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Introduction

1

Bose-Einstein Condensation

In 1924 Bose used a statistical argument to derive the black-body radiation spectrum [1]. Einstein extended this statistical model to include systems with conserved
particle number, and, based on this model, predicted a new state of matter: a BoseEinstein Condensate (BEC) [2–4]. A BEC is a macroscopic occupation of the lowest
energy state of a system of bosons. Fermions obey the Pauli exclusion principle
and can therefore not be Bose-condensed. The formation of a BEC is a second-order
phase transition and occurs when the mean inter-particle distance is of the same
order as the thermal de Broglie wavelength ΛdB , or, equivalently the phase-space
density D is of the order unity in a gas of non-interacting bosons. In formula
D = n0 Λ3dB = n0 (2π 2 /MkB T )3/2 ≥ 2.61,

(1.1)

where n0 is the particle density, ΛdB the thermally averaged de Broglie wavelength
at temperature T , M the atomic mass, kB Boltzmann’s constant, and  = h/2π with
h Planck’s constant.
High densities of the order of 1014 atoms/cm3 and ultra low temperatures of the
order of 1 µK are required to reach the BEC phase transition. Under these conditions
Bose-Einstein statistics become evident. Driven by these statistics, the bosons accumulate in the ground state of the system, where they can be described by a single
macroscopic wavefunction. Thus BEC occurs when a gas is cooled down below a
critical temperature. However, care should be taken to avoid a normal phase transition to a liquid or solid phase before quantum degeneracy is reached. This can be
accomplished by using a dilute (low density) gas that stays gaseous all the way to
the BEC phase transition.
Bose-Einstein condensation was first observed in 1983 in liquid helium absorbed
on Vycor (a porous sponge-like glass), effectively behaving like a dilute three-dimensional gas [5, 6]. However, the strong interaction between the atoms complicates
the study of the quantum properties of these condensates. The experimental realization of a weakly interacting, dilute, atomic BEC had to wait till 1995, when
BEC was observed in cold, dilute samples of the ground state alkali-metal atoms
rubidium-87, sodium-23 and lithium-7 [7–9]. In 1998 atomic hydrogen was Bosecondensed [10, 11], in 2000 rubidium-85 [12], and in 2001 metastable helium [13, 14]
and potassium-41 [15] were added to this list, followed in 2003 by ytterbium-174 [16]
and cesium-133 [17]. Recently, BEC of molecules has been observed in 6 Li2 [18, 19]
3
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and 40 K2 [20, 21], by converting a nearly degenerate spin mixture of fermions to
a molecular BEC using a Feshbach resonance [22]. Other atomic species which are
candidates for BEC are metastable neon [23] and alkaline-earth atoms [24–28].
The attainment of BEC in dilute, weakly interacting gasses has stimulated a tremendous amount of experimental and theoretical study of the quantum properties of a
BEC. The macroscopic nature of a BEC makes the study of these properties, such as
superfluidity and phase coherence, on a macroscopic scale possible. In 1999 for the
first time vortices [29] and in 2001 vortex lattices [30], which are a manifestation of
superfluidity, were created in a rotating BEC. The formal analogy of neutral atoms
at high rotation rates with electrons in a strong magnetic field has led to the prediction that quantum-Hall-like properties should emerge in rapidly rotating BECs [31].
Recently, first experiments to study these effects have been realized [32, 33].
The phase coherence of the condensate has been studied in interference experiments [34] and in an optical lattice [35]. Furthermore, experiments have shown that
the coherence of atoms can be conserved when the atoms are coupled out of a BEC.
In analogy with laser light, this might be considered the first step towards an atom
laser [36].
Moreover, the strength of the interaction between the atoms in a condensate can
be tuned by either modifying the density or the scattering length, i.e. the parameter that characterizes the elastic scattering between two particles. Optical lattices
have been used to tune the density and to make a quantum phase transition from
a superfluid to Mott-insulator phase, by increasing the strength of the lattice [37].
In addition, it has been demonstrated that the scattering length can be tuned both
in magnitude and sign using magnetic [38–41] and optical [42, 43] Feshbach resonances [22].
Also BEC in one and two dimensions has been demonstrated in an anisotropic
trap [44, 45]. This offers the opportunity to study new phenomena in lower dimensional systems, such as quasi-condensates with a fluctuating phase and a Tonks gas
of impenetrable bosons.
In our group, we are aiming to achieve BEC with metastable neon (Ne∗ ), which has
interesting features and has not been accomplished so far. This thesis investigates
the feasibility of reaching the BEC phase transition with Ne∗ , and the cold collision
dynamics of Ne∗ , which plays a crucial role in reaching the BEC phase transition, as
we will see shortly.

2

Metastable rare gas atoms

Bose-Einstein Condensation of metastable rare gas atoms is of special interest for a
number of reasons. First of all, the large internal energy of the metastable rare gas
atoms (16.6 eV for metastable neon) makes single atom detection possible. As a result, finite number effects, the BEC phase transition and atom statistics can be studied in great detail, for example by measuring the dependence of the intensity correlation function on the correlation time in analogy with the Hanbury-Brown Twiss
experiment [46–48]. Second, real time diagnostics such as detection of escaping ions
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and UV photons, which are emitted after optical pumping to a non-metastable state,
can be used [49]. Third, having a condensate of electronically excited atoms may
yield a whole range of new possibilities. Collective phenomena in a condensate with
a large electronic energy like superfluorescence (cooperative light emission) might
occur [50]. Fourth, tight magnetic traps are relatively easy to achieve for metastable
rare gas atoms, due to their large magnetic moment (3µB for metastable neon, with
µB the Bohr magnetron) as compared to the alkali-metal atoms. Fifth, due to their
large internal energy, nanolithography with cold, metastable, rare gas atoms is very
efficient. In the lithography process, a film is covered with a resist layer, which is selectively damaged by the metastable atoms. Next, the damaged molecules and their
underlying film are removed with an etching solution. With this method, the disadvantages of direct deposition of nanostructures on a substrate, like long exposure
times, structure broadening and pedestal formation, are avoided [51–54].
Besides the many interesting aspects of a metastable rare gas condensate, metastable neon (Ne∗ ) has the advantage of having two bosonic isotopes and one fermionic isotope. Therefore, experiments with mixed isotope condensates as well as
Fermi gases and boson-fermion mixtures are potentially possible. The natural abundance of the bosonic isotopes is 90.9 % and 9 % for 20 Ne∗ and 22 Ne∗ , respectively.
The natural abundance of the fermionic isotope 21 Ne∗ is 0.27 %. In addition, spinpolarized Ne∗ has the unique property among the spin-polarized Bose-condensed
species and candidates that its interactions are anisotropic and therefore governed
by multiple interaction potentials instead of a single potential [55]. As a result, the
collision dynamics of Ne∗ is a very interesting subject in itself.
Unfortunately, the experimental conditions for creating a BEC of metastable rare
gas atoms are less favorable than for the other Bose-condensed species. Since the
BEC phase transition occurs at high densities and low temperatures, it is important
to minimize losses and heating, while maximizing the number of atoms. Because the
production efficiency of metastable rare gas atoms is very low (∼ 10−4 ), techniques
of beam brightening (increasing the atom flux) and slowing of metastable atoms
must be applied to obtain sufficient atoms [56–58]. By contrast, high beam fluxes of
alkali-metal atoms can be achieved with only a vapor cell or getter source. Moreover,
Penning ionization limits the lifetime and density of the trapped metastable rare
gas atoms [59–62]; Fortunately, ionization might be strongly suppressed by spinpolarizing the trapped atoms [13, 14, 49, 63–69]. In addition, the long but finite
lifetime of 14.7 s for Ne∗ [70], limits the time scale of experiments. And last but not
least, almost no theoretical or experimental data on binary atomic collisions and the
interaction potentials of the rare gas atoms are available, except for helium.

3

Recipe for a Bose-Einstein Condensate

Generally, a BEC is realized in three steps. First, cold atoms are loaded into a
Magneto-Optical Trap (MOT) in which the combination of a magnetic quadrupole
field and a laser field confines the atoms at the center of the trap. The phasespace density that can be achieved in a MOT, however, is limited, as we will see
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shortly. Typical temperatures and densities in the MOT are T ∼ 1 mK and n = 1010
atoms/cm3 , corresponding to phase-space densities of the order of 10−8 . Therefore,
the atoms are transferred from the MOT to a Magneto-static Trap (MT) or Optical
Dipole Trap (ODT). Third, the atoms are cooled down to temperatures below the BEC
phase transition by forced evaporative cooling in the MT or ODT. In the case of Ne∗ ,
a beam brightening phase, based on laser cooling, is added to load sufficient atoms
in the MOT, leading to a rather complicated experimental setup. The principle of
each of these steps towards creating a BEC, and the collisional processes that are
instrumental in reaching the BEC phase transition are summarized below.

3.1

Laser cooling and trapping

The first step towards a BEC of metastable neon is creating a bright beam of Ne∗
atoms, using laser cooling techniques. Laser cooling is based on a dissipative force,
arising from the absorption and subsequent spontaneous emission of a photon from
the light field by an atom. This process is illustrated in Fig. 1.1. Absorption of a photon results in a transfer of momentum k to the atom in the direction of light propagation. When this photon is spontaneously emitted, its direction is random, so that
over many events, the emission of the photon has no net effect on the momentum of
the atom. As a result, the net scattering force on the atom is in de direction of laser
propagation and equal to the photon scattering rate times the photon momentum.
It is crucial for laser cooling to work efficiently that the atom is effectively a socalled two-level atom, so that the atom relaxes always to the same atomic state and
the above described absorption and emission cycle can be repeated many times. For
a two-level atom in a counter-propagating laser beam the scattering force is given
by [71]
s0
~Γ
,
(1.2)
F~ = +k
2 1 + s0 + (2∆/Γ )2
~ is the wavevector of the light, Γ the natural line width of the transition, ∆
where k
the effective detuning of the laser light from the atomic transition frequency, and
s0 = I/I0 the saturation parameter at resonance, with I the intensity of the laser
beam and I0 the saturation intensity.
~ in a standing light wave with wavevector
For an atom moving with velocity v
~
k, the frequency of the laser is shifted due to the Doppler effect by an amount
~ · v.
~ As a result, the spontaneous scattering force given by Eq. (1.2) be∆D = − k
comes velocity-dependent and can be used to cool the atoms. Similarly, a positiondependent force can be exerted on the atoms with a position-dependent magnetic
field, trapping the atoms. When an atom is moving in an inhomogeneous, external
magnetic field Bext , its internal energy is affected by the Zeeman effect. This results
in a so-called Zeeman shift of the transition frequency of the atom
∆Z =

µB Bext (mJ,e gJ,e − mJ,g gJ,g )
,


(1.3)

~ext aligned along the quantization axis. Here g and e respectively denote
with B
the ground and excited state of the transition, µB is the Bohr magneton, mJ,e/g the
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Scattered light
Incoming light

Net force

Atom

Figure 1.1: Principle of the laser cooling force. Because the absorbed photons are
spontaneously reemitted in a random direction, the net scattering force is in the
direction of light propagation.

projection of the total electronic angular momentum Je/g on the quantization axis,
and gJ,e/g the Landé g factor.
Thus the force on an atom depends on the effective detuning ∆ = ∆L + ∆D + ∆Z
from the atomic transition frequency, with ∆L the detuning of the laser light from
the atomic transition frequency. The atom is resonant with the laser light, when the
total frequency shift ∆ is zero. Due to the natural line width Γ of the transition, all
~ feel the damping
atoms moving within the velocity capture range ∆v ∼ Γ /k around v
force given by Eq. (1.2).
The method described above can be used to slow atoms moving in one direction.
Atoms moving in the opposite direction, however, are not slowed. This problem can
be solved by using two counter-propagating red-detuned (∆L < 0) laser beams, also
known as one-dimensional optical molasses. The frequency of the co-propagating
laser beam that a moving atom perceives is shifted further away from resonance due
to the Doppler shift, whereas the frequency of a counter-propagating beam is shifted
closer to resonance. As a consequence, the atom will absorb more photons per
unit of time from the counter-propagating laser beam than from the co-propagating
beam. Hence the atom experiences a net velocity-dependent force opposite to its
own motion and is slowed.
In the low intensity limit (s0  1) and for |∆D |  ∆L , the effective force on the
atom is the sum of the forces of the two counter-propagating laser beams, and is
~ This friction
equal to a friction constant κ times the velocity of the atoms: F~ = −κ v.
constant κ is given by [71]
κ = −k2

8s0 (∆L /Γ )
.
(1 + (2∆L /Γ )2 )2

(1.4)

For a negative laser detuning ∆L < 0, this force is a continuous damping force,
proportional to the velocity of the atom, which cools the atom towards zero velocity. However, the temperature to which the atoms can be cooled is limited, because
diffusional heating competes with the damping force. The diffusional force, characterized by a diffusion constant Ddif f , is due to fluctuations in the number and
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direction of the emitted photons, and causes a broadening of the velocity distribution or diffusional heating. Both forces together describe a ‘random walk’ process
which is characterized by a steady-state equilibrium temperature [71]
!
Ddif f
Γ 2 /4 + ∆L 2
kB T =
=
.
(1.5)
κ
−2∆L
This equilibrium temperature is minimum for ∆L = −Γ /2
TD =

 Γ
,
kB 2

(1.6)

and is called the Doppler limit.
The applications of laser cooling described in this thesis utilize only Doppler
cooling with corresponding temperatures given by Eq. (1.5). However, it is possible
to laser cool atoms below the Doppler limit using polarization gradients or a homogeneous magnetic field [71–74]. The limit to which atoms can be cooled is then
given by the recoil limit: kB TR = 2 k2 /M, caused by the absorption and emission of
at least a single photon. However, the minimum temperature attainable in experiments is usually much higher than this limit. As a consequence, laser cooling alone
is not sufficient to reach the BEC transition.

3.2

Metastable neon

Suitable laser cooling transitions from the ground state to the first excited states of
rare gas atoms via optical transitions do not exist. Such transitions require continuous wave, extreme-ultraviolet lasers, which are not yet available. However, some of
the first excited states {(n − 1)p 5 ns} of the rare gas atoms are metastable and can
be used as ‘ground’ state atoms in laser cooling processes. Here n is the quantum
number which gives the valence electron shell. For metastable neon n = 3. From
here optical transitions to the second excited states {(n − 1)p 5 np}, which act as
‘excited’ states of the laser cooling transition, are possible.
Figure 1.2 shows the level diagram of neon and the laser cool transition. Of the
first excited fine-structure states with electronic configuration {(2p 5 )(3s)}, only the
|3 P0 i and the |3 P2 i states are metastable, and have a lifetime of, respectively 430 and
14.7 s [70]. The atomic states are given in Russell-Saunders notation: 2S+1 LJ , where S
is the total electron spin, L the total electronic orbital angular momentum and J the
total electronic angular momentum. Only the |3 P2 i state is both metastable and has
nonzero angular momentum, and can therefore be magnetically trapped and spinpolarized. Together with the second excited |3 D3 i state it forms a closed transition
which can be used as a laser cooling transition. The important parameters for this
laser cooling transition are given in Table I for 20 Ne∗ .
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Figure 1.2: Level diagram of the first and second excited states of neon. The metastable states are respectively |3 P0 i and |3 P2 i. The ‘excited’ state of the laser cooling transition is |3 D3 i. The electronic configuration of the first and second excited
states are respectively (1s)2 (2s)2 (2p)5 3s and (1s)2 (2s)2 (2p)5 3p. The levels are
given in Russell-Saunders notation. The cycling transition Ne∗ |3 P2 i ↔ Ne∗∗ |3 D3 i
forms the laser cooling transition and is indicated.

3.3

Magneto-Optical Trap

After preparing a bright beam of Ne∗ atoms using laser cooling techniques, the
atoms are loaded into a Magneto-Optical Trap (MOT). Figure 1.3 shows a schematic
picture of the principle of the MOT. The MOT consists of three orthogonal pairs
of red-detuned, counter-propagating, circularly-polarized laser beams intersecting
at the center of a magnetic quadrupole field, generated by a pair of anti-Helmholtz
coils (Fig. 1.3 a)). The laser beams are aligned along three mutually perpendicular
axes. Of each pair of these laser beams one consists of σ + (right-hand-circularlypolarized) light and the other of σ − (left-hand-circularly-polarized) light.
The combination of the quadrupole field and the laser beam configuration results
in a three-dimensional, velocity- and position-dependent trapping force towards the
origin, described in detail in [73, 75]. In summary, the inhomogeneous quadrupole
field induces a spatially-dependent Zeeman shift (Eq. (1.3)) in the atomic levels
(Fig. 1.3 b)). As a result, atoms at the left of the center of the trap will be more
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Table I: Characteristic quantities of
Ne∗ |3 P2 i ↔ Ne∗∗ |3 D3 i.

Quantity
Atomic Mass
Wavelength
Wavevector
Internal energy of |3 P2 i state
Spontaneous decay rate
Natural lifetime |3 D3 i state
Magnetic moment
Zeeman shift
Velocity capture range
Saturation intensitya
Doppler limit, temperature
Doppler limit, velocity
Recoil limit, temperature
Recoil limit, velocity
a

20 Ne∗

and the laser cooling transition

Symbol
M
λ
k = 2π /λ
Ei
Γ
τ = 1/Γ
µ = 3µB
∆Z
∆v
I0
TD
vD
TR
vR

Value
33.2 × 10−27
640.225
9.81 × 106
16.6
8.20 (2π )
19.42
2.78 × 10−23
1.4 (2π )
5.25
4.08
196
0.29
1.17
0.031

kg
nm
m−1
eV
MHz
ns
Am2
MHz/G
m/s
mW/cm2
µK
m/s
µK
m/s

For σ +/− light.

resonant with the σ + light coming from the left (Fig. 1.3b)), and will experience a
force that pushes them back towards the center. Similarly, atoms at the right of the
center of the trap, will be pushed back towards the center by the σ − light, traveling from the right to the left. Three pairs of these counter-propagating laser beams
constitute a three-dimensional trapping force.
Both the minimum temperature and maximum density, and therefore the maximum phase-space density attainable in the MOT are limited. The minimum temperature achievable in the MOT is determined by the Doppler limit (see Table I). The
maximum achievable density in the MOT is determined by both Penning ionization
and repulsive forces between the trapped atoms. These repulsive forces are due to
the reabsorption of photons scattered by the atom cloud [75]. The balance between
the attractive force, arising from attenuation of the MOT laser light by the atom
cloud, the trapping force and this repulsive force determines the limiting density in
the MOT. For typical MOT parameters (see Chapter 3, Sec. 5), this limiting density
is of the order of 1012 atoms/cm3 , corresponding to a limiting phase-space density
of ∼ 10−5 .

3.4

Magneto-static Trap

The atoms are transferred from the MOT to a Magneto-static Trap (MT), to increase
the phase-space density to the critical value at which BEC occurs (Eq. (1.1)), using
evaporative cooling. Because the atoms possess a magnetic moment, they can be
trapped in a magnetic field. Wing’s proof states that the strength of a magnetic field
in free space can have local minima but not local maxima [76]. As a consequence,
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Figure 1.3: Schematic view of the principle of the MOT. a) Two anti-Helmholtz coils
generate a spherical quadrupole field, indicated by the small arrows. In combination with three orthogonal pairs of counter-propagating, opposite polarized laser
beams (wide arrows), a velocity- and position-dependent trapping force to the origin is created. b) The quadrupole field induces a position-dependent Zeeman shift.
As a consequence, the atoms experience a force towards the center of the trap.

stable trapping is only possible around a local minimum in the magnetic field for
atoms in the low-field seeking states with mJ > 0. Such a trapping field is provided
by a Ioffe-Pritchard trap, which consists of a quadrupole field in the radial direction
and a harmonic field in the axial direction (see Chapter 3, Sec. 6). This trapping field
is harmonic near the origin and is characterized by a radial ωρ and axial ωz trapping
frequency. Figure 1.4 shows a schematic picture of the trapping potentials that the
different mJ states experience.

3.5

Evaporative cooling

The low temperatures and high densities at which the BEC phase transition occurs
are obtained through evaporative cooling. Evaporative cooling is based on the selective removal of energetic particles with an energy larger than a truncation energy εt from the trap. The remaining energy is redistributed among the trapped
atoms through rethermalizing collisions. As a result, the average temperature of the
trapped atoms decreases. This process is schematically depicted in Fig. 1.4.
Two processes are important in reaching the low temperatures and high densities
at which the BEC phase transition takes place through evaporative cooling: elastic
collisions to redistribute the energy and loss processes that lead to heating and loss
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Figure 1.4: Schematic diagram of the evaporative cooling process. The trapping
potentials for the different magnetic substates mJ are shown as a function of
the radial coordinate R. Energetic atoms with an energy larger than a truncation
energy εt are removed from the trap. The temperature of the trapped atoms then
decreases through rethermalizing collisions.

of atoms from the trap. A large ratio R of ‘good’, elastic collisions to ‘bad’ collisions
that lead to loss and heating is required for evaporative cooling to be efficient. These
processes are discussed in the next section.

3.6

BEC phase transition

The Bose-Einstein phase transition is characterized by three signatures. First, for
temperatures below the critical BEC transition temperature, atoms rapidly accumulate in the lowest energy state of the MT. The atom cloud then consists of a dense
central condensate, surrounded by a diffuse, non-condensate fraction or thermal
cloud. This manifests itself as a narrow condensate peak centered at zero velocity
on top of a broad thermal distribution in the velocity distribution of the atoms.
Secondly, the condensate expands anisotropically, whereas the expansion of the
non-condensate or thermal cloud is always isotropic, due to the large spread in
quantum states that are occupied. The condensate atoms, on the other hand, are
all described by the same macroscopic wave function and will therefore display an
anisotropic velocity distribution, reflecting the anisotropy of the trapping potential
(typically ωz ≠ ωρ ). Third, the fraction of atoms in the low velocity peak abruptly
increases when the temperature becomes lower than the critical BEC transition temperature. This is due to bosonic stimulation, i.e. the enhanced occupation of the
lowest energy state driven by Bose-Einstein statistics.

Introduction

4
4.1

13

Cold atomic collisions
Trap loss

For trapped Ne∗ atoms, the dominant loss processes are collisions with the background gas (residual gas in the vacuum system), decay of the metastable state due
to its finite lifetime, and ionizing collisions. When hot (room temperature) background gas atoms collide with the cold trapped atoms, energy is transferred to the
trapped atoms. This leads to either loss of atoms from the trap or heating. Trap
loss occurs when the energy ∆ε transferred in the collision exceeds the trap depth
εt . Heating takes place when the hot collision products dissipate their excess energy
in collisions with trapped atoms. This happens when ∆ε < εt (the atoms remain
trapped) or when atoms with ε > εt collide with cold trapped atoms and transfer
some of their kinetic energy on their way out of the trap. The latter occurs when the
mean free path of the hot collision products is smaller than the characteristic size
of the trap. Limiting the trap depth will therefore reduce the heating rate but at the
same time increase the loss rate. An extensive treatment of heating in Ne∗ traps by
Beijerinck [23] shows that the main contribution to the heating rate is supplied by
ion-metastable atom collisions.
The process of ionization is given by [77]
Ne∗ |3 P2 i|J = 2, mJ i + Ne∗ |3 P2 i|J = 2, mJ0 i → Ne(1 S0 ) + Ne+ + e− P I,
−
→ Ne+
AI.
2 (v) + e

(1.7)

Ionization takes place through the exchange mechanism between two colliding atoms
based on the Coulomb interaction. When two (2p5 )(3s) Ne∗ atoms collide, a valence
electron of one of the Ne∗ atoms (1) fills up the hole in the (2p5 ) core of the other
Ne∗ atom (2). The valence electron in the 3s state of the latter atom (2) is no longer
bound and escapes. In the case of Penning ionization (PI), a ground state ion and
atom are formed. In the case of Associative ionization (AI), the two atoms form a
molecular ion.
The probability for ionization is maximum at the turning points of the initial
state potential of the two colliding atoms, because the atoms spend most of their
time there. Associative ionization only occurs when the two metastable Ne∗ atoms
decay to a bound state around the inner turning point of the initial state potential.
However, the probability for reaching this spot is very small. Therefore the branching ratio for Associative Ionization is small, on the order of 0.01 − 0.1, and Penning
ionization occurs predominantly.
The Penning ionization products carry each an energy in the range 100 − 500 K,
depending on the energy gained in the well of the initial state potential and the
internuclear distance where ionization occurs. These energies are much larger than
the trap depth and therefore the products are lost from the trap (also ground state
Ne atoms cannot be confined in a MT). Some residual heating may occur due to
collisions between the hot ionization products and the cold, trapped atoms [23].
The large electronic energy of Ne∗ in the |3 P2 i state of 16.6 eV, is always enough
to allow for ionization in binary collisions. Fortunately, the ionization rate is ex-
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pected to be (strongly) suppressed for fully spin-polarized atoms. In fully spinpolarized states, such as the Ne∗ |3 P2 i |J = 2, mJ = 2i and the Ne∗∗ |3 D3 i |J = 3,
mJ = 3i state, the available electron state in the core has the opposite spin from the
valence electron. As a consequence, the spin of the valence electron needs to flip in
order to be able to fill up the hole in the core of the other Ne∗ atom (2). In Penning
ionization this spin flip is, however, in first order approximation forbidden. Spin
flips, and thus ionization, then only occur through weaker processes such as spindipole and spin-orbit interaction, resulting in only a small probability for ionization.
In addition, long-range anisotropic interactions due to the (2p)−1 core hole of
Ne∗ cause a torque that can rotate the total electronic angular momentum of one
of the colliding atoms with respect to the other [55, 65]. This will result in some
residual ionization and thus loss and/or heating [65]. However, we may still expect
the ionization rate to be strongly suppressed for these spin-polarized atoms. Theoretical estimates of the rate constant βpol for residual ionization of Ne∗ predict a
suppression of ionization by a factor in the range of 10 − 1000 [65, 78], depending
on the details of the interaction potentials.
The total loss rate Γloss is given by the effective loss rate Γef f due to background
gas collisions and the finite lifetime of the metastable state, and ionizing collisions
Γloss = Γef f + Γion = 1/τef f + βpol hni.
(1.8)
R
R∞ 2
∞
r )d3 r the average density,
r )d3 r / 0 n(~
Here Γion is the ionization rate, hni = 0 n (~
pol
and β
the suppressed ionization rate constant for spin-polarized Ne∗ atoms. The
effective lifetime τef f of the trapped gas is given by
τef f =

τbg τNe∗
,
τbg + τNe∗

(1.9)

with τbg the lifetime of the cloud due to background gas collisions and τNe∗ = 14.7 s
[70] the lifetime of the metastable state. A sufficiently small loss rate for evaporative
cooling to be efficient requires an ultra-high vacuum, a sufficiently small suppressed
ionization rate constant βpol , and a low density.

4.2

Elastic collisions

Collisions between two particles can be treated as the scattering of a particle by a
central potential V (R) in a reduced mass picture. The colliding particles interact
through the interaction potential V (R) depending on their relative coordinates R.
The relative motion of the colliding atoms is found by solving the radial Schrödinger
equation and expanding its solutions in partial waves, characterized by l, the orbital angular momentum quantum number. In the collision, the scattered particles
acquire an asymptotic phase shift δl with respect to the incident, asymptotic, free
particle solution. The collision process is characterized by this collisional phase
shift δl and an elastic collision cross section σ ,
σ (kr ) =

X
4π X
2
(2l
+
1)
sin
δ
(k
)
=
σl (kr ),
l
r
k2r l
l

(1.10)
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with kr the wavevector of relative motion. The elastic collision cross section is defined as the ratio of the probability per unit time that a particle will be scattered to
the probability current density in the incident wave. The maximum contribution of
a specific partial wave to the cross section is given by the unitary limit
(max)

σl

=

4π
(2l + 1).
k2r

(1.11)

The number of partial waves that contribute to the collision depends on the collision energy E = 2 k2r /2Mµ , with Mµ = M/2 the reduced mass for collisions between
Ne∗ atoms. For low collision energies, only l = 0 or s-waves contribute to the scattering process, because higher order partial waves cannot pass the centrifugal barrier
2 l(l + 1)/(2Mµ R 2 ). In this cold collision or s-wave scattering regime, the collision
process is characterized by a scattering length a. This s-wave scattering length is
given by


tan δ0 (kr )
.
(1.12)
a = − lim
kr →0
kr
The corresponding elastic collision cross section for two identical particles is defined
as
lim σ (kr ) = 8π a2 ,
(1.13)
kr →0

where the factor 8 instead of 4 originates from the symmetry of identical particle
scattering.
The elastic collision cross section or scattering length determines the elastic collision rate
Γel = hnihvσ (kr )i,
(1.14)
with hvσ (kr )i the thermally averaged product of velocity and scattering cross section. A sufficiently large elastic collision rate for efficient evaporative cooling requires a large value of the elastic collision cross section, and therefore the scattering
length, and a large particle density. In addition, the sign of the scattering length
determines whether or not a stable condensate can be formed. A negative scattering
length corresponds to an attractive interaction between the condensed atoms. As
a consequence, a stable condensate can only be formed when it contains a limited
number of atoms. A positive scattering length, on the other hand, corresponds to
repulsive interactions between the atoms, resulting in a stable condensate.

