequency diﬀerence and the
relative angle between the two laser beams (Fig. 5.1).
In principle, Bragg spectroscopy is possible with any sample of atoms.
However, due to the small resonance width of the Bragg scattering the
process addresses only a small velocity class [68]. This means that only
by using a BEC a signiﬁcant part of the atoms can be transferred to the
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Fig. 5.1: Schematic view of the Bragg scattering setup. The BEC is illuminated by
two laser beams with a relative angle α. An atom in the BEC absorbs a
photon from beam 1 (momentum transfer k1 ) and emits it into beam 2
(momentum transfer k2 ), which results in a total momentum transfer Pb .

scattered state. When spontaneous emission is suppressed, the interaction
between the coherent laser beams and the BEC results in a coherent splitting
of the BEC.

5.2 Experimental setup for Bragg scattering
The diﬀraction of the BEC from the traveling light wave can be treated as a
stimulated two-photon Raman transition between two momentum states. In
this process an atom in the BEC absorbs a photon from one laser beam and
subsequently emits it in the other laser beam by stimulated emission (Fig.
5.1). When the two laser beams illuminate the BEC at diﬀerent angles the
atom experience a net momentum transfer which equals:


α


Pb =  k1 − k2  = 2k sin ,
2

(5.1)

where k1 and k2 are the wave vectors of laser beam 1 and 2, respectively, and
α is the angle between the two laser beams. Because the two lasers beams
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Fig. 5.2: The energy scheme of the Raman transition. Laser beam 1 (ω 1 ) excites the
atom from the ground state g to the excited state e. This is followed by
the decay to the other ground state g  due to stimulated emission in laser
beam 2 (ω2 ). The detuning from the excited state and the detuning from
the resonance of the two-photon process are given by δ and δb , respectively.

   
   
are produced by the same laser |k| = k1  = k2 .
To obey energy conservation during the Raman process the two laser
beams must be shifted in frequency with respect to each other. The energy
scheme of the Raman transition is shown in Fig. 5.2. An atom in the
ground state g absorbs a photon from laser beam 1 with frequency ω 1 for
the excitation to the excited state e. Subsequently the atom emits a photon
in laser beam 2 with frequency ω 2 , and decays to the ground state g’ with
a momentum Pb . The energy diﬀerence between the two ground states is
given by Pb2 /2m, which results together with Eq. (5.1) in:
2(k)2 sin2 (α/2)
= (ω1 − ω2 ).
m

(5.2)

With ω1 − ω2 ≡ δr this becomes:
2k 2
sin2 (α/2) = 4ωr sin2 (α/2) = δr ,
m

(5.3)
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Fig. 5.3: The beat signal between the two laser beams, (a) before and (b) after
passing the optical ﬁber. The frequency diﬀerence between the two laser
beams is 3 kHz and the measured width of the beat signal is less than 10
Hz.

where ωr = k 2 /(2m) the recoil frequency, which is 25.0·10 3 (2π)/s for sodium.
The maximum momentum transfer is realized, when the angle between the
two laser beams equals 180◦ . In that case the required frequency diﬀerence
δr is 100 kHz.
The two laser beams are generated by a Coherent 699 dye laser. To
create the frequency diﬀerence two acoustic optical modulators (AOM’s),
both driven by a direct digital synthesizer (DDS), are used. The frequency
stability of the DDS is speciﬁed to be better than 1 Hz. The stability of the
frequency diﬀerence is determined by measuring the width of the beat signal
between the two laser beams. This stability is better than 10 Hz (Fig. 5.3),
which is suﬃcient for Bragg scattering, since the width of the resonance for
this two-photon process is in the order of a few kHz [69].

5.3 Theoretical description of Bragg scattering
As mentioned above, Bragg scattering can be described as a two-photon
transition in a three-level system. The strength of this transition can be
calculated by solving the time-dependent Schrödinger equation, where the
Hamiltonian H consist of the sum of a time-independent part H 0 and a timedependent part H1 . Here H1 describes the interaction of the atom with the
laser light, which can be treated as a classical electromagnetic ﬁeld. Substituting this Hamiltonian and the wavefunction in terms of eigenfunctions
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|φn of H0 in the Schrödinger equation leads to:
i

dcj (t) 
1 iωjk t
=
ck (t)Hjk
e
,
dt

(5.4)

k

1 ≡ φ | H1 (t) |φ , c the expansion coeﬃcients and ω
where Hjk
j
j
k
jk ≡ (ωj −
1
ωk ). Here H (t) is given in the electric dipole approximation by:

H1 (t) = −μ · E(t),

(5.5)

where E(t) is the electric ﬁeld, which interacts with the dipole moment of
the atom μ. The electric ﬁeld is given by
E(t) = E1 cos ω1 t + E2 cos ω2 t,

(5.6)

with ω1,2 the frequency and E1,2 the amplitude and polarization of the two
ﬁelds. Equation (5.4) describes the evolution of the three level system of
Fig. 5.2, where j = (g, g  , e). Since the dipole interaction has odd parity,
1 = H1
it only couples states with opposite parity, and one ﬁnds H gg
g g =
1
1
1
Hgg = Hg g = Hee = 0. In the rotating wave approximation we obtain the
following set of coupled diﬀerential equations:
dcg (t)
dt
dcg (t)
i
dt
dce (t)
i
dt
i

=
=
=

Ω∗1 −iδ1 t
Ω∗
e
ce + 2 e−i(δ2 −4ωr )t ce
2
2
Ω∗2 −iδ2 t
Ω∗1 −i(δ1 +4ωr )t
e
e
ce +
ce
2
2
Ω1 +iδ1 t
Ω2 +i(δ2 −4ωr )t
e
e
cg +
cg +
2
2
Ω1 +i(δ1 +4ωr )t
Ω2 +iδ2 t
e
e
cg +
cg
2
2

where δ1 = ωeg − ω1 , δ2 = ωeg − ω2 , Ω1 = Ωeg =
 2 |g  
e|
μ·E
.


 1 |g
e|
μ·E


(5.7)

and Ω2 = Ωeg =

At t = 0 all the atoms are in the ground state g, which means c g (0) = 1
and ce (0) = cg (0) = 0. Using these conditions the solutions of Eq. (5.7)
show Rabi oscillations like a two-level system (Fig. 5.4).
In analogy with the interaction of a two-level atom with one light ﬁeld, we
can apply a rotating frame transformation given by c e = ce e−iδt , cg = cg eiδb t
2
2
and cg = cg e−iδb t , where δ = δ1 +δ
and δb = δ1 −δ
2
2 . Subsequently we can
apply a rotating wave approximation, since |δ b |  4ωr . If we adiabatically
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Fig. 5.4: Solutions of Eq. (5.7) with Ilaser = 4mW/cm2 and δb = 0, where the
detuning δ is varied. The three lines are for the population |cg |2 of the
ground state g (dashed line), |ce |2 of the excited state e (solid line) and
|cg |2 of the ground state g  (dashed-dotted line). The population in the
excited state decreases as the detuning δ increases. Figure d shows the
results for the detuning applied in the experiment, where |ce |2 < 10−6 .

eliminate the excited state (|δ|
Ω 1,2 ), the evolution of the eﬀective twolevel system (g, g  ) can be written as:
dcg (t)
dt
dcg (t)
dt




 ∗ 
|Ω1 |2 + |Ω2 |2
Ω1 Ω2

=
cg +
cg + δb cg
−4δ
−4δ


 ∗ 
Ω1 Ω2 
|Ω1 |2 + |Ω2 |2
=
cg +
cg − δb cg .
−4δ
−4δ

(5.8)

 2
+|Ω2 |2
is the light shift of the two states and
In this set of equations |Ω1 |−4δ
 ∗
Ω1 Ω2
gives the eﬀective coupling between the two ground states.
−4δ
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(c)

Fig. 5.5: Higher-order Bragg diﬀraction. Frequency diﬀerence of (a) 100 kHz, (b)
200 kHz and (c) 300 kHz results in ﬁrst, second and third-order diﬀraction,
respectively. The detuning is +3 GHz and the intensities are 4 mW/cm2 ,
25 mW/cm2 and 57 mW/cm2 , respectively. The integrated signal is shown
in the lower ﬁgures. In the ﬁgure the BEC is illuminated along the horizontal axis.

In the description above, spontaneous decay has not been taken into
account. However, atoms in the excited state can decay spontaneously by
emitting a photon in a random direction, resulting in loss of coherence and
heating of the sample. The rate of decay is proportional to the fraction of
atoms in the excited state, which has to be small in order to minimize these
processes. This is achieved by detuning the laser which decreases the fraction
of atoms in the excited state, as shown in Fig. 5.4. A detuning of 3 GHz
causes a maximum occupation in the excited state of 10 −6 , in which case
spontaneous decay can be neglected. The whole Bragg scattering becomes
a two-photon transition between the two ground states.