5

This thesis

This thesis investigates the feasibility of, and the collision dynamics crucial for creating a Bose-Einstein condensate of Ne∗ atoms. A large ratio R of ‘good’ to ‘bad’
collisions, or a large elastic collision rate and a small loss rate, is required for evaporative cooling towards the BEC phase transition to be efficient. The conditions this
imposes on the collisional properties of Ne∗ and the initial conditions in the MT,
are discussed in Chapter 2 together with the dynamics of the evaporative cooling
process.
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Chapter 1

In Chapters 3 and 4, respectively, the infrastructure and the diagnostic tools that
we have at our disposal to study the collision dynamics of Ne∗ , and to realize the
different steps towards a BEC of Ne∗ are described. Results on the progress towards
a BEC of Ne∗ are presented in Chapter 5.
In Chapters 6 and 7, we take a closer look at the unique elastic collision dynamics of spin-polarized Ne∗ . Calculations on the effective scattering length of spinpolarized Ne∗ , and its consequences for the feasibility of reaching the BEC phase
transition with either bosonic isotope of Ne∗ , are the subject of Chapter 6. In Chapter 7, the quantum mechanical model developed in Chapter 6 is used to analyze
recent data of the Hannover group [79] on the rethermalization cross section. This
analysis yields an estimate of the scattering length for both bosonic isotopes of Ne∗ .
Using the insights in the collision dynamics of Ne∗ acquired through both theory
and experiment, conclusions are drawn about the feasibility to reach the BEC phase
transition with Ne∗ in Chapter 8. To end, an example of the rich physics of BECs
is given in Chapter 9. Here measurements on the spectacular behavior of a 87 Rb
condensate rotating at a frequency close to the centrifugal limit are presented.
Chapters 6 and 9 have been published, respectively, in Physical Review A [55] in
unaltered form and in Physical Review Letters [32] in condensed form. Therefore,
some overlap between the chapters could not be avoided completely.
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Chapter 1

Feasibility BEC of Ne∗

1

2

Introduction

A large ratio R of ‘good’ to ‘bad’ collisions is required for evaporative cooling to
be efficient: a large ‘good’, elastic collision rate Γel (Eq. (1.14)) to redistribute the
energy fast enough during the evaporative cooling process and a small ‘bad’ collision
rate Γloss (Eq. (1.8)) to minimize heating and losses. The elastic collision rate both
depends on the elastic scattering cross section σ as well as the initial conditions
in the Magneto-static Trap (MT), such as the initial number of atoms Ni and initial
temperature Ti . In the low temperature regime where BEC takes place, the elastic
cross section σ is a function of the scattering length a (Eq. (1.13)). The larger the
absolute value of a, the larger σ (usually) is, and therefore the elastic collision rate.
Depending on the initial temperature in the MT, the elastic collision rate (Eq. (1.14))
scales as either ∝ N/T 2 or ∝ N/T for our trap (see Chapter 3). Therefore, increasing the number of atoms N and decreasing the temperature T enhances the elastic
collision rate as well. However, this also enhances the inelastic collision rate Γion
(Eq. (1.8)) that leads to heating and loss. Moreover, since evaporative cooling reduces
the number of atoms significantly, a large initial elastic collision rate is required to
start and sustain the evaporative cooling process.
The principle of the evaporative cooling process and its efficiency are discussed
in Sec. 2. The requirements for efficient evaporative cooling on the ratio R of ‘good’
to ‘bad’ collisions, the scattering length a, the suppressed ionization rate constant
βpol , and the initial conditions in the MT are discussed in Sec. 3. We end with some
conclusions.

2
2.1

Evaporative cooling
Introduction

Evaporative cooling of a trapped gas is based on the preferential removal of energetic
atoms from the trap, and on the subsequent thermalization of the gas by elastic
collisions. This process is schematically depicted in Fig. 2.1. Atoms with an energy
ε larger than the trap depth εt can escape from the trap. The remaining atoms will
thermalize through elastic collisions to a lower temperature and a corresponding
higher density. In these elastic collisions, atoms with ε > εt are created, keeping the
21
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Figure 2.1: Schematic diagram of the evaporative cooling process. The trapping
potentials for the different magnetic substates are shown as a function of the
radial coordinate R. A rf-photon induces spin-flips from trapped to untrapped
states for atoms with an energy ε ≥ εt .

evaporation process going. However, when the temperature of the trapped atoms
decreases, also the number of atoms which acquire an energy above εt decreases as
exp (−η), with η = εt /(kB T ) the truncation parameter, and kB Boltzmann’s constant.
Consequently, the efficiency of the evaporative cooling process reduces. At a certain
point the evaporation rate is balanced by a competing heating rate (e.g. due to
inelastic collisions, see Chapter 1) or becomes negligibly small.
A high cooling rate can be maintained by continuously lowering the trap depth
in so-called forced evaporative cooling. For evaporative cooling to be efficient, the
rate at which εt is changed should be smaller than the thermalization rate, but larger
than the loss rate Γloss . In addition, an atom acquiring an energy ε > εt in an elastic
collision, must leave the trap before colliding with another trapped atom. This will be
the case when the mean free path λmf p = 1/(hniσ ) of the Ratom is much Rlarger than
∞
∞
r )d3 r
the characteristic size ` of the trapped gas. Here hni = 0 n2 (~
r )d3 r / 0 n(~
is the average particle density and σ the cross section for elastic collisions (see
Chapter 1).
The most frequently used method to selectively remove atoms from a trap is
radio-frequency (rf)-induced evaporative cooling. The principle is shown in Fig. 2.1.
By absorbing a rf-photon, a trapped, low field seeking atom (mJ > 0) can make a
transition to an untrapped, high field seeking state (mJ < 0) in an energy-selective
way. The magnetic field at which this occurs is given by the resonance condition
∆Z = |gJ µB Bext (~
r )| = ωr f ,

(2.1)

for a trapping field Bext aligned along the quantization axis and a rf-field with a linear
polarization perpendicular to the trapping field. Here ∆Z is the Zeeman splitting
(Eq. (1.3)) between two adjacent magnetic substates with ∆mJ = ±1,  Planck’s
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Figure 2.2: Energy eigenvalues of Ne∗ as a function of the detuning ∆r f =
∆Z − ωr f from resonance. The energy eigenstates are shown in the absence
of rf-coupling (dotted lines) and including rf-coupling (solid lines). Due to the
rf-coupling, the levels ‘repel’ each other near resonance (solid lines) and form
an avoided crossing. A transition from a trapped to an untrapped state corresponds to a passage along an eigenenergy curve. The adiabatic transition from the
trapped, spin-polarized |J = 2, mJ = +2i state to the untrapped |J = 2, mJ = −2i
state is indicated by the thick, solid line.

constant divided by 2π , gJ the Landé g factor, µB the Bohr magneton and ωr f the
rf-frequency. This rf-truncation is energy-selective because only atoms with enough
kinetic energy reach the region of resonance. The most energetic trapped atoms
can thus be selected by tuning the rf-frequency ωr f . Forced evaporative cooling
is achieved by lowering the rf-frequency in step with the temperature of the atom
cloud.
Figure 2.2 shows the energy eigenvalues of Ne∗ |3 P2 i as a function of the detuning
∆r f = ∆Z − ωr f from resonance. For each eigenvalue a number of photon energies
have been added to make them cross at resonance in the absence of rf-coupling
(dotted lines). Due to the presence of the rf-field, the energy eigenstates ‘repel’ each
other near resonance (solid lines) and form an avoided crossing. In this ‘dressed
states’ picture, a transition from a trapped to an untrapped state corresponds to a
passage along an eigenenergy curve.
The trapped atoms are most efficiently removed from the trap, when they are
adiabatically (solid lines in Fig. 2.2) transferred to untrapped states. An adiabatic
transition to an untrapped state is especially important for Ne∗ , since two of its
magnetic substates, |mJ = 2i and |mJ = 1i, are trapped, only one of which |mJ = 2i
is spin-polarized and has a suppressed ionization rate constant. The adiabatic transition from the trapped, spin-polarized |J = 2, mJ = +2i state to the untrapped
|J = 2, mJ = −2i state is indicated by the thick, solid line in Fig. 2.2. A diabatic
(dotted lines in Fig. 2.2) transition to a trapped state could result in an atom reen-
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tering the trapping region where it can collide with other trapped atoms, leading to
particle loss and heating.
The probability for an adiabatic transition to an untrapped state is determined
by the velocity v of the atom and the square of the amplitude of the rf-field Br f . It
increases with decreasing v and increasing Br f , until it saturates to one. However,
for high values of Br f  εt /(gJ µB ), the (cold) atoms at the center of the trap are
also affected by the rf-field, i.e. the deformation of the trapping potential is no
longer small as compared to the trap depth. As a result, the efficiency of evaporation
decreases because not only hot but also cold atoms are removed from the trap,
resulting in heating. Initially, at the onset of the evaporative cooling process, the
atoms experience a linear trapping potential. The minimum required rf-field Br f for
an adiabatic transition to an untrapped state is then of the order of 0.05 G (assuming
T ∼ 1 mK) and the maximum field is ∼ 10 G [1]. When the temperature of the
atoms decreases to values below Th = 2µB B0 /kB = 230 µK during the evaporative
cooling process, with B0 the axial bias magnetic field, they are entirely confined in
the harmonic part of the potential (see Chapter 3). At the onset of the BEC phase
transition, typically around ∼ 1 µK, both the minimum and maximum value of Br f
to saturate the transition become of the order of a few mG, leading to a decreasing
efficiency of evaporation [1].
In this Chapter we study the evaporative cooling process with three goals. First,
we want to determine the feasibility of achieving BEC with Ne∗ . Secondly, we want to
optimize the evaporative cooling process, and third we want to compare theory and
experiment to obtain an estimate of the value of the scattering length. In this section,
we first briefly describe the theory, and secondly, the efficiency of the evaporative
cooling process.

2.2

Theory

Our simulations of the evaporative cooling process are based on the kinetic model
of Luiten et al. [2] including loss processes. This model is based on solving the Boltzmann equation for a thermal (classical) gas in a MT. The assumption of a classical
gas characterized by a Boltzmann distribution is valid for the whole evaporation
process, except at the onset of quantum degeneracy, where a quantum statistical
treatment is required to describe the process of condensation. However, this assumption should not alter the overall dynamics of the evaporative cooling process
significantly. Therefore, the model is sufficiently accurate for our purposes. In addition, it gives more insight in the evaporation process than a more accurate but
complicated Monte Carlo calculation [3].
The model is based on the assumption of ‘sufficient ergodicity’. A system is
ergodic if a particle in the system will reach all regions in phase-space accessible to it
within reasonable time scales. For timescales much longer than a few collision times,
ergodicity is ensured by interatomic collisions. For efficient evaporation, however,
much shorter time scales are important, since an atom acquiring an energy ε > εt
must leave the trap before colliding with another atom. According to Luiten et al. [2],
the evaporation is ‘sufficiently’ ergodic when λmf p  ` (a condition that is usually
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easily met) and all atoms with ε > εt leave the trap. When this condition is met,
the distribution of the atoms in phase-space depends only on their total energy,
significantly simplifying the calculation.
However, the evaporation is no longer ‘sufficiently’ ergodic, when the motional
degrees of freedom of the atoms are uncoupled. The energy of an atom in only one or
two instead of three dimensions then determines its escape probability [4, 5], and the
‘effective’ dimension of evaporation is reduced from three (3D) to respectively one
(1D) or two (2D). As a consequence, the evaporation is much less efficient. Everything
else being the same, the rate of evaporation is a factor η lower for 1D evaporation
as compared to 3D evaporation.
The strength of the coupling or mixing between the motional degrees of freedom,
characterized by a mixing rate Γmix , depends on the trap parameters and the temperature and density of the trapped atoms. The motional degrees of freedom are
strongly coupled and the evaporation is 3D [6], when U0 = µB0  εt = ηkB T , with
µ the magnetic moment, and the mixing rate Γmix is larger than the elastic collision
rate Γel . However, for typical magnetic traps, these conditions are often not met
and the ‘effective dimension’ of evaporation is lower, resulting in a far less efficient
evaporation [4, 5]. Typically, the evaporation is 3D at the start of the evaporative
cooling process, but with decreasing temperature and increasing density during the
evaporation, εt decreases and Γel increases (for R = Γel /Γloss  1). As a result, the
coupling between the axial and radial motion decreases, eventually decreasing the
effective dimension of evaporative cooling to 1D. Here we assume 3D evaporative
cooling (see also Chapter 3, Sec. 6).
Model
To model the evaporative cooling process, we are interested in the time evolution
of the number of trapped atoms N and the temperature T . The number of trapped
~ t) at a time t
atoms is characterized by a phase-space distribution function f (~
r , p,
1
N(t) =
(2π )3

ZZ

~ t)d3 r d3 p,
f (~
r , p,

(2.2)

~ the momentum of the atom. Assuming sufficient ergodicity, the distribution
with p
~2
p
of atoms in phase-space only depends on their total energy ε = U (~
r ) + 2M and we
can write [2]
Z
N=

f (ε)ρ(ε)dε,

(2.3)

with f (ε) the energy distribution function and ρ(ε) the energy density of states
defined by
!
~2
p
f (ε)δ ε − U (~
r) −
dε,
2M
!
ZZ
~2
1
p
δ ε − U (~
r) −
d3 r d3 p.
3
(2π )
2M

Z
~ t) =
f (~
r , p,
ρ(ε) =

(2.4)
(2.5)
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Here U (~
r ) is the trapping potential and M the atomic mass. For our MT (see Chapter 3, Eq. (3.1)) the density of states is given by
ρ(ε) = AIQ (ε3 + 2U0 ε2 ),
(2.6)
p
with AIQ = (2Mπ 2 )3/2 /[(2π )3 2Bρ02 Bz00 ], Bρ0 the radial gradient, and Bz00 the axial
curvature of the magnetic field. Because the evaporation preserves in good approximation the thermal nature of the distribution, the energy distribution function f (ε)
of the evaporating gas may be accurately described by a Boltzmann distribution
truncated at the trap depth [2, 7]
f (ε) = n0 Λ3dB e(−ε/kB T ) Θ(εt − ε).

(2.7)

Here Θ(x) is the Heaviside step function: Θ(x) = 0 for x < 0 and Θ(x) = 1 for
x ≥ 0.
The evolution of f is governed by the Boltzmann equation [8]


~
∂
p
~
~
~
~ t) = I(~
~
· ∇r~ − ∇r~U(~
r ) · ∇p~ +
f (~
r , p,
r , p),
(2.8)
M
∂t
~ the elastic collision integral which describes the change in f (~
~ t) due
with I(~
r , p)
r , p,
to elastic collisions. An extensive derivation is given in [1]. We obtain the evolution
Ṅ(t) = ∂N(t)/∂t of the number of atoms due to truncation
of the trap Ṅt and elastic
R
−3
~2 /(2M) − ε)d3 r d3 p
collisions Ṅev , by applying the operation (2π )
δ(U (~
r) + p
to the Boltzmann equation (2.8), and using Eqs. (2.6) and (2.7). Taking also losses
Ṅef f due to the effective lifetime τef f of the atom cloud and ionizing collisions Ṅion
into account, the evolution of the number of atoms N(t) (2.3) during the evaporative
cooling process is given by
Ṅ(t) = Ṅev + Ṅt + Ṅef f + Ṅion .

(2.9)

Similarly, we find for the internal energy E of the trapped atoms defined by
Z
E = dε ερ(ε)f (ε),

(2.10)

an evolution
Ė(t) = Ėev + Ėt + Ėef f + Ėion .

(2.11)

Luiten et al. [2] derive for Ṅev and Ėev (assuming a temperature-independent elastic collision cross section)
Z∞
Ṅev = −
ρ(ε)f˙(ε)dε = −n20 σ hvie−η Vev ,
εt

Z∞
Ėev

= −
εt

(2.12)
n

ρ(ε)f˙(ε)εdε = Ṅev εt +

Wev
k T
Vev B

o

,

with hvi the relative, average velocity, Vev the effective volume for elastic collisions
leading to evaporation and the factor Wev /Vev taking into account that the evaporating atoms take away a mean energy εt < ε < εt + kB T . The analytical expressions
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of both Vev and Wev are given in Ref. [2]. The atoms that are lost from the trap due
to truncation of the trapping potential in forced evaporative cooling, are spilled because the trap becomes too shallow to confine them. This is a collision-independent
process and therefore does not affect the temperature directly. The loss of atoms
and energy due to spilling are given by
Ṅt = ε̇t ρ(εt )f (εt ),
Ėt = ε˙t ρ(εt )f (εt )εt .

(2.13)

The particle and energy loss due to the effective lifetime of the trapped as are
given by
N(t)
,
Ṅef f = −
τef f
(2.14)
E(t)
Ėef f = −
,
τef f
and the losses due to ionizing collisions are given by
Z
pol
Ṅel = −β
n2 (~
r )d3 r ,
(2.15)
Ėel

pol

= −β

Z

3

n(~
r )e(~
r )d r ,

with n(~
r ) and e(~
r ) the density and energy density distribution, respectively.
The state of the trapped gas during evaporation is determined by the total number N of trapped atoms and its temperature T . The evolution of the temperature
during evaporation can be obtained from


∂T
1 ∂E
∂N
∂E ∂εt
=
− µc
−
,
(2.16)
∂t
C ∂t
∂t
∂εt ∂t
with C = ∂E/∂T the heat capacity and µc = ∂E/∂N the chemical potential. Starting
from the initial conditions (Ni , Ti ), the number of atoms, energy and temperature
are calculated for each time step dt by numerical integration of Eqs. (2.9), (2.11) and
(2.16) [1]. The calculation is terminated when either the critical phase-space density
D = 2.61 is reached and BEC is achieved, or the number of atoms has decreased
below 103 atoms, when usually detection of the phase transition becomes difficult.

2.3

Efficiency of evaporative cooling

The evaporation process is optimized to reach the BEC transition with a maximum
number of particles. In the absence of losses, the efficiency of evaporation can be
made arbitrarily large by setting the truncation parameter η = εt /kB T to an arbitrarily large value. A single atom escaping from the trap would take away all the energy,
achieving BEC at once. However, this would also take an eternity and in reality the
sample would have long since ceased to exist due to collisional losses and the finite

28

Chapter 2

Figure 2.3: Simulated time evolution of the phase-space density D = n0 Λ3dB for
different constant values of η, using Ni = 1.5 × 109 atoms, Ti = 1.2 mK, τef f = 8 s,
and assuming a = 100 a0 and βpol = 1 × 10−12 cm3 /s.

lifetime of the atom cloud. Therefore, we have to make a trade-off between the speed
of evaporation and the inelastic loss rate to find the optimum value of η.
Optimizing the number of atoms at the BEC phase transition is equivalent to optimizing the total gain in phase-space density D over the total loss of particles from
the starting point to a phase-space density of D = 2.61. This global optimization
procedure, however, cannot be solved analytically or easily implemented numerically. Sackett et al. [9] showed that global optimization is approximately achieved,
by locally optimizing the gain in phase-space density versus the relative particle loss
for each step in the evaporative cooling process. Using this approach the efficiency
of evaporation is defined as
dD/D
.
(2.17)
χ=−
dN/N
The phase-space density D is determined by the temperature T , the number of
atoms N and the truncation parameter η, which characterizes the truncated energy
distribution function. During evaporation, N and T are expected to decrease by two
and three orders of magnitude, respectively, whereas η will remain approximately
constant. So, unless sudden changes in η occur, the change in D due to a change in
η may be neglected. The efficiency of evaporation χ is then given by
χ=

dT /T
− 1.
dN/N

(2.18)

The evaporative cooling process is optimized by varying the temporal evolution of the truncation parameter η(t), which can be achieved by changing the rffrequency. Simulations of the evaporative cooling process by Bongs [10] show that
the functional form of η(t) does not affect the total efficiency of evaporative cooling significantly. However, the time in which the BEC phase transition is reached
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is strongly dependent on it, and minimum for an exponential time dependence of
η(t). The evaporation is only slightly less efficient for a constant η(t). Because the
latter strategy is easier to implement experimentally, we adopt a constant value of
η during the evaporation process. A constant η means that the rf-frequency ωr f
should change linearly with T . This can be approximated fairly well with a series of
linear ramps of the rf-frequency with time [10].
Figure 2.3 shows the time evolution of the phase-space density for different constant values of η. For low values of η ≤ 4, the BEC phase transition is not reached
despite a rapid initial increase in phase-space density. Although the speed of evaporation is high, the efficiency is low, since the truncation energy is only slightly higher
than the average energy of the trapped atoms. For large values of η ≥ 6, BEC is
not achieved because the speed of evaporation is too low as compared to the loss
rate. We find that an η ≈ 5.5 yields the best result. Although BEC is achieved slightly
faster for η = 5, the number of atoms at the phase transition is a factor of two lower.

3

Requirements for efficient evaporative cooling

The lower limit on the achievable evaporative cooling time is determined by the elastic collision rate, whereas background gas and ionizing collisions that lead to atom
loss and heating, set an upper limit on the available cooling time (three-body losses
are not important far away from the BEC phase transition). The balance between
evaporation and loss processes for different combinations of density hni and temperature T determines how efficient the evaporative cooling is, and whether achieving BEC is possible. Therefore, the ratio R = Γel /Γloss of the elastic collision rate to
the loss rate is a good measure for the feasibility to achieve BEC, and the efficiency
of the evaporative cooling process.

3.1

Ratio of ‘good’ to ‘bad’ collisions

A ratio R of the elastic collision rate to the loss rate greater than approximately
Rc = 150 [11] is a prerequisite for efficient evaporative cooling. Ideally, Γel would
increase as evaporation proceeds (runaway evaporation), resulting in large increases
in phase-space density on very short time scales. This is not the case for our experimental parameters; the loss of particles eventually compensates the gain in Γel due
to a decreasing temperature. When hni (initially) increases during the evaporation,
the ionization rate becomes larger than the loss rate due to the effective lifetime
of
√
pol
pol
the trap: Γion = β hni  Γef f = 1/τef f . In this regime, R ' σ hvi/β
∝ T and
decreases with decreasing T (assuming a temperature-independent elastic collision
cross section σ and suppressed ionization rate constant βpol , see Chapter 1). This
already occurs when hni ≈ 1.3 × 1011 atoms/cm3 , assuming βpol = 1 × 10−12 cm3 /s
and τef f = 8 s. Therefore, evaporation can only continue to exceed trap loss if the
initial elastic collision rate is much higher than the loss rate, or R  1.
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Figure 2.4: Feasibility plot for reaching the BEC phase transition with 20 Ne∗ , showing the number of atoms Nc with which quantum degeneracy is achieved, as a
function of the rate constant βpol for residual ionization and the absolute value of
the scattering length |a|.

Atomic parameters
From the Eqs. for the elastic collision (1.14) and loss rate (1.8), it is clear that to meet
this criterion a sufficiently large value of the scattering cross section (1.13), and
therefore the scattering length a, and a sufficiently small value of the suppressed
ionization rate constant βpol are required. The values of a and βpol which we need
to achieve BEC with Ne∗ for typical experimental conditions are summarized in Fig.
2.4. This so-called feasibility plot for achieving BEC with Ne∗ shows the calculated
number of atoms Nc with which quantum degeneracy is achieved as a function of
βpol and the absolute value of the scattering length |a|.
The calculation of this feasibility plot is based on the kinetic model of Luiten
et al. [2] including trap losses, discussed in the previous section. The criterion for
crossing the BEC phase transition has been set to D = 2.7 and Nc > 1 × 105 atoms.
Although, it should be feasible to detect much smaller condensates of metastable
atoms, it is useful to have condensates of > 105 atoms to study its properties. The
initial conditions of the evaporative cooling process are taken equal to realistic experimental values, i.e., Ni = 1.5 × 109 atoms, Ti = 1.2 mK, τef f = 8 s and η = 5.5.
We find that BEC of Ne∗ is feasible for βpol Ü −2.3 × 10−12 cm3 /s + a × 3.5 × 10−14
pol
cm3 /(s×a0 ). For ac = 100 a0 , this corresponds to βc ≤ 1×10−12 cm3 /s or a suppression of ionization of 500, well within the range of theoretical predictions [12, 13].
pol
Here we have defined ac and βc as the critical scattering length and suppressed
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Figure 2.5: Initial ratio R of ‘good’ to ‘bad’ collisions as a function of the initial
number of atoms Ni and initial temperature Ti , assuming a = ac = 100 a0 , βpol =
pol
βc = 1 × 10−12 cm3 /s and τef f = 8 s.

ionization rate constant for which BEC of Ne∗ is feasible.
Initial conditions
The feasibility to reach the BEC transition is also determined by the initial conditions
of the evaporative cooling process. The initial ratio R of ‘good’ to ‘bad’ collisions as
a function of Ni and Ti is shown in Fig. 2.5, assuming a = ac = 100 a0 , βpol =
pol
βc = 1 × 10−12 cm3 /s and τef f = 8 s. In the runaway evaporation regime or as
long as Γion < Γef f , an as large as possible initial number of atoms Ni , and an as low
as possible initial temperature Ti maximizes R. From this figure it is also clear that
relatively small changes in the initial conditions greatly enhance the ratio of ‘good’
to ‘bad’ collisions.
The large gain in phase-space density that can be achieved by improving the initial conditions slightly, is illustrated in Fig. 2.6. Figure 2.6 shows the evolution of
a) R and b) the phase-space density n0 Λ3dB with time for an optimized evaporation
trajectory and two different sets of initial conditions. For Ni = 8 × 108 atoms and
Ti = 1.2 mK (broken line), R increases initially but does not become large enough
to reach the BEC phase transition. As a result, the phase-space density does not
increase fast enough to achieve BEC. For Ni = 2 × 109 atoms and Ti = 0.9 mK (solid
line), this picture changes. The ratio of ‘good’ to ‘bad’ collisions is initially equal to
the critical ratio Rc = 150 for efficient evaporative cooling, and therefore quantum
degeneracy is quickly achieved.
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a)

b)
Figure 2.6: a) Evolution of the ratio R of ‘good’ to ‘bad’ collisions, and b) the phasespace density n0 Λ3dB with time for an optimized evaporation trajectory, and two
different sets of initial conditions (Ni = 8 × 108 atoms, Ti = 1.2 mK) (broken line)
and (Ni = 2 × 109 atoms, Ti = 0.9 mK) (solid line), assuming a = ac = 100 a0 ,
pol
βpol = βc = 1 × 10−12 cm3 /s and τef f = 8 s.
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Concluding remarks

The ratio R of the elastic collision rate to the loss rate determines whether or not
BEC of Ne∗ is feasible. The magnitude of R is determined by the absolute value of
the scattering length |a|, the suppressed ionization rate constant βpol , the effective
lifetime τef f of the atom cloud, and the initial number of atoms and initial temperature at the beginning of the evaporative cooling process. Simulations show that for
realistic experimental parameters, and taking ac = 100 a0 , BEC of Ne∗ is feasible for
pol
a suppressed ionization rate constant βc ≤ 1 × 10−12 cm3 /s. In addition, R is maximized by an as large as possible initial number of atoms and an as low as possible
initial temperature, as long as Γion < Γef f . A slight improvement in the initial conditions, e.g. by cooling the atoms in a molasses or with Doppler cooling in the MT
(see Chapter 5), already greatly improves the feasibility of reaching the BEC phase
transition.
If the absolute value of the scattering length turns out to be too low to achieve
BEC with 20 Ne∗ , BEC with 22 Ne∗ may very well still be feasible. It is very unlikely,
that both bosonic isotopes of Ne∗ have a small scattering length, as we will see in
Chapter 6.
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3

Experimental setup

1

Introduction

The creation of a BEC of Ne∗ atoms is a multi-step process. First, a bright beam
of Ne∗ atoms is created using laser cooling techniques, in order to be able to load
sufficient atoms into a Magneto-Optical Trap (MOT). Since the phase-space density
that can be achieved in a MOT is limited, the atoms are then transferred from the
MOT to a Magneto-static Trap (MT). Finally, the atoms should be cooled down to
temperatures below the BEC phase transition by forced evaporative cooling in the
MT. All these steps are computer controlled.
In this chapter, we describe the infrastructure that we have at our disposal to
create a BEC of Ne∗ . In Sec. 2 and 3 we discuss the laser system and experimental
apparatus with which we create a bright beam of Ne∗ atoms. A more detailed description is given in [1, 2]. The trapping chamber is described in Sec. 4. The MOT
setup and a summary of typical MOT characteristics are given in Sec. 5. The experimental implementation of our MT and its requirements are discussed in Sec. 6.
The implementation of the rf-fields for rf-induced evaporative cooling is described
in Sec. 7. Finally, a summary of the performance of our setup, as a starting point for
evaporative cooling towards the BEC phase transition, is given in Sec. 8.

2

Laser system

All laser cooling sections are operated using the Ne∗ (3s)|3 P2 i ↔ Ne∗∗ (3p)|3 D3 i optical transition at a wavelength of 640.225 nm. The important parameters for this
transition are given in Table I of Chapter 1. The laser light for all these cooling
sections is supplied by a continuous-wave, single-frequency ring dye laser (Coherent
899-21). The output power of the dye laser is typically 600 mW, when pumped with
7 W of light from an argon ion laser (Coherent Innova 315).
The dye laser is locked to a frequency that is Zeeman shifted ∆L = −1.8Γ to the
red of the laser cooling transition by using saturated absorption spectroscopy. Here
Γ is the natural linewidth of the atomic transition. The resulting linewidth of the
laser is approximately 1 MHz. The laser frequencies needed for the different cooling
sections are obtained using Acousto-Optic Modulators (AOMs).
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Figure 3.1: Schematic view of the Ne∗ beamline. All five laser cooling stages are
indicated.

The laser light for the MOT and extra Zeeman slower beams (see Subsec. 5.2)
is supplied by a second continuous-wave, single-frequency ring dye laser (Spectra
Physics 380D). The output power of the dye laser is typically 120 mW, when pumped
with 4 W of light from an argon ion laser (Coherent Innova 70). The dye laser
is locked to a frequency that can be Zeeman shifted between one and twelve line
widths to the blue of the laser cooling transition by using saturated absorption spectroscopy. This shifting is done by varying the current through a coil producing a DC
magnetic field in the saturated absorption cell. The resulting linewidth of the laser
is approximately 1 MHz.