5.4 Experimental results
To maximize the momentum transfer of the outcoupled atoms the angle between the two laser beams is 180◦ . In that case the required frequency dif-
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Fig. 5.6: Energy scheme of the third-order Bragg scattering. The parabolas show
the kinetic energy of the atoms in the ground state g  and the excited
state e. For the energy per two-photon transition needed for a third-order
Bragg scattering the detuning δbn with n = 1, 2 are shown.

ference for the ﬁrst-order Bragg scattering is 100 kHz. For practical reasons
both laser beams contain both laser frequencies. Therefore, the absorption
and stimulated emission takes place in both beams, resulting in atoms leaving the BEC in opposite directions. In Fig. 5.5a an example of ﬁrst-order
Bragg scattering is shown. After illumination of the condensate for 70 μs the
magnetic trap is turned oﬀ, which allows the cloud to expand. After 20 ms
a ﬂuorescence image is taken, which clearly shows three separated momentum states. The detuning from the excited state is 3 GHz, so spontaneous
emission can be neglected.
The momentum transfer is not limited to two-photon momenta. It is also
possible to generate a multiple two-photon transition. In Fig. 5.6 the energy
scheme for third-order Bragg scattering is shown. The parabolas correspond
to the kinetic energy of the atoms Pb2 /2m in the ground g and excited state e,
δ is the detuning from the excited state, and δ bn with n = 1, 2 is the detuning
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Fig. 5.7: The population of the g  state as a function of the length of the laser pulse.
(a) The detuning δ is 2.0 GHz and the intensity is 2 mW/cm2 . (b) The
detuning is 5 GHz and the intensity is 9 mW/cm2 . The solid lines are
guides to the eye.

from the ﬁrst and second order Bragg diﬀraction. Figure 5.6 shows that
when the energy exchange per momentum transfer is increased, higher-order
Bragg diﬀraction is possible. In Fig 5.5b and c the momentum distribution
is shown after applying a Bragg pulse with a frequency diﬀerence of 200
kHz and 300 kHz, which corresponds to second and third-order diﬀraction,
respectively. In Fig. 5.5b the results show an almost pure second-order
diﬀraction. Figure 5.5c shows a more equal distribution along the diﬀerent
orders. This indicates that the resonance condition for the third-order Bragg
diﬀraction was not completely fulﬁlled. The third-order Bragg diﬀraction is
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Fig. 5.8: The eﬃciency of the ﬁrst-order Bragg scattering is measured for several
frequency diﬀerences. The length of the laser pulse is 100 μs with an
intensity of 3 mW/cm2 and a detuning of 3 GHz. The frequency diﬀerences
are shown on top of each ﬁgure.

only measured once as a proof of principle, while the second-order Bragg
diﬀraction is optimized for the transfer to the second-order diﬀracted state.
The reason for the oﬀ-resonant scattering in the third-order Bragg diﬀraction
is not understood.
The displacement of the third-order diﬀraction after the expansion is
3.53 mm, corresponding to a velocity of the atoms of 17.65 cm/s after a
momentum transfer of 6 photons. This means a recoil of 2.94 cm/s per
photon, which is in good agreement with the expected recoil velocity of
k/m = 2.95 cm/s for sodium.
When the detuning from the excited state is large enough the process
can be described as an eﬀective two-level system. Therefore, the population
of the g and g  ground states display Rabi oscillations as a function of time,
as shown in Fig. 5.4. These oscillations can be measured by varying the
pulse length as shown in Fig. 5.7. In Fig. 5.7a and b the ﬁrst maximum
occupation of the g  state is reached at τa =181 μs and τb =93 μs, respectively.
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Fig. 5.9: (a) The fraction of atoms |cg |2 in the ground state g  , as a function of the
pulse length for various detunings δb , where δb is changed in steps of 1 kHz
starting with δb = 0. The maximum population of the g  state decreases
as |δb | increases. (b) The value of |cg |2 as a function of δb at a ﬁxed pulse
length τr (the dashed line in (a)).

The theoretical values are τa = (186 ± 20) μs and τb = (104 ± 15) μs, which
is in good agreement with the measured values. The uncertainties in the
theoretical values are caused by the uncertainties in the laser power and
detuning used in the experiment. The contribution of the detuning to the
uncertainties is the largest1 . The damping in the oscillations is probably due
to the loss of coherence between the condensate and the Bragg diﬀracted
atoms. The time scale of the damping (in the order of 100 μs) is suﬃcient
to allow a scattered atom to travel from the center of the condensate to the
edge of the condensate.
According to Eq. (5.3) the process of ﬁrst-order Bragg scattering is resonant at a frequency diﬀerence between the two lasers of 100 kHz. When the
frequency diﬀerence is detuned from the resonant frequency the eﬃciency of
the process decreases strongly (Fig. 5.8). The width and the shift of this
resonance can be used to determine characteristic parameters of the condensate as shown in Ref. [69]. We have calculated the width of the resonance
by solving the diﬀerential equations of Eq. (5.7) for several values of δ b .
1
Only for the results presented in this chapter the uncertainty in the detuning is
relatively large. In these measurements the detuning is deﬁned relative to the maximum
ﬂuorescence in a vapor cell. In the remaining chapters the detuning is deﬁned relative to
the Fg = 1 to Fe = 2 transition, which is identiﬁed by using the Bragg laser beam as a
repumper for the MOT.
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frequency of 101 kHz is obtained. The line shows the calculated resonance
taken from Fig. 5.9(b).

Figure 5.9a shows the results where in the fraction of the atoms in the g 
state is plotted as a function of the pulse length for diﬀerent values of the
detuning. From Fig. 5.9a the shape of resonance is obtained and shown in
Fig. 5.9b. The width is determined to be 9.6 kHz. In Fig. 5.10 the fraction
of atoms in the momentum state as a function of the frequency diﬀerence is
shown. From these measurements the width of the resonance is determined
to be 10.5 kHz around a center frequency of 101.0 kHz. The discrepancy
of +1.0 kHz between the measured and predicted resonance frequency can
be contributed partially to the shift due to the mean-ﬁeld energy of the
condensate: Δν = 4n0 U/7h, where U is the eﬀective interaction and n 0 is
the density of the sample [70]. For our condensate this results in a shift
of +2.3 kHz. Taking the shift into account the discrepancy becomes -1.3
kHz. The width of the resonance is inﬂuenced by the ﬁnite size of the BEC
and the inhomogeneous density distribution. These two contributions are
given by Δνp = 1699/2πmx0 and Δνn = 8/147n0 U/h, where x0 is the
Thomas-Fermi radius [70]. In our situation the broadening due to these two
contributions becomes 0.96 kHz, resulting in a width of 9.7 kHz which is
close to the measured values of 10.5 kHz.
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5.5 Conclusion and outlook
In this chapter we have shown that it is possible to transfer a signiﬁcant
fraction of a Bose-Einstein condensate into a state with two-photon momenta
using Bragg scattering. The order of the process can be tuned by varying the
frequency diﬀerence between the two laser beams. Furthermore, the process
can be described by a relatively simple two-level model.
The atoms in the momentum state can be used for several experiments,
including the investigation of low-energy collisions and interference between
condensed atoms. Two-photon excitation can also be used to investigate the
Mott insulator state. As shown in Ref. [71], it is possible to transfer a BEC
loaded in an optical lattice from the superﬂuid state to the Mott insulator
state. Van Oosten et al. [72] show that the excitation spectrum of the Mott
insulator state has a gap, which can be measured using Bragg spectroscopy.
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6. Analysis of superradiant scattering from a Bose-Einstein
condensate
In this chapter we present a detailed study of superradiant
scattering from a sodium Bose-Einstein condensate (BEC).
The relation between the depletion of the BEC and the onset
of the diﬀerent side modes as well as the transition from the
weak to the strong pulse regime is studied yielding a good insight in the coupling processes between the BEC and the side
modes. A simpliﬁed model to describe the time evolution of
the process is presented. The model gives a good quantitative description of the fraction of atoms coupled to diﬀerent
side modes, showing that the approximations made in the
modeling are valid.

When atoms in a gas are all in the same excited state, it is possible that
the atoms undergo a collective emission of light, called superradiance [1].
If the ensemble of atoms is larger than the wavelength of the emitted light
this superradiant emission can become highly directional, along the so-called
endﬁre modes [2].
A Bose-Einstein condensate (BEC) in combination with an incoming
laser beam can also be used as a source for superradiant emission [9]. In
this system the superradiance is caused by correlated successive Rayleigh
scattering events, instead of a collective spontaneous emission of an ensemble
of atoms. The Rayleigh scattering leads to recoiling atoms, which interfere
with the atoms at rest resulting in a density grating. The next atom is
stimulated to scatter in the same direction due to the density grating making
the process self amplifying. In an elongated BEC the ampliﬁcation is the
strongest along the long axis of the BEC, yielding the two endﬁre modes
This chapter is in preparation for publication.
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Fig. 6.1: Schematic representation of the superradiant scattering from a BEC. The
BEC is illuminated with a near-resonant laser beam. Atoms in the BEC
absorb a photon from the laser beam followed by emission in the endﬁre
mode E∓ . The recoil of these atoms is at an angle of ±45◦ with respect
to the incoming laser beam resulting in the ﬁrst-order side modes. The
diﬀerent side modes are indicated by (n,m), where n is the number of
absorbed photons from the laser beam and m is the number of emitted
photons in the endﬁre mode in the positive direction.

along the same axis. This combination of absorption from the laser beam and
emission along the long axis of the BEC generates atoms recoiling at an angle
of ±45◦ with respect to the incoming laser beam (Fig. 6.1). The recoiling
atoms can undergo a second superradiant scattering process transferring the
atoms to the second-order side modes. It is also possible that an atom
absorbs a photon from the endﬁre mode followed by a stimulated emission
in the laser beam. The atoms undergoing this process will scatter backward.
This backward-scattering, which has ﬁrst been observed in Ref. [10], can also
been seen in our experiments, and will be discussed in detail in chapter 7.
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Superradiant scattering is a powerful way of studying matter-wave ampliﬁcation. The process provides the freedom to generate atoms in the ampliﬁed state which diﬀer in internal state (hyperﬁne level) and/or external state
(momentum). This is in contrast to the matter-wave ampliﬁcation studied
in the formation of a BEC [73,74], where the gain medium and the ampliﬁed
state are indistinguishable. Furthermore, in combination with the backwardscattering it is a promising tool to generate many-particle entanglement [11].
For a successful application of this technique a thorough understanding of
the process is essential. However, until now only a limited number of phenomena are theoretically described. In experimental studies of Ref. [9, 75]
the theoretical explanations are limited to the gain of the matter-wave ampliﬁcation. In Ref. [11, 76, 77] a theoretical description of the system is
presented; however, important elements as the depletion of the gain medium
and spatial eﬀects are not taken into account. Zobay and Nikolopoulos [78]
developed a model, where these eﬀects are included, compared the model
with the experimental results of Ref. [9, 10], and found a qualitative agreement concerning the asymmetric forward- and backward-scattering as well
as the depletion of the BEC. Due to the absence of extensive quantitative
measurements in Ref. [9, 10], a quantitative comparison between the model
and the measurements was not possible.
In this chapter we will present a qualitative and quantitative investigation
of the superradiant scattering from a sodium BEC. We are able to explain
many of the processes observed in our experiment, including features that
have not been reported before. Furthermore, a quantitative agreement between the outcome of model calculations and the measurements is obtained
regarding the fraction of atoms in the side modes. This deeper understanding of the process is an important step forward in the application of this
technique.
In our setup a sample of sodium atoms trapped in a cloverleaf magnetic
trap is cooled by evaporative cooling to degeneracy in 50 s. The trap frequencies in the axial and radial direction are ν z = 16 Hz and νρ = 99 Hz,
respectively. In this trap 120·106 sodium atoms in the Fg = 1, mF = −1
ground state are condensed in a BEC at a temperature of 150 nK and a
density of 2.8·1014 atoms/cm3 [42, 64]. Axial and radial size of the condensate is 1 mm and 20 μm, respectively. The Fresnel number F = πd 2 /4lλ of
the elongated shaped condensate is 0.53, resulting in a single endﬁre mode
in each direction along the long axis of the BEC [2]. Note, that this is important because multiple endﬁre modes makes the description of the process
more complicated.
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Fig. 6.2: The depletion of the BEC for diﬀerent pulse lengths. The pulse lengths
for ﬁgure (a) to (d) are 30 μs, 60 μs, 100μs and 200μs, respectively. All
data are taken with a laser beam intensity of 5 mW/cm2 and a detuning
of 2 GHz. The diﬀerences in the size of the BEC is due to shot-to-shot
ﬂuctuations in the experiment.

The BEC is illuminated with a near-resonant laser beam to generate superradiant scattering. In the experiments the detuning of this laser beam is
2 GHz with respect to the Fg = 1 to Fe = 2 transition. This detuning is large
enough to neglect the population of the excited state, which is important
for the theoretical modeling. The radius of the laser beam is 5 mm, which
is larger than the size of the BEC. Therefore, the proﬁle of the laser beam
can be assumed to be homogeneous over the BEC. The polarization of the
incident laser beam is linear and perpendicular to the long axis of the BEC.
Illumination with a linear polarization parallel to the long axis of the BEC
results in Raman scattering as seen in Ref. [75, 79]. This superradiant scattering process will be discussed in chapter 8. The length and the intensity
of the applied laser pulse are the two adjustable parameters in this experiment. After the superradiant scattering from the BEC the magnetic trap is
turned oﬀ followed by a ballistic expansion of 30 ms. After this expansion an
absorption image of the BEC and the side modes is generated with a laser
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beam resonant with the Fg = 1 to Fe = 1 transition. Note, that the distance
an atom travels during the illumination is for most pulse lengths less than
the size of the BEC, so the atoms in the diﬀerent side modes overlap during
superradiant scattering. An expansion after the illumination is needed to
distinguish the diﬀerent momenta of the side modes.
In Fig. 6.2 absorption images of the superradiant scattering for diﬀerent
pulse lengths are shown. The endﬁre mode is ampliﬁed, while propagating
from one edge to the other the edge of the BEC due to the interaction with
the matter-wave grating. Therefore, in the early stages of the time evolution
the endﬁre mode and thus the coupling to the side modes is the strongest at
the edges of the BEC. This makes that the (1,±1) side mode is ﬁlled from
the edge of the BEC. In Fig. 6.2a the depletion of the BEC at the edges
is clearly visible after a pulse of 30 μs. Scattering to the (2,0) side mode
is unlikely for short pulses, because an atom in that case should absorb a
photon from each endﬁre mode, which have their maximum amplitude at
opposite edges of the BEC. Due to the depletion of the BEC at the edges,
the maximum of the endﬁre mode travels from the edge toward the center
of the BEC in the case of longer pulse lengths. In the center of the BEC
the two endﬁre modes start to overlap making the atoms at this position
couple to the (2,0) side mode by a four-photon transition. In Fig. 6.2b the
depletion of the BEC becomes visible as soon as the (2,0) side mode appears.
After 100 μs the fraction of the (2,0) side mode has grown together with an
increasing depletion of the center of the BEC (Fig. 6.2c). After 200 μs also
the (2,0) side mode depletes in the center due to the onset of the (4,0) side
mode (Fig. 6.2d).
The scattering from the BEC to the (n,±m) side mode yields a frequency
diﬀerence between the laser beam and the endﬁre mode of ω n,m = ωr (n2 +
m2 ) with ωr the recoil frequency, which is 25.0·103 (2π)/s for sodium. For
the ﬁrst-order scattering the energy diﬀerence is 2ω r . The same frequency
can drive the transition from the (1,±1) side mode to the (2,0) side mode.
However, the scattering from the (1,±1) side mode to the (2,±2) side mode
requires an energy diﬀerence of 6ω r and therefore, a second frequency is
generated to drive this coupling. The onset of the endﬁre mode is caused by
near-resonant Rayleigh scattering. In the case of a large energy diﬀerence
it will take a large coupling to generate the endﬁre mode. Because the
coupling scales with the pulse intensity, the fraction of atoms in the (2,0)
side mode is larger than the fraction in the (2,±2) side mode in the weak
pulse regime. When the pulse intensity is increased the population in the
(2,±2) side mode will grow, until in the strong pulse regime the (2,0) side
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Fig. 6.3: The transition from the fan-shape pattern superradiance in the weak pulse
regime to the X-shape pattern superradiance in the strong pulse regime.
The intensities and pulse lengths are (3 mW/cm2 , 300μs), (10 mW/cm2 ,
100μs), (50 mW/cm2 , 20μs), and (200 mW/cm2 , 5μs), respectively. In
ﬁgure d the expansion time is reduced by a factor of 1.5 to 20 ms, in which
case all the side modes can be imaged without changing the magniﬁcation
of the imaging system.

mode becomes small compared to the (2,±2) side mode. In Fig. 6.3 this
transition from the weak pulse regime to the strong pulse regime is shown.
In the weak pulse regime (Fig. 6.3a) the well-known fan-shape pattern is
generated. The intermediate situation (Fig. 6.3b) shows a side mode pattern
with |m| = n, n > 0 as predicted in Ref. [78]. When the intensity is increased
further (Fig. 6.3c and d) the backward-scattering regime is entered resulting
in the X-shape pattern [10].
When the intensity is increased even further (compared to Fig. 6.3d), the
(0,2) side mode appears (Fig. 6.4). This side mode has not been observed
in Ref. [9, 10]. There are two possibilities for creating this side mode. The
ﬁrst possibility is by Bragg scattering between the two endﬁre modes. The
second possibility is generating forward-scattering on the backward-scattered
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Fig. 6.4: (a) Superradiant scattering in the strong pulse regime (250 mW/cm2 , 4μs).
(b) The same measurement in the weak pulse regime (5 mW/cm2 , 200μs).
The circle indicates the (2,0) side mode. In (a) the expansion time is
reduced to reach a higher optical density making the (2.0) easier to observe. An equal reduction of the expansion time in (b) did not lead to an
observable population in the (2.0) mode.

atoms. In order to discriminate between these two possibilities, which will
be important for the theoretical description, we have observed scattering
in the weak and strong pulse regime, where the total pulse energy is kept
constant. By comparing the side mode pattern for the weak and strong pulse
regime we can conclude that in our situation the (0,2) side mode is generated
by the second process. Figure 6.4a shows that when a signiﬁcant number
of atoms is scattered backward, the (0,2) side mode appears. Figure 6.4b
shows the result for the weak pulse regime, where the (0,2) side mode is not
signiﬁcantly populated proving the absence of Bragg scattering between the
endﬁre modes in our case.
In the remaining part of this chapter a quantitative description of the
process is given combined with a comparison with the superradiant experiments. During the illumination of the BEC with the laser beam the atomic
ﬁeld modes evolve due to the atom-ﬁeld coupling as [2]:
i

2
(μ · E − )(μ · E + )
∂
ψ=−
Δψ +
ψ,
∂t
2M
δ

(6.1)

where ψ(r, t) is the atomic wavefunction, E ± (r, t) are the positive and negative frequency components of the electric ﬁeld, M is the mass of the particle,
μ is the dipole moment of the atom, and δ is the detuning of the laser. To
solve this equation for the case of Rayleigh scattering, we make two assumptions as suggested by Zobay and Nikolopoulos [78]. The ﬁrst assumption
is that the process only depends on z (the long axis of the BEC), so the
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dependence in the transverse direction x and y is neglected. The atomic
wavefunction can than be written as:
ψ(r, t) =

 φn,m (z, t)
√
exp [−i(ωn,mt − nkL x ± mkz)] ,
A
n,m

(6.2)

with n the number of photons absorbed from the laser, m the number of
photons scattered in the (±z)-direction, k L the wave vector of the photon
absorbed from the laser beam, k the wave vector of the emitted photon, and
A the condensate cross section perpendicular to the z axis. The frequency
ωn,m is the recoil frequency of mode (n,m). The validity of this assumption
will be discussed later. The second assumption is that the light ﬁeld consists
of only three modes: one for the incident laser ﬁeld, one for the endﬁre mode
in the (+z)-direction, and one for the endﬁre mode in the (−z)-direction.
The elongated shape of the condensate resulting in a Fresnel number in our
experiment of 0.53 justiﬁes this approximation regarding the directionality
of the endﬁre mode. Regarding the frequency of the endﬁre mode this is only
the case for the scattering to the (1,±1) and (2,0) side mode, because these
transitions are driven by the same frequency, while the scattering to the
(2,±2) requires another frequency. Substitution of the two approximations
in Eq. (6.1) leads to:
i

∂φn,m (Z, τ )
∂τ

∗
= κ[E+
(Z, τ )φn−1,m+1 e+2i(n−m−2)τ
∗
+ E−
(Z, τ )φn−1,m−1 e+2i(n+m−2)τ

+ E+ (Z, τ )φn+1,m−1 e−2i(n−m)τ
+ E− (Z, τ )φn+1,m+1 e−2i(n+m)τ ],

(6.3)

with τ = ωr t the reduced time of the laser pulse and Z = kz the reduced
length of the condensate. In Eq. (6.3) the mean ﬁeld interaction is neglected.
The coupling constant κ is given by:
κ=