3

Beamline

Metastable neon atoms in the |3 P2 i state are produced in a DC discharge that runs
through the nozzle of a supersonic expansion. The axial velocity of the atoms is
reduced from approximately 1000 m/s to 500 m/s by cooling the source with liquid nitrogen. The atomic beam produced by the source has a FWHM of 200 m/s
and a central intensity of 2 × 1014 s−1 sr−1 at 0.21 m downstream from the nozzle,
corresponding to a phase-space density of the order of 10−20 [1].
A bright (high flux) Ne∗ beam is created using five laser cooling sections. These
laser cooling sections are schematically depicted in Fig. 3.1. First, a collimator captures the atoms from the source and collimates them into a parallel beam. Secondly,
a transverse 2D Doppler cooling stage reduces the divergence of the beam to a few
times the Doppler limit. In a Zeeman slower, the axial velocity of the atoms is reduced to 100 m/s. A second transverse 2D Doppler cooling stage, between the two
solenoids that constitute the Zeeman slower, reduces the increase in divergence of
the beam, due to cooling in the axial direction. Finally, an Ertmer Magneto-Optical
Compressor (EMOC) captures the slow atoms and funnels them into a narrow beam.
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Figure 3.2: Drawing of the Gemini atomic beam line. All five laser cooling stages
and the trapping chamber are indicated.

A drawing of the atomic beam line is shown in Fig. 3.2. All these laser cooling
sections are described in detail in [1]. The entire setup is situated in a vacuum
system with a pressure ranging from 10−3 mbar at the source to 10−8 mbar after the
EMOC.
The laser cooling sections are roughly aligned using two quadrant diodes. A small
amount of laser light (∼ mW) is split off from the laser output and imaged on the two
diodes, which are positioned about one and two meters away. The beam pointing
of the laser is fixed by adjusting the alignment of the two mirrors directly behind
the laser, so that the signal on the diodes is zero. Minimizing variations in the beam
pointing of the laser light, due to e.g. thermal drift, is essential because the laser
light has to travel up to four meters before it reaches its destination.

With this beamline a cold and intense beam of Ne∗ atoms is produced [2]. The
cold beam, with a diameter of 0.7 mm, has a maximum flux of 6 × 1010 atoms/s. The
divergence of the beam of 8 mrad corresponds to a transverse beam temperature of
285 µK which is close to the Doppler limit (see Chapter 1). The longitudinal velocity
of the beam is 100 m/s with a longitudinal velocity spread of 28 mK. The particle
density immediately behind the EMOC is n = 6 × 108 atoms/cm3 .
We are also able to produce large beam fluxes of the other stable bosonic 22 Ne∗
and fermionic 21 Ne∗ isotope of Ne∗ by scanning the dye laser frequency over 2 GHz.
Without optimization, we have created beam fluxes of 7 × 109 and 6 × 107 atoms/s of
22
Ne∗ and 21 Ne∗ , respectively [2]. These values are in agreement with their natural
abundance ratios.
The relatively low flux of 21 Ne∗ can easily be explained by the fact that due to its
hyperfine structure, only a fraction of the atoms is laser cooled and the laser cool
transition is not closed. Optically pumping the 21 Ne∗ atoms into the F = 7/2 laser
cooled state and adding a repumper, should yield better results. The substantial flux
of 22 Ne∗ atoms could be further enhanced by using an 22 Ne enriched gas. The width
and divergence of the 22 Ne∗ beam is approximately the same as for the 20 Ne∗ beam.
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Figure 3.3: Artist impression of the trapping region.

4

Trapping chamber

Figures 3.3 and 3.4 show respectively an artist impression and a schematic side
view of the trapping region, which consists of a differential pumping chamber and
a trapping chamber. The bright atomic beam of cold atoms enters the trapping
chamber from the left. The trapping region is connected to the beamline with a
bellows, enabling the alignment of the center of the trap with the atomic beam axis.
The flux of atoms entering the trapping region is measured with a detector that
consists of a glass plate covered with an Indium-Tin-Oxide layer (Ito-plate), which
can be moved in and out of the atomic beam. An Edwards gate valve separates the
trapping region from the beamline.
To obtain sufficiently low pressures to be able to achieve BEC, a flow resistance
between the beamline and the differential pumping chamber reduces the pressure
by approximately a factor of 10 (see Fig. 3.4). The differential chamber is pumped
with a 20 l/s ion-getter pump1 (Varian StarCell Vaclon). A second flow resistance
between the differential pumping chamber and the trapping chamber ideally reduces
the pressure by another factor of 10. Again a valve separates the trapping chamber
from the rest of the setup.
The trapping chamber is pumped by a 20 l/s ion-getter pump1 (Ultek 202-2000)
and a Ti-sublimation pump (Vacuum Generators type ST22). The pressure in the
trapping chamber is typically < 5 × 10−10 mbar in the absence of atoms and with the
valve closed. The pressure increases to ≈ 8×10−10 and 1.2×10−9 mbar, respectively,
1

This is the pumping speed of air. Ne∗ is pumped with ≈ 6 l/s.
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Figure 3.4: Schematic side view of the trapping region.

when the source and laser cooling sections are switched on. After running experiments for an entire day, the pressure increases even further to 2.2 × 10−9 mbar.
These large increases in pressure are due to the low pumping efficiency of chemically ‘inactive’ atoms such as neon.

5
5.1

Magneto-Optical Trap
Magnetic field coils

The MOT quadrupole field is produced by anti-Helmholtz coils made of round copper
tubing with an inner diameter of 2.0 and an outer diameter of 4.0 mm. They generate
a magnetic field gradient of Bz0 = 2Bρ0 = 0.33 G/(Acm) [3]. Here Bz0 and Bρ0 are,
respectively, the axial and radial magnetic field gradient. The coils typically carry a
current of approximately 65 A and a maximum current of 200 A. They are cooled by
water flowing through the tubing at a pressure of 12 bar directly behind the water
pump.
Three pairs of Helmholtz coils, positioned in the x−, y− and z−plane around the
trapping chamber (see Fig. 3.3), compensate the earth’s magnetic field, other disturbing fields and intensity imbalances in the laser beams of the MOT (see Subsec. 5.3).
At the center of the trap, the coils produce a magnetic field of B0 = 4.2 G/A in the
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x− and z−direction and B0 = 3.3 G/A in the y−direction [3]. The maximum current
through the coils is 3 A, so magnetic fields up to 10 − 12 G can be compensated.

5.2

Extra slower

The atoms entering the trapping region have an axial velocity of 100 m/s (see Sec.
3). Because the capture velocity of our MOT is typically 50 m/s, the atoms need to
be slowed down further before they can be captured in the MOT. A second Zeeman
slower positioned at the center of the MOT provides this extra slowing stage. This
extra Zeeman slower consists of one coil with 90 turns and a diameter of 80 mm
at a distance of 120 mm upstream from the center of the MOT, and a second coil
with 50 turns and a diameter of 300 mm at a distance of 190 mm downstream from
the center of the MOT (see Fig. 3.4). Both coils are perpendicular to the beam- or
y−axis and carry equal and opposed currents. These slower coils generate a spherical quadrupole field that is zero at the center of the MOT and has a maximum field
strength of 100 G for I = 6 A. In combination with a circularly-polarized laser beam,
the atoms are slowed to velocities below the capture velocity, without disturbing the
magnetic field of the MOT.

5.3

Optics

MOT and Zeeman slower light
Figure 3.5 shows a schematic diagram of the MOT, Zeeman slower, and probe beams.
The light for the six MOT trapping beams and Zeeman slower passes through a fiber
from the optical table of the laser to the optical table of the trapping chamber with
an efficiency of 50 %. The ratio of the total laser power of the MOT and slower
beams is regulated with a half-wave plate (λ/2) and a polarizing beam splitter cube
(PBC). Using optical telescopes (T) the laser beam is expanded to a waist diameter of
∼ 35 mm (1/e2 width). A second PBC splits the main beam into a MOT and slower
beam. A pinhole reduces the diameter of the MOT beams to approximately 18 mm
and the diameter of the slowing beam to approximately 10 mm.
The three pairs of counter-propagating σ + −σ − polarized MOT beams are created
by splitting the MOT beam into three beams of equal intensity. These beams are
retro-reflected after passing through the trapping chamber and a quarter-wave (λ/4)
plate, changing the polarization of the reflected beams from σ + to σ − or vice versa.
The MOT laser beams enter the trapping chamber under an angle of +45◦ and −45◦
with respect to the −x−axis from above, and along the z−axis (see Figs. 3.4 and
4.1).
The slower beam enters the trapping chamber along the −y-axis and can be
switched on and off within 2 ms independently of the MOT beams, with a mechanical beam shutter (S) (Uniblitz VMM-T1). The intensity of the slower beam is typically
∼ 1 mW/cm2 or s0 = 0.25. The intensity of the six MOT laser beams combined
is typically of the same order of magnitude. The MOT and slower beams together
effectively constitute a 7-beam MOT.
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Figure 3.5: Schematic top view of the optical components employed for the trap.
The MOT and Zeeman slower laser beams (solid lines) come from the Spectra
dye laser, which is locked to the Zeeman-shifted Ne∗ (3s)|3 P2 i ↔ (3p)|3 D3 i laser
cooling transition by saturated absorption spectroscopy. The light for the spinpolarization/probe beam (broken line) comes from the Coherent dye laser. L: single lens, T: optical telescope, BC: beam splitter cube, PBC: polarizing beam splitter
cube, S: shutter, λ/2 and λ/4: half and quarter wave plates, AI: absorption imaging.
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The detuning of the MOT and second Zeeman slower light is varied by sending
a current through a coil producing a DC magnetic field in the saturated absorption cell, and passing the light twice through an AOM of 70 MHz (total deflection
efficiency 50 %). The current through the saturated absorption cell consists of an
offset current of 0.65 A and a variable current (corresponding to a detuning between
+8 ↔ +20Γ ), which partially compensate the frequency shift of the double pass AOM
(−12 ↔ −22Γ ). The detuning of the light can be changed from −14 to +8Γ , by varying the rf-frequency to the double-pass AOM and the current passing through the
saturated absorption cell. Because the light passes twice through the AOM, varying
the frequency of the light does not affect the angle of the beam and thus the alignment. The light intensity is stabilized using a PI-controller and a 250 MHz AOM, and
switched on and off with the 70 MHz AOM in approximately 2 µs. The light coupled
out of the fiber is compared to a computer set level and adjusted accordingly by
varying the rf-power to the 250 MHz AOM.
The intensity of the retro-reflected MOT beams is reduced, since the trapped
atoms in the MOT attenuate the incoming laser beams. An intensity imbalance is the
result. Also the slower beam introduces an imbalance: the atom cloud is pushed in
the −y direction. Due to these intensity imbalances, the atom cloud is shifted a few
mm away from the trapping center. The compensation coils are used to compensate
these imbalances for each different setting of the intensity of the MOT and slower
laser beams.
Spin-polarization and probe beam
The Ne∗ |3 P2 i state has five magnetic substates that are all present in the MOT.
Two of these states, the |mJ = 1i and |mJ = 2i states, are low field seekers and
therefore lend themselves for stable trapping in the MT. However, only in the fully
spin-polarized |mJ = 2i state, ionization is suppressed [4] (see Chapter 1). Therefore, it is crucial to spin-polarize the atoms in the |mJ = 2i state, both to maximize
the number of trapped atoms in the MT and to minimize losses due to ionizing
collisions.
The atoms are spin-polarized by a σ + -polarized laser pulse with a detuning close
to resonance and an intensity of a few mW/cm2 . A quantization field of 4.3 G is supplied by the fine tuning coils. This laser beam is also used to take absorption imaging
pictures of the atom cloud and is discussed in detail in Chapter 4. The light for this
spin-polarization/probe beam (broken line in Fig. 3.5) comes from the Coherent dye
laser. A detuning close to resonance is accomplished by using two tunable 40 MHz
AOMs. The first AOM shifts the detuning of the beam a few linewidths to the blue,
and the second AOM to the red of the atomic transition frequency. These two shifts
in frequency nearly cancel each other, generating a detuning close to resonance.
The spin-polarization/probe beam is coupled into a single-mode, polarization
conserving fiber and expanded by an optical telescope. The fiber provides spatial
filtering of the wavefront. The beam passes the trap center under a small angle
(≈ 5◦ ) with the z−axis (see Fig. 3.5). The intensity of the spin-polarization/probe
pulse is stabilized using a PI-controller and the second 40 MHz AOM.
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Table I: Typical and optimum experimental parameters in our MOT.

Quantity
Number of atoms
Saturation parameter
Detuning
Magnetic field gradient
Temperature
Volume

5.4

Symbol
N
s0
∆M (Γ )
Bz0 (G/cm)
T (mK)
V (cm3 )

Typical
∼ 109
0.1-0.6
-2.5↔ -5
10-30
0.5-1
0.01-1.5

Optimum
9 × 109
0.4
-3.8
20
0.76
1

Characteristics

Typical and optimum MOT parameters are given in Table I [1, 5]. We have trapped
almost 1010 20 Ne∗ and 3 × 109 22 Ne∗ atoms in our MOT. This is an unprecedented
large number, which we are able to achieve due to the high loading rates we can
obtain with the bright atomic beam described in Sec. 3. The optimum trapping
conditions, e.g. a very low intensity and small detuning of the trapping beams, differ
strongly from those used in metastable helium experiments [6–8], where very high
intensities and large detunings are used.
At the low intensities and small detunings in our MOT, the trapping volume becomes very large, reducing the density and consequently the two-body ionization
rate. The two-body loss rate constant was measured to be β = (5 ± 3) × 10−10 cm3 /s
[5], which is three times higher than calculated by Doery et al. [9]. In the presence of (MOT) light the two-body loss rate constant is much larger, due to collisions between ground (Ne∗ ) and excited state (Ne∗∗ ) atoms, and is found to be
βge = (3.5±1.0)×10−8 cm3 /s [5]. The temperature of the atom cloud was found to be
in the Doppler limited regime. The highest measured density of 4 × 1010 atoms/cm3
corresponds to a maximum phase-space density D ≈ 10−7 in the MOT.
The number of atoms in the MOT is stabilized within 0.5 % using a PI-controller
and the (first) Zeeman slower AOM. The fluorescence power emitted by the atoms in
the MOT (see Chapter 4) is compared to a computer set level. When the measured
fluorescence power is lower (higher) than the desired level, the rf-power to the Zeeman slower AOM is increased (decreased). As a result, the beam flux and therefore
the number of atoms in the MOT increases (decreases).

6
6.1

Magneto-static Trap
Requirements

The magnetic trapping fields must meet a number of requirements, to be able to
achieve BEC or maximize phase-space density. First, loss of phase-space density
during the transfer of atoms from the MOT to the MT needs to be minimized. This
can be achieved by matching the weak trapping field of the MOT with a weak har-
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monic trapping potential in the MT. Second, to optimize the elastic collision rate to
achieve efficient evaporative cooling, a tight radial confinement is required. This is
accomplished by adiabatic compression of the trapping potential of the MT. The trap
is adiabatically compressed by reducing the axial bias magnetic field at a rate Γcompr
that is small compared to the radial trapping frequency ωρ .
Third, to minimize heating and loss due to ionization during the evaporative cooling phase, the trap depth should be limited and the aspect ratio of the trap geometry
should be large [10, 11]. On the other hand, the trap depth should be sufficiently
large, so that all atoms remain confined during the transfer from the MOT to the MT
and the adiabatic compression of the trap. A trap depth of approximately 10 mK or
50 G meets these requirements.
Fourth, to minimize losses due to Majorana (spin-flip) transitions to untrapped
states, the magnetic field minimum should be larger than zero. The atoms moving
around the MT perceive a continuously changing magnetic field. If the characteristic frequency of this variation is larger than the Larmor frequency, the atoms can
make Majorana transitions to untrapped states. This happens when the atoms are
confined around a zero field minimum B0 = 0, or in other words in the quadrupole
field of an anti-Helmholtz coil configuration, such as used in the MOT. This problem
can be avoided, however, when adding a bias magnetic field so that B0 > 0. For
a tight confinement on the other hand, the minimum value of the magnetic field
should be as low as possible. A bias magnetic field of approximately 1 G meets these
requirements.

6.2

Clover Leaf Trap

Our MT is a Clover Leaf trap, which is a Ioffe-Pritchard [12, 13] kind of trap developed
by Ketterle et al., that meets the trapping requirements described above. The Clover
Leaf trap consists of two Bias, two Pinch and eight Gradient coils as shown in Fig. 3.6.
The Pinch coils generate an axial magnetic field along the z−axis consisting of a
constant homogeneous bias magnetic field B0,p , and a non-homogeneous magnetic
field with curvature Bz00 = ∂ 2 B/∂z2 , which provides the axial confinement. The Bias
coils generate an opposing axial bias magnetic field B0,b . The total axial magnetic
field generated by the Bias and Pinch coils is, at small z, equal to Bt = B0 + 21 B 00 z2 ,
where the total axial bias magnetic field is given by: B0 = B0,b + B0,p . The Gradient
coils generate a radial quadrupole field with gradient Bρ0 = ∂B/∂r , which provides
the radial confinement.
~ consisting of the axial and radial magnetic
The total magnetic field strength |B|,
fields, is harmonic near r = 0 and linear at larger distances [14]
B(x, y, z) = [B02 + (Bρ02 − B0 Bz00 )(x 2 + y 2 ) + 2B0 Bz00 z2
1
+ Bz002 (x 2 + y 2 )2 + Bz002 z4 + 2Bρ0 Bz00 (x 2 − y 2 )z]1/2 − B0 .
4

(3.1)

Fourth order and higher order terms are neglected in this expression. The (x 2 −y 2 )z
term in Eq. (3.1) couples the motion in the axial and radial (x and y) direction. The
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Figure 3.6: Schematic view of a Clover Leaf trap, consisting of eight Gradient coils
and two Bias and Pinch coils. The direction of the current through the coils is
indicated.

strength of this coupling is determined by the relative magnitude of this term as
compared to the other terms in Eq. (3.1).
In the limit where the energy of the atoms is much smaller than the potential energy U0 at the trap center (3/2)kB T  µB0 , the trapping field is in good approximation harmonic and the axial and radial motion are decoupled. Here kB is Boltzmann’s
constant, T the temperature and µ the magnetic moment of the atom. The trapping
potential U = µB is then given by
U(~
r ) = U0 +

M
(ωz 2 z2 + ωρ 2 r 2 ),
2

U0 = µB0 ,
ωz =
ωρ =

(3.3)

(µBz00 /M)1/2 ,


(3.2)
(3.4)

1/2
µ 02
00
(B /B0 − Bz /2)
,
M ρ

(3.5)

Table II: Measured magnetic field parameters for a weak, uncompressed and tight,
compressed magnetic trap during the evaporative cooling phase [3].

Coil
Bias
Pinch
Gradient
a

Uncompressed trap
ωaρ = 45(2π ) Hz, ωz = 45(2π ) Hz
I ± 0.1 (A) parameters
100
B0 = 86.3 G
200
Bz00 = 95 G/cm2
300
Bρ0 = 100 G/cm

Compressed trap
ωρ = 352(2π ) Hz, ωz = 45(2π ) Hz
I ± 0.1 (A) parameters
200
B0 = 1.7 G
200
Bz00 = 95 G/cm2
300
Bρ0 = 100 G/cm

The trapping frequencies are calculated from the measured trap parameters using Eqs. (3.4) and

(3.5).
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Figure 3.7: Part of the construction drawing of the MOT and MT: a) cross section
of the Gradient coils perpendicular to the z− axis, and b) cross section of the coil
configuration of the Clover Leaf trap and the MOT in the −x, z−plane. Sizes are
given in mm.

where M is the atomic mass and ωρ and ωz the radial and axial trapping frequencies, respectively. Table II gives the trapping frequencies and the magnetic field
parameters for the transfer from the MOT to the MT and for the evaporative cooling
phase.

6.3

Design

The axial bias magnetic field B0 needs to be tunable, to both achieve an efficient
transfer from MOT to MT, and a tight radial confinement for efficient evaporative
cooling. The current through the Bias coils is tuned from 100 to 200 A with a switchable electric shunt. To transfer the atoms from the MOT to the MT, the current is
set to 100 A. The bias field generated by the Bias coils then only partially cancels the
bias field of the Pinch coils. As a result, the trapping potential is weak and harmonic.
The trap is adiabatically compressed by ramping the current through the Bias coils
to 200 A. The field of the Bias and Pinch coils now almost cancel, and the radial
trapping frequency is increased by a factor of 8 (see Table II).
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Table III: Geometry of the coils: Tl is the number of turns per layer, Nl is the
number of layers, R is the inner radius of the coils and A is the distance between
a coil and the center of the coil configuration along the z−axis (Fig. 3.7b)). The
uncertainty in A and R is of the order of 1 mm.

Coil
Bias
Pinch
Fine tuning
Gradient
MOT

Turns
15a
12
6
20
24

Tl
4
4
2
5
8

Nl
4
3
3
4
3

R (mm)
80
16
31
20-80b
43

A (mm)
60
30
30
45
60

a

The Bias coil consists of 15 turns: 3 layers of 4 turns and 1 layer of 3 turns.

b

The inner radius of the gradient coils, approximated by a quarter of a circle,

is 20 mm and the outer radius equals 80 mm.

In the design of the Clover Leaf trap are also two additional Fine tuning coils
incorporated. These can be used to make small adjustments in the axial bias field,
to make sure that this field is positive and of the order of 1 G. The Fine tuning coils
are wrapped around the Pinch coils.
Figure 3.7 shows a) a cross section of the Gradient coils perpendicular to the
z-axis, and b) a cross section of the coil configuration of the MOT and MT in the
−x, z-plane. The coils of the MT are placed around a stainless steel chamber with an
octagonal shape. The trapping chamber has seven anti-reflection coated windows,
two of which have a diameter of 80 mm and are positioned perpendicular to the
z-axis and inwards. The Pinch and Fine tuning coils are fit into the free space in
front of these windows. The coils consist of multiple layers Nl along the z-axis, each
of which contain Tl turns along the −x-axis. The experimental parameters of the
coils are given in Table III.
The coils of the Magneto-static Trap are made of square copper tubing. The outer
dimension of these tubes is 3.2 mm and they have a thickness of 0.8 mm. The total
outer dimension of the tubes, including the fibreglass insulation, equals 3.6 mm.

Table IV: Measured switching times of the MOT, MT and compensation coils.

Coil
MOTa
Pinch + Bias
Gradient coils
Fine tuning
Compensation coils

on (µs)
200
200b
300
200
∼ 200

off (µs)
200
200c
300
4
∼ 200

a

Measured for I = 100 A.

b

Overshoot B-field, steady state value reached in 5 − 6 ms.

c

Overshoot B-field, steady state value reached in 3 ms.
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The coils carry a current of 200 − 300 A, and are cooled by water flowing through
the copper tubing with a pressure of 12 bar directly behind the water pump.
For an efficient transfer from MOT to MT and imaging purposes, it is important that the MOT and compensation coils are switched off and the MT coils both
switched on and off quickly. These switching times are determined by the resistance
and self-inductance of the coils and the change in current and thus magnetic field
upon switching. To minimize these switching times, the MOT, MT and compensation coils are switched on and off quickly with home-made switches. When a coil is
switched on, a quick build up of current through the coil is established by putting
a high voltage over the coil with a capacitor. When the desired current or field is
reached, the power supply takes over. A fast switch-off is accomplished by quickly
draining the current from the coil with a capacitor. Typical switching times are given
in Table IV.

7

Rf-induced evaporative cooling

The rf-field for efficient removal of energetic particles from the trap is generated
by sending an oscillating current generated by two rf-synthesizers (HP 8647 A and
HP 3325 B) through a rf-coil. The output of the rf-synthesizers is enhanced by a
broadband rf-amplifier (RFPA RF001220-25) of 25 W to obtain enough power to saturate the transition from a trapped to an untrapped state. The minimum required
rf-field Br f for an adiabatic transition to an untrapped state ∼ 0.05 G at the beginning of the evaporative cooling process, corresponds to an rf-power of 6 W (50 Ω
resistance and 1 µH selfinductance). Theoretically, less rf-power is needed to saturate the transition at lower temperatures. However, due to the increasing generation
of higher harmonics at low rf-frequencies, only a fraction of the rf-power goes into
the right frequency, and therefore approximately the same amount of rf-power is
necessary to saturate the transition at lower temperatures.
Both the frequency and amplitude of the rf-field are computer controlled, so that
linear ramps of the rf-frequency can be generated to optimize the efficiency of evaporation. Since the rf-field amplitude decreases quadratically with the distance between the rf-coil and the trapped atoms, the coil is placed inside the vacuum system
at a distance of approximately 15 mm from the center of the atom cloud. The coil
is elliptical with a long axis of 52 mm and a short axis of 27 mm, so that the MOT
beams can pass through the coil.

8

Concluding remarks

We are able to produce cold and intense beams of the two stable bosonic isotopes of
Ne∗ |3 P2 i, 20 Ne∗ and 22 Ne∗ , and its stable fermionic isotope 21 Ne∗ . We have created
beam fluxes of 6 × 1010 , 7 × 109 and 6 × 107 atoms/s of 20 Ne∗ , 22 Ne∗ and 21 Ne∗ ,
respectively [2]. Due to these high loading rates, we have been able to trap 9 × 109
20
Ne∗ and 3×109 22 Ne∗ atoms in a Magneto-Optical Trap (MOT) [5]. Typically, we trap
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a few times 109 atoms at ∼ 1 mK in our MOT, a good starting point for transferring a
large number of atoms to the Magneto-static Trap (MT). The unsuppressed ionization
rate constant was measured to be β = (5 ± 3) × 10−10 cm3 /s [5]. Our MT meets
the design criteria for achieving BEC, and the hardware for rf-induced evaporative
cooling has been implemented.
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1

Introduction

A large number of steps are necessary to create a Bose-Einstein condensate (BEC).
Each step needs to be optimized in order to reach the BEC phase transition. To
monitor the efficiency of each step and the progress towards BEC, it is necessary to
measure the number of atoms, the temperature and the volume of the atom cloud
as a function of the relevant parameters.
Figure 4.1 is an artist’s impression of the trapping chamber showing the diagnostic tools that we have at our disposal. The number of trapped atoms can be determined using three different techniques: fluorescence detection (Sec. 2), absorption
imaging (Sec. 3) and metastable atom Time Of Flight (TOF) (Sec. 4). Both fluorescence detection and absorption imaging can also be used to determine the volume
of the trapped cloud. The temperature of the trapped atoms can be determined by a
Time Of Flight (TOF) measurement of the atom cloud with either absorption imaging
(Sec. 3) or a channeltron (metastable atom TOF, Sec 4).
In fluorescence detection, the power of fluorescence emitted by atoms trapped in
the Magneto-Optical Trap (MOT), which is proportional to the number of atoms, is
measured. The fluorescence power is focused with a lens system on a photo-diode
located above the trapping chamber. Two apertures placed in the foci of the lenses
and extensive shielding minimize the amount of stray light reaching the photo-diode.
A beam splitter directs half of the light towards the photo-diode and half of the light
towards a CCD-camera (F) for fluorescence measurements. The volume of the atom
cloud can be determined by analyzing fluorescence images taken with this camera.
The measured relation between camera-image pixels and real sizes is for the y− and
z−direction respectively (13.1 ± 0.5) and (6.5 ± 0.5) pixels/mm.
In absorption imaging, a probe beam passing through the trapping chamber along
the axial direction (see Fig. 3.5) is partially absorbed by the trapped atoms, and gives
information about the position (x and y) and the number of trapped atoms. The
‘shadow’ of the atom cloud is imaged on a second CCD-camera (AI) (see Fig. 3.5).
The number of atoms and the volume of the atom cloud are respectively obtained
by integrating and fitting the measured density profiles. The temperature of the
cloud is measured by taking images of the cloud in ballistic expansion as a function
of time. Fitting the size of the atom cloud as a function of time then yields the
temperature. The relation between camera-image pixels and real sizes is for the
x−direction (16.4 ± 0.5) pixels/mm and for the y−direction (33.3 ± 0.5) pixels/mm.
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Figure 4.1: Artist’s impression of the trapping chamber and the detection setup.
Typical sizes are given in mm. F:fluoresence detection.
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In metastable atom TOF, the atoms are released from the trap and their arrival
time at a detection plate, positioned 33 cm below the trap center and in front of a
channeltron (Galileo 4039), is recorded (Fig. 4.1). The detector consists of a glass
plate covered with an Indium-Tin-Oxide layer (Ito-plate). Metastable atoms released
from the trap free electrons in this plate upon impact. The freed electrons are measured with the channeltron located to the side of the detection plate (see Fig. 4.1).
A channeltron is a curved glass tube with a high resistance surface, over which
a high voltage is placed. Electrons (or other energetic particles) entering the lowpotential end of the channeltron generate an avalanche of electrons towards the
high-potential end of the tube. The output consists of a charge pulse for each electron entering the channeltron. The channeltron is typically operated at +1.9 kV
(low-potential end) and +5 kV (high-potential end) and has a gain of ∼ 108 .
The number of atoms and the temperature of the atom cloud are respectively
determined by integrating and fitting the time dependence of the metastable atom
signal. In the next sections the principle of and the accuracy of all three techniques:
fluorescence detection (Sec. 2), absorption imaging (Sec. 3) and metastable atom
Time Of Flight (TOF) (Sec. 4) are described.

2

Fluorescence detection

To determine the number of atoms in the MOT, we measure the fluorescence power
emitted by the trapped atoms. The number of atoms in the Magneto-static Trap (MT)
can also be determined using this technique, by recapturing the atoms from the MT
in the MOT. Immediately after switching off the MT, the MOT is switched on and the
atoms that were trapped in the MT are now trapped in the MOT. Hereby we assume a
100 % efficiency for recapturing the atoms, since all magnetic substates are trapped
in the MOT.
The fluorescence power Pf l emitted by the trapped atoms is measured with a
photo-diode. The current of the photo-diode Iphoto is proportional to the number of
atoms N trapped in the MOT


Ω
· Pf l · N,
(4.1)
Iphoto = ηdet · Tlens ·
4π det
with ηdet the detection efficiency of the photo-diode, Tlens the transmission of the
lightthrough
the lenses that focus the light emitted by the atoms on the photo-diode,

Ω
and 4π
the opening angle of the lens system (see Table I).
det
The power emitted by a single atom is given by
Pf l = ωL Γ Πe ,

(4.2)

with ωL the laser frequency, Γ the decay rate and Πe the excited state population. In
our setup we have effectively a 7-beam MOT, consisting of the six regular MOT laser
beams and an extra Zeeman slower laser beam (see Chapter 3). The excited state
population is given by [1]


1
Cs
Πe =
.
(4.3)
2 1 + Cs + (2∆M /Γ )2
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Figure 4.2: Photo-diode current Iphoto as a function of time for atoms trapped in
the MOT. Both the photo-diode current and the number of atoms are indicated.
At t = 0 the loading beam is switched off, resulting in a decrease of the atom
signal as a function of time due to trap losses. The MOT parameters are sM = 0.29,
sS = 0.15 and ∆M = −3.5Γ .

Here s = sM + sS with sM = IM /I0 and sS = IS /I0 , IM is six times the average intensity of a MOT beam, I0 = 4.08 mW/cm2 the saturation intensity for the laser
cooling transition, IS the intensity of the slower beam, ∆M the detuning of the MOT
and slower laser beams, and C a phenomenological parameter taking into account
the various transition strengths of the different transitions between the magnetic
sublevels present in the MOT.
Townsend [1] et al. found an experimental value of C = (0.7 ± 0.2) for a cesium133 MOT, much larger than the average squared Clebsch-Gordon coefficient which
equals 0.4. Due to optical pumping between the magnetic sublevels, their populations may not be identical and C cannot be described by a simple average over all
transitions. The average squared Clebsch-Gordon coefficient of the Ne∗ |3 P2 i →Ne∗∗
|3 D3 i transition equals 0.467. Following Townsend et al. [1] we take C = 0.7 ± 0.2,
probably resulting in an underestimation of the number of atoms. The uncertainty
in C leads to a systematic error of 28 % in the atom number.
Neglecting the systematic error in C, the error in the number of trapped atoms
is about 15 %. The largest contribution to this error is produced by the 1 MHz
(0.12Γ ) uncertainty in the frequency of the MOT and slower light. The background
fluorescence signal is typically ∼ 5 × 107 atoms due to the presence of stray light.
The sensitivity of this technique is ∼ 0.01 nA, or roughly 1 × 107 atoms, much better
than the systematic error in the number of atoms.
Figure 4.2 shows a typical measurement of the fluorescence power emitted by
the atoms trapped in the MOT as a function of time. The signal decreases because
at t = 0 the loading beam is switched off, resulting in loss of atoms from the trap
due to the effective lifetime of the atom cloud and ionizing collisions. The number
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Figure 4.3: CCD-camera (F) image of the atoms trapped in the MOT with IM = 0.22,
IS = 0.18 and ∆M = −3.61Γ . Intensity profiles along the z− and y− axis through
the center of the image are shown.

of atoms as a function of time is determined using Eq. (4.1).
A CCD-camera image of the fluorescence power emitted by the atoms trapped in
the MOT is shown in Fig. 4.3. The volume of the atom cloud can be determined from
a Gaussian fit to the measured horizontal (z) and vertical (y) intensity profiles. The
rms width in the x-direction is assumed to be equal to the one in y-direction due to
the cylindrical symmetry of the trap.

Table I: Measurement parameters

Quantity
Opening angle channeltron
Opening angle lens system photo-diode
Detection efficiency photo-diode
Phenomenological parameter

Symbol
 

Value

Ω
 4π chan
Ω
4π det

(5.0 ± 0.3) × 10−3

ηdet Tlens
C

(0.125 ± 0.005)
(0.7 ± 0.2)

(7.6 ± 0.3) × 10−4
A
W
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Fluorescence detection is an easy way to measure both the number of trapped
atoms in the MOT and MT and the volume of the MOT. The number of atoms in,
and volume of the MOT can be determined continuously, e.g. without destroying the
MOT. Obviously, this technique is less suited for determining the characteristics of
the MT. The number of atoms in the MT can only be determined by destroying the
MT in a recapture experiment, and its volume and position not at all. As a result
of the former, reproducibility plays an important role in any experiments where N
is determined as a function of the MT parameters and/or time, which limits the
accuracy. Another drawback of this method is the large systematic error in the atom
number due to the large uncertainty in C.

3

Absorption Imaging

With absorption imaging it is possible to measure both the density and velocity
distribution of the atoms simultaneously. For both purposes a probe beam with
tunable intensity and detuning ∆p passes through the trap along the axial direction
and impinges on a CCD-camera (AI) (see Fig. 3.5). The probe beam makes an as small
as possible angle (≈ 5◦ ) with the z−axis, as the presence of the MOT beam along the
z−axis allows. The 1/e2 probe beam diameter (∼ 20 mm) is much larger than the
trap size, therefore absorption of the probe beam by the atom cloud is visible as a
shadow in the spatial profile of the probe beam intensity. This modulation of the
intensity profile of the probe beam gives information about the number of atoms
and their positions. The probe beam is focused in such a way that the intensity
modulation of the probe beam at the center of the trap is imaged on a CCD-camera.

3.1

Spatial distribution

Satisfying Beer’s law, attenuation of a probe beam propagating along the z−axis by
the atom cloud can be written as [2]
Zz


0
0
I(ρ, z) = I(ρ, −∞) exp −σabs
n(ρ, z )dz ,
(4.4)
−∞

with

2
Cge
λ2
(Γeg /Γ )
σabs (∆p ) = 3
2π
1 + 4(∆p /Γ )2

(4.5)

the absorption cross section, and n(ρ, z) the spatial density distribution of the atom
cloud. Here λ is the wavelength of the atomic transition, Cge the Clebsch-Gordon
coefficient, and Γeg the decay rate from excited e to ground g state, which is equal
to the total spontaneous decay rate Γ for a two-level system. For absorption imaging
2
in the MT with σ + -polarized light Cge
= 1 and for absorption imaging in the MOT
2
Cge = 0.467.
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The density distribution is in good approximation Gaussian, with a peak density
n0 and a rms radius σρ in the radial direction and σz in the axial direction
!
ρ2
z2
n(ρ, z) = n0 exp −
−
.
(4.6)
2σρ2 2σz2
The column density recorded by the camera is equal to
!
Z∞
p
ρ2
0
0
n(ρ, z )dz = n0 2π σz exp −
.
2σρ2
−∞

(4.7)

The optical density OD of the cloud is defined as [2]
OD(ρ) = − ln

I(ρ, ∞)
I(ρ, −∞)

!
.

(4.8)

The number of trapped atoms can be found by integrating the optical density
N = 2π

σρ2
σabs

OD(0).

(4.9)

The optical density is obtained by dividing an absorption image of the atom cloud
by a reference image of an empty trap, after correcting for the background signal.
The resulting OD profile is fitted with a Gaussian, yielding the rms radius σρ and
the peak optical density OD(0) of the atom cloud. A typical absorption image of the
atom cloud is given in Fig. 4.4. Optical density profiles along the x− and y−axis
through approximately the center of the cloud are shown. This absorption image
was obtained with a resonant probe pulse of 200 µs and a saturation parameter of
s0 = 0.008.
The error in the number of atoms is about 14 %. The dominating contribution to
this error is the uncertainty in the frequency of the probe laser beam. In addition,
the transmitted intensity by the atom cloud becomes smaller with increasing OD.
Therefore, the signal to noise ratio decreases with increasing OD, as is clearly visible
in Fig. 4.4. But because the number of atoms is determined from integrating the OD
profile, this effect averages out. For OD < 0.1 or OD > 3, the signal to noise ratio
becomes too small to determine the number of atoms or the width of the atom
cloud. As a result, the number of atoms we can detect using absorption imaging is
limited to a few times 107 atoms. A high OD can be reduced by increasing the probe
detuning.

3.2

Velocity distribution

The velocity distribution can be measured by taking absorption images at different
delay times after switching off the trap. The atom cloud expands ballistically with
a velocity determined by its temperature. Comparing two absorption images, taken
after different delay times t1 and t2 , the measured rms radius in the radial direction
is given by
σρ2 (t2 ) = σρ2 (t1 ) + v 2 (t2 − t1 )2 ,
(4.10)
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Figure 4.4: CCD-camera image of the optical density (OD) distribution of the
atoms trapped in the MOT with sM = 0.22, sS = 0.18, and ∆M = −4.11Γ . Horizontal (x) and vertical (y) profiles of the OD distribution are shown through
approximately the center of the image.

with σρ (t1 ) and σρ (t2 ) de rms radius at t1 and t2 respectively, and v 2 = kB T /M
the velocity in the radial direction squared. Here kB is Boltzmann’s constant, T the
temperature and M the atomic mass.
The maximum delay time is, for T Ý 100 µK, given by the time it takes for the
radius of the expanding cloud to become equal to the probe beam radius (typically
∼ 10 ms). For lower temperatures, the maximum delay time is limited by the time it
takes for the atom cloud to leave the probe beam area under the influence of gravity.
However, the OD of the expanding cloud is usually already too low (∼ 0.1) to be
detected after a few ms. In addition, the expansion of the atom cloud can only be
assumed to be ballistic after the trap has completely been switched off (for the MOT
after about 0.5 ms and the MT after a few ms, see Table IV, Chapter 3).
The fitting error in σρ is only a few percent as long as the signal to noise ratio is
larger than one. The largest contribution to the relative uncertainty of the temperature in a TOF absorption imaging experiment is given by the reproducibility of the
atomic sample from shot to shot, and is typically about 10 %.

Diagnostics

59

Contrary to fluorescence detection, absorption imaging can also be used to determine the temperature of the atom cloud in both the MOT and MT, and the volume
of the MT. The number of atoms and the volume of both the MOT and MT can be
determined while the atoms remain trapped. No absorption images could be taken
after switching off the MT in our setup. This is probably due to the presence of
stray magnetic fields upon switching off the MT, which either increase the effective
detuning of the probe beam, or disperse the atoms so much that the OD is too low
to observe any absorption, or remove the atoms completely from the region of the
probe beam.
As a result, no TOF absorption images of the MT could be made. Because the size
of the MT is determined by its temperature and trapping parameters, the temperature of the MT can also be determined from in-trap images. However, due to the
presence of the large trapping field the analysis of such images is more complicated.
Taking absorption images of the atom cloud is generally not as easy as measuring
the fluorescence of the atom cloud. Careful alignment of the probe beam with both
the atom cloud and the absorption imaging camera is necessary. In addition, the
detuning of the probe beam should be adjusted in such a way that the OD lies
within the detection range (0.1 − 3). Moreover, the timing of the images of the atom
cloud, the background signal, and the reference image is very important in retrieving
the OD distribution.

4

Metastable atom TOF

The number and temperature of the atoms can also be determined by switching off
the trap and measuring the time-dependence of the metastable atom signal with
a channeltron. The advantage of this method over absorption imaging is that the
temperature can be determined in a single measurement, whereas a series of measurements of the rms width of the expanding atom cloud need to be taken in an absorption imaging experiment. Assuming a thermal Maxwell-Boltzmann distribution,
the velocity distribution is given by

1 M  2
2
2
vx + vy + vz ,
Pv (x, y, z) = P0 exp −
2 kB T


(4.11)

with
vx =
vy

=

vz =

x − x0 + 21 gt 2
y
,
t
z
,
t

and

P0 =

M
2π

3/2

t

,

(4.12)
(4.13)
(4.14)

1
.
(kB T )3

(4.15)
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The metastable atom signal on the channeltron as a function of arrival time t
after switching off the trap at t = 0 is equal to
∂N(t)
∂t

Z +Rd Z +Rd
=

Nηcal

−Rd

−Rd

Pv (x0 = 0)(vx − gt)

∂vx ∂vy ∂vz
dydz,
∂x ∂y ∂z
(4.16)

!
(vx,0 − gt)
Mvx2
∝ Nηcal fT
exp −
,
t3
2kB T
where

1

x0 + 2 gt 2

.
(4.17)
t
Here x0 = −33 cm is the distance from the trap center to the detection plate in front
of the channeltron, g the acceleration due to gravity, 2Rd = 20 mm the size of the
detection plate in front of the channeltron, and ηcal a calibration factor giving the
conversion from number of detected electrons to number of trapped atoms. The
temperature-dependent fraction fT of atoms that reaches the channeltron is given
by
(2Rd )2
fT ≈
,
(4.18)
2π σy (tf )σz (tf )
vx,0 =

with σy,z (tf ) the
q rms width (Eq. (4.10)) in the y and z direction, respectively, at the
time tf = (vx + vx2 − 2gx0 )/g at which the atoms arrive at the detection plate. The
approximation of the integral in Eq. (4.16) is valid as long as T > 10 µK.
Fitting Eq. (4.16) to the time-dependent metastable atom spectrum yields the
temperature of the atom cloud. The number of atoms can be found by integrating the
metastable atom signal (Eq. (4.16)) on the channeltron over time and calibrating the
number of atoms. The atom number is calibrated by measuring the number of atoms
with fluorescence detection and metastable atom TOF for different temperatures.
Figure 4.5 shows a typical Time of Flight (TOF) measurement of the temperature in
the MOT using the metastable atom TOF technique described above.
The uncertainty in the temperature obtained from the fit is determined by the
signal to noise ratio and is typically about 10 %. The dominating contribution to the
relative uncertainty in the number N of atoms is the uncertainty in the calibration
factor ηcal . The uncertainty in this factor is determined by the relative uncertainty
in N obtained with fluorescence detection. The background count rate is typically
about 10 % of the measured signal.
Truncated Maxwell-Boltzmann distribution
In experiments in which the trap is truncated at εt = ηkB T , e.g. during evaporative
cooling experiments, the Maxwell-Boltzmann distribution is truncated for timescales
short compared to the thermalization time. However, this truncated energy distribution is almost identical to a Boltzmann distribution of a thermalized cloud at a
much lower temperature, because the trap is truncated in total energy, whereas the
distribution of the ballistically expanding cloud is given by its kinetic energy alone.
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Figure 4.5: Metastable atom TOF spectrum (solid line) and fit (broken line) of
atoms in the MOT. At time t = 0 s, the atoms are released from the trap.
The temperature and number of atoms obtained from the fit are respectively
T = (1.53 ± 0.02) mK and N = (2.0 ± 0.3) × 109 atoms.

To obtain the correct temperature of non-thermalized clouds with metastable atom
TOF, a truncated Maxwell-Boltzmann distribution instead of Eq. (4.11) has to be
taken into account in the analysis. This truncated Maxwell-Boltzmann distribution
is given by


1 M  2
2
2
Pv,t = P1 F (T , vx , η) exp −
vx + vy + vz ) + η ,
(4.19)
2 kB T
where

√
2Mv 2
ζ[4η + 6 − kB Tx ] − 3 π er f (ζ)
√
F (T , vx , η) =
,
√
√
−4η3/2 − 6 η + 3 π er f ( η)eη
r

with ζ =

(4.20)

2

Mvx
− 2k
+ η, P1 = 2P0 Mωρ ωz /(π kB T ), and ωρ and ωz , respectively, the
BT

radial and axial trapping frequencies.
Experimental implementation
When the MT is switched off, the magnetic field overshoots and goes through zero.
As a result, the |mJ = 2i spin-polarized particles in the MT can make transitions
to other magnetic sub-states. In addition, these magnetic fields together with other
stray magnetic fields present, influence the position and velocity of all atoms except
those in the |mJ = 0i state, causing a broadening of the TOF signal. To eliminate this
broadening effect, all atoms with |mJ ≠ 0i are deflected by a magnetic field gradient
generated by an extra magnetic coil along the flight path. This coil is positioned at
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z = 150 mm, perpendicular to the z−axis, has a diameter of 160 mm and consists
of 310 turns. It is switched on (τ = 1.2 ms) with a ttl-pulse when the MT is switched
off and generates a field of 5.3 G at the trap center for a current of 1.7 A.
The detection efficiency of the channeltron can be adjusted with a grid in front
of the channeltron, over which a switchable voltage between −150 and +150 V is
placed. For measurements of the temperature in the MOT, the grid voltage is set to
zero because the large signal from the MOT will otherwise destroy the channeltron
by sputtering away the high resistance surface. Saturation of the channeltron occurs
when the total amount of charge in the channeltron becomes equal to ∼ 109 electrons. The space-charge repels the emitted secondary electrons which no longer generate (effectively) an avalanche of electrons. As a result, the countrate is no longer
proportional to the number of detected particles. Moreover, the ‘dead’-time of the
channeltron limits the countrate that can be measured to typically ∼ 100 MHz. It is
therefore important to make sure that the detected signal is far below this limit.
For measurements of the temperature in the MT, a larger detection efficiency
is required, due to the smaller signal. Typically, the voltage on the grid is set to
∼ +10 V. The ability to put a voltage of +150 V on the grid makes the detection
of small samples (< 106 atoms) of atoms, e.g. after an evaporative cooling ramp,
possible.
The advantages of metastable atom TOF over fluorescence and absorption imaging are that both the atom number and temperature of either the MOT or MT can
be determined in a single measurement. In addition, smaller samples of atoms can
be detected. Drawbacks of this method are that the atom number needs to be calibrated using either fluorescence detection or absorption imaging, the analysis of
the measurements is more complex, and the volume of the atom cloud cannot be
determined in this way.
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Introduction

As described in Chapter 2, we need an as favorable as possible ratio R of ‘good’ to
‘bad’ collisions to start and keep efficient evaporative cooling towards the BEC phase
transition going. To achieve a large ‘good’, elastic collision rate, we need to both
optimize the number of atoms in our trap and to minimize the temperature.
The first step towards this goal is optimizing the number of atoms in our MagnetoOptical Trap (MOT), which has been extensively described in [1, 2] and is summarized
in Chapter 3. Secondly, we have to make sure that we transfer these atoms with
minimum loss of number, and gain in temperature to our Magneto-static Trap (MT).
Third, the rate of evaporation as compared to the thermalization and loss rate needs
to be optimized. To accomplish this, knowledge of the loss rate due to background
gas and ionizing collisions and the thermalization rate is essential.
In this chapter, measurements on the progress towards BEC of Ne∗ are presented.
In Sec. 2, measurements on the optimization of the transfer from MOT to MT are
discussed. First evaporative cooling ramps are presented in Sec. 3, and first measurements on the thermalization rate are discussed in Sec. 4. The loss of atoms from
the trap due to the effective lifetime τef f of the trapped atom cloud and two-body
losses is investigated in Sec. 5. From the latter measurements, an upper limit on
the suppressed ionization rate constant is established. Tools to improve and measurements on improving the initial temperature in the MT to accommodate efficient
evaporative cooling, are discussed in Sec. 6. Finally, conclusions are presented in
Sec. 7.

2

Transfer from MOT to MT

To minimize loss of phase-space density in the transfer from MOT to MT, the atoms
need to be spin-polarized in the fully stretched |mJ = 2i state (see Chapter 3). The
transfer process consists of three steps. First, the atoms are loaded into the MOT (I).
Secondly, the MOT and second Zeeman slower magnetic field and light are switched
off, and a σ + -polarized laser pulse is applied to spin-polarize the atoms (II). This
pulse has an intensity of Ispp = 3 mW/cm2 and is resonant with the |3 P2 i |J = 2, mJ i
to |3 D3 i |J = 3, mJ + 1i transition (see Chapter 3). A homogeneous bias magnetic
field of 4.3 G provides the atoms with a quantization axis. Immediately thereafter,
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I

II

III

Figure 5.1: Number of atoms N in a transfer experiment as a function of time,
obtained with fluorescence detection in the MOT. The transfer efficiency from MOT
to MT is given by the ratio of the two broken lines indicated in the figure.

the MT is switched on and all low field seeking atoms are trapped (III).
We determine the transfer efficiency by measuring the number of atoms in the
MOT before the transfer, and the number of atoms in the MT immediately after the
transfer, using fluorescence detection (see Chapter 4). Figure 5.1 shows a typical
transfer experiment. After the transfer, the atoms are held for 100 ms in the MT
to make sure that all untrapped atoms have left the trapping region. Then the MT
is switched off and the MOT switched on again to recapture the atoms that were
trapped in the MT.
Figure 5.1 shows the fluorescence signal during a transfer experiment as a function of time. The small decrease in the fluorescence signal just before t = 0, during
the loading of the MOT, occurs because the Zeeman slower light is switched off faster
than the MOT light and magnetic field. While the atoms are held in the MT, no light
is scattered, therefore, the fluorescence signal is zero. The large peak in the recaptured signal is an artefact caused by the switch off of the MT field. The recaptured
signal decreases due to the finite lifetime of the trap. The background fluorescence
is measured by switching off the MOT for 100 ms, in which all trapped atoms escape, and then switching the now empty MOT on again. The broken lines indicate
the number of atoms in the MOT and the MT, respectively. The ratio between the
latter and the former gives the transfer efficiency.
Important parameters in optimizing the transfer efficiency are the spin-polarization pulse length, intensity, detuning and polarization, and the magnitude of the
quantization field. Figure 5.2 gives the transfer efficiency as a function of the spinpolarization pulse length τspp . After an initial rapid increase of the transfer efficiency with τspp , the transfer efficiency saturates to about 70 % for spin-polarization
pulses of 75 − 500 µs. Longer pulses lead to heating and therefore an increasingly
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Figure 5.2: Transfer efficiency from MOT to MT as a function of the spinpolarization pulse length τspp . An optimum transfer efficiency of 70 % is achieved
for spin-polarization pulses of 75 to 500 µs.

bad mode-matching between MOT and MT and a correspondingly decreasing transfer
efficiency.
The transfer efficiency is nearly independent of the spin-polarization pulse intensity as long as it is larger than a lower limit of about 2 mW/cm2 . The transfer efficiency can be slightly improved by matching the detuning ∆spp of the spinpolarization pulse from resonance to the Zeeman shift ∆Z ≈ −0.7Γ (Eq. (1.3)) of the
atoms, due to the presence of the quantization field. An optimum transfer efficiency
of ≈ 80 % has been achieved for ∆spp = −1.5Γ . This larger optimum value of the
spin-polarization pulse detuning is probably due to the decrease of pulse intensity
with absorption of the cloud (see Chapter 4). This effect becomes less important at
larger detunings.
The maximum achievable transfer efficiency is probably limited by the imperfect
+
σ -polarization (ellipticity Û 5 %) of the spin-polarization pulse. The magnitude of
the quantization field does not significantly affect the transfer efficiency for fields in
the range of 1.4 to 7.2 G.
The transfer efficiency depends also on the mode-matching between the MOT
and MT. For an optimum transfer of atoms, the size and position of the MOT should
match the size and position of the MT, which are determined by the temperature
of the cloud and the trap parameters. For MOTs of increasing size we expect the
mode-matching to deteriorate, and the transfer efficiency to go down. The highest
initial number of atoms in the MT would therefore be achieved by optimizing the
product of the transfer efficiency and the initial number of atoms in the MOT.
Both the transfer efficiency (filled squares) and the corresponding number N of
atoms in the MT (open circles) are shown as a function of the number NMOT of atoms
in the MOT in Fig. 5.3. Although the transfer efficiency slightly decreases with an
increasing number of atoms in the MOT, N still increases almost linearly with NMOT .

66

Chapter 5

Figure 5.3: Transfer efficiency from MOT to MT (filled squares) and the corresponding number N of atoms in the MT (open circles) as a function of the number
NMOT of atoms in the MOT. Although the transfer efficiency slightly decreases for
larger MOTs, N still increases almost linearly with NMOT .

This is also the case when we vary the detuning and therefore the temperature and
size of the MOT. In addition, the transfer efficiency depends only very slightly on the
bias field of the MT (which determines the strength of the radial confinement), and
the exact position of the MOT. Clearly, the mode-matching between MOT and MT is
rather robust, and has only a small influence on the transfer efficiency.

3

Evaporative cooling ramps

The next step in creating a BEC is rf-induced evaporative cooling of the atom cloud
to temperatures below the BEC phase transition. The evaporative cooling process
can be optimized by varying the initial ωr f ,i and final ωr f ,f rf-frequencies, and the
duration t of the linear ramps of the rf-frequency (see Chapter 2). If the rf-frequency
is ramped down too quickly, no rethermalization can take place and the energy
distribution of the atoms is simply truncated. Therefore, the final temperature Tf
after a ramp should decrease with increasing t, as long as t is (much) smaller than
the lifetime of the trap due to losses, and no thermal equilibrium has been reached
yet. In addition, Tf should decrease with decreasing ωr f ,f , if rethermalization takes
place.
First evaporative cooling ramps have been performed to determine and optimize
the evaporative cooling efficiency. To enhance the elastic collision rate and to make
the evaporation more efficient, the MT is first adiabatically compressed in 500 ms
by reducing the bias magnetic field from 86 G to 1.7 G (see Chapter 3). After compressing the MT, we let the atoms equilibrate for 100 ms. The rf-frequency is then
ramped down from ωr f ,i = 80 (2π ) MHz to ωr f ,f = 60, 40, 30 (2π ) MHz in 5, 7, 9,
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Figure 5.4: Final temperature Tf after an evaporative cooling ramp from
ωr f ,i = 80 to ωr f ,f = 30 (2π ) MHz as a function of time.

and 11 steps of 150 ms. After applying these evaporative cooling ramps, the atoms
are released from the trap and both the number of atoms and the final temperature
are determined with metastable atom TOF (see Chapter 4). Typical initial conditions
in the MT are τef f ≈ 4 s, Ti ≈ 1.2 mK and Ni ≈ 8 × 108 atoms, corresponding to an
average density hni ≈ 7 × 109 atoms/cm3 .
The final temperature Tf after a ramp from 80 MHz to 30 MHz in 5, 7, 9, and
11 steps of 150 ms is shown in Fig. 5.4. The temperature is more or less constant
or even increases a little with time. This could either mean that no, or very fast
thermalization takes place. In Fig. 5.5, we see that Tf decreases with decreasing
ωr f ,f , indicating that rethermalization of the atom cloud takes place.
An estimate of the absolute value of the scattering length |a| might be obtained
from evaporative cooling ramps by comparing them to simulations with a as a free
pol
parameter (see Chapter 2). Assuming βc = 1 × 10−12 cm3 /s, we find for ramps
from ωr f ,i = 80 (2π ) MHz to ωr f ,f = 60, 40, 30 (2π ) MHz with a duration of 0.75 s
+40
(shown in Fig. 5.5) and 1.65 s, respectively, |a| = 150+60
−30 a0 and |a| = 90−25 a0 .
pol
Here βc is the critical suppressed ionization rate constant for efficient evaporation
(see Chapter 2). The stated uncertainty in a is determined by the uncertainty in
the temperature. The magnitude of the suppressed ionization rate constant is not
important for these low densities and short ramping times.
For both ramping times the results of the different ramps are consistent with
each other. However, the unitary limit (Eq. (1.11)) at Ti = 1.2 mK corresponds to
|a| = 85 a0 , or a rethermalization rate ΓT = 2 s−1 . Therefore, the low Tf achieved
for the short ramps of Fig. 5.5 cannot be solely due to rethermalization of the atom
cloud. The observed decrease in Tf with decreasing ωr f ,f could also be due to a
simple truncation of the energy distribution of the atom cloud (see Chapter 4).
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Figure 5.5: Final temperature Tf after an evaporative cooling ramp from
ωr f ,i = 80 to ωr f ,f = 60, 40, 30 (2π ) MHz in five steps of 150 ms.

If evaporative cooling through rethermalizing collisions takes place, the final temperature achieved with an evaporative cooling ramp should decrease with increasing
initial density. This is the only unambiguous measure of evaporation. Figure 5.6
shows Tf after a ramp from ωr f ,i = 80 to ωr f ,f = 30 (2π ) MHz as a function of the
initial number NMOT of atoms in the MOT. Because the number of atoms in the MOT
is varied by partially blocking the atomic beam, this corresponds to changing the
initial density in the MT, assuming a constant transfer efficiency. The latter is a reasonable approximation, since the transfer efficiency depends only weakly on NMOT ,
as we have seen in Sec.2. From Fig.5.6 it is, however, clear that no such density dependence exists. Apparently, the elastic collision rate is too low for any appreciable
cooling to take place.
In Chapter 7 we will see that the elastic collision cross section of Ne∗ is temperature-dependent for the range of initial temperatures in our MT. Assuming a temperature-dependent elastic collision cross section in the evaporative cooling simulations,
the low final temperatures observed in the experiments could not be reproduced.
In addition, the initial thermalization rate in the unitary limit is in this description
a factor of three lower: ΓT = 0.7 s−1 . Clearly, this is too low for complete rethermalization to take place for our evaporative cooling ramps. Apparently, the low
temperatures observed in the experiments are due to the removal of hot atoms from
the trap, and not due to rethermalization of the atom cloud (see Chapter 4).
Because the elastic collision cross section is strongly temperature-dependent,
the initial temperature should be lowered for any appreciable rethermalization and
therefore evaporation to take place. In the next sections, we will take a closer look
at the thermalization and loss rate, to see whether or not they are consistent with
this picture.
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Figure 5.6: Final temperature after an evaporative cooling ramp from ωr f ,i = 80
to ωr f ,f = 30 (2π ) MHz for different initial number NMOT of atoms in the MOT.

4

Measurement of the thermalization rate

The rethermalization rate and correspondingly the scattering length can be determined in a number of ways. Firstly, an estimate of the scattering length may be
obtained by comparing evaporative cooling simulations for different values of the
scattering length to experimental evaporative cooling ramps, as we have done in the
previous section. Secondly, the scattering length can be obtained by measuring the
refilling of the Boltzmann tail, after creating a truncated distribution of atoms. Using
a rf-pulse, hot atoms are removed from the trap and the high temperature tail of the
Boltzmann distribution refills through rethermalizing collisions. Measurements on
the refilling of the Boltzmann tail are presented in Subsec. 4.1.
The most common method is to monitor the relaxation of the size or temperature
of the atom cloud towards an equilibrium value, after preparing an atomic cloud with
a non-thermal distribution. The relaxation towards a thermal equilibrium again takes
place through rethermalizing collisions. In Subsec. 4.2, a relaxation measurement of
the rms size of the atomic cloud, using Time of Flight (TOF) absorption imaging (see
Chapter 4), is discussed.