μ2 EL
,
2δωr

(6.4)

with EL the electric ﬁeld of the incoming laser beam. In Eq. (6.3) the
Bragg scattering between the two endﬁre modes is neglected, which is valid
as shown by the results in Fig. 6.4. The ﬁrst two coupling terms are due to
the forward-scattering. Here, a photon is absorbed from the laser beam and
emitted in the endﬁre mode, resulting an atom scattered from the side mode
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(n,m) to the side mode (n+1,m±1). The last two coupling terms are due
to backward-scattering, where a photon is absorbed from the endﬁre mode
and emitted in the laser beam resulting in an atom scattered from the side
mode (n,m) to the side mode (n−1,m±1).
Equation (6.3) will now be used to describe the development of the side
modes in our experiment as a function of the pulse length. This is compared
with the experimental results, when the sodium BEC is illuminated with a
5 mW/cm2 laser beam (weak pulse regime).
In Fig. 6.5 the fraction of atoms in the BEC and the (1,±1), (2,0), and
(2,±2) side modes are shown as a function of the pulse length. Figure 6.5
shows that the results of Eq. (6.3) are in good agreement with the data for
the fraction of atoms in the BEC and in the (1,±1) and (2,0) side mode for
pulse lengths up to 220 μs. The discrepancy for longer pulse lengths can be
explained by the distance the recoiling atoms travel during the illumination.
After 220 μs an atom has traveled 7 μm in radial direction, which is not
negligible compared to the radius of the BEC. This will inﬂuence the gain in
the matter-wave, because a signiﬁcant fraction of atoms no longer overlaps
with the BEC during the illumination. This eﬀect is not taken into account
in our model.
Furthermore, we can see that the discrepancy between the model and the
data is large for the (2,±2) side mode. First, in the model the assumption is
made that there is only one endﬁre mode, both in direction and frequency.
For the direction this is a good approximation due to the small Fresnel
number; however, for scattering to the (2,±2) modes an extra endﬁre mode
with a diﬀerent frequency is generated, because oﬀ-resonant scattering to
this mode is only possible for pulse lengths shorter than 1/(6ω r )= 6.7 μs.
Secondly, the velocity of the atoms in the radial direction is twice as large
compared to (1,±1) side mode so the eﬀect described above will take place
on a shorter time scale. Therefore, the present model does not satisfactory
explain the time evolution of the (2,±2) or higher-order side modes.
From the good agreement between the model and the measurements for
the processes driven by a single endﬁre mode in each direction, we conclude
that the approximations used in the model are valid in our experiment.
In summary, we have presented a detailed study of superradiant scattering from a sodium BEC. The relation between the depletion of the BEC
and the onset of the (2,0) side mode is measured and the transition from
the weak pulse regime to the strong pulse regime is studied. Furthermore,
the generation of the (0,2) side mode is investigated. Finally, a model based
on the approximations suggested in Ref [78] is presented. This model gives
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Fig. 6.5: The fraction of atoms in the ﬁrst and second order side modes as well as
the remaining atoms in the BEC as a function of the pulse length. The
mode (n,m) is indicated on top of each ﬁgure.
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a good quantitative description of the fraction of atoms coupled to diﬀerent
side modes, showing that the approximations made in the model are correct
for our experiment.
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7. Resonant superradiant backward-scattering as a source
for many-particle entanglement

We investigate the atom pair production by superradiant
backward-scattering from a Bose-Einstein condensate. In
our experiment energy conservation is realized by using a
pulse with two frequencies. This makes the process resonant,
which provides full control over the number of atoms in the
diﬀerent side modes. It is shown that resonant backwardscattering produces strongly correlated side modes in which
number squeezing and phase correlation are likely. This
makes resonant superradiant backward-scattering a promising candidate for many-particle entanglement.

In the work of Dicke [1] it is shown that the rate of spontaneous emission
of a sample of N excited atoms can be enhanced by a factor N compared to
single-atom emission, when all atoms occupy the same excited state. This
so-called superradiant emission can become highly directional when the size
of the sample is larger than the wavelength of the emitted light. For an
elongated sample the emission is along the long axis of the sample, the socalled endﬁre modes [2].
Superrandiant emission can also be observed, when a Bose-Einstein condensate (BEC) is illuminated with a single near-resonant laser beam. Here,
the superradiance is generated by successive Rayleigh scattering events instead of a collective spontaneous emission, as it is the case in the Dicke
picture. The Rayleigh scattering leads to a recoiling atom, which interferes
with the atoms at rest. The interference pattern in the density distribution acts as grating, which stimulates the next atom to scatter in the same
This chapter is in preparation for publication.
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direction making the process self amplifying. In an elongated BEC the ampliﬁcation is the strongest along the long axis of the BEC resulting in an
endﬁre beam in that direction. Therefore, the atoms will absorb a photon
from the incoming laser beam followed by emission along the long axis of the
BEC. When the incoming laser beam is orientated perpendicular to the long
axis of the BEC, the recoil of the atom will be at an angle of ±45 ◦ with respect to the incoming laser beam. This scattering process was ﬁrst observed
by Inouye et al. [9] followed by various distinctive theoretical descriptions in
Ref. [11, 76–78].
A second scattering process has been identiﬁed, when an atom absorbs
a photon from the endﬁre beam followed by stimulated emission in the laser
beam. The recoil of the atom will in that case be directed backward at an
angle of ∓135◦ with respect to the incoming laser beam [10]. This superradiant backward-scattering, which is referred to as Kapitza-Dirac scattering in
Ref. [10], is a promising way of generating many-particle entanglement [11].
The entanglement produced by superradiant backward-scattering results in
physically separated ensembles containing a large number of massive particles. This provides a large step forward for the practical application of
entanglement [21, 22, 80].
After the two Rayleigh scattering events, responsible for the forwardscattering
and backward-scattering two atoms move in opposite directions
√
with 2 times the recoil velocity. The energy for the motion is taken from
the laser beam resulting in an energy diﬀerence between the incoming photon
and the stimulated emitted photon of four times the recoil energy E r . In
Ref. [10] the energy mismatch becomes irrelevant by using such a short
pulse length, that leads to an energy uncertainty which is larger than the
mismatch. In the case of sodium the energy mismatch is 100 kHz resulting
in a maximum pulse length of 10 μs, which severely limits the experimental
possibilities of the process, including the study of entanglement.
In this chapter we present an eﬀective elimination of the constrains
caused by the use of short pulses. By using two laser frequencies the backwardscattering can be driven resonantly yielding a full control over the process
(Fig. 7.1). In this scheme we can transfer a signiﬁcant fraction of atoms to
the backward-scattered mode independent of the pulse length. The ratio between the number of forward-scattered and backward-scattered atoms is controlled by the frequency diﬀerence between the two lasers. The experimental
results show that generation of atom pairs by resonant backward-scattering
is preferred over single atom scattering even at low laser intensities, which
makes it a robust system. Furthermore, the behavior of the system as a
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Fig. 7.1: Schematic representation of the resonant backward-scattering. By absorption of a photon from the ﬁrst laser beam (ω1 ) and emission in the endﬁre
mode an atom is scattered forward. The emitted photon is absorbed by a
another atom followed by stimulated emission into the second laser beam
(ω2 ), resulting in backward-scattering. The frequency diﬀerence between
the two lasers is 100 kHz to drive this process resonantly. The side modes
are indicated by (n,m) where n and m are the number of recoils in the
direction of the laser beam and the endﬁre mode, respectively. Note, that
the laser beams illuminate the BEC at a small angle of ±5◦ with respect
to the radial axis of the BEC.

function of the pulse length, shows a strong number correlation yielding the
ﬁrst indication that the system exhibits many-particle entanglement.
In our setup a sample of sodium atoms trapped in a cloverleaf magnetic trap is cooled by evaporative cooling to degeneracy in 50 s. The
trap frequencies in the axial and radial direction are ν z = 16 Hz and νρ
= 99 Hz, respectively. The BEC contains 120·10 6 sodium atoms in the
Fg = 1, mF = −1 ground state at a temperature of 150 nK and a density of
2.8·1014 atoms/cm3 [42,64]. Axial and radial size of the condensate is 1 mm
and 20 μm, respectively. The elongated shape of the condensate results in
a Fresnel number F = πd2 /4lλ of 0.53 allowing only a single endﬁre beam
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Fig. 7.2: The results for resonant backward-scattering. The picture on the left
shows the momentum distribution after illumination with a laser beam
with one frequency for 100 μs using with an intensity of 1.6 mW/cm2 and
a detuning of −3 GHz. Illumination with two frequencies with 100 kHz
frequency diﬀerence results in resonant backward-scattering (the picture
on the right). The laser beam is incident from the right in both cases. The
ﬁeld of view is 6.3 mm × 6.0 mm.

in each direction along the long axis of the BEC [2]. Note, that multiple
endﬁre modes can destroy the many-particle entanglement.
To generate resonant backward-scattering the BEC is illuminated with
two laser beams with adjustable detuning ranging from -5 GHz to +5 GHz
from the Fg = 1 to Fe = 2 transition. The radius of the laser beams is 5 mm,
which is larger than the size of the BEC and therefore the proﬁle of the beams
can be assumed to be homogeneous over the BEC. The polarization of the
incident laser beams is perpendicular to the long axis of the BEC. The time
duration, intensity and phase of the laser pulses as well as the frequency
diﬀerence between the two laser beams are the adjustable parameters in
the experiment. After the illumination of the BEC the magnetic trap is
turned oﬀ followed by a ballistic expansion of 30 ms. After the expansion an
absorption image of the BEC and the side modes is generated with a laser
beam resonant to the Fg = 1 to Fe = 1 transition.
In Fig. 7.2 results for resonant backward-scattering are shown. In the
ﬁgure on the left the BEC is illuminated for 100 μs using a single laser beam.
The pulse length is too long to generate oﬀ-resonant backward-scattering, so
only the well-known fan-pattern of the superradiant scattering is observed.
In the ﬁgure on the right the pulse length and detuning are identical compared to the ﬁgure on the left; however, the intensity is equally distributed
over two beams with a frequency diﬀerence of 100 kHz. The result shows a
clear presence of the backward-scattered modes. Note, that the small angle
between the two incoming laser beams results in double side modes in the
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Fig. 7.3: The fraction of the atoms in the backward-scattered state (circles) and the
forward-scattered state (squares) as a function of the frequency diﬀerence
between the two laser beams. The upper picture is for a detuning of
−5 GHz and a pulse length of 200 μs. The lower picture is for a detuning
of +3.5 GHz and a pulse length of 100 μs. The intensity is 2.0 mW/cm2
for both experiments. The solid lines are Gaussian ﬁts to the data.