4.1

Refilling of the Boltzmann tail

The scattering length can be determined from the refilling of the Boltzmann tail
through rethermalizing collisions [3]. This process is schematically depicted in
Fig. 5.7. First, we efficiently remove all atoms N+ (t) in the Boltzmann tail of the
distribution with an energy E ≥ εt = ηkB T = ωr f − (3/2)µB B0 , using a powerful
(≈ 6 W) 100 ms rf-pulse of frequency ωr f = 120 (2π ) MHz [4] (Fig. 5.7a)). Here εt
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Figure 5.7: Schematic illustration of the refilling of the Boltzmann tail. a) The first
rf-pulse removes all atoms with an energy E ≥ εt = ηkB T . b) During the delay time
t the tail refills through rethermalizing collisions. c) The second rf-pulse removes
all atoms that have repopulated the Boltzmann tail.

is the trap depth, η the truncation parameter, kB Boltzmann’s constant, µB the Bohr
magneton and B0 the bias magnetic field of the MT. When rethermalizing collisions
occur, the tail is repopulated and N+ (t) increases as a function of time, whereas
the number of trapped atoms N− (t) with E ≤ ηkB T decreases (Fig. 5.7b)). After a
variable delay time t, a second rf-pulse, identical to the first, is applied, removing all
atoms N+ (t) from the trap (Fig. 5.7c)).
Repopulation of the Boltzmann tail is observed by comparing the number of
(2)
(1)
atoms N− remaining in the trap after two rf-pulses, to the number of atoms N−
remaining in the trap after only one rf-pulse is applied. The fraction of atoms that
has repopulated the Boltzmann tail δ+ (t) in the time t after the first rf-pulse is then
given by
(1)
(2)
N− (t) − N− (t)
δ+ (t) =
.
(5.1)
(1)
N− (t)
Because we look at the fraction, instead of the absolute number of atoms in the tail
of the distribution, we eliminate to first order the dependence of our results on the
decay time of the trap population due to the effective lifetime of the cloud.
The differential equation governing the repopulation of the Boltzmann tail [3]
results in the following analytical form for δ+ (t)
(


−1 )
τef f
(1)
(1)
(1)
−t/τef f
δ+ (t) = δ+ 1 + (1 − δ+ ) δ+ − exp
(1 − e
)
.
(5.2)
τT
Here the time constant for rethermalization τT is defined as
!
!
√

(1)
2
δ+
Ve
,
τT =
(1)
n0 hviσ
e−η Vev
1 − δ+
(1)

(1)

(1)

(1)

(5.3)

with δ+ = N+ /(N+ +N− ) the fraction
removed by the first rf-pulse, n0 the density
p
at the center of the trap, hvi = 4 kB T /M the relative average velocity, σ the elastic
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Figure 5.8: Measured fraction of atoms δ+ (t) with total energy E ≥ η kB T as a
(1)

function of the delay time t between the two rf-pulses for N− = (1.4 ± 0.5) × 108
atoms, Ti = (1.3 ± 0.1) mK and n0 = (5 ± 2) × 109 atoms/cm3 . The full curve is a
fit to the data obtained with Eq. (5.2).

collision cross section, Ve = N/n0 a reference volume, and Vev the effective volume
for elastic collisions leading to evaporation [5].
Using fluorescence detection, we measure N− (t) after the first and second rfpulse as a function of the delay time t between the two pulses. A typical example is
(1)
(1)
shown in Fig. 5.8 for δ+ = 0.35, N− = (1.4 ± 0.5) × 108 atoms, Ti = (1.3 ± 0.1) mK,
and τef f ≈ 2 s, corresponding to n0 = (5 ± 2) × 109 atoms/cm3 . The measured
fraction of atoms δ+ (t) that has repopulated the Boltzmann tail, is given as a function of the delay time between the two rf-pulses. From Fig. 5.8 it is clear that the
Boltzmann tail is indeed repopulated: the loss fraction δ+ (t) increases rapidly towards an asymptotic value. Fitting Eq. (5.2) to the data yields τT = (2.0 ± 0.3) s,
corresponding to σ = (1.6 ± 0.7) × 106 a20 . This is much larger than the unitary limit
of σ (max) = 1.7 × 105 a20 (Eq. (1.11)), corresponding to a time constant for rethermalization of τT = 18.5 s. Clearly, the observed refilling of the Boltzmann tail must be
due to other processes.
The above analysis assumes that refilling of the Boltzmann tail only occurs through
elastic collisions. However, refilling of the Boltzmann tail may also take place through
density-independent heating, due to scattering of stray light and collisions with
the background gas (see Chapter 1). Therefore, we have also determined the heat(1)
ing rate by measuring δ+ as a function of the time the atoms spend in the MT.
We foundR a heating rate of Ṫ = 80 µK/s. Substituting T (t) = Ti + Ṫ × t into
∞
N+ (t) = εt f (ε)ρ(ε)dε (see Chapter 2) yields the corresponding refilling of the
Boltzmann tail, which is close to the observed refilling. Here f (ε) and ρ(ε) are
respectively the energy distribution function (Eq. (2.7)) and the energy density of
states (Eq. (2.6)). Clearly, the refilling of the Boltzmann tail is mostly due to density-
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independent heating.
The heating rate should be reduced considerably before the elastic collision cross
section and the scattering length can be determined from this measurement. Moreover, the rethermalization rate should be increased to values larger than the loss rate
due to the effective lifetime of the cloud, or ΓT Ý 1 s−1 . Decreasing the initial temperature and increasing the initial number of atoms by a small amount will already
increase the rethermalization rate (in the unitary limit) to large enough values.
The heating rate can be reduced by careful shielding of the trap from stray light
and reducing the background gas pressure. For the refilling of the Boltzmann tail due
to heating to be smaller than the refilling through rethermalizing collisions (in the
unitary limit, and for the experimental conditions of this measurement), the heating
rate should be much smaller than Ṫ ≈ 64 µK/s. After shielding the trap from stray
light, we found a heating rate Ṫ Ü 15 µK/s, small enough to observe a significant
refilling of the Boltzmann tail through rethermalizing collisions instead of heating.
However, we have not been able to extract a value of a from these measurements,
due to a bad signal to noise ratio and reproducibility.
A major disadvantage of this measurement technique is that monitoring the refilling of the Boltzmann tail is not a very sensitive method to measure the elastic
collision rate, since it is clear from Eq. (5.3) that a large number of elastic collisions
(typically 68 for this measurement) are required before any refilling of the tail takes
place. As a result, this method is not very suitable to determine the elastic collision
rate.

4.2

Relaxation experiment

The standard way to measure the rethermalization rate is with a relaxation measurement of the size of the atom cloud, after establishing an anisotropic temperature distribution. An anisotropic temperature distribution is achieved by rapid radial com1 ∂ω
pression of the MT. When the trap is compressed adiabatically, i.e. Γc = ωρ ∂tρ < ωρ ,
but at a much larger rate than the rethermalization rate ΓT , energy is only added in
the radial direction, creating an anisotropic temperature distribution Tρ > Tz . Here
ωρ is the radial trapping frequency and Tρ and Tz the temperature along the radial
and axial direction respectively. This excess energy will be redistributed equally over
all dimensions through elastic collisions until a new equilibrium with (in the absence
of heating) Teq = (2Tρ + Tz )/3 is reached.
During this equilibration process, the rms size σρ of the cloud relaxes exponeneq
tially from its initial value σρ (0) to an equilibrium value σρ [6]
eq

eq

σρ (t) − σρ = (σρ (0) − σρ ) exp (−t ∗ /τT ).

(5.4)

Here the time constant for rethermalization τT is given by
τT =

1
,
hσ iT hnihvi

(5.5)

R∞
R∞
with hσ iT the rethermalization cross section and hni = 0 n2 (~
r )d3 r / 0 n(~
r )d3 r
the average density. During the relaxation measurement, the density decreases due
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Figure 5.9: Relaxation of the rms width along the y−axis as a function of time,
after rapid radial compression of the atom cloud for Ni = (7 ± 1) × 108 atoms,
Ti = (1.0 ± 0.2) mK and τef f ≈ 4 s. The solid line is an exponential fit (Eq. (5.4))
to the data.

to trap losses. Taking this time-dependence
of the density into account, the renorRt
∗
∗
malized time t is defined as t = 0 hn(t)idt/hn(0)i, with n(t) given by N(t)/Vef f
as defined in Eqs. (5.7) and (5.9). This approach is valid as long as the loss rate Γloss
is smaller than the thermalization rate ΓT (or R > 1).
We create an anisotropic temperature distribution with a τc = 30 ms linear ramp
of the bias magnetic field from 86 to 1.7 G, which increases the radial trapping
frequency from 45 to 352 (2π ) Hz. After a variable holding time ranging from 15 ms
to 2 s, in which the atoms can rethermalize, the trap is switched off and the rms
width in the x− and y− direction are measured with TOF absorption imaging. The
resulting absorption profiles are fitted with Eq. (4.7), to obtain the rms widths in the
x− and y−direction.
A typical measurement is shown in Fig. 5.9 for Ni = (7 ± 1) × 108 atoms,
Ti = (1.0 ± 0.2) mK and τef f ≈ 4 s. All data points are averages over several
measurements. The error bars are due to the difficulty of reproducing the same MT
for each subsequent destructive relaxation measurement. Fitting Eq. (5.4) to the
data, we obtain τT = (0.11 ± 0.06) s, corresponding to hσ i ≈ 2.5 × 105 a20 .
This value for the rethermalization cross section is about one order of magnitude larger than the unitary limit hσ (max) i = 2.7 × 104 a20 (Eq. (1.11)). Therefore,
we can again conclude that, under these experimental conditions, the relaxation of
the atom cloud mostly occurs through density-independent processes, instead of
rethermalizing collisions. Indeed, calculations by Gommers [7] show that the observed relaxation of the rms size of the atom cloud can entirely be explained by
density-independent, anharmonic mixing.
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The anharmonic mixing rate, given by the coupling between the motional degrees of freedom (see Chapters 2 and 3), decreases rapidly with decreasing temperature. At T = 0.5 mK, the time constant for mixing has increased from ≈ 0.1 s at
T = 1.0 mK to ≈ 3 s, whereas the time constant τT for rethermalization in the unitary limit has decreased from 1 to 0.13 s. Therefore it should be possible to measure
the rethermalization rate for T Ü 0.5 mK.

5

Losses

To achieve a large ratio R of ‘good’ to ‘bad’ collisions for efficient evaporative cooling,
not only the elastic collision rate Γel should be sufficiently large, but also the loss
rate Γloss should be small enough. The loss rate in the MT is determined by losses
due to the effective lifetime τef f of the cloud and ionizing collisions (Eq. (1.8)).
A measurement of the effective lifetime of the cloud due to the finite lifetime of
the metastable state and background gas collisions is discussed in Subsec. 5.1. In
Subsec. 5.2, the loss rate due to two-body collisions, e.g. ionizing collisions, is
determined.

5.1

Effective lifetime MT

The evolution of the number of atoms in the MT is given by
N(t)
∂N(t)
= Ṅef f + Ṅion = −
− βpol
∂t
τef f

Z

n2 (~
r , t)d3 r ,

(5.6)

with Ṅef f and Ṅion respectively the loss of atoms from the trap due to the effective lifetime τef f of the atom cloud (see Chapter 1) and ionizing collisions, βpol the
suppressed ionization rate constant and n(~
r , t) the density. By defining an effective
trap volume Vef f given by
Vef f = N/hni,
(5.7)
Eq. (5.6) can be written as
N(t) βpol N 2 (t)
∂N(t)
=−
−
.
∂t
τef f
Vef f

(5.8)

The number of atoms N(t) in the MT is then given by
Ni exp (−t/τef f )

N(t) =
1+

βpol τ

ef f Ni

Vef f

,

(5.9)

[1 − exp (−t/τef f )]

with Ni = N(0) the initial number of atoms in the MT.
Substituting βpol = 0 in Eq. (5.9) gives the purely exponential trap decay
N(t) = Ni exp (−t/τef f )

(5.10)
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Figure 5.10: Decay of the number of atoms in the MT as a function of time t. All
data points (filled squares) are the average of 5 − 6 measurements. The data is
fitted with Eq. (5.10) (solid line).

with effective lifetime τef f , due to background gas collisions and the finite lifetime
of the metastable state. Similarly, substituting τef f → ∞ yields the decay of the
number of atoms due to ionization
N(t) =

1+

Ni
,
pol
(β Ni /Vef f )t
pol

(5.11)

characterized by a ‘time constant’ for ionization τion = Vef f /(βpol Ni ).
To determine the effective lifetime τef f , we measure the number of atoms in the
trap as a function of time using fluorescence detection (see Chapter 4). Figure 5.10
shows a typical measurement of the effective lifetime of the MT. All data points are
the average of 5 − 6 measurements. The atoms are held for a variable time t in the
trap, in which they can collide with the background gas or ionize, leading to loss of
atoms from the trap. Then the MT is switched off and the atoms are recaptured in
the MOT.
For this measurement and generally for the low initial densities in our MT (∼ 1010
atoms/cm3 ), the time constant for ionization is typically ∼ 100 s (assuming βpol =
pol
βc = 1 × 10−12 cm3 /s), whereas τef f ≤ 14.7 s [8]. Therefore, initially, heating and
loss due to background gas collisions are dominant. With increasing density during
the evaporative cooling process, the ionization rate increases and ionizing collisions
become the dominant loss process. Fitting the data with Eq. (5.10) yields an effective
lifetime of τef f = (7.6 ± 0.2) s. The effective lifetime is strongly dependent on the
presence of stray light and the Ne∗ gas load from the source (see Chapter 3). Long
lifetimes of ∼ 8 s could only be accomplished by careful shielding of the MT from
stray light and closing the valve between the beamline and the differential pumping
chamber.
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Figure 5.11: Number Nhold of atoms in the MT after thold = 0.5 s as a function
of the initial number of atoms Ni for both 20 Ne∗ (filled squares) and 22 Ne∗ (open
circles). The solid lines are fits to the data using Eq. (5.9) and the dotted line shows
the behavior of N(thold ) versus Ni for density-independent losses only (Eq. (5.10)).

5.2

Two-body losses

It is clear from Eqs. (5.6) and (5.8) that the ionization rate Ṅion /N increases linearly
with density, contrary to the loss rate due to the effective lifetime of the cloud.
Therefore, measuring the loss rate as a function of density will yield the two-body
loss rate, which is an upper limit on the ionization rate.
We measure the two-body loss rate as a function of the initial number Ni of atoms
in the MT in the following way. First we transfer the atoms from the MOT to the MT,
after which we adiabatically compress the MT. Using fluorescence detection after
recapture in the MOT, we measure the number of atoms Ni at t = 0 and Nhold after
a hold time of thold = 0.5 s in the MT in two separate measurements. We repeat
this set of measurements for different initial number Ni of atoms in the MT for both
bosonic isotopes of Ne∗ . We vary Ni by partially blocking the atomic beam, leaving
the temperature and therefore the volume of the atom cloud unchanged.
The result is shown in Figure 5.11 for 20 Ne∗ (filled squares) and 22 Ne∗ (open
circles). If only background gas collisions would lead to particle loss, the number
Nhold of atoms at thold would be proportional to Ni (dotted line). The clear departure
from linear behavior is evidence of two-body losses. Fitting Eq. (5.9) to the data and
using T = 1.2 mK and τef f = 7 s, we find βpol = (4.8 ± 0.5) × 10−11 cm3 s−1 and
βpol = (4 ± 1) × 10−11 cm3 s−1 for 20 Ne∗ and 22 Ne∗ , respectively. This is only a
suppression of ionization by spin-polarization by a factor of 10.
However, collisions between unpolarized |mJ = +1i and spin-polarized |mJ = +2i
atoms, characterized by an unsuppressed ionization rate constant β = (5±3)×10−10
cm3 /s [2], may occur if the spin-polarization of the atoms is imperfect. The evolution
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of the number of atoms is then given by
∂N
N(t) 2βf (1 − f )N 2 (t) β(1 − f )2 N 2 (t) βpol f 2 N 2 (t)
=−
−
−
−
,
∂t
τef f
Vef f ,12
Vef f ,11
Vef f ,22

(5.12)

with f the fraction of spin-polarized atoms, and Vef f ,ij the effective volume for
collisions between |mJ = +ii and |mJ = +ji atoms. The dominant contribution
to two-body losses are collisions between |J = 2, mJ = +2i and |J = 2, mJ = +1i
atoms, or the second term in Eq. (5.12).
For a suppression of ionization by a factor of ≥ 100, a spin-polarized fraction
of f = 0.86 and f = 0.89 for 20 Ne∗ and 22 Ne∗ , respectively, also agrees with the
data. Although a spin-polarized fraction of f = 0.86 is a bit low, it is not unrealistic,
since the error in f is about 15 %, due to the uncertainty in the temperature and
effective lifetime of the MT. Therefore, a suppression by a factor of 10 is a lower
limit. In addition, the largest suppression of ionization that can be determined from
these measurements is a factor of 100, because it is nearly impossible to distinguish
between a suppression of ionization by a factor of 100 or more at these low densities (hni = 6 × 108 − 2 × 1010 atoms/cm3 for 20 Ne∗ and hni = 4 × 109 − 1 × 1010
atoms/cm3 for 22 Ne∗ ). Repeating these measurements at lower temperatures and
therefore higher densities, should yield a better estimate of the suppressed ionization rate constant.

6

Decreasing initial temperature

We have seen in Chapter 2 that efficient evaporative cooling places demands on the
value of the scattering length, the suppressed ionization rate constant and the initial
conditions in the MT. Measurements on the thermalization rate of Ne∗ (Sec. 4) have
shown that lower initial temperatures in the MT (Ti ≈ 0.5 mK) are necessary to be
able to neglect anharmonic mixing effects and to determine the scattering length.
Moreover, lower initial temperatures are a prerequisite to observe appreciable evaporative cooling (Sec. 3). And last but not least, lower initial temperatures are also
necessary to obtain a better estimate of the suppressed ionization rate constant.
Here we discuss how the initial temperature in the MT can be improved.
Molasses and compression
The temperature can be minimized by cooling the atoms in a three-dimensional (3D)
molasses [9–11] before they are transferred to the MT. Molasses consist of pairs of
counter-propagating opposite-circularly (σ + and σ − ) or orthogonal-linearly (lin⊥lin)
polarized laser beams. The dissipative force exerted by the molasses (see Chapter 1)
cools the atoms to the Doppler limit (Eq. (1.6)).
Although the temperature of the atoms in the MOT is equal to the Doppler temperature (Eq. (1.5)), they are usually not cooled to the Doppler limit because the
phase-space density in the MOT is not optimum for a detuning ∆ = −Γ /2 (see Chapters 1 and 3, Sec. 5). The Doppler limit can be easily achieved in molasses by tuning
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(1.2+- 0.1) mK

no molasses

(300+- 60) mK
with molasses

Figure 5.12: Rms size of the atom cloud obtained with TOF absorption imaging
for different expansion times t with (open circles) and without (filled squares) molasses. The molasses reduce the temperature from (1.2±0.1) mK to (300 ± 60) µK.

the detuning of the laser light. The temperature of the atom cloud in a molasses
can in principle even be reduced to values lower than the Doppler limit by using
polarization gradient forces [9].
We form a 3D molasses by first switching off the MOT light and magnetic field,
and then turning on the MOT light again. The field of the compensation coils is
adjusted to compensate for imbalances in the molasses beams and gravity. After
a cooling time τmol , we switch off the molasses and take TOF absorption images
of the expanding cloud to determine the temperature (see Chapter 4). The final
temperature in the molasses is optimized by varying the detuning ∆mol and intensity
smol of the molasses beams and the cooling time τmol .
Figure 5.12 shows the rms size of the atom cloud in the x−direction with (open
circles) and without (filled squares) molasses. For a molasses pulse with ∆mol =
−0.5Γ , smol = 0.18 and τmol = 300 µs, we find an optimum reduction in temperature
from Ti = (1.2 ± 0.1) mK without molasses to (300 ± 60) µK with molasses. The efficiency of the molasses pulse is limited by a non-perfect polarization, a non-uniform
intensity distribution and an intensity imbalance between the counter-propagating
laser beams due to attenuation by the atom cloud.
The volume of the atom cloud decreases ∝ T 3/2 for a harmonic trap and ∝ T 5/2
for a linear trap. To optimize the transfer to the MT, the volume of the atom cloud
should match the volume of the atom cloud in the MT corresponding to the lower
temperature after cooling in the molasses. This can be achieved by compressing
the atom cloud by decreasing the detuning of the molasses beams. A maximum
compression of the rms radius by a factor of 3 in 2 ms has been accomplished
by linearly ramping the detuning from −3.65Γ to −1.1Γ in 500 µs. This should be
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sufficient to match the volume of the atom cloud with the volume of the MT for
a change in temperature by a factor of 4.3 or 2.4 for a harmonic and linear trap,
respectively.
However, it turns out to be quite difficult to tune all steps -molasses, compression, spin-polarization pulse and transfer- so that the atoms are adiabatically transferred from the MOT to the MT. The phase-space density gained in the molasses
phase is largely lost in the next steps. This is probably due to a non-perfect overlap between the position and volume of the MOT, molasses and MT. As a result,
the added potential energy in the MT is converted to kinetic energy, increasing the
temperature in the MT almost to its value without molasses.
Doppler cooling in the MT
Fortunately, recently a simpler method to decrease the initial temperature in the MT,
which does not require so many different steps, has been demonstrated [12]. Low
temperatures and high densities at the start of the evaporative cooling process can
also be achieved by Doppler cooling the atoms in the MT with a one-dimensional
(1D) standing wave. Recently, Schmidt et al. [12] demonstrated Doppler cooling of
Cr atoms in the MT, greatly improving the initial conditions for evaporative cooling.
This method has the advantage that no loss of phase-space density due to mode
mismatching between MOT, molasses, compression phase, spin-polarization pulse
and MT occurs. Implementing Doppler cooling in the MT is therefore the next logical
step in obtaining better initial conditions in the MT.
With this technique, the axial degrees of freedom of the atoms in the MT are
cooled close to the Doppler temperature with a 1D standing wave of σ + − σ + light
along the z-axis. Through reabsorption of spontaneously emitted photons by the
optically dense cloud, cooling in the radial direction is achieved. With this cooling
technique, in the axial direction the Doppler limit (Eq. (1.6)), and in the radial direction temperatures of a few times the Doppler limit have been achieved for Cr [12].
Important for efficient cooling of the atoms are the quality of the polarizing light,
a certain offset magnetic field and a high optical density of the atom cloud. Depolarizing transitions that cause loss of atoms can occur for imperfectly polarized σ +
light. These unwanted depolarizing transitions can be greatly reduced by applying
an offset field B0 which increases the detuning of the depolarizing transitions with
respect to the polarizing transition. A high optical density increases the reabsorption of scattered photons and therefore the cooling rate in the radial direction.
An estimate of the experimental parameters for efficient Doppler cooling in the
MT can be made by calculating the steady state population of the |J = 2, mJ = +2i
ground state in a full rate equation model, taking optical pumping between the different magnetic substates into account [12]. According to these calculations, 86 %
of the 20 Ne∗ atoms will be cooled to the |J = 2, mJ = +2i ground state for our
minimum bias magnetic field of B0 = 1.7 G, a saturation parameter of s0 ∼ 10−4 , a
detuning of −0.5Γ from the 3 P2 |J = 2, mJ = +2i to 3 D3 |J = 3, mJ = +3i polarizing
transition, and an ellipticity of the σ + -polarized light of 9 %, assuming a harmonic
trap. Typical initial densities in our MT in the range hni = 109 − 1010 atoms/cm3
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should correspond to high enough optical densities for efficient cooling in the radial
direction.

7

Concluding remarks

We have been able to transfer 80 % of the atoms from the Magneto-Optical Trap
(MOT) to the MT by optimizing the spin-polarization of the atoms in the |mJ = 2i
state. As a result, we have a large initial number of atoms, typically Ni ≤ 1 × 109 , in
the MT. The initial temperature in our MT is typically Ti = 1.0 − 1.5 mK.
First evaporative cooling experiments for Ti ≈ 1.2 mK show that no appreciable
cooling is taking place. This is due to a low rethermalization rate and therefore a
too low ratio of ‘good’ to ‘bad’ collisions for (efficient) evaporative cooling to occur.
Decreasing the initial temperature should improve the evaporative cooling efficiency
considerably.
We have performed first thermalization experiments using two different measurement techniques: refilling of the Boltzmann tail and relaxation of the rms size of the
atom cloud. In the first experiment, refilling of the Boltzmann tail was mostly due to
density-independent heating instead of rethermalizing collisions. Careful shielding
of the trap from stray light reduced the heating rate to values much smaller than
the rethermalization rate in the unitary limit. In addition, for this particular measurement the rethermalization rate has to be increased to values larger than the loss
rate, to be able to determine the rethermalization rate and the scattering length.
This may be accomplished by a slight improvement of Ni and Ti .
In the relaxation experiment, the relaxation of the atom cloud turned out to be
mostly due to density-independent anharmonic mixing. Because this anharmonic
mixing rate decreases and the rethermalization rate increases with decreasing temperature, it should be possible to determine the elastic collision rate from this experiment at temperatures Ti ≤ 0.5 mK.
The loss rate is determined by background gas collisions, the effective lifetime
of the metastable state and ionizing collisions. Measurements on the decay of the
number of atoms with time yield an effective lifetime of the cloud of τef f = 7.6 s,
which is strongly dependent on the presence of stray light and the Ne∗ gas load from
the source. An upper limit on the ionization rate constant of βpol = (4.8 ± 0.5) ×
10−11 cm3 s−1 and βpol = (4 ± 1) × 10−11 cm3 s−1 has been established for 20 Ne∗ and
22
Ne∗ respectively, by measuring the two-body loss rate as a function of the initial
number of atoms. This corresponds to a suppression of ionization by a factor of 10
for spin-polarized atoms. A larger suppression of ionization could not be excluded
because the fraction of unpolarized atoms is not known, and the density is too low
(hni ≤ 2 × 1010 atoms/cm3 ) to be able to measure a suppression larger than a factor
of 100. Repeating these measurements at low initial temperatures and therefore high
initial densities (assuming a constant number of atoms) should yield an improved
value of the suppressed ionization rate constant.
Both the evaporative cooling ramps and the measurements on the rethermalization rate of Ne∗ point in the same direction: lower initial temperatures (Ti Ú 0.5 mK)
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in the MT are required to be able to determine the rethermalization rate, and to observe evaporative cooling. We have been able to reduce the initial temperature of the
atom cloud by a factor of four by cooling them in molasses. In addition, we are able
to compress the rms size of the atom cloud by a factor of three. However, difficulties in tuning the molasses, compression, spin-polarization and transfer phase lead
to heating. As a result, the initial temperature in the MT is only slightly lower than
it would be without molasses.
A lower initial temperature, equal to a few times the Doppler limit, may be accomplished by Doppler cooling the atoms in the MT with a 1D standing wave. This
cooling technique should be fairly easy to implement. Doppler cooling of Ne∗ atoms
to ≈ 2.5TD , with TD the Doppler limit (Eq. (1.6)), has recently been demonstrated by
the Hannover group [13].
In Chapter 6, we investigate the unique elastic collision dynamics of spin-polarized
∗
Ne , and its consequences for the feasibility of reaching the BEC phase transition.
We then use the quantum mechanical model developed in Chapter 6 to analyze recent data of the Hannover group [13] on the rethermalization cross section at lower
initial temperatures, in Chapter 7.
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[10] A.J. Kerman, V. Vuletić, C. Chin, and S. Chu. Phys. Rev. Lett., 84:84, 2000.
[11] L. Pruvost, I. Serre, H.T. Duong, and J. Jortner. Phys. Rev. A, 61:053408, 2000.
[12] P.O. Schmidt et al. J. Opt. Soc. Am. B, 20:960, 2003.
[13] P. Spoden and G. Birkl. private communications.

82

Chapter 5

6

Metastable neon collisions: anisotropy and
scattering length

The work described in this chapter has been published in Physical Review A [1].
V.P. Mogendorff, E.J.D. Vredenbregt, B.J. Verhaar and H.C.W. Beijerinck
Physics Department, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

In this paper we investigate the effective scattering length a of spin-polarized Ne∗ .
Due to its anisotropic electrostatic interaction, its scattering length is determined
by five interaction potentials instead of one, even in the spin-polarized case, a
unique property among the Bose condensed species and candidates. Because the
interaction potentials of Ne∗ are not known accurately enough to predict the value
of the scattering length, we investigate the behavior of a as a function of the five
phase integrals ΦΩ corresponding to the five interaction potentials.
We find that the scattering length has five resonances instead of only one and cannot be described by a simple gas-kinetic approach or the DIS approximation. However, the probability for finding a positive or large value of the scattering length
is not enhanced compared to the single potential case. We find that the induced
dipole-dipole interaction enables strong coupling between the different |JΩP MP i
states, resulting in an inhomogeneous shift of the resonance positions and widths
in the quantum mechanical calculation as compared to the DIS approach. The dependence of the resonance positions and widths on the input potentials turns out
to be rather straightforward.
The existence of two bosonic isotopes of Ne∗ enables us to choose the isotope with
the most favorable scattering length for efficient evaporative cooling towards the
Bose-Einstein Condensation transition, greatly enhancing the feasibility to reach
this transition.
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1

Introduction

Bose-Einstein Condensation (BEC) has been observed in cold, dilute samples of ground
state alkali atoms [2–5] and atomic hydrogen [6, 7]. In 2001, the first condensate of
atoms in an electronically excited state was obtained for metastable He[(1s)(2s) |3 S1 i]
[8, 9], referred to as He∗ . All these systems have an electron configuration with only
s-electrons in their open shells in common, resulting in an isotropic electrostatic
interaction.
The other candidate for achieving BEC with atoms in an electronically excited
state is metastable Ne[(2p)5 (3s) |3 P2 i], referred to as Ne∗ in this paper. Two groups
are pursuing this goal: the group of Ertmer in Hannover [10] and our group [11].
Metastable neon is unique among these species in that its binary electrostatic interaction is anisotropic, due to its (2p)−1 core hole [12].
Crucial in reaching the BEC phase transition is a large ratio of ‘good’ to ‘bad’
collisions, i.e., a large value of the elastic collision rate characterized by the total
cross section σ = 8π a2 for elastic collisions, with a the s-wave scattering length, and
a small rate for inelastic collisions and other loss processes. In addition, the creation
of a stable BEC requires a positive value of the scattering length. For metastable rare
gas atoms, such as He∗ and Ne∗ , the major loss process is Penning ionization in
binary collisions. Fortunately, the latter process is suppressed in a sample of spinpolarized atoms [12]. For He∗ , the suppression is very efficient: only spin flips due
to magnetic interactions result in some residual ionization. Theoretical predictions
[13–16] and recent experimental data [8, 9, 17–19] on residual ionization are in good
agreement.
For Ne∗ , the anisotropy in the electrostatic interaction determines the magnitude
of the residual ionization in a spin-polarized gas and has a profound influence on
the value of the scattering length. Theoretical estimates of the suppressed ionization rate constant βpol of Ne∗ predict a suppression of ionization by a factor in the
range of 10 − 1000 [12, 20], depending on the details of the interaction potentials.
In experiments in Hannover and Eindhoven, a lower limit on the suppression of ionization by a factor of 10 has been confirmed, but so far no conclusive experimental
data on the residual ionization rate of Ne∗ are available.
In addition, the anisotropy in the interaction results in different interaction potentials VΩ for the molecular states |J, Ωi of the colliding Ne∗ atoms, with Ω the absolute value of the projection of the total electronic angular momentum J~ = j~1 + j~2
of the two colliding atoms on the internuclear axis. For binary collisions of spinpolarized Ne∗ , we have J=4 and Ω = 0 through 4, depending on the relative orientation of the atoms during the collision. This is illustrated in Fig. 6.1, which shows
two colliding atoms in the Ω = 0 and Ω = 4 state, respectively, with the electronic
angular momentum j1,2 and the (2p)−1 orbital of the core hole indicated schematically.
Because the scattering length is determined by the phase integral of the interaction potential, these different potentials VΩ for Ne∗ correspond to different scattering lengths aΩ . Since there is no preference for a certain relative orientation of
the atoms (or Ω-state) during the collision, even for spin-polarized Ne∗ , the elastic
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Figure 6.1: Schematic view of two colliding Ne∗ |3 P2 i atoms in a spin-polarized
gas (S = 2, J = 4) for both the Ω = 0 and the Ω = 4 state. The orientation of
the electronic angular momentum j1,2 and the (2p)−1 core hole of the individual
atoms is indicated schematically.

collision cross section will be determined by an effective overall scattering length
a, incorporating the behavior of all five Ω-states involved. The BEC candidate Ne∗
thus has a unique property, among the species where Bose-Einstein condensation
has been achieved.
In this paper we investigate the relation between the effective overall scattering
length a and the phase integrals ΦΩ of the potentials VΩ . Although the potentials
of Ne∗ are unknown at the level of accuracy needed to predict the value of the
scattering length, it is useful to investigate the behavior of the effective scattering
length as a function of the average value of the phase integral. In the following, we
will refer to the effective overall scattering length simply as scattering length.
A better understanding of the complex scattering length of Ne∗ is crucial in determining the feasibility of achieving BEC with Ne∗ . Important questions that need
to be answered to determine the feasibility for achieving BEC are: (1) Is there a larger
probability of encountering positive values of the scattering length, as compared to
the 75% probability for the single potential case? (2) What is the probability for finding a sufficiently large elastic total cross section for efficient evaporative cooling?
(3) How does the availability of two bosonic isotopes of Ne∗ , 20 Ne∗ and 22 Ne∗ (with
a natural abundance of 90.9 % and 9 %, respectively) influence these chances?
The values of the rate constant for residual ionization βpol and the scattering
length a which we need to achieve BEC with Ne∗ for typical experimental conditions in our experiment, are summarized in Fig. 6.2. This so-called feasibility plot
for achieving BEC with Ne∗ shows the calculated number of atoms Nc with which
quantum degeneracy is achieved as a function of βpol and the absolute value of the
scattering length |a|. The calculation of this feasibility plot is based on the kinetic
model of Luiten et al. [21], including trap losses. The criterion for crossing the BEC
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Figure 6.2: Feasibility plot for reaching the BEC transition with 20 Ne∗ in the Eindhoven experiment, showing the number of atoms Nc with which quantum degeneracy is achieved as a function of the suppressed ionization rate constant βpol and
the absolute value of the scattering length |a|. The broken lines correspond to ac
pol
and βc for which BEC of Ne∗ becomes feasible.

transition has been set to Nc > 1 × 105 atoms. The initial conditions of the evaporative cooling process are taken equal to experimental values which we are able to
produce, i.e., Ni = 1.5 × 109 atoms, Ti = 1.2 mK, τef f = 8 s and η = 5.5, with Ni the
initial number of atoms, Ti the initial temperature, τef f the effective lifetime of the
atom cloud, η = E/(kB T ) the truncation parameter, E the energy and kB Boltzmann’s
constant.
pol
From Fig. 6.2 it is clear that BEC of Ne∗ is feasible for βc ≤ 2.5 × 10−13 cm3 s−1
(a suppression of 500) and ac ≥ 75 a0 , with a0 the Bohr radius. Therefore, we
calculate the probability Pc that either of the bosonic isotopes of Ne∗ has a total
cross section larger than σc = 8π a2c = 1.4×105 a20 . A larger suppression of ionization
of course allows for a smaller value of the scattering length and vice versa.
As a first order estimate, in a simple gas-kinetic picture, one might expect the effective elastic total cross section σ , referred to as elastic cross section in the remainder of this paper, to be a weighted average over the elastic cross sections σΩ = 8π a2Ω
of the different molecular states. Applying this approach to the anisotropic Ne∗
problem results in a large enhancement of the probability of encountering large
values of σ as compared to all systems with an isotropic interaction potential. Moreover, the elastic cross section is always larger than a rather large lower limit.
A more sophisticated approach can be found in the Degenerate Internal State (DIS)
method [22]. In this method, the energy splitting of the internal states is neglected
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and a is given by the weighted average of the contributing scattering lengths aΩ . For
cold collisions of hydrogen atoms, the DIS method results in values for the scattering
length that compare well to the outcome of full quantum calculations [23, 24].
The definitive approach to determine the scattering length a of Ne∗ , of course, is a
full five-channel quantum-mechanical calculation. Although this numerical approach
supplies the correct answer to our problem, it has the disadvantage that the results
are not always easy to understand in terms of the properties of the input potentials.
We use the results of the numerical calculation to check the validity of the different
analytical approximations described above, which in general give more insight.
This paper is organized as follows: first, the available ab-initio potentials and the
calculation of the different phase integrals ΦΩ are discussed in Sec. 2. In Sec. 3 the
single potential scattering length (Subsec. 3.1), the gas-kinetic approach to defining
an elastic cross section σ (Subsec. 3.2) and the scattering length obtained with the
DIS approximation (Subsec. 3.3) are discussed. We then present the results of our
quantum mechanical, numerical scattering calculation in Sec. 4. To end we present
our conclusions in Sec. 5. All calculations are performed for both bosonic isotopes
of Ne∗ , 20 Ne∗ and 22 Ne∗ .

2

Interaction potentials

There are five adiabatic molecular states |J, Ωi that connect to the spin-polarized
Ne∗ + Ne∗ asymptotic limit with total electronic angular momentum J = 4 and total
spin S = 2. The degeneracy of the Ω = 0 state is 1, that of all others is equal
to 2. As input potentials for Ne∗ we have used the short-range ab-initio potentials of
Kotochigova et al. [25, 26], which are available in the range R ≤ R1 , with R1 = 60 a0
for Ω = 4 and R1 = 120 a0 for all other potentials. Typical values of the well depth 
and its position Rm are  ≈ 30 meV and Rm ≈ 10 a0 .
The long-range behavior of the potential curves is dominated by the attractive,
induced dipole-dipole interaction −C6 /R 6 . The ab-initio potentials have within ≤ 3 %
identical C6 coefficients, since the long-range interaction is dominated by the (3s)
valence electron [12, 20]. We use a single C6 coefficient with a value of C6 = 1938 a.u.
as calculated by Derevianko et al. [20], based on the static polarizability of neon.
We characterize the potentials VΩ by their classical phase integral
Z Rs
Z∞
ΦΩ =
kΩ (R)dR +
kΩ (R)dR
Rc
Rs
(6.1)
R<Rs

= ΦΩ

+ ΦR>Rs ,

with kΩ (R) the local wave number and Rc the classical inner turning point for zero
collision energy. We choose Rs such that for R < Rs the energy splitting ∆VΩ,Ω0 (R) =
VΩ (R) − VΩ0 (R) between the Ω-potentials
dominates over
the rotational coupling
p
p
∆Vr ot (R) = −[2 /(2Mµ R 2 )]δ|Ω−Ω0 |=1 (P (P + 1) − ΩΩ0 ) (J(J + 1) − ΩΩ0 ), with Mµ
the reduced mass, l the orbital angular momentum and P~ = J~ + ~
l the total angular
momentum. For R > Rs the opposite holds.
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Table I: Classical phase integral ΦΩ and its difference ∆ΦΩ,0 = ΦΩ − Φ0 with respect to the Ω = 0 potential of the spin-polarized adiabatic molecular Ω-states,
connecting to the Ne∗ + Ne∗ asymptotic limit with J= 4 and S= 2. The Ω-states
are labelled by Ωg , where the gerade label g reflects the symmetry of the electron
wave function under inversion around the center of charge. Data are given for
both bosonic isotopes 20 Ne∗ and 22 Ne∗ of Ne∗ .
20

Ω
4g
3g
2g
1g
0g

ΦΩ (π )
16.43
16.86
16.12
16.36
16.97

Ne∗
∆ΦΩ,0 (π )
-0.54
-0.11
-0.85
-0.61
0

22

ΦΩ (π )
17.23
17.68
16.91
17.16
17.80

Ne∗
∆ΦΩ,0 (π )
-0.57
-0.12
-0.89
-0.64
0

R<R

The first part ΦΩ s of the phase integral has been calculated by numerical integration in the interval [Rc , Rs ], with Rs = 20 a0 . The contribution for R > Rs to the
phase integral is calculated analytically assuming a pure long-range −C6 /R 6 behavior, resulting in ΦR>Rs = 3.34 π .
The numerical results are given in Table I for both bosonic isotopes 20 Ne∗ and
22
Ne∗ . We see that the different Ω-states have very different values of ΦΩ , varying
by as much as ∆ΦΩ,Ω0 = ΦΩ − ΦΩ0 ≈ 0.9 π . This implies both a different number of
bound states and different positions of the resonances in aΩ . Asymptotic behavior
of, or a resonance in the scattering length occurs when a quasi-bound state lies close
to the dissociation limit or has just moved into the continuum.
Because the interaction potentials of neon are not known accurately enough to
predict a, we have to vary ΦΩ over a range equal to π to predict the range of a
values that we can expect for the spin-polarized Ne∗ system. Therefore, we introduce
a scanning parameter φ that we add to ΦΩ to create a modified phase integral φΩ
according to
φΩ = ΦΩ + φ,

(6.2)

with φ ∈ [0, π ].
For simplicity, we assume for now that the phase differences between the
Ω-potentials ∆ΦΩ,Ω0 are constant and equal to the ab-initio values given in Table I.
Later on in Sec. 4, we will also vary ∆ΦΩ,Ω0 over an interval π to investigate the
influence of ∆ΦΩ,Ω0 on the scattering length a.
The classical phase integrals of the two bosonic isotopes of Ne∗ are related by
the mass scaling rule
22

φΩ = (22/20)1/2

20

φΩ .

(6.3)

Using the average phase integral over all Ω-states hΦiΩ = 16.5 π , we find an isotope
shift equal to 0.81 π . This simple relation between the phase integrals of 20 Ne∗ and
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Ne∗ enables us to compare very easily the results obtained for
for 22 Ne∗ .

3
3.1

20
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Ne∗ with those

Analytical approach
Single potential scattering length

The semiclassical analysis of the scattering length in atomic collisions by Gribakin
and Flambaum [27] yields for the s-wave scattering length of a potential with a longrange behavior −C6 /R 6



π
aΩ = abg 1 − tan φΩ −
8
(6.4)
q
abg = cos(π /4) [ 2Mµ C6 /4]1/2 [Γ (3/4)/Γ (5/4)],
with Γ (x) the Gamma function and abg the background value of the scattering
length. The latter is fully determined by the long-range behavior of the potential
and is equal to abg = 44.3 a0 . The position of the resonance in aΩ is equal to
φrΩes mod π = π /2 + π /8 = 5π /8. We define the width ΓΩ of a resonance in aΩ as
ΓΩ = φΩ (3abg ) − φΩ (−abg ),

(6.5)

around the resonance position φrΩes . The scattering length varies around abg with a
probability of 75 % of being positive. The probability that at least one of the bosonic
isotopes of Ne∗ is positive is much larger: 94 %.

3.2

Gas-kinetic model

In a simple gas-kinetic approach, we define the elastic cross section as a weighted
average of the elastic cross sections σΩ
σ

= h8π a2Ω i
= σbg

J
X
Ω=0

wΩ2



π
1 − tan φΩ −
8


(6.6)

2
.

Here σbg = 8π a2bg = 0.5 × 105 a20 is the background value of the elastic cross section
and wΩ is the amplitude of the projection of √
the initial asymptotic rotational state
on the Ω basis, with w0 = 1/3 and wΩ>0 = 2/3. We assume that we
q are in the
low temperature limit where the condition kr a  1 holds, with kr = 2Mµ E/ the
relative, asymptotic wave number and E the collision energy in the reduced system.
In Fig. 6.3 we show the results for the elastic cross section of 20 Ne∗ (solid line)
and 22 Ne∗ (broken line) as a function of φ ∈ [0, π ] (Eq. (6.2)). Two important
characteristics of the elastic cross section of Ne∗ immediately catch the eye. First, we
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Figure 6.3: Elastic cross section σ = h8π a2Ω i in a gas-kinetic approach for 20 Ne∗
(solid line) and 22 Ne∗ (broken line) as a function of the phase integral φ ∈ [0, π ].
We observe five resonances due to the five contributing potentials VΩ , which also
results in a minimum value σmin > 0 for σ .

see a rather large minimum value σmin for the elastic cross section, and an increase
of almost a factor of two in the probability Pc that the elastic cross section is large
enough to make BEC of Ne∗ feasible as compared to the single potential case, as can
be seen in Table II.
Secondly, we see five resonances in σ , attributable to the five different Ω-states of
∗
Ne . This characteristic behavior does not depend very much on the specific values
of ∆ΦΩ,0 as long as they are not very small (≤ 0.05 π ). This behavior is very different
from the single potential case, where we can encounter an elastic cross section equal
to zero and there exists only one resonance.
The general picture is the same for both isotopes. However, the elastic cross
section of 22 Ne∗ is shifted with respect to the elastic cross section of 20 Ne∗ by the
isotope shift of 0.81 π . Depending on the actual phase integral φΩ of the 20 Ne∗
system, it can thus be advantageous to switch to the less abundant bosonic isotope
22
Ne∗ , to optimize the value of the elastic cross section. Choosing for each value of
φ the isotope with the largest σ yields an even larger minimum value of σ , as can
be seen in Table II. In addition, Pc increases from 78 % in the single isotope case to
99 % for either isotope.

3.3

DIS model

Next, we investigate the scattering length in the DIS approximation, which has proven
to be quite insightful for hydrogen [23, 24]. In this approach, the energy splitting
of the internal states is neglected. For Ne∗ , this means that the rotational splitting
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Table II: Minimum value σmin of the elastic cross section and probability Pc for
σ ≥ σc = 1.4 × 105 a20 for a single isotope (20 Ne∗ ) and the set of two bosonic
isotopes 20 Ne∗ and 22 Ne∗ , as calculated with the single potential, semiclassical
model, the gas-kinetic model, the DIS model and the quantum mechanical, numerical calculation.

model
single potential
gas-kinetic
DIS
numerical

single isotope
σmin (105 a20 ) Pc (%)
0
42
0.7
78
0
72
0
42

either isotope
σmin (105 a20 ) Pc (%)
0.16
61
1.3
99
0.35
95
0.17
67

∆Vr ot between the partial waves is neglected. In the DIS approximation, the scattering length is given by a weighted average of the five aΩ ’s involved [24]
a = haΩ i
= abg

4
X
Ω=0


wΩ

π
1 − tan φΩ −
8



.

(6.7)

From Eq. (6.7) it is clear that the resonance positions φrΩes of a in the DIS approximation, coincide with the single potential resonance positions. They are completely
determined by the values of ∆ΦΩ,0


5
r es
(6.8)
φΩ
=
π − ∆ΦΩ,0 mod π .
8
Figure 6.4 shows the scattering length a as a function of the scanning parameter
φ ∈ [0, π ] for 20 Ne∗ . Again we observe five resonances in the scattering length. In
this figure we have also plotted the behavior of the single potential scattering length
aΩ=4 (broken line), showing clearly that the single potential resonance positions coincide with the resonance positions of a in the DIS approach.
Taking the weighted average of aΩ does not change the total probability for a positive scattering length (75 %) as compared to the single potential case (Subsec. 3.1).
However, the probability of encountering a large value of a does increase, as can be
seen in Table II. Both the width of the resonances (Eq. (6.5)) and the derivative ∂a/∂φ
of a with respect to φ determine this probability. From Fig. 6.4 it is clear that the
total width Γ of all five resonances combined is much larger than the single potential
resonance width. The width of each resonance is not only determined by the relative
weight wΩ of its single potential scattering length but also by its relative position
φrΩes in respect to the other resonances, and therefore depends sensitively on the
phase differences ∆ΦΩ,Ω0 between the potentials. An increased width and derivative
of a in the DIS approach as compared to the single potential case therefore lead to a
much larger Pc (Table II). Choosing the most advantageous bosonic isotope improves
again σmin and Pc as well as the probability for encountering a positive value of a
(95 %) as compared to the single isotope case (see Table II).
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Figure 6.4: DIS result for the scattering length a (solid line) as a function of the
parameter φ ∈ [0, π ] for 20 Ne∗ . The five resonances in a can be labelled with an
Ω-value because they are located at the position of the single potential resonances
in aΩ . For comparison we show the behavior of aΩ=4 (broken line).

4
4.1

Quantum mechanical numerical calculation
Model

For the Ne∗ system, we can distinguish two regions of interest in the potentials
VΩ (R) (Fig. 6.5). At small internuclear separations (region I), i.e. R < Rs , the splitting
∆VΩ,Ω0 (R) between the interaction potentials VΩ is larger than the differential rotational coupling ∆Vr ot (R). As a result, there is no coupling between different Ω-states
but coupling between different l-states. In this region Ω is a good quantum number
and the |JΩP MP i basis is the proper representation. Here MP is the projection of P
on the quantization axis. Both P and MP are conserved during the collision.
In a semiclassical picture we can describe this regime in the following way. The
large Ω-splitting results in a rapid precession of ~
J about the internuclear axis, much
faster than the rotation of the axis itself as determined by the value of |~
l|. The
projection of ~
J on the internuclear axis is thus conserved, while the magnitude of
~
l changes due the changing orientation of ~
J with respect to the space-fixed total
angular momentum vector P~.
At large internuclear separations (region II in Fig. 6.5), i.e. R > Rs , the rotational
coupling dominates the interaction: the splitting ∆VΩ,Ω0 (R) is smaller than the differential rotational coupling Vr ot (R). The relative motion of the colliding atoms results
in a rotation of the internuclear axis with respect to ~
J and therefore in a change in
the value of Ω (Fig.6.1). In this region Ω is not a good quantum number but l is, and
we use the |JlP MP i representation.
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Figure 6.5: Interaction potential V0 for the Ω = 0 molecular state of two colliding
spin-polarized Ne∗ atoms, with both range I (dominant Ω-splitting) for R ≤ Rs =
20 a0 and range II (dominant rotational energy splitting) for Rs < R < Ra = 200 a0
indicated.

Ultra-cold collisions between spin-polarized Ne∗ atoms are described by a fivechannel problem: five Ω= 0..4 channels in region I and five l = 0, 2, ..8 channels in
region II. Only even partial waves contribute due to the symmetry requirement of the
wave function for bosons. The rotational energy barrier (5.6 mK for l = 2, located
at 78 a0 ) is always much larger than the collision energy (≤ 0.5 mK). For this reason,
higher order partial waves (l ≠ 0) do not contribute to the incoming channel. However, in region I, the short-range interaction ∆VΩ,Ω0 still couples the single incoming
channel |J = 4 l = 0 P = 4 MP = 4i to higher order partial waves. Because the tunnelling probability for l ≠ 0 is negligible (≤ 10−5 ), they only contribute to the elastic
scattering process when they again couple to the |J = 4 l = 0 P = 4 MP = 4i initial
state.
In our calculations we assume that the intermediate region, where Vr ot (R) and
VΩ,Ω0 (R) are of the same order of magnitude, is arbitrarily small, i.e., we assume a
sudden transition from region I to region II at R = Rs . The scattering problem now
reduces to potential scattering and we can solve the uncoupled problem in region I
in the |JΩP MP i-basis and in region II in the |JlP MP i-basis, for each channel. After
transformation of the solution uI (R) in region I at R = Rs from the |JΩP MP i-basis
to the |JlP MP i-basis, we connect it continuously to the long-range solution uII (R)
at Rs , assuming equal local wave numbers [22].
In very good approximation [28, 29], we can summarize the behavior of the atoms
in region I by means of the accumulated phase method. In R = Rs the radial wave
function of a single, uncoupled channel is then given by
R<Rs

uΩ
I (Rs ) = sin(ΦΩ

+ φ + π /4),

(6.9)
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with the extra phase shift π /4 due to our choice of using the classical phase rather
than the quantum mechanical, accumulated phase. After transformation to the
|JlP MP i basis the 5 × 5 solution matrix is given by
ulI (Rs ) = TlΩ uΩ
I (Rs ),

(6.10)

with TlΩ the elements of the transformation matrix T between the |JΩP MP i and the
|JlP MP i basis.
In region II, the evolution of the radial wave function ulII for R > Rs is governed
by the radial Schrödinger equation


l(l + 1) 2Mµ C6
∂2 l
2
uII (R) + kr −
− 2 6 ulII (R) = 0.
2
2
∂R
R
 R

(6.11)

The connection of the short (I) and long-range (II) solutions in the |JlP MP i representation at R = Rs determines the boundary conditions for the numerical integration
of ulII from Rs to Ra , where the asymptotic limit of a vanishing potential is valid. At
Ra , the numerical solution is connected to the asymptotic radial wave function
1
ulII (Ra ) = p [Al e−i(kr Ra −lπ /2) + Bl ei(kr Ra −lπ /2) )],
kr

(6.12)

to determine the scattering matrix S = B A−1 . From the scattering matrix we then
obtain the scattering length a
tan (ln (S00 )/2i)
.
kr →0
kr

a = − lim

4.2

(6.13)

Results

Using the ab-initio potentials of Sec. 2 we have calculated the scattering length of
20
Ne∗ using the quantum mechanical calculation described in Subsec. 4.1. Again,
we have performed these calculations for φ ∈ [0, π ], to determine the range of
scattering length and elastic cross section values that we can expect for the Ne∗
system.
Figure 6.6 shows the scattering length a (solid line) as a function of φ for 20 Ne∗ .
For comparison, we have included the result for a obtained with the DIS model
(broken line) (Subsec. 3.3), in which the positions of the resonances in a correspond
to the single potential resonance positions in aΩ . The resonance positions φrΩes of
a are shifted in an inhomogeneous way with respect to those obtained with the DIS
method and also the widths ΓΩ of the individual resonances differ significantly. We
can no longer attach an Ω-label to each of the resonances, as is possible in the DIS
approach.
In the DIS model, we neglect the rotational splitting Vr ot between the partial
waves, so that effectively all partial waves are equivalent. Apparently, both the resonance positions as well as the widths of the individual resonances in the numerical
results for a are influenced by the coupling to higher order partial waves. This is not
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Figure 6.6: Full quantum mechanical calculation of the scattering length a (solid
line) as a function of φ ∈ [0, π ] for 20 Ne∗ . For comparison we have also depicted
the scattering length a obtained with the DIS model (broken line). Both position
and width of the resonances in a differ from the DIS result: an Ω-label cannot be
attached to any separate resonance.

surprising: close lying bound states from other Ω-potentials will most likely shift
the bound state and thus the corresponding resonance position. Clearly, neglecting
the rotational splitting of the internal states is not justified in the case of Ne∗ .
However, despite these qualitative differences in the behavior of a, the quantitative behavior is the same as in the single potential case. The probabilities for
encountering a positive a value and an elastic cross section σc are equal to those
found in the single potential case (Table II). Although the total width of the resonances is larger, this is compensated by a decrease in the derivative of a. Moreover,
choosing the most advantageous bosonic isotope for each value of the scanning parameter φ leads to a similar increase in the probability for a positive and a large a
value for both the full quantum mechanical calculation as the single potential case.
To investigate the influence of ∆ΦΩ,Ω0 on the positions of the resonances in a, we
have varied the classical phase difference ∆Φ4,0 of one of the Ω-potentials (Ω = 4)
for 20 Ne∗ , while keeping the other classical phase differences fixed at their ab-initio
value (see Table I). Starting at its ab-initio value, the classical phase difference
∆φ4,0 = ∆Φ4,0 + ∆φ,

(6.14)

with ∆φ ∈ [0, π ], is varied over ∆φ4,0 ∈ [−0.54 π , 0.46 π ]. In this way, the bound
states in the Ω = 4 potential encounter the bound states in all other Ω-potentials.
The position of the resonances φrΩes for this modified set of ab-initio potentials is
determined in the usual way: by scanning the parameter φ in the phase integral φΩ
(Eq. (6.2)) over the range [0, π ].
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Figure 6.7: Numerical calculation of the phase integrals φrΩes of 20 Ne∗ (filled
squares) at which a resonance in a occurs for a modified set of potentials, with
the phase integral difference ∆φ4,0 varying from its ab-initio value −0.54 π to
+1.5π by varying ∆φ over 2π . In this way, the bound levels of the Ω = 4 state
‘encounter’ the bound levels in all other Ω-states. The broken lines are drawn to
guide the eye.

The results are shown in Fig. 6.7, where we have plotted the position φrΩes of the
five resonances in a as a function of the shift ∆φ in the bound states of the Ω = 4
potential for 20 Ne∗ . The broken lines are drawn to guide the eye. We observe that two
of the resonances remain at a fixed position, while all three others shift proportional
to ∆φ with a slope equal to (−0.34±0.02)π and separated by (0.30±0.02)π . Narrow
avoided crossings occur when ‘constant’ φrΩes meet φrΩes varying like ∝ −∆φ at ∆φ =
(0.46 + n)π and ∆φ = (0.52 + n)π , with n = 0, 1, 2, ... In addition, very broad
avoided crossings occur between φrΩes varying like ∝ −∆φ at ∆φ ≈ (0.1 + n)π , with
n = 0, 1, 2, ... We have plotted φrΩes over a range ∆φ ∈ [0, 2π ], to show the avoided
crossings. Varying one of the other classical phase differences ∆φΩ≠4,0 yields similar
results.
Clearly, the quasi-bound states of the system are no longer pure |JΩP MP i states.
Apparently, the quasi-bound states whose resonance positions φrΩes vary proportional to ∆φ are strongly coupled to the |JΩ = 4P MP i state and those whose φrΩes
remain constant are only very weakly coupled to the |JΩ = 4P MP i state. When two
strongly coupled resonances approach each other, a strong, broad avoided crossing
occurs. Similarly, a weak, narrow avoided crossing occurs when a weakly coupled
resonance approaches one of the other resonances.
This picture is consistent with the behavior of the width of the resonances as a
function of ∆φ. This becomes clear when we look at a simpler, more transparent
two-channel, i.e. J = 1, numerical calculation of the scattering length. The results
of this calculation are consistent with the full five-channel calculation. In Fig. 6.8 a)
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Figure 6.8: Numerical two-channel (J = 1) calculation of the position (a and b) and
width (c and d) of the resonances in a for 20 Ne∗ for a modified set of potentials,
with ∆φ1,0 varying from its ab-initio value −0.61 π to +1.39 π by varying ∆φ over
2π . The figures on the right hand side (b and d) show the results for a reduced
C60 = C6 /100. The broken lines are drawn to guide the eye and the arrows indicate
the avoided crossings. In the presence of an induced dipole-dipole interaction (a)
the resonance positions vary both proportional to ∆φ and are strongly coupled,
and the width of the resonances (c) varies as a sine. For a small dipole-dipole
interaction (b) one of the resonance positions remains constant, while the other
varies proportional to ∆φ. The width of the resonances (d) remains constant,
except at the avoided crossing where they coincide (arrow).

we have plotted the phase integrals φrΩes at which a resonance in a occurs as a
function of ∆φ for J = 1 for 20 Ne∗ . Both resonance positions vary proportional
to ∆φ with a slope equal to (−0.50 ± 0.02)π , and with broad avoided crossings
(indicated by arrows) between them at ∆φ = (0.1 + n)π , with n = 0, 1, ... They
are strongly coupled, which is also reflected in the behavior of the width of the
resonances ΓΩ (Fig. 6.8c)), which varies as a sine (broken line) between 0 and Γ . At
the avoided crossings the widths of the resonances become equal. The total width
of both resonances combined Γ = Γ0 + Γ1 is conserved, but one resonance is wide
while the other is narrow. This periodic change in the resonance width is due to the
periodic change in the coupling of both quasi-bound states to the incoming l = 0
channel with changing φrΩes .
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The weakly coupled case can be illustrated by reducing the value of C6 , because in
the absence of an induced dipole-dipole interaction −C6 /R 6 , no coupling between the
quasi-bound states is possible. This can be understood in the following way. With
a decreasing dipole-dipole interaction the rotational energy barrier increases both
in height and width. As a result, the region around Rs in which rotational coupling
between the different Ω-states takes place decreases and eventually vanishes.
Figure 6.8 b) and d) show the resonance positions and widths for a vanishing
value of C6 , simulated by assuming a modified value C60 = C6 /100. One resonance
position remains constant, while the other varies proportional to ∆φ. The widths of
the resonances are small and remain constant, except at the avoided crossing where
they approach each other. This is the behavior seen for some of the resonances in
a for J = 4 and is qualitatively the same as the behavior of the resonance positions
and widths in the DIS model, where coupling between the quasi-bound states is not
taken into account.