forward direction. However, the time of ﬂight is not suﬃcient to distinguish
these diﬀerent modes.
The resonant backward-scattering makes it possible to scatter atoms
backwards in the weak pulse regime. In this regime superradiant scattering
generates a fan-shape distribution where all the modes are occupied. When
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the pulse strength is increased the (2,0) mode is suppressed [78] as seen in
chapter 6. This results in a V-shape pattern, where only the modes with
|n| = |m| with n > 0 are present. A further increase in intensity will result in
oﬀ-resonant backward-scattering with |n| = |m|. Therefore, in oﬀ-resonant
backward-scattering the center modes with (n,m) = (2,0), (3,1) and (3,-1)
are not populated. The resonant backward-scattering makes it possible to
populate the backward-scattered modes as well as the center modes, showing
the tunability of the system.
In Fig. 7.3 the fraction of atoms scattered forward (squares) and backward (circles) are shown as a function of the frequency diﬀerence between
the two laser beams. Figure 7.3a and b are for detunings of −5 GHz and
+3.5 GHz, respectively. We observe a clear resonance around 4E r /h =
100 kHz for sodium. The widths of the resonances are (17.6±1.6) kHz and
(19.2±2.5) kHz. There are three mechanisms contributing to this width.
The ﬁrst one is the mean ﬁeld broadening, which is 2 kHz for our BEC. Secondly, the resonance is broadened due to the ﬁnite pulse duration according
to Δω = 1/τ , where τ is the pulse length. This contribution is 5 kHz and
10 kHz for the 200 μs and 100 μs pulse lengths, respectively. The third
broadening eﬀect is the grow rate of the matter-wave grating. It takes a
certain time, before the matter-wave grating is established. Therefore, the
eﬀective pulse duration that drives the resonant process is reduced. To estimate the eﬀect on the broadening a detailed understanding of the growth
rate of the endﬁre mode is required, which is not available at present. However, the reduced pulse length yields probably the largest contribution to
the broadening.
The two resonances in Fig. 7.3 show a shift with respect to 100 kHz,
which has an opposite sign compared to the detuning. The reason for this
detuning dependent shift is not understood. The shift due to changing recoil
frequency, as measured in Ref. [81], is more than one order of magnitude to
small and shows a diﬀerent detuning dependence.
The occupation of the forward-scattered mode shows no frequency difference dependence, proving that there is no suppression of the superradiant
gain due to backward-scattering. This suppression was predicted by Schneble
et al. [10] inspired by the idea that the gain in the endﬁre beam is attenuated due to the absorption of photons, resulting in a suppression in the
matter-wave ampliﬁcation. In our experiment the endﬁre beam is largely
absorbed because the number of atoms scattered forward and backward are
almost equal. Although there is a strong attenuation of the endﬁre beam no
suppression of the forward-scattering is noticeable.
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Fig. 7.4: The resonant backward-scattering for a train of pulses. The fraction of
atoms in the backward-scattered state is plotted as a function of the time
interval between the pulses. In the experiment 5 laser pulses with a length
of 2 μs, an intensity of 50 mW/cm2 and a detuning of −2 GHz are used.
The solid line is a Gaussian ﬁt to the data.

A second way of generating resonant backward-scattering is by applying
multiple pulses separated by a ﬁxed time-interval. In this way side bands are
generated on the laser frequency. When 5 laser pulses with a length of 2 μs
are applied, the results show a resonance around a time-interval of 9.8 μs
(Fig. 7.4). A train of pulses separated by 9.8 μs generates side bands at 102
kHz, which is close to the expected resonance frequency of 100 kHz. The
width of the resonance is 8.1 μs corresponding to 98 kHz, which is in this
case completely determined by the Δω = 1/τ of 100 kHz for the total pulse
length of 10 μs.
In Fig. 7.5 the fraction of atoms in the backward-scattered mode is measured as a function of the pulse length for non-resonant backward-scattering
(squares) and resonant backward-scattering (circles). For the non-resonant
process the backward-scattering is only possible with very short pulse lengths.
When the pulse length is longer than 6 μs the scattering process evolves from
the short-pulse backward-scattering regime into the long pulse superradiant
regime as indicated by the onset of an asymmetric distribution. This is very
similar to the results of Ref. [10]. For the resonant backward-scattering an
equal distribution of atoms over the backward- and forward-scattered modes
is measured for pulse lengths up to 500 μs. The intensity in the latter case
is reduced by a factor of 25 to avoid heating when using long pulses. This
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Fig. 7.5: The fraction of atoms in the ﬁrst-order backward-scattered mode normalized to the number of atoms in the ﬁrst-order forward-scattered mode as
a function of the pulse length for the non-resonant short pulse scattering (squares) and resonant backward-scattering (circles). An intensity of
50 mW/cm2 and 2 mW/cm2 is used for the non-resonant and the resonant
backward-scattering, respectively. The detuning is +3 GHz in both cases.

shows that the required intensity for the stimulated emission is relative low,
which is in contradiction with the predictions of Ref [11]. The fact that the
stimulated emission is not inﬂuenced signiﬁcantly by decreasing light intensities is an indication that the scattering in atom pairs is strongly preferred
over single atom scattering, making number squeezing likely.
The correlation between the number of atoms in the forward- and backward-scattered state is also shown when the fraction of atoms normalized
to the total number of atoms is measured as a function of the pulse length
(Fig. 7.6). These results show that after an initial increase in the number of
atoms in the scattered states the BEC is reﬁlled again. The transfer of atoms
between the BEC and the forward- and backward-scattered modes shows an
identical time dependence. This coherent behavior can be measured up to
pulse lengths of 180 μs. The decreasing amplitude of the oscillation is due
to the scattering into higher-order modes.
A more direct method of showing the correlation between the forwardand backward-scattered mode is reﬁlling the BEC by reversing the process
half way the illumination. In Fig. 7.7 the results of the measurements are
shown, where two laser pulses are applied to the BEC for 8 μs with a fre-
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quency diﬀerence of 100 kHz. Figure 7.7a shows the X-shape pattern, which
is characteristic for short-pulse backward-scattering. Figure 7.7b shows the
distribution when halfway the illumination the phase of one of the lasers
is turned 180◦ . Reversing the process results in a complete reﬁlling of the
BEC indicating a strong correlation in the number of particles as well as in
their relative phase. This is an indication for many-particle entanglement in
resonant superradiant backward-scattering.
In this chapter we have shown that resonant backward-scattering yields
a large improvement in the controllability of the superradiant backwardscattering. Furthermore, we have shown that the atoms generated by resonant backward-scattering yields promising behavior regarding many-particle
entanglement.

8. On the tunability of superradiant Raman scattering

In this chapter we report superradiant Raman scattering
from a sodium Bose-Einstein condensate. Superradiant Raman scattering can be used for matter-wave ampliﬁcation
in which atoms in the gain medium and in the scattered
mode are in diﬀerent internal states. The level splitting between these states makes it possible to suppress the higherorder side modes eﬃciently, which improves the matterwave ampliﬁcation. We investigate the gain of the matterwave ampliﬁcation, as well as the regime where the gain appears. Furthermore, we propose an experiment to generate
backward-scattered atoms by Raman superradiance.

Since the realization of a Bose-Einstein condensate (BEC) several studies
of matter-wave ampliﬁcation are carried out. The ampliﬁcation of matterwaves has ﬁrst been studied in the formation of a BEC [73, 74]. In these
experiments the gain medium for the ampliﬁcation and the ampliﬁed atoms
are in the same state. Matter-wave ampliﬁcation can also be realized by
inducing superradiant Rayleigh scattering in a BEC as discussed in chapter
6 and in Ref. [9,10,78]. In this process, atoms in the BEC undergo Rayleigh
scattering due to illumination of the BEC with a single near-resonant laser
beam followed by spontaneous emission. The ampliﬁcation of the matterwaves will be the strongest when the emitted photons are directed along
the long axis of the BEC, the so-called endﬁre mode. When the incoming
laser beam is directed perpendicular to the long
√ axis of the condensate the
superradiant Rayleigh scattering will transfer 2k momentum to the atoms
at an angle of ±45◦ with respect to the incoming beam, resulting in a side
mode pattern as shown in Fig. 8.1. In addition to the forward-scattering due
This chapter is in preparation for publication.
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Fig. 8.1: Schematic representation of the superradiant scattering process in a BEC.
The BEC is illuminated with a near-resonant laser beam. Atoms in the
BEC absorb a photon from the laser beam followed by emission in the
endﬁre mode E∓ . The recoil of these atoms is at an angle of ±45◦ with
respect to the incoming laser beam resulting in a fan-shape pattern. The
diﬀerent side modes are indicated by (n,m), where n and m are the number of recoils in the direction of the laser beam and the endﬁre mode,
respectively.