5

Concluding remarks

Elastic collisions between spin-polarized Ne∗ atoms are governed by multiple interaction potentials. This unique property of Ne∗ among the BEC species and candidates is a result of the anisotropic interaction between them. Both simple analytical
and full quantum mechanical calculations of the scattering length a of Ne∗ show
that the resulting scattering length has five resonances. A simple gas-kinetic picture
yields very favorable but unrealistic results for the elastic collision cross section,
that are not compatible with the numerical calculations. This approach is only valid
for an incoherent mixture of Ω-states.
Comparison between the numerical results and the DIS model reveals that a is
also not simply a weighted average over the single potential resonances aΩ , and that
the resonances in a cannot be assigned to a single Ω-state. Although the DIS approach assumes a coherent mixture of Ω-states, coupling between the quasi-bound
states is not taken into account, and it therefore does not describe the Ne∗ system
accurately. The overall behavior of a is similar to that of the usual single potential
scattering length: neither the probability for encountering a positive or a large value
of a is enhanced by the presence of five instead of one resonances.
The presence of an induced dipole-dipole interaction enables strong coupling between the different Ω-states and causes a broadening of the resonances, resulting in
quasi-bound states that are a linear combination of different |JΩP MP i states. This
coupling between the different |JΩP MP i states in turn leads to the inhomogeneous
shift of the resonance positions and widths in the quantum mechanical calculation
as compared to the DIS approach. However, the dependence of the resonance positions and widths on the input potentials is quite straightforward. The resonance
positions vary either directly proportional to the relative phase differences between
the Ω-potentials or not at all, depending on the exact composition of its quasi-bound
state. The width of the strongly coupled resonances (whose positions vary ∝ −∆φ)
is determined by the coupling to the ingoing channel, which varies periodically with
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∆φ. The width of the weakly coupled resonances (whose positions do not vary with
∆φ) is constant, since the coupling to the ingoing channel does not change. The total
change in all five resonance positions is always equal to −∆φ and the total width is
conserved.
The possibility to choose between the two bosonic isotopes of Ne∗ to optimize the
value of the elastic cross section greatly enhances the prospects for achieving BEC
with Ne∗ (Table II). Large beam fluxes of both bosonic isotopes, crucial in obtaining
favorable initial conditions for efficient evaporative cooling, have been realized at the
Eindhoven experiment [30], therefore choosing the isotope with the most favorable
scattering length is feasible.
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New data on elastic cross section
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Introduction

From measurements on the rethermalization rate and first evaporative cooling ramps,
it was concluded in Chapter 5 that lower initial temperatures Ti Ú 0.5 mK are
required to determine the rethermalization rate. In this Chapter, we analyze recent measurements of the rethermalization rate at initial temperatures in the range
0.5 − 0.7 mK by the Hannover group [1], using the quantum mechanical model presented in Chapter 6. We obtain an estimate of the value of the scattering length a for
both bosonic isotopes of Ne∗ by comparing quantum mechanical calculations of the
rethermalization cross section to these measurements.
This Chapter is organized as follows. First, a brief derivation of the analytical approximation of the temperature-dependent elastic collision cross section σ is given
in Sec. 2. Second, the relation between the temperature-dependent elastic collision
cross section σ and thermalization cross section hσ iT is given in Sec. 3. In addition,
analytical approximations of hσ iT are compared to the exact numerical calculation
of the thermalization cross section, to obtain more insight in the dependence of
the latter on the temperature and scattering length. Third, in Sec. 4 the Hannover
data on the rethermalization cross section is analyzed, yielding an estimate of the
scattering length. Finally, the conclusions are summarized in Sec. 5.

2

Analytical approximation of the elastic cross section

The scattering of two particles is, at large interparticle separations R where the interparticle interaction V (R) goes to zero, described by an incoming plane wave and
an outgoing spherical wave [2]
ψ = eikr z + f (θ, kr )eikr R /R,

(7.1)

with f (θ, kr ) the scattering amplitude, θ the scattering angle, and kr the wavevector
of relative motion. Comparison with the asymptotic form of the solution to the
Schrödinger equation
ψ=

X 1
1
(2l + 1)il eiδl (kr ) Pl (cos θ) sin (kr R − lπ + δl (kr )),
kr R
2
l
101

(7.2)
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yields the scattering amplitude. Here Pl (cos θ) are the Legendre polynomials, δl (kr )
is the asymptotic scattering phase shift of partial wave l, with l the orbital angular
momentum quantum number. For low collision energies, only l = 0 or s-waves
contribute to the scattering process, and the scattering amplitude is given by
f0 (kr ) =

1 iδ0 (kr )
e
sin (δ0 (kr )).
kr

(7.3)

The elastic collision cross section σ is determined by this scattering amplitude,
and for identical particles given by
σ (kr ) = 8π |f0 (kr )|2 .

(7.4)

If kr |a|  1 then δ0 ' −kr a, and Eq. (7.4) reduces to
σ (0) = 8π a2 ,

(7.5)

with a the scattering length. The elastic collision cross section is always smaller
than or equal to the unitary limit
σ max =

8π
.
k2r

(7.6)

For most experiments on Bose-Einstein Condensation kr |a|  1, and the zeroth
order expression (Eq. (7.5)) for the scattering cross section describes the collision dynamics fairly well. Accordingly, we have assumed a temperature-independent cross
section in our initial estimates of the feasibility of achieving BEC with Ne∗ in Chapter 2. However, we later realized that for the initial temperatures attainable in our MT
kr |a| is not much smaller than one. As a result, higher order terms in the expression
for the asymptotic phase shift need to be taken into account, and the cross section
is no longer temperature-independent. Matching the solutions to the Schrödinger
equation for small and large interparticle distances yields for the asymptotic phase
shift [3]
1
1
kr cot (δ0 (kr )) = − + re k2r − P re3 k4r + ...,
(7.7)
a 2
with P a numerical constant, which depends on the shape of the interaction potential
V (R), and re the effective range
Z∞h
i
re = 2
u2 (R) − u2f r ee (R) dR.
(7.8)
0

Here u(R) and uf r ee (R) are the solutions to the radial Schrödinger equation for
kr = 0 with and without the scattering potential V (R), respectively. For a longrange, induced dipole-dipole interaction V (R) = −C6 /R 6 , as is the case for collisions
between Ne∗ atoms, the effective range is given by [4]
"
#
p
p
γ Γ (3/4)
2γ Γ (1/4)
2γ
re =
−2
+4 2
,
(7.9)
3
Γ (3/4)
a
a Γ (1/4)
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q
with γ = 2Mµ C6 /, Mµ the reduced mass of the colliding particles and Γ (x) the
Gamma function. For a square well potential the effective range is equal to the width
of the potential.
Keeping only the first term in the expansion of the phase shift (Eq. (7.7)) yields
the first order approximation of the scattering cross section
σ (1) (kr ) =

8π a2
,
k2r a2 + 1

(7.10)

which is always smaller than or equal to the temperature-independent cross section
σ (0) (Eq. (7.5)). This approximation is valid when (1/2)re k2r  1/|a| or T  T (1) =
2 /(Mµ kB re |a|), with kB Boltzmann’s constant. For 20 Ne∗ , the limiting temperature
(1)
T (1) is maximum for a = 88 a0 and equal to Tmax = 3.1 mK. It decreases rapidly
with a for a ≠ 88 a0 . Clearly, this approximation is not valid for typical initial
temperatures Ti ≈ 0.5 − 1 mK in the MT.
The second order or effective range approximation of the elastic collision cross
section is given by
8π a2
(7.11)
σ (2) (kr ) =

2 ,
1 2
2
2
kr a + 2 kr re a − 1
which depends on the sign of the scattering length. Comparing measurements of
the cross section as a function of temperature to theory would therefore not only
yield the absolute value but also the sign of the scattering length [5]. In addition, the
cross section no longer increases quadratically with a, but has a local maximum due
to the contribution of the effective range term. This approximation is valid when
|P re3 k4r |  (1/2)re k2r or T  T (2) = 2 /(2Mµ kB P re2 ).
To determine the shape-dependent constant P , the radial wavefunction needs to
be known to terms of order k2r inclusive. Since there is no analytical solution to
the energy-dependent, radial Schrödinger equation for a long-range V (R) = −C6 /R 6
interaction, we use the square well value of P = −0.0327 [3] to obtain an estimate
of the limiting temperature T (2) . For a potential with a tail, as in our case, P will be
positive and up to an order of magnitude larger [6], resulting in a significantly lower
limiting temperature T (2) .
The limiting temperature T (2) is through the effective range re (Eq. (7.9)) strongly
dependent on the value of the scattering length. Assuming T ≤ 0.1 × T (2) and
using the square well value for P , the effective range approximation is valid for
a Ü −360 a0 and a Ý 40 a0 at Ti = 0.5 mK. This is a very optimistic estimate for
the validity of the effective range approximation, since P is significantly larger for
a −C6 /R 6 potential than the square well value. For example, the effective range approximation is only valid for +60 Ü a Ü +155 a0 at Ti = 0.5 mK when P = 0.15.
Clearly, the effective range approximation has at best a limited validity for typical
initial temperatures (Ti = 0.5 − 1 mK) in the MT. Moreover, since the validity of this
approximation depends on the value of the scattering length, we cannot use it to
obtain an estimate of a from rethermalization experiments. In Sec. 3, we therefore
perform a quantum mechanical calculation of the energy-dependent, elastic collision
cross section σ (E) and the scattering length, using the model described in Chapter 6
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and Ref. [7]. Using these results, we calculate the thermalization cross section hσ iT
and compare the numerical calculation to the analytical approximations of hσ iT , to
obtain more insight in the dependence of hσ iT on the temperature and the scattering
length.

3

Numerical calculation of the thermalization cross section

For (re)thermalization of an atom cloud that is not in thermal equilibrium, e.g. during the evaporative cooling process, to a lower temperature to take place, each atom
has to scatter several times. The number of elastic collisions required to reach thermal equilibrium is a temperature-dependent factor. For a temperature-independent
cross section the thermalization cross section σT is related to the elastic collision
cross section σ as σT = σ /α, with α = 2.7 [8]. For a temperature-dependent cross
section, scattering preferentially occurs at low collision energies, whereas rethermalization is driven stronger at high collision energies. As a result, more elastic
collisions are required to reach thermal equilibrium. The temperature-dependent
rethermalization cross section hσ iT in a harmonic trap is given by a ‘thermal average’ [9]
Z∞




E 3 −E/(kB T ) dE
1 1
σ (E)
e
,
(7.12)
hσ iT =
6 2.65 0
kB T
kB T
with E = 2 k2r /M the relative collision energy, and σ (E) the temperature-dependent,
elastic collision cross section.
We perform a full quantum mechanical calculation of the scattering phase shift
δ0 (kr ) as a function of energy, to determine σ (E) using Eq. (7.4). The theory of the
quantum mechanical calculation of the scattering phase shift is described in Chapter 6 and Ref. [7]. From Eq. (7.12) we then obtain the exact, numerical, ‘thermally
averaged’ thermalization cross section hσ iT . The first hσ (1) iT and second hσ (2) iT order approximation of the thermally averaged thermalization cross section we obtain
by substituting Eqs. (7.10) and (7.11) into Eq. (7.12).
In Fig. 7.1, hσ iT (solid line) for a = +50 a0 is compared to hσ (1) iT (dotted line) and
(2)
hσ iT (broken line). The first and second order approximations clearly do not agree
with the actual thermalization cross section. The first order approximation of hσ iT
is independent of the sign of the scattering length and therefore underestimates the
cross section for positive and overestimates the cross section for negative a values.
The temperature-independent cross section hσ (0) iT (Eq. (7.5)) is much larger and not
shown.
The discrepancy between the effective range approximation hσ (2) iT and the numerical calculation hσ iT for a = +50 a0 clearly demonstrates that using the square
well value for P overestimates the validity of the effective range approximation. This
discrepancy is partially due to the fact that hσ iT is a ‘thermal’ average, which contains contributions from higher temperatures T > Ti where the effective range approximation is not valid. Comparing hσ iT to hσ (2) i, we find that they agree with
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Figure 7.1: Thermally averaged thermalization cross section hσ iT for the first
resonance (see Chapter 6 and Sec. 4) in 20 Ne∗ as a function of temperature for
a = +50 a0 and re = 100 a0 . The first hσ (1) iT (dotted line) and second hσ (2) iT
order (dashed line) approximations are compared to the exact numerical solution
hσ iT (solid line).

each other within the experimental uncertainty of 28 % in hσ iT (see Sec. 4) for
a ≤ −300 a0 and a ≥ +60 a0 for 20 Ne∗ , and +60 a0 ≤ a ≤ +330 a0 for 22 Ne∗ , respectively, at Ti = 0.5 mK. The disagreement between them is minimum around
a ≈ +90 a0 , where T (2) is maximum, and equal to 3 and 10 % respectively for 20 Ne∗
and 22 Ne∗ . For small (absolute) values of a, where T (2) is minimum, the disagreement is maximum and as high as 150 %.
The behavior of hσ iT with temperature depends on the value of a, as is depicted
in Fig. 7.2. It increases more strongly with decreasing temperature T for large
absolute values of a, due to the stronger dependence of hσ iT on kr for large values
of a. This effect is even stronger for negative values of a, as can easily be understood
from Eq. (7.11). In addition, hσ iT is smaller for negative as compared to positive
values of a, due to this stronger dependence of hσ iT on kr for a < 0.
Moreover, hσ iT is less sensitive to the absolute value of a than hσ (0) iT , as may
be expected. As a consequence, it will be more difficult to obtain a well defined
value of the scattering length. This is illustrated in Fig. 7.3, which shows hσ (0) iT
(dash-dotted line) and hσ iT for T = 0.5 mK (solid line) and T = 1 mK (broken
line) as a function of a. Comparing hσ iT to hσ (0) iT , we see that hσ iT does not
simply increase quadratically with a like the temperature-independent cross section.
Instead, it increases more rapidly for very small positive values of a, and increasingly
slower for intermediate values of a, eventually even decreasing with increasing a.
For a < 0, hσ iT always increases much more slowly than hσ (0) iT .
This can already be understood from the expression for the effective range approximation σ (2) of the elastic cross section (Eq. (7.11)). The relative change ∂σ (2) /∂a
with a in the cross section is much larger for relatively small as opposed to large,
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Figure 7.2: Thermally averaged thermalization cross section hσ iT of 20 Ne∗ (numerical calculation) for the first resonance (see Chapter 6 and Sec. 4) in 20 Ne∗ as
a function of temperature T for positive (solid lines) and negative (broken lines)
values of a. The unitary limit (Eq. (7.6)) is given by the dotted line.

Figure 7.3: Numerical calculation of the thermally averaged thermalization cross
section hσ iT for the first resonance (see Chapter 6 and Sec. 4) in 20 Ne∗ for
T = 0.5 mK (solid line) and T = 1 mK (broken line) and the temperatureindependent thermalization cross section hσ (0) iT (dash-dotted line) as a function
of the value of the scattering length a. The sensitivity of the cross section to the
value of a is greatly reduced for large absolute values of a. In addition, hσ iT does
not increase quadratically with a like hσ (0) iT but instead has a local maximum.
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and positive as opposed to negative values of the scattering length, due to the terms
proportional to −1/a and 1/a2 in re (Eq. (7.9)). This effect is even more important
in the exact numerical calculation of the cross section.
Another consequence of the reduced sensitivity of hσ iT to the value of a is that
the disagreement between the numerical calculation and effective range approximation of hσ iT is reduced for large absolute values of a. With decreasing temperature,
the cross section approaches the lower order approximations and becomes more
sensitive to the value of the scattering length.

4

Analysis of the Hannover data

In the Hannover group [1], the only other group aiming to achieve BEC with Ne∗ ,
1D Doppler cooling in the MT (see Chapter 5) has been implemented to improve the
initial conditions in the MT. Average temperatures T = 1/3(Tz + 2Tρ ) in the range of
450 to 700 µK, corresponding to 2.3 to 3.6 times the Doppler limit (Eq. (1.6)), have
been accomplished. This decrease in temperature is accompanied by a loss of one
third of the atoms.
The temperature distribution of the atom cloud is anisotropic, because Doppler
cooling in the radial direction through reabsorption of photons is less efficient than
in the axial direction. Therefore, the rethermalization rate can be directly measured
by monitoring the relaxation of the size of the atom cloud towards an equilibrium
value, as in the relaxation experiment described in Chapter 5.
The Hannover group [1] has measured relaxation rates of typically 0.3 to 1.7 s−1
for temperatures T in the range 450 to 700 µK, and densities ranging from a few
times 109 to a few times 1010 atoms/cm3 . From these measurements they extract
the rethermalization cross section hσ iT using Eq. (5.5). Figure 7.4 shows the measured rethermalization cross section (filled squares) as a function of temperature for
a) 20 Ne∗ and b) 22 Ne∗ . The uncertainty in hσ iT is ≈ 28 %, and is dominated by the
systematic uncertainty in the density. Relaxation through anharmonic mixing (see
Chapters 2, 3 and 5) could be ruled out since the observed relaxation rate varied
proportional to density.
We analyze the Hannover data on hσ iT using the quantum mechanical model
described in Chapter 6 and Ref. [7], to obtain an estimate of the scattering length
for both 20 Ne∗ and 22 Ne∗ . In Chapter 6, we have seen that the scattering length of
Ne∗ displays five resonances as a function of the phase integral, due to the existence of five orientation-dependent interaction potentials VΩ for spin-polarized Ne∗ ,
each of which is characterized by a different phase integral ΦΩ . Figure 7.5 shows
the behavior of the scattering length a in the zero temperature limit as a function
of the phase integral for both 20 Ne∗ (solid line) and 22 Ne∗ (broken line), using the
parameters given in Table I of Chapter 6.
To find the best fit to the Hannover data, we vary the phase integral φΩ = ΦΩ + φ
of the interaction potentials VΩ of Ne∗ by an amount π . Here ΦΩ is the ab-initio
value of the phase integral and φ a scanning parameter. We assume that the phase
differences between the Ω-potentials are constant and equal to their ab-initio values
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a)

b)
Figure 7.4: Comparison between the experimentally determined [1] (filled squares)
and numerical calculation of the thermally averaged rethermalization cross section
hσ iT as a function of temperature for a) 20 Ne∗ and b) 22 Ne∗ . The phase integral
is varied around the second resonance in a. The data agrees with both positive
(solid lines) and negative values (broken lines) of a. The values of a corresponding
to the calculated hσ iT are given in a0 . For 22 Ne∗ , hσ iT is close to the unitary limit
(dotted line).
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Figure 7.5: Full quantum mechanical calculation of the scattering length a as a
function of φ for 20 Ne∗ (solid line) and 22 Ne∗ (broken line) [7].

(see Chapter 6). For each of these phase integrals we calculate the scattering phase
shift δ0 (kr ) as a function of energy, to obtain the energy-dependence of the elastic
collision cross section σ (E). By integrating σ (E) according to Eq. (7.12), we obtain
the ‘thermally averaged’ rethermalization cross section hσ iT .
Since there are five resonance in a, we have to vary the phase integral around
each of these five resonances. The results are slightly different for each resonance
because they have different widths and relative positions to the incoming l = 0
channel.
Figure 7.4 shows hσ iT as a function of temperature for a) 20 Ne∗ and b) 22 Ne∗ .
Comparison between the measurements performed at Hannover [1] (filled squares)
and quantum mechanical calculations of hσ iT (lines), yields an estimate for the value
of the scattering length a. From Fig. 7.4 it is clear that we cannot determine the sign
of a from these measurements: the data agree with both positive (solid lines) and
negative values (broken lines) of a. The range of phase integrals ∆φa>0 and ∆φa<0 ,
and the corresponding range of positive and negative a values which match the data
are given in Table I for each of the five resonances in a, and both bosonic isotopes.
The uncertainty in a is here given by the a values that correspond to the data only
just within the experimental error bars.
For 20 Ne we find either +7 Ü a Ü +37 a0 or −194 Ü a Ü −77 a0 . For the fourth
resonance in a no fit to the data could be found: the cross section is for all values of
a larger than the data. The position of this resonance is very close to a Ω = 0 virtual
or quasi-bound state with energy Eb > 0. Together with the narrow width of this
resonance (see Fig. 7.5), this results in an enhanced thermalization cross section as
a function of temperature.

resonance
1
2
3
4
5

∆φa<0 (π )
0.087-0.098
0.361-0.374
0.581-0.593
0.960-0.964

Ne∗
∆φa>0 (π )
0.021-0.043
0.267-0.302
0.514-0.534
0.894-0.928

20

a (a0 )
+21+9
−14
+20+9
−12
+29+8
−11
+8
+27
-104−35 +20−13
-134+42
−60
-113+32
−43
-115+38
−43

∆φa<0 (π )
0.169-0.172
0.326-0.328
0.602-0.608
0.840-0.843
1.009-1.013

Ne∗
∆φa>0 (π )
0.173-0.199
0.329-0.420
0.609-0.697
0.844-0.981
1.014-1.059

22

≤
≤
≤
≤
<

a (a0 )
−320 ≥ +66
−1600 ≥ +62
−600 ≥ +70
−1200 ≥ +72
0 ≥ +64

Table I: Values of the scattering length a obtained by comparing measurements [1] to numerical calculations of hσ iT as a function
of temperature for all five resonances in a, and for both bosonic isotopes of Ne∗ . The data agree with both positive and negative
values of a. For each resonance in a the range of phase integrals ∆φa<0 and ∆φa>0 , and the corresponding negative and positive
a values which match the data are given.
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For 22 Ne∗ only a lower limit of a ≈ +60 a0 to the value of the scattering length
can be established. Large negative values of the scattering length cannot be excluded either. The best agreement with the data was found for a scattering length
of a ≈ +100 a0 . The rethermalization cross section steadily increases with increasing |a| until a broad maximum is reached in the range +150 Ü a Ü +200 a0 . For
a Ý +200 a0 , hσ iT decreases but still corresponds within the error bars with the
data. For the fifth resonance in a of 22 Ne∗ the same holds as for the fourth resonance in the scattering length of 20 Ne∗ . For this resonance the value of the scattering
length is almost undefined, only small positive values of the scattering length may
be excluded.
The much larger uncertainty in a for 22 Ne∗ can be understood in the following
way. The data on hσ iT are close to the unitary limit (dotted line in Fig. 7.4), and
therefore correspond to rather large values of a. For these large (> 100 a0 ) values of
a, the sensitivity of hσ iT to the absolute value of a is strongly reduced, as we have
seen in Sec. 3.
Because the phase integrals of 20 Ne∗ and 22 Ne∗ are related through the mass
scaling rule (Eq. (6.3), Chapter 6), the range of phase integrals ∆φ corresponding
to the data should should match for both bosonic isotopes. From Table I we find
that the range of phase integrals ∆φa<0 of 20 Ne∗ corresponding to negative a values
match with the range of phase integrals ∆φa>0 of 22 Ne∗ corresponding to positive
a values for the second and fifth resonance. Also the ∆φa>0 of 20 Ne∗ and ∆φa>0
of 22 Ne∗ match for the fifth resonance. Therefore, we can exclude large negative a
values for 22 Ne∗ and restrict a to
+80 Ü a Ü +160 a0 .
In addition, we can narrow down the range of possible a values for
−160 Ü a Ü −80 a0 ,
+7 Ü a Ü +28 a0 .

(7.13)
20

Ne∗ to
(7.14)

Discussion
Although the data on hσ iT agree with both positive and negative values of a for
20
Ne∗ , it is clear from Fig. 7.4 that the behavior of the calculated values of hσ iT with
temperature is very different for positive and negative a, especially at lower temperatures. Therefore, measurements of hσ iT at lower temperatures are necessary in
order to determine the sign of a. To distinguish between the positive and negative a
values found for 20 Ne∗ , the difference ∆hσ iT = |hσ (a < 0)iT − hσ (a > 0)iT between
the calculated values of hσ iT should be larger than twice the experimental error.
This is the case for Ti Ü 0.17 mK.
In addition, the sensitivity of the cross section to the absolute value of a increases
with decreasing temperature (see Sec. 3). Consequently, the accuracy with which the
absolute value of the scattering length can be determined will also be much better for
measurements at lower temperatures. To determine the scattering length of 22 Ne∗
within ∼ 100 a0 , thermalization experiments should be carried out at Ti Ü 0.15 mK.
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Comparing the a values found for Ne∗ to the critical scattering length |ac | =
100 a0 for which BEC of Ne∗ was found to be feasible in Chapter 2, we can conclude that BEC of 20 Ne∗ is not feasible if the scattering length turns out to be small
and positive. However, predictions about the feasibility of achieving BEC with Ne∗
in Chapter 2 have been made assuming a temperature-independent cross section,
which describes the collision dynamics fairly well for most alkali atoms. In Sec.
2, we have seen that the collision cross section is temperature-dependent for the
initial temperatures attainable in our MT and (much) smaller than the temperatureindependent cross section. We expect, therefore, that |ac | will turn out to be larger
than 100 a0 . In Chapter 8, the feasibility of reaching the BEC phase transition with either isotope of Ne∗ is investigated, taking the temperature-dependence of the cross
section into account, and using the values of the scattering length found in this
Chapter.

5

Conclusions

The thermalization cross section of Ne∗ is temperature-dependent for the initial
temperatures accessible in the MT (0.2 − 1.5 mK). A quantum mechanical calculation
of the scattering phase shift is necessary to determine the cross section in this temperature regime. Comparing measurements of the cross section for both bosonic isotopes and different temperatures with these quantum mechanical calculations, and
taking the correlation between the phase integrals of 20 Ne∗ and 22 Ne∗ into account,
we find +7 Ü a Ü +28 a0 or −160 Ü a Ü −80 a0 for 20 Ne∗ and +80 Ü a Ü +160 a0
for 22 Ne∗ . Measurements at lower temperatures Ti Ü 0.15 mK, where the sensitivity
to the value of a is larger, are necessary to determine the sign of a for 20 Ne∗ and to
determine a more accurately.
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To BEC or not to BEC?

1

8

Introduction

In Chapter 2 predictions about the feasibility of achieving BEC with Ne∗ were made,
assuming a temperature-independent rethermalization cross section. But, as we
have seen in Chapter 7, the collision cross section is temperature-dependent for the
initial temperatures attainable in our MT. In this Chapter we investigate the feasibility of reaching the BEC phase transition with either bosonic isotope of Ne∗ , taking
the temperature-dependence of the cross section into account, and using the values
of the scattering length a found in Chapter 7.
This Chapter is organized as follows. In Sec. 2, the feasibility of reaching the
BEC phase transition with either bosonic isotope of Ne∗ is determined. In Sec. 3,
the feasibility of modifying the magnitude and sign of the scattering length of Ne∗
is discussed using either magnetic, laser or dc electric fields. Finally, in Sec. 4 the
question ‘To BEC or not to BEC?’ is answered.

2

Is the scattering length large enough?

We take the temperature-dependence of the cross section into account by replacing
the temperature-independent elastic collision cross section (Eq. (7.5)) by the ‘thermally averaged’, temperature-dependent cross section hσ iT in the evaporative cooling simulations described in Chapter 2. We use the first order approximation hσ (1) iT
of the cross section (Eqs. (7.10) and (7.12)), because only for this approximation an
analytical solution exists. Although this is not an exact solution, using hσ (1) iT in
the evaporative cooling simulations gives a good indication of the magnitude of the
scattering length and ionization rate constant required to achieve BEC. For positive
values of a, the absolute value of the scattering length required to achieve BEC will
be somewhat overestimated and the opposite holds for negative scattering lengths.
We perform evaporative cooling simulations for current and improved initial
conditions to determine the critical value |ac | of the scattering length required to
achieve BEC with either bosonic isotope of Ne∗ . Comparison to the values of the
scattering length (Eqs. (7.13) and (7.14)) obtained from measurements of hσ iT in
Chapter 7 answers the question whether BEC of Ne∗ is feasible or not. The results
of these simulations are summarized in Table I.
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Table I: Critical value |ac | of the scattering length a required to achieve BEC with
either 20 Ne∗ or 22 Ne∗ for different initial conditions and different values of the
suppressed ionization rate constant βpol .

20

Ne∗

22

Ne∗

model
Ia
IIb
IIIb,c
IVc,d
Ia
IIb
IIIb,c
IVc,d

initial conditions
Ni (109 atoms) Ti (mK)
1.5
1.2
1
0.55
1
0.55
9
0.2
e
0.5
1.2
0.33
0.55
0.33
0.55
3
0.2

pol

β

a

Current initial conditions, see Chapter 2.

b

Improved initial conditions, see Chapter 7, Sec. 4.

c

Recent data on βpol [1].

d
e

parameters
(10
cm3 /s) |ac | (a0 )
1
180
1
140
5.3
210
5.3
140
1
1
200
9.4
375
5.3
220
−12

Dramatically improved initial conditions.