to the absorption of a photon from the laser beam followed by emission in
the endﬁre mode, backward-scattering by absorption from the endﬁre mode
followed by stimulated emission in the laser beam is also possible. Because
of the energy mismatch in the latter process of 4E r , where Er is the recoil
energy of the atoms after absorption of one photon, the backward-scattering
can only been realized in the short pulse regime [10], or by applying two
laser frequencies to drive the process resonantly (chapter 7).
In the superradiant Rayleigh scattering experiments the atoms in the
scattered mode and the atoms in the BEC diﬀer only in momentum. Therefore, the scattered atoms can serve as a source for higher-order scattering
processes and in that case the ﬁrst-order scattered state is depleted. This
gives rise to a severe limitation of the matter-wave ampliﬁcation. The limitation can be suppressed by using Raman scattering instead of Rayleigh
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scattering. In Raman scattering the gain medium and the scattered state
occupy diﬀerent internal states [75, 79]. The experimental conditions can be
chosen such that the scattered state is far oﬀ-resonance, so that higher-order
processes are strongly suppressed.
In this chapter we demonstrate superradiant Raman scattering from a
sodium BEC. We investigate the inﬂuence of the suppression of higher-order
scattering on the matter-wave ampliﬁcation as well as the regime, where this
suppression appears. Furthermore, an experiment to generate backwardscattered atoms by a Raman transition is described.
In our experiment a BEC of sodium atoms in a cloverleaf magnetic trap
is generated. The trap frequencies in the axial and radial direction are
νz = 16 Hz and νρ = 99 Hz, respectively. The BEC contains 120·10 6 atoms in
the Fg = 1, mF = −1 ground state at a temperature of 150 nK and a density
of 2.8·1014 atoms/cm3 . Axial and radial size of the condensate is 1 mm and
20 μm, respectively. A more detailed description of the condensation process
is given in Ref. [42, 64]. The elongated shape of the condensate results in a
Fresnel number F = πd2 /4lλ of 0.53, which yields a single endﬁre mode in
each direction along the long axis of the condensate.
When the quantization axis is deﬁned along the long axis of the BEC,
which is also the direction of the magnetic ﬁeld, the polarization of the
light emitted along the long axis of the BEC (the endﬁre mode) is circular.
A Raman transition can be induced by absorption of light with a linear
polarization parallel to the quantization axis followed by emission of circular
polarized light (Fig. 8.2). By absorption of a linear polarized photon from
the laser beam (solid arrow) followed by emission of a circular polarized
photon into the endﬁre mode (dashed arrow) the atom will be scattered
from the Fg = 1, mF = −1 to the Fg = 2, mF = −2 state. The transitions
to the Fg = 2, mF = 0 and Fg = 1, mF = 0 states are not ampliﬁed due
to smaller Clebsch-Gordan coeﬃcients compared to the F g = 2, mF = −2
state. For a range of detunings δ scattering from the F = 2, m F = −2 state
back to the Fg = 1, mF = −1 state is also possible, as indicated in Fig. 8.2
by the solid and dotted arrow.
To generate superradiant Raman scattering the BEC is illuminated with
a single near-resonant laser beam. The detuning δ of the incoming laser
beam can be tuned from −5 GHz to +5 GHz with respect to the F g = 1
to Fe = 2 transition. The radius of the laser beam is 5 mm. The polarization of the incident laser beam is parallel to the long axis of the BEC for
Raman scattering and perpendicular for Rayleigh scattering. The duration,
the intensity, the polarization and the detuning of the laser pulse are the
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Fig. 8.2: The optical transitions for the Raman superradiant scattering. The BEC
occupies the Fg = 1, mF = −1 hyperﬁne state. The ﬁrst Raman scattering
(solid arrow and dashed arrow) transfers the atoms to the Fg = 2, mF = 2 hyperﬁne. A second Raman process (solid arrow and dotted arrow)
scatters the atoms back into the Fg = 1, mF = −1 hyperﬁne state. The
detuning δ from the excited state is large, so that the population of the
excited state can be neglected.

adjustable parameters in the experiment.
After the illumination of the BEC the atoms are held in the magnetic
trap for 1 ms, before the magnetic trap is turned oﬀ followed by a ballistic
expansion of 30 ms. During this 1 ms the Raman scattered atoms in the
high ﬁeld seeking Fg = 2, mF = −2 state are accelerated away from the
trap minimum, separating the atoms in the F g = 1, mF = −1 and Fg = 2,
mF = −2 state. After the expansion an absorption image of the atoms
is generated by illumination with a laser beam resonant to the F g = 1 to
Fe = 1 transition for 400 μs with an intensity of 6·10 −4 mW/cm2 . For the
imaging of the Raman scattered atoms in the F g = 2 state the atoms are
optically pumped to the Fg = 1 state during the imaging with a second laser
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Fig. 8.3: The superradiant scattering for diﬀerent polarizations of the incoming laser
beam. The polarization angles with respect to the long axis of the condensate are given on top of each ﬁgure. The atoms are scattered by a 100 μs,
5 mW/cm2 laser pulse with a detuning of +4 GHz.

frequency with an intensity of 10 mW/cm 2 and a detuning of −11 MHz with
respect to the Fg = 2 to Fe = 3 transition.
The transition from the Rayleigh to the Raman superradiant regime is
investigated by studying the side mode pattern as a function of the polarization. In Fig. 8.3 the scattering is shown for diﬀerent polarization angles.
All measurements are taken with an imaging beam resonant to the F g = 1 to
Fe = 1 transition without a second laser frequency for optically pumping the
atoms from the Fg = 2 state to the Fg = 1 state. Therefore, in the images
only atoms in the Fg = 1 state are observed and atoms in the Fg = 2 state
are not detected. Light polarized perpendicular to the long axis of the BEC
corresponds with an angle of 90◦ and induces Rayleigh scattering. Figure
8.3 shows at an angle of 90◦ the well-known fan-shape pattern characteristic
for Rayleigh superradiance. When the polarization is turned to an angle of
40◦ the superradiance disappears. At an angle of 20◦ a small occupation of
the second-order side mode is visible. Atoms in this mode have undergone
a four-photon Raman transition. Therefore, the ﬁrst-order side mode is not
detected, because these atoms are in the Fg = 2 state. A further rotation
to an angle of 0◦ results in an increase in the population of the second-order
side mode. The process shows again a transfer to Rayleigh superradiance,
when the polarization is turned towards the perpendicular orientation.
This transition is investigated more quantitatively by measuring the
amount of atoms in the second-order side mode as a function of the po-
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Fig. 8.4: The fraction of atoms in the second-order scattered state compared to the
total number of atoms as a function of the polarization of the incoming
laser beam. The parameters of the laser pulse are the same as used in Fig.
8.3.

larization (Fig. 8.4). The atoms at the extrema of this ﬁgure (-90 ◦ and 90◦ )
are generated by a four-photon Rayleigh transition, while the population
of the second-order at 0◦ is generated by a four-photon Raman transition.
The amount of atoms scattered in these two cases are almost equal, which
indicates that the gain of the matter-wave ampliﬁcation in the Raman and
Rayleigh scattering regime are almost the same.
The results in Fig. 8.4 show a maximum fraction in the second-order side
mode of 0.35. These atoms are almost equally distributed over the three
individual modes (2,2), (2,0) and (2,-2) resulting in a population of 0.12 in
each mode. The fraction of atoms in the ﬁrst-order side modes is roughly
the same. Therefore, the matter-wave ampliﬁcation to a single side mode is
limited. To increase the matter-wave ampliﬁcation and thus the population
of a single side mode the number of side modes that are populated must
be reduced. The increase in the population can be achieved for ﬁrst-order
side mode by suppressing the scattering to the second-order side modes.
This can be done by detuning the incoming laser beam such that the ﬁrst
Raman transition is close to resonance, while the second Raman transition
is suppressed due to a relatively large detuning. In Fig. 8.5 the side mode
patterns are shown after illumination with a 20 μs laser pulse for two diﬀerent
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Fig. 8.5: The Raman scattering for two diﬀerent detunings. (a) and (b) show the
distribution of atoms in the Fg = 1 state and in both the Fg = 1 and
Fg = 2 state, respectively. The BEC is illuminated with a laser beam
detuned by +0.5 GHz with an intensity of 1.1 mW/cm2 . Figure (c) and
(d) show the same measurements as (a) and (b) but now for a detuning of
+4 GHz and an intensity of 70 mW/cm2 .

detunings. Figure 8.5a shows the distribution of the atoms in the F g = 1
state after illumination with a laser beam detuned by +0.5 GHz. Figure 8.5b
shows the result for the same parameters, but now also the F g = 2 atoms are
visible due to the optical pumping to the Fg = 1 state during the imaging.
A large fraction of the atoms has been transferred to the F g = 2 state by
undergoing a two-photon Raman transition. The scattering to higher-order
modes is strongly suppressed as can be seen in Fig. 8.5a, where no scattered
atoms are detected. In Fig. 8.5c and d the same measurements are shown
for a detuning of +4 GHz. The separation of the hyperﬁne levels of the
ground state is relatively small compared to the detuning making scattering
from the Fg = 2 state almost as likely as scattering from the F g = 1 state.
Therefore, higher-order Raman transitions are possible resulting in a BEC,
a second- and fourth-order side mode in the F g = 1 state, combined with a
ﬁrst- and third-order side mode in the Fg = 2 state.
Note that the center side modes (2,0) and (3,±1) are not signiﬁcant populated, because the superradiant scattering is generated with a high intensity
laser pulse. A high gain favors the population of the side modes along the
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Fig. 8.6: The fraction of the total number of atoms in the Fg = 1 state (without
the BEC) (circles) and in the Fg = 2 state (squares) as a function of the
detuning of the laser. The intensity is adjusted for each detuning to obtain
a maximum transfer to the side modes.

diagonal, as shown theoretically in Ref. [78] and experimentally in chapter 6.
In Fig. 8.6 a more quantitative analysis for the detuning dependence is
presented by measuring the fraction of atoms in the F g = 2 state (squares)
and the Fg = 1 state (circles) as a function of the detuning. The atoms is the
Fg = 2 state are generated by two- or six-photon Raman scattering, while
the atoms in the Fg = 1 state are generated by four- or eight-photon Raman
scattering. At small detunings (|δ| ≤ 0.5 GHz) the onset of higher-order
scattering is suppressed due to the relatively large detuning for scattering
from the Fg = 2 state. The suppression leads to a stronger ampliﬁcation
of the matter-wave due to the circumvention of the depletion of the ﬁrstorder scattered state. The result is a transfer from the BEC to the Raman
scattered side mode of almost 80 %, while at larger detunings δ ≥ +2.5GHz
or δ ≤ −4.0 GHz the total transfer to all side modes is less than 50 %.
This shows the strong increase in the matter-wave ampliﬁcation, when the
higher-order modes are suppressed. The hyperﬁne splitting of the 3 2 S1/2
ground state of sodium is 1,772 GHz. This is reﬂected in a strong coupling
from the Fg = 2 state when detunings around −2 GHz are used, resulting
is a strong decrease in the population of the F g = 2 state and a signiﬁcant
increase in the population of the Fg = 1 state.
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Schneble et al. [79] point out that it is almost impossible to generate
backward-scattered atoms by using Raman superradiance, because the energy mismatch becomes to large. In the Rayleigh scattering regime the
mismatch is only four times the recoil energy, but for Raman scattering it becomes equal to the hyperﬁne splitting of the ground state. In their Rb experiment the hyperﬁne splitting and thus the energy mismatch is 6.5 GHz corresponding with a subnanosecond time scale, on which backward-scattering
is possible. However, in chapter 7 it is shown that backward-scattering for
Rayleigh superradiance is also possible in the long pulse regime, when a
pulse with two frequencies is applied. In this case the energy mismatch is
not compensated by using a short pulse, but it is compensated by the frequency diﬀerence between the two laser beams making the process resonant.
This resonant backward-scattering is also possible for Raman superradiance
by setting the energy diﬀerence between the two laser beams equal to the
hyperﬁne spitting (1,772 GHz for Na) plus four times the recoil energy (100
kHz). The width of the resonance is measured to be in the order of 10 kHz
(chapter 7). Therefore, the stability of the frequency diﬀerence must be
better than 5 · 10−6 , which is experimentally feasible.
In this chapter we have studied the Raman superradiant scattering from
a sodium BEC. We have investigated the regime in which the suppression of
the higher-order side modes in Raman superradiant scattering appears. It is
shown that the suppression leads to a signiﬁcant increase in the matter-wave
ampliﬁcation. Furthermore, an experiment for the realization of backwardscattering using Raman superradiance is proposed.
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Samenvatting

Bij kamertemperatuur bewegen atomen in een gas met een gemiddelde snelheid van ongeveer 1000 m/s. Als het gas afgekoeld wordt, neemt de snelheid
van de atomen af. Wanneer atomen vertraagd worden tot stilstand, is de
temperatuur van het gas gezakt tot −273.15 ◦ C. Omdat een verdere afname
van de temperatuur fundamenteel onmogelijk is, wordt deze temperatuur
het absolute nulpunt genoemd. Het temperatuursgebied net boven het absolute nulpunt is in de afgelopen decennia zeer interessant gebleken. Zo is
in veel experimenten gebruik gemaakt van het feit dat de atomen bij lage
temperatuur langzaam bewegen en daarmee een lange interactietijd met andere atomen hebben. Daarnaast maakt de lage snelheid het gemakkelijker
de interne structuur van het atoom te bestuderen. Naast deze experimentele
voordelen heeft het bereiken van temperaturen dicht bij het absolute nulpunt
ook een meer fundamenteel fysisch doel.
In 1925 voorspelden A. Einstein en S. N. Bose dat bij een voldoende
lage temperatuur en een voldoende hoge dichtheid, atomen in een afgesloten
ruimte zeer afwijkend gedrag vertonen. Bij kamertemperatuur hebben alle
individuele atomen een verschillende energie, zodat de atomen in een thermisch gas vele verschillende energieniveaus bezetten. Als de temperatuur
verlaagd wordt, zal de energie van de atomen evenredig afnemen. Bij het
bereiken van een kritische temperatuur (minder dan één miljoenste graad
boven het absolute nulpunt), zullen alle atomen condenseren naar de laagste energietoestand. De atomen in deze energietoestand zijn niet meer van
elkaar te onderscheiden. Deze macroscopische bezetting van de laagste energietoestand wordt Bose-Einstein condensatie (BEC) genoemd.
Na de voorspelling in 1925 heeft het nog geruime tijd geduurd, voordat een experimentele realisatie van een Bose-Einstein condensaat mogelijk
werd. De eerste stap in dit proces wordt mogelijk gemaakt door de ontwikkeling van laserkoeling. Deze koeltechniek maakt gebruik van de impuls
van lichtdeeltjes, ook wel fotonen genoemd. Bij een botsing tussen een foton en een atoom vindt er impulsoverdracht van het foton naar het atoom
plaats. Als de bewegingsrichting van het atoom en het foton tegengesteld is,
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zal het atoom hierdoor afremmen. Een atoom zal alleen een interactie kunnen ondergaan met een foton, wanneer deze exact de juiste energie (kleur)
heeft. Omdat de impuls van een foton klein is, zijn er veel fotonen nodig
om een atoom met een thermische snelheid (1000 m/s) af te remmen. Voor
het genereren van grote aantallen fotonen met exact de juiste kleur, wordt
gebruik gemaakt van een laser. Als een gas vanuit elke richting beschenen
wordt door een bundel uit deze laser, zullen de atomen in het gas in elke
richting afgeremd en daarmee gekoeld worden. Voor deze eﬀectieve manier
van het koelen van atomen is in 1997 de Nobelprijs uitgereikt.
Met laserkoelen kunnen temperaturen van minder dan één duizendste
graad boven het absolute nulpunt bereikt worden. Bij lagere temperaturen wordt de discrete impulsoverdracht van de fotonen en de toenemende
dichtheid van het gas een probleem. Daardoor is, ondanks het feit dat
laserkoelen zeer eﬀectief is, het bereiken van Bose-Einsein condensatie met
alleen laserkoelen tot op heden niet mogelijk.
Om het gas verder af te koelen, wordt een tweede koeltechniek toegepast,
het zogeheten verdampingskoelen. Om deze techniek te kunnen gebruiken,
worden de atomen eerst vanuit de optische val, waarin laserkoeling heeft
plaatsgevonden, overgeladen in een magnetische val. Uit deze val kunnen de
meest energetische atomen ontsnappen. De overgebleven atomen zullen dan
door botsingen een lagere temperatuur bereiken. Als de sterkte van de val
langzaam verminderd wordt, zullen ook de minder energetische deeltjes kunnen ontsnappen en zal de temperatuur van het gas afnemen, tot uiteindelijk
een BEC bereikt wordt. De combinatie van laserkoelen en verdampingskoelen heeft in 1995 voor het eerst tot een BEC geleid. Voor deze prestatie is
in 2001 de Nobelprijs toegekend.
Een BEC maakt het mogelijk een groot aantal experimenten te doen, die
met een thermisch gas niet mogelijk waren. Zo kan een BEC gebruikt worden
als een bron voor een atoomlaser, kunnen wervels opgewekt worden in een
supervloeibaar gas en is er een experiment voorgesteld om het te gebruiken
als supersnaar, voor de veriﬁcatie van de snaartheorie.
Eén van de basisconcepten van de kwantummechanica is het dualisme in
het gedrag van deeltjes. Een deeltje heeft een golfkarakter en een deeltjeskarakter. Het golfkarakter van het deeltje is echter alleen waarneembaar bij
zeer lage temperatuur (BEC temperatuur) doordat de golﬂengte dan groot
genoeg is. Dit golfkarakter geeft de mogelijkheid dezelfde experimenten te
doen als met licht. In ons onderzoek hebben we gekeken naar de versterking
van de materiegolven door de interactie tussen laserlicht en een BEC.
Als het BEC beschenen wordt met laserlicht met de juiste kleur, zullen
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de atomen in het BEC fotonen uit het laserlicht absorberen. Een atoom dat
een foton geabsorbeerd heeft, verkeert in een instabiele geëxciteerde toestand
en zal na korte tijd weer terugvallen naar de stabiele grondtoestand. Dit
verval gaat gepaard met de emissie van een foton. De emissie in dit proces
wordt ﬂuorescentie genoemd. Fluorescentie vindt normaliter plaats in een
willekeurige richting op een willekeurig moment. Als echter de dichtheid van
een gas voldoende hoog is, wat het geval is bij een BEC, is de emissie van
fotonen door individuele atomen niet meer onafhankelijk van elkaar, maar
sterk gekoppeld. Dit betekent dat de atomen in de geëxciteerde toestand
nagenoeg tegelijkertijd vervallen naar de grondtoestand en daarbij de fotonen
uitzenden in dezelfde richting. Deze sterk gepiekte emissie wordt ook wel
superﬂuorescentie of superstraling genoemd. In dit werk zullen wij de laatste
benaming gebruiken.
Door de speciﬁeke eigenschappen van het superstralings-proces, zal de
straling alleen langs de lange as van het BEC, welke een sigaarvorm heeft,
optreden. De superstraling wordt geı̈nduceerd door een laserbundel die loodrecht op de lange as van het BEC binnenkomt. Hierdoor zullen de atomen
die geëxciteerd worden door het laserlicht een impulsoverdracht (een duwtje)
vanuit de richting van de inkomende laserbundel krijgen. Dit wordt dan
gevolgd door het verval naar de grondtoestand onder uitzending van een foton in de vorm van superstraling langs de lange as van het BEC. Dit laatste
zal resulteren in een impulsoverdracht evenwijdig aan de lange as van het
BEC. De totale impuls van het atoom na absorptie en emissie is dan gericht
in voorwaartse richting onder een hoek van ±45 ◦ t.o.v. van de inkomende
laserbundel. De atomen die superstralende verstrooiing hebben ondergaan,
zullen het BEC dan ook in twee discrete richtingen verlaten. Omdat het
BEC uit een coherente verzameling atomen bestaat, welke een interactie ondergaat met een coherente lichtbron, zullen de atomen die het BEC verlaten
ook een coherent geheel vormen. De uitgekoppelde atomen vormen een BEC
dat in voorwaartse richting beweegt. Dit bewegend BEC kan opnieuw dienen
als een bron voor superstraling, resulterend in hogere orde verstrooiing.
Naast de verstrooiing van atomen in de voorwaartse richting t.o.v. de
laserbundel, is achterwaartse verstrooiing ook mogelijk. Dit wordt gerealiseerd, doordat een atoom een foton uit de superstraling absorbeert, gevolgd
door gestimuleerde emissie in de originele laserbundel. De impulsoverdracht
is in dit geval precies tegengesteld t.o.v. de eerste verstrooiing. Dit resulteert in atomen, welke het condensaat verlaten onder een hoek van ∓135 ◦
t.o.v. de inkomende laserbundel.
In dit proefschrift wordt de realisatie van een BEC met een groot aan-
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tal natrium atomen beschreven. Dit grote aantal atomen heeft een aantal
signiﬁcante voordelen t.o.v. een kleiner BEC, waaronder de betere signaalruis verhouding, de mogelijkheid hogere orde verstrooiing te genereren en de
grotere kans op reabsorptie van de superstraling, hetgeen essentieel is voor
de achterwaartse verstrooiing. Daarnaast worden verschillende vormen van
superstralende verstrooiing onderzocht, waaronder de voorwaartse verstrooiing, de achterwaartse verstrooiing en de superstraling, waarbij de verstrooide
atomen zich in een andere interne toestand bevinden.
In hoofdstuk 1 is een beschrijving gegeven van de theoretische en experimentele ontwikkeling van onderzoek naar superstraling in een thermisch gas
en in een BEC. Vervolgens wordt de mogelijke kwantumvervlechting besproken in een systeem, dat uit veel deeltjes bestaat.
De opstelling, waarmee volgens het hierboven uitgelegde principe BEC
gerealiseerd wordt, is in detail beschreven in hoofdstuk 2. In dit hoofdstuk wordt elk deel van de opstelling apart behandeld, beginnend met de
vacuümopstelling, welke essentieel is om de geleiding van warmte van de
omgeving naar het BEC te minimaliseren. De druk in de vacuümopstelling
is gereduceerd tot 14 ordes onder de omgevingsdruk, waardoor de atomen
meer dan 250 seconden in de magnetische val gehouden kunnen worden.
In een apart gedeelte van de vacuümopstelling wordt een blokje natrium
verhit tot 300 ◦ C. Het ontstane gas wordt door twee openingen gecollimeerd
tot een bundel. De atomen in de bundel bewegen met een hoge snelheid (1000
m/s), zodat het afremmen van de bundel noodzakelijk is, voordat de atomen
gevangen kunnen worden in een optische val. Dit gebeurt m.b.v. laserkoeling, waarbij een laserbundel tegen de atoombundel in beweegt. Nadat de
atomen ongeveer 2 meter door de vacuümopstelling hebben afgelegd, is door
de interactie met de laserbundel de snelheid gedaald tot 30 m/s. De atomen
worden vervolgens gevangen in een magnetisch-optische val (MOT). Deze
val bestaat uit zes laserbundels, welke uit elke richting de atomen afremmen
tot een snelheid van enkele tientallen cm/s. Het inhomogene magneetveld
in de val zorgt voor een plaatsafhankelijke kracht, waardoor de atomen niet
alleen afgeremd, maar ook gevangen worden. In deze val kunnen in onze opstelling ongeveer 20 miljard atomen bij een temperatuur van 300 miljoenste
graad boven het absolute nulpunt gevangen worden. In hoofdstuk 2 is ook
een gedetailleerde beschrijving gegeven van de laseropstelling, waarmee het
benodigde laserlicht wordt gegenereerd.
Nadat de atomen in de MOT gevangen en afgekoeld zijn, worden ze
overgeladen naar de magnetische val (MT). De eﬃciëntie van dit overladen
wordt bepaald door de verdeling van de atomen over de verschillende mag-

Samenvatting

117

netische grondtoestanden. In een natrium-MOT worden drie verschillende
toestanden gevangen, terwijl in de MT slechts één toestand gevangen wordt.
Daardoor wordt zonder extra handeling slechts 1/3 van de atomen gevangen
in de MT. De eﬃciëntie kan verhoogd worden door voor het overladen de
atomen over te brengen naar de magnetische grondtoestand, welke gevangen
wordt in de MT. Bij dit zogehete spin-polariseren worden de atomen m.b.v.
een laserbundel en in de aanwezigheid van een klein magneetveld naar de
gewenste toestand overgebracht. Dit is een veelgebruikte techniek bij andere atomaire elementen. Bij natrium is het echter tot dusver nooit gelukt
deze techniek succesvol toe te passen. In onze opstelling gebruiken we een
groot magneetveld i.p.v. een klein magneetveld tijdens het spin-polariseren.
Dit onderdrukt de problemen veroorzaakt door de hoge optische dichtheid
en de complexe niveaustructuur van natrium, waardoor voor het eerst ook
bij natrium een hoge eﬃciëntie gehaald wordt. Dit proces wordt uitgebreid
in hoofdstuk 3 beschreven.
Zodra de atomen overgeladen zijn in de MT, wordt de wolk gekoeld
m.b.v. verdampingskoelen. Aan het einde van het koelproces is de dichtheid
dermate hoog, dat er grote verliezen gaan optreden door botsingen tussen de
deeltjes. Dit probleem wordt opgelost door aan het einde van het koelproces de val te decomprimeren, zodat de dichtheid afneemt. Hierdoor blijven
de verliezen tijdens het koelen beperkt. Door het hoge aantal deeltjes in
de MOT, de grote eﬃciëntie van het overladen en de reductie van de verliezen tijdens het verdampingskoelen, wordt in onze opstelling het grootste
condensaat ter wereld gerealiseerd waarbij gestart wordt in een optische val.
Als na het bereiken van de BEC-overgang de val gecomprimeerd wordt,
zal de dichtheid sterk toenemen. In combinatie met het grote volume van het
condensaat, resulteert dit in een botsingsdichtheid van meer dan drie. Dit
betekent, dat een atoom een grote kans heeft te botsen met een ander atoom
bij één enkele passage door het BEC. In deze situatie is er sprake van een
hydrodynamisch BEC, waarbij het gedrag van de atomen in het BEC sterk
beı̈nvloed wordt door de botsingen tussen de atomen. Dit in tegenstelling tot
een niet-hydrodynamisch condensaat, waarin de atomen nauwelijks botsen.
Door de hoge botsingskans zal een hoog energetisch atoom niet verwijderd
kunnen worden door verdampingskoeling, voordat het een signiﬁcant deel
van de energie overgedragen heeft d.m.v. botsingen. Dit heeft een sterke
verwarming van het BEC op zeer korte tijdsschaal tot gevolg. De realisatie
en de dynamica van een hydrodynamisch condensaat is het onderwerp van
hoofdstuk 4.
In het resterende deel van dit proefschrift wordt een beschrijving gegeven
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van de lichtverstrooiings-experimenten aan een BEC. In hoofdstuk 5 wordt
begonnen met Bragg verstrooiing. In dit experiment wordt een BEC beschenen met twee laserbundels met een onderling energieverschil. Een atoom in
het BEC kan uit één bundel een foton absorberen en in de andere bundel
emitteren. Door de impulsoverdracht van de laserbundels naar het atoom,
zal het atoom gaan bewegen. De kinetische energie van het atoom wordt
geleverd doordat de laserbundels een onderling energieverschil hebben. Omdat het een coherente verzameling atomen in combinatie met een coherente lichtbron betreft, zijn de verstrooide atomen ook coherent en vormen
daarmee een apart condensaat. Op deze manier kan een condensaat gesplitst
worden in verschillende condensaten met elk een andere snelheid. Van dit
proces worden in hoofdstuk 5 een aantal voorbeelden besproken, echter een
diepgaande analyse van het proces is niet gemaakt, omdat Bragg verstrooiing
al meerdere malen door andere groepen onderzocht is.
In hoofdstuk 6 is een gedetailleerde beschrijving van de voorwaartse verstrooiing m.b.v. superstraling gegeven, waarbij een model gepresenteerd
is, waarvan de uitkomsten goede overeenkomsten vertonen met de experimentele resultaten.
Vervolgens is in hoofdstuk 7 een nieuwe methode voor het achterwaarts
verstrooien van atomen gepresenteerd. Voor de achterwaartse verstrooiing
wordt door een tweede atoom het foton, dat eerder is uitgezonden in de
vorm van superstraling, opgenomen. Dit wordt gevolgd door uitzending van
een foton in de originele laserbundel. Bij dit proces wordt geen energie
toegevoegd aan het systeem; er wordt alleen even een foton ’geleend’ uit
de laserbundel. Er wordt echter wel energie overgedragen op het atoompaar, wat leidt tot schending van energiebehoud. Tot nu toe is dit probleem
omzeild door een korte laserpuls te gebruiken, welke een inherente energieonzekerheid oplevert, die groot genoeg is om energiebehoud te garanderen.
In ons experiment is dit probleem opgelost door een tweede laserbundel met
een iets lagere energie te gebruiken, waardoor het proces resonant wordt.
Deze manier van achterwaartse verstrooiing vergroot de beheersbaarheid van
het proces. Verder vertonen de atoomparen, die op deze manier gegenereerd
zijn, een zeer sterke onderlinge correlatie. De correlatie is zo sterk, dat er indicaties zijn dat er kwantumvervlechting tussen de atomen optreedt. Dit zou
een belangrijke stap zijn in het onderzoek naar kwantuminformatie, kwantumteleportatie en bij de ontwikkeling van de kwantumcomputer. Hoewel er
indicaties voor kwantumvervlechting aanwezig zijn, is er nog geen overtuigend bewijs voor kwantumvervlechting gevonden.
In het laatste hoofdstuk wordt tenslotte de superstraling behandeld,
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waarbij de atomen die het BEC verlaten zich in een andere interne toestand bevinden. Deze vorm van superstraling wordt gerealiseerd door de
polarisatie van de inkomende laserbundel te veranderen. Het grote voordeel
van deze vorm van superstraling is, dat de verstrooiing naar hogere orde toestanden sterk onderdrukt kan worden, waardoor de eﬃciëntie van het proces
toeneemt.
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