We assume Ni to be a factor of three smaller for

22

Ne∗ than for

20

Ne∗ ,

in accordance with its smaller natural abundance.

For current initial conditions (model I in Table I, see Chapter 2), BEC of either
isotope is not feasible. Improving the initial conditions (model II in Table I) by
1D Doppler cooling in the MT as in the Hannover experiments [1] (see Chapters 5
and 7), does not make BEC feasible for 22 Ne∗ . For 20 Ne∗ , |ac | falls within the range
(Eq. (7.14)) of negative a values found for 20 Ne∗ . However, using the first order
approximation of hσ iT in the simulations underestimates the critical value of a required to achieve BEC for a < 0. Together with the tendency of these simulations to
be optimistic as compared to experiments, we therefore expect that it will be very
difficult to achieve BEC with 20 Ne∗ .
So far, we have only been able to establish an upper limit on the suppressed
ionization rate constant of βpol ≈ 5 × 10−11 cm3 /s for both bosonic isotopes of Ne∗
(see Chapter 5). Recent measurements by the Hannover group yield an upper limit
of βpol ≈ 5.3 × 10−12 and 9.4 × 10−12 cm3 /s for 20 Ne∗ and 22 Ne∗ respectively [1].
Using the Hannover values of βpol (model III in Table I) places even more stringent
requirements on a, making BEC of either isotope unfeasible.
Improving the initial conditions in the MT considerably does not make BEC of
∗
Ne feasible as long as a is not close to its critical value |ac | and βpol not smaller
than the upper limit recently found in Hannover [1]. This is illustrated by model IV
in Table I: it is very difficult to achieve BEC with 20 Ne∗ and impossible with 22 Ne∗ ,
even if the initial conditions are improved dramatically.
Decreasing the initial temperature only improves the ratio R of ‘good’ to ‘bad’
collisions as long as T > T0 , and as long as the ionization rate Γion is not much
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larger than the loss rate Γef f due to the effective lifetime τef f of the metastable
2

state. Here T0 = 2kBMµ a2 is the transition temperature from a temperature-dependent
cross section (T  T0 ) to a temperature-independent cross section (T  T0 ), kB
Boltzmann’s constant and Mµ the reduced mass. This temperature lies typically
within the range of initial temperatures (Ti ∈ [0.2, 1] mK) attainable in the MT. When
Γion becomes larger than Γef f with decreasing temperature, R ' hσ ihvi/βpol , with
hvi the average relative velocity (see Chapter 2, Sec. 3). This typically occurs at
the initial temperatures in our MT. As a result, R will already start to decrease with
decreasing temperature in the early stages of the evaporative cooling process. In
addition, the cross section increases more slowly with decreasing temperatures for
small values of a (see Chapter 7). As a consequence, a sufficiently large value of
|a| and small enough βpol are not only required for a large enough initial ratio of
‘good’ to ‘bad’ collisions, but also for R to increase significantly with decreasing
temperature during the evaporative cooling process.
Clearly, BEC of Ne∗ will only be possible if we are able to tune a to larger values.

3

Tuning the scattering length

In Sec. 2 we have seen that BEC of Ne∗ is probably only feasible when the scattering
length can be increased by a large enough amount. The ability to control both the
magnitude and sign of the scattering length has proven to be crucial in achieving BEC
with rubidium-85 [2] and cesium-133 [3]. In addition, it has facilitated the creation of
molecular BECs from a nearly degenerate spin mixture of fermions [4, 5]. In all these
experiments the atom-atom interaction has been tuned using Feshbach resonances
[6] induced by a magnetic field B [7–10].
Other schemes have been proposed to modify the atom-atom interaction using
radio-frequency fields [11], static electric fields [12], and laser fields [13, 14]. Recently, laser fields have been used to tune the scattering length of sodium-23 [15]
and rubidium-87 [16], albeit accompanied by large losses. Here we discuss the feasibility of using magnetic, laser or dc electric fields to tune the scattering length of
Ne∗ .

3.1

Magnetic fields

A Feshbach resonance occurs when a colliding pair of atoms (scattering state) is resonantly coupled to a molecular, bound state. This process is schematically depicted
in Fig. 8.1. A bound molecular state (solid lines) close to zero energy is Zeeman
shifted (see Chapter 1) with a magnetic field B into resonance with a scattering state
(broken line).
A Feshbach resonance in collisions between Ne∗ |3 P2 i |J = 2, mJ = +2i atoms
may exist for coupling to a molecular, excited state in a potential connecting to the
|3 P2 i + |3 P1 i asymptote, since most of these potentials are deep enough to support
bound states around zero energy (broken line). However, due to their fine instead
of hyperfine structure, the energy splitting between these potentials is large. As a
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Figure 8.1: a) Schematic diagram of the interaction potential of two colliding
Ne∗ |3 P2 i atoms (scattering state) and a potential connecting to the |3 P2 i + |3 P1 i
asymptote, and b) the asymptotic energy of the colliding atoms and the molecular
bound states in the latter potential as a function of magnetic field B. A Feshbach
resonance occurs when a bound, molecular state (solid lines) close to zero energy
(broken line) in the potential connecting to the |3 P2 i + |3 P1 i asymptote is Zeeman
shifted into resonance with the scattering state (broken line), or at the magnetic
field Br es where the vibrational energy of the molecular, bound state coincides
with the collision energy of the scattering state.

consequence, the vibrational, molecular states around zero energy are deeply bound
and the splitting between them is large. Therefore energy shifts of up to ∼ 0.5 meV,
or magnetic fields of the order of ∼ 5 T, are required to Zeeman shift a (deeply)
bound molecular state into resonance with the colliding atoms. As a result, it is not
very probable that a Feshbach resonance exists at (easily) accessible magnetic fields
B Ü 0.1 T.
In addition, coupling to a molecular, excited state in a non-spin-polarized potential will lead to large inelastic losses due to ionization. The potentials connecting to
the |3 P2 i + |3 P1 i asymptote are unfortunately non-spin-polarized. Therefore, Feshbach resonances, even if they exist at accessible magnetic fields, cannot be used to
improve the ratio of ‘good’ to ‘bad’ collisions during the evaporative cooling process.

3.2

Laser fields

The elastic interaction between two colliding atoms can be modified by coupling to
an excited, quasi-molecular state using laser fields [13], because the interaction in
this excited state (∝ −C3 /R 3 ) is much stronger than in the ground state (∝ −C6 /R 6 ).
When a colliding pair of atoms absorbs a photon, they couple to a bound, excited,
molecular state. This process is schematically depicted in Fig. 8.2. However, the light
field not only modifies the elastic interaction but also induces inelastic processes,
such as photon recoil and photo-association followed by spontaneous emission and
loss of atoms from the trap.
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Figure 8.2: Schematic diagram of the ground and excited state molecular potentials of Ne∗ . The laser light ωL couples the colliding ground state Ne∗ |3 P2 i atoms
to the excited vibrational state ν. The laser is detuned ∆ to the red of the atomic
resonance frequency ω0 , and ∆ν with respect to the excited, vibrational level.
Spontaneous decay of the excited state leads to inelastic losses characterized by
an inelastic photo-association rate constant βP A .

Photo-association occurs when the frequency ωL of the laser becomes resonant
with the transition to a vibrational, excited bound state ν, and the two colliding
atoms absorb a photon. The spontaneous decay of this excited bound state to the
ground state by emission of a photon will generally lead to the loss of the two atoms
from the trap, since the kinetic energy they gain in the excited state potential well
(∼ 1000 K) greatly exceeds the trap depth (∼ 10 mK). As a result, the scattering
length acquires an imaginary part in the presence of light, which characterizes the
inelastic loss due to photo-association. To minimize these losses, the detuning ∆ν
of the laser light from a vibrational, excited, molecular state should be much larger
than the linewidth Γ of the transition. On the other hand, to have a significant change
in the elastic interaction, characterized by a change of the real part of the scattering
length, ∆ν should not be too large and smaller than the spacing ∆εν between the
vibrational levels.
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Fedichev et al. [13] derive the complex scattering length alight in the presence of
light, by solving the coupled Schrödinger equations of the ground and excited state
<(alight ) = a +

ΩR2 Ãζν
Rt ,
∆εν (ζν2 + Γ 2 )
(8.1)

=(alight )

=

ΩR2 ÃΓ
−
∆εν (ζν2 +

Γ 2)

Rt .

Here <(alight ) is the real and =(alight ) the imaginary part of alight , ζν = ∆ν +
(ΩR2 /∆ν )A, A = 0.8π 2 Rt φ̃0 (Rt )φ0 (Rt ) and Ã = 0.8π 2 φ20 (Rt ), with Rt the position
of the outer turning point of the excited, molecular state, φ0 (Rt ) the zero energy,
ground state wavefunction in the absence of light, and φ̃0 containing only the outgoing wave of φ0 at large R. This expression is valid for coupling to weakly bound
vibrational levels, and when the relative change in the interaction potential is small
over a wavelength (WKB approach).
To have an appreciable modification of the elastic interaction without large losses
due to photo-association the condition
|<(alight ) − a|  |=(alight )|,

(8.2)

|ζν |  Γ

(8.3)

or
should be met.
More importantly, to increase the efficiency of evaporative cooling towards the
BEC phase transition, the inelastic photo-association rate constant βP A = 8π  ×
|=(alight )|/Mµ [14] should be much smaller than βpol . The latter condition places an
upper limit on the laser intensity I, since =(alight ) increases with I. The change in
the real part of the scattering length is therefore maximum and βP A minimum for an
as large as possible ∆ν  ∆ν .
In addition, photon recoil, due to scattering of light by single atoms, leads to
heating and loss of atoms from the trap. To suppress recoil losses, characterized
by a scattering rate τR−1 = (ΩR /∆)2 Γ /2, but still have a significant change of the
scattering length, the detuning of the laser ∆ from the atomic transition frequency
should be large and negative and not too far from a vibrational resonance with one
of the excited, molecular states. Here ΩR is the Rabi frequency. The need to limit the
scattering rate places even more stringent requirements on the maximum allowed
intensity. As a result, the light induced change δa = <(alight ) − a in the real part of
the scattering length is maximum for deeply bound vibrational levels.
In Fig. 8.3, δa (solid line) and the corresponding inelastic photo-association rate
constant βP A (broken line) are shown as a function of ∆ν for coupling to the ν = 120
vibrational state of the potential that connects to the Ne∗ |3 P2 i + Ne∗∗ |3 D3 i asymptote. Here φ0 (Rt ) and φ̃0 (Rt ) are ∼ 1 and taken equal to 0.5. The laser intensity is I = 50 W/cm2 , and the detuning from the atomic resonance transition is
∆ = −3.9 × 104 Γ , corresponding to a recoil time of τR = 20 ms.
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Figure 8.3: Light induced change δa = (<(alight ) − a) in the real part of the scattering length (solid line) and the corresponding inelastic photo-association rate
constant βP A (broken line) as a function of ∆ν for coupling to the ν = 120 vibrational state of the potential connecting to the Ne∗ |3 P2 i + Ne∗∗ |3 D3 i asymptote.
The laser intensity is I = 50 W/cm2 and the detuning from the atomic resonance
transition is ∆ = −3.9 × 104 Γ , corresponding to a recoil time of τR = 20 ms.

To maximize δa and keep the photo-association losses low, the detuning should
be chosen large. For |∆ν | = 10Γ , |δa/=(alight )| = 10 and δa ≈ 7 a0 . A larger
change δa in a can be accomplished by applying a larger laser intensity. However,
the photo-association losses then become larger than the losses due to ionization,
and the recoil losses increase as well, e.g. for I = 1000 W/cm2 and |∆ν | = 10Γ ,
δa ≈ 132 a0 , but βP A = 1.1 × 10−10 cm3 /s and τR ≈ 1 ms. Coupling to other
vibrational states or potentials yields even less favorable results.
Clearly, this method is not suitable for increasing the ratio R of ‘good’ to ‘bad’
collisions in an evaporative cooling experiment: appreciable changes in the value
of the scattering length are accompanied by huge inelastic losses, undoing the gain
in R. The inelastic loss rate can be eliminated by using a two-photon transition
to the excited molecular state and back to a vibrational state in the ground state
potential [17]. Unfortunately, δa then reduces to zero as well.
Although in Ref. [16], the scattering length in a 87 Rb condensate was changed by
an amount δa ≈ 80 a0 with laser intensities of ∼ 500 W/cm2 , this large change in a
was accompanied by large inelastic losses with a time constant of ∼ 100 µs. However, to obtain a sudden change in the scattering length, e.g. to study interactions in
a condensate, this method is a useful tool, since in that case less severe restrictions
are placed on the inelastic loss rate.
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Figure 8.4: Interaction potential V with (broken line) and without (solid line) an
anisotropic induced-dipole interaction VE (R). The depth of the potential increases
due to the presence of an induced-dipole interaction. As a result, the virtual or
quasi-bound state (solid line) just above the scattering threshold of zero energy
(dotted line) becomes a bound state (broken line).

3.3

Electric fields

In an external dc electric field the interatomic interaction potential is modified by
the addition of an anisotropic induced-dipole interaction [12]
VE (R) = −

CE
P2 (cos θ),
R3

(8.4)

with
CE = 2E02 α2 ,

(8.5)

the electric induced-dipole interaction coefficient. This induced-dipole interaction
couples the ground {(2p 5 )(3s)} Ne∗ state to the excited {(2p 5 )(3p)} Ne∗∗ state
(see Chapter 1). Here E0 is the amplitude of the electric field, α the static, atomic
dipole polarizability, P2 (cos θ) the Legendre polynomial of order 2, and θ the angle
between the direction of the electric field and the internuclear axis of the colliding
atoms.
The influence of the external dc electric field on the interaction potential is illustrated in Fig. 8.4. The presence of an anisotropic induced-dipole interaction tends to
deepen the well of the effective interatomic interaction potential, eventually transforming a virtual or quasi-bound state (a < 0) (solid line) just above the scattering
threshold (dotted line) into a new bound state (a > 0) (broken line). As a result,
the scattering cross section will first decrease for interaction potentials with a positive a, and increase for potentials with a negative a with increasing dc electric field.
Therefore, the sign of the scattering length may also be determined by measuring
the relative deviation of the cross section in the presence of a dc field. In addition,
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Figure 8.5: Numerical calculation of the thermally averaged thermalization cross
section hσ iT at Ti = 0.5 mK as a function of the applied dc electric field E0 for
the positive a(E0 = 0) = −113 a0 (filled squares and solid line) and negative
a(E0 = 0) = +20 a0 (open circles and broken line) values of a found for the
second resonance in 20 Ne∗ in Chapter 7.

the field at which a resonance in hσ iT occurs is smallest for values of the scattering
length closest to the a < 0 side of the resonance, i.e. very large negative or very
small positive values of a.
We use our quantum mechanical model for calculating the scattering phase shift
δ0 (kr ) [18] to determine the behavior of hσ iT as a function of the dc electric field E0 .
The result is shown in Fig. 8.5 for Ti = 0.5 mK and the positive a(E0 = 0) = +20 a0
and negative a(E0 = 0) = −113 a0 values of the scattering length found for the
second resonance in 20 Ne∗ in Chapter 7. As expected, hσ iT first decreases with
increasing E0 for a(E0 = 0) > 0, whereas hσ iT initially increases with increasing E0
for a(E0 = 0) < 0. As a result, a resonance in hσ iT occurs at smaller values of the
field for a < 0 than for a > 0. A maximum value of hσ iT ≈ 5 × 104 a20 is reached
at E0 ∼ 1 × 108 V/m, corresponding to about a factor of 7 increase in hσ iT . This is
enough to make BEC of 20 Ne∗ feasible.
The behavior of hσ iT with applied dc electric field is quite different for 22 Ne∗ .
No resonant behavior of hσ iT occurs at Ti ≥ 0.5 mK for the best fit a = +106 a0
to the data in Fig. 7.4 b). The cross section increases at most with a small fraction.
This is not surprising since hσ iT is already very close to the unitary limit and thus
cannot increase by a large amount. Values approximately equal to the critical value
to achieve BEC are reached for dc electric fields E0 ≈ 2 × 108 V/m at Ti = 0.5 mK.
The electric fields required to enhance the cross section to values close to or
above the critical value to achieve BEC are of the order of 1 × 108 V/m. The maximum field strength attainable before breakdown occurs is strongly dependent on the
separation d between the field generating electrodes, residual pressure between the
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electrodes, the material, geometry, homogeneity and conditioning of the electrodes,
and the presence of contamination on the surfaces of the electrodes. By optimizing these parameters, fields of 1 × 108 V/m for electrode separations of d ∼ 1 mm
have been accomplished [19]. However, to facilitate evaporative cooling towards the
BEC phase transition, electrode separations of the order of ∼ 1 cm are required, for
which the maximum field strength rapidly decreases with d to ≈ 3 × 107 V/m.
Recently, fields of the order 1 × 108 V/m at d ≈ 1 cm have been accomplished by
improving the vacuum and the surface treatment of the electrodes [20]. The maximum field strength attainable in evaporative cooling experiments will be, however,
limited to lower values by the presence of the atom cloud. At the onset of the evaporative cooling process the fields required to obtain BEC may be feasible, but when
during the evaporation the density increases, the mean free path of the particles
decreases to values smaller than or equal to the electrode separation. As a result,
the electrons produced by small micro-projections on the cathode or Penning ionization, and accelerated by the strong electric field will ionize the atom cloud leading
to an electron avalanche and a self-sustaining discharge or breakdown. Therefore,
we expect that it will be extremely difficult to enhance the cross section sufficiently
to make BEC of either 20 Ne∗ or 22 Ne∗ feasible, using electric fields.

4

Concluding remarks

Comparing the values of the scattering length obtained from measurements (Eqs.
(7.13) and (7.14)) to the critical scattering length required to achieve BEC with either
bosonic isotope of Ne∗ , we find that BEC of Ne∗ is only feasible when the scattering length can be increased significantly. Feshbach resonances induced by magnetic
fields have been used to control both the magnitude and sign of the scattering length
of alkali atoms [7–10]. In addition, other schemes have been proposed to modify the
atom-atom interaction using laser fields [13, 14] and static electric fields [12]. However, it is not very probable that a Feshbach resonance exists at (easily) accessible
magnetic fields for Ne∗ due to its fine structure. Moreover, we expect that any potential Feshbach resonance will be accompanied by huge inelastic losses.
In addition, the ratio of ‘good’ to ‘bad’ collisions cannot be improved by tuning the scattering length of Ne∗ using laser field-induced coupling to excited quasimolecular states, because significant changes in the scattering length are accompanied by huge inelastic losses. External dc electric fields, on the other hand, can be
used to modify the scattering cross section hσ iT of 20 Ne∗ by a factor of 7, enough
to make BEC of 20 Ne∗ feasible. Because the thermalization cross section hσ iT found
for 22 Ne∗ is very close to the unitary limit, hσ iT can only be increased by a small
amount to approximately the critical value to achieve BEC. Unfortunately, this requires electric fields of the order of 1 × 108 V/m, which we expect to be very difficult
to sustain during the evaporative cooling process due to the presence of the atom
cloud. We conclude that BEC of Ne∗ is not feasible.
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Rapidly rotating BECs in and near the Lowest Landau Level

The work described in this Chapter has been carried out in the group of Cornell at the
Joint Institute for Laboratory Astrophysics (JILA), a collaboration between the University of Colorado (CU) and the National Institute of Standards and Technology (NIST) in
Boulder, Colorado, USA. The results presented here are published in Physical Review
Letters [1].

1

Introduction

A superfluid cannot rotate like an ordinary fluid [2]. It can only support rotation
through the formation of vortices, due to the strong constraints on its velocity field
[3, 4]. The superfluid can be described by a macroscopic wave function Φ(~
r) =
p
iΘ(~
r)
n(~
r )e
, where n(~
r ) is the density and Θ(~
r ) the local phase. Its velocity field
~ is directly connected to the gradient of the phase v
~ = (/M)∇Θ(~
v
r ), where M is
the mass of a particle. As a result, the flow is irrotational and the circulation of the
velocity field around any closed contour is zero, except when this contour encloses
a singularity. In the latter case the circulation is quantized and equal to
I
2π 
~ ~
i,
(9.1)
vd
l=
M
with i = 0, 1.. an integer.
Vortices are such singularities characterized by a line along which the density
vanishes and around which the phase of the wave function varies by 2π i. Above
a critical rotation rate, singly-quantized vortices are nucleated at the edge of the
superfluid and migrate inwards [5]. With increasing rotation rate Ωẑ, it becomes
energetically favorable for the superfluid to support more and more vortices. These
vortices organize themselves in a hexagonal lattice, due to the repulsion between
them [6]. In 1979, Yarmchuk et al. reported the first observation of individual vortex
cores in arrays of up to eleven vortices in liquid helium-2 [7], and vortex lattices were
for the first time visually observed by Vinen [8] in 1961.
The study of superfluidity in liquid helium-2 is complicated due to its strong
coupling. Bose-Einstein Condensates offer the possibility to study superfluidity in
the weak coupling regime. Vortices in a Bose-Einstein Condensate (BEC) were first
created in 1999 by Matthews et al. [9] and a vortex lattice was first created and
127
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observed by Madison et al. [10] in 2001. When the rotation rate is increased to a very
large value, a whole class of new phenomena is predicted to take place, which is the
topic of this chapter.

2

Regimes of rotation

The single particle hamiltonian for atoms confined in an axisymmetric, harmonic
trap with radial and axial trapping frequencies ωρ and ωz , rotating around the
ẑ−direction with angular velocity Ωẑ, in the rotating frame is given by [11]
H=

~2
p
1
~,
+ M(ω2ρ r 2 + ω2z z2 ) + Vint − Ωẑ · L
2M
2

(9.2)

which can be written in the more insightful form
H=

~ρ − MΩẑ × r~)2 1
(p
p2
1
+ M(ω2ρ − Ω2 )r 2 + z + Mω2z z2 + Vint .
2M
2
2M
2

(9.3)

~ is the total momentum, p
~ρ the momentum in the radial direction, pz the axial
Here p
momentum, M the particle mass, L = NMhr 2 iΩ the rotational angular momentum
and Vint the interaction energy.
From the analogy of this expression with the Hamiltonian in classical electrodynamics in the centrifugal limit Ω̃ = Ω/ωρ → 1, it follows that a system of N
bosons rotating with Ωẑ in an axisymmetric, harmonic trap is equivalent to a system of charge q particles moving under influence of an effective magnetic field
~ = (2MΩ/q)ẑ, with cyclotron frequency ωc = qB/M = 2Ω. The coriolis force acting
B
on the superfluid in the direction of rotation is equivalent to the Lorentz force acting
on a particle with charge q, and the interparticle interaction takes over the role of
the Coulomb interaction.
The first term in the Hamiltonian (Eq. (9.3)) is in the centrifugal limit the Integer Quantum Hall Hamiltonian, and the second term is the weakened radial confinement, which vanishes for Ω̃ → 1 due to the centrifugal force. The axial kinetic energy
pz2 /(2M) and the axial confinement 12 Mω2z z2 form together the axial harmonic oscillator energy En = ωz (n + 1/2). For small interaction energies Vint , characterized
by the chemical potential µc , only the ground state is occupied and therefore the
z−dependent terms are eliminated from the dynamics, effectively creating a quasi
two-dimensional (2D) system.
The analogy of condensates in the high rotation limit Ω̃ → 1 with electrons in
a strong magnetic field has led to the prediction that quantum Hall-like properties
should emerge in highly rotating condensates [12]. Moreover, when interactions between the atoms are weak enough, the condensate atoms occupy only single particle
levels in the Lowest Landau Level (LLL), which is the topic of this chapter.
We can discern three different physical regimes with increasing rotation rate
Ω and decreasing interaction strength µc : the low rotation or Thomas Fermi (TF)
regime [13], the Lowest Landau Level (LLL) limit, and the Quantum Hall regime. At
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Figure 9.1: Schematic view of the 2D single particle, harmonic oscillator states
in the rotating frame, characterized by the radial and angular quantum numbers
(n, m), at rest a). With increasing Ω, b) and c), the Lowest Landau Level (LLL) is
formed.

low rotation rates, where µc  ωρ , ωz , the TF approximation is valid and the system responds to rotation as an incompressible fluid. With increasing rotation rate
the number of vortices and the condensate radius increase to accommodate more
angular momentum L. As a result, both the chemical potential µc and the density
n(~
r ), given by


ωho 15Na 2/5
2/5
[1 − Ω̃2 ] ,
µc =
2
aho
1
n(~
r ) = {µc − M[(ω2ρ − Ω2 )r 2 + ω2z z2 ]}/g,
2

(9.4)
(9.5)

q

in the TF limit [13], decrease. Here ωho = (ω2ρ ωz )1/3 and aho = Mωho are respectively the harmonic oscillator frequency, and length and g = 4π 2 a/M the interparticle coupling strength with a the scattering length.
A useful parameter is the ratio Γ2D of the chemical potential and the axial harmonic oscillator energy
µc
.
(9.6)
Γ2D =
ωz
When Γ2D ∼ 1, the TF approximation breaks down and we enter the single particle
limit along the axial direction. When in addition Ω̃ → 1, a band of degenerate single
particle states, the Lowest Landau Level (LLL), is formed. This is a quasi 2D system,
which can be characterized by 2D single particle, harmonic oscillator states in a
rotating frame. These states are characterized by the radial and angular quantum
numbers (n, m) , with n the number of radial nodes and m the azimuthal quantum
number.
The formation of the LLL is schematically depicted in Fig. 9.1. With increasing
rotation rate, the radial confinement of the condensate decreases. As a result, the
m and −m states of the trapped condensate are no longer degenerate: the (−m)m
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harmonic oscillator states experience a (upward) downward energy shift equal to Ω
in the co-rotating frame. A degenerate ground state, the Lowest Landau Level (LLL)
is formed. The degenerate +m levels form a band, the LLL, when the interaction
energy gn is larger than the splitting ∆ELLL = (ωρ − Ω) between them. The number
of occupied states in this band is equal to NLLL = µc /∆ELLL . An energy gap of 2ωρ
separates the LLL from the first excited degenerate Landau state. When the chemical
potential is much smaller than this energy gap, only the LLL is occupied.
In addition, when Ω̃ → 1, the number of bosons per vortex, the filling factor ν,
decreases. For high filling factors, the rotating condensate organizes itself in an
ordered vortex lattice and we are in the mean field quantum Hall regime of the LLL.
When ν becomes smaller than 10, we enter the third regime: the vortex lattice ‘melts’
and the bosons organize themselves in a 2D vortex ‘liquid’ [12]. This vortex liquid
is an incompressible liquid state, similar to those in 2D quantum Hall systems. To
reach this limit it is not required that the system is in the single particle limit with
respect to the axial direction [14].
In summary, a rich field of physics exists for highly rotating BECs. In this chapter,
we report on the observation of the crossover to the LLL limit in a highly rotating
87
Rb BEC. This chapter is organized as follows. First, we briefly describe in Sec. 3
the experimental setup and the procedure for making a highly rotating 87 Rb BEC. In
Sec. 4, we describe the experimental techniques that are crucial in observing highly
rotating condensates. The experimental observation of the ‘signatures’ associated
with the crossover to the LLL limit are presented in Sec. 5, 6 and 7. In Sec. 8, we end
with some concluding remarks.

3
3.1

Experimental setup and techniques
Creating a

87

Rb BEC

The recipe for creating a metastable neon BEC is described in Chapter 1. The steps
for making a BEC are roughly the same for all atomic species. Creating a 87 Rb BEC in
the vortex lattice experiment of Cornell at JILA differs from the procedure described
in Chapter 1, in the aspects described below. In addition, we give a summary of the
typical experimental parameters of the setup.
The most striking difference between creating a BEC of alkali atoms as compared
to a BEC of rare gas atoms is that no beam brightening techniques are necessary
in order to obtain a high flux of atoms to load a Magneto-Optical Trap (MOT). The
efficiency of producing alkali atoms with a getter source is determined by the abundance of the desired isotope (25 % for 87 Rb). In addition, all laser transitions are
driven by diode lasers instead of dye lasers as in the case of metastable neon.
The 87 Rb atoms are directly loaded from the source into a collection MOT. The
collection MOT consists of three retro-reflected, circularly-polarized laser beams,
a repumper laser beam and a quadrupole field, with axial magnetic field gradient
Bz0 = 10 G/cm. The MOT laser beams have a saturation parameter at resonance of
s0 = 20 and a detuning ∆M = −4Γ from the laser cooling transition.
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Figure 9.2: Schematic energy diagram of 87 Rb with on the left the fine structure
states and on the right the hyperfine splitting. The laser cooling 5 2 S1/2 F = 2 →
5 2 P3/2 F 0 = 3 transition (MOT) and the repumper 5 2 S1/2 F = 1 → 5 2 P3/2 F 0 = 2
transition are indicated.

For laser cooling and trapping of 87 Rb atoms the 5 2 S1/2 F = 2 → 5 2 P3/2 F 0 = 3
optical transition at a wavelength of λ = 780 nm is used. The saturation intensity of
this transition is I0 = 1.62 mW/cm2 and the natural line width is Γ = 5.9 (2π ) MHz.
Here F~ = J~ + I~ is the total angular momentum, with I = 3/2 the total nuclear spin.
Contrary to Ne∗ , which has total nuclear spin equal to zero, hyperfine structure is
present. The atomic states are given in Russell-Saunders notation: n 2S+1 LJ , where
n is the quantum number that gives the valence electron shell, S the total electron
spin, L the total electronic orbital angular momentum, and J the total electronic
angular momentum.
The MOT laser is locked to the intermediate saturated absorption peak between
the 5 2 S1/2 F = 2 → 5 2 P3/2 F 0 = 2 and 5 2 S1/2 F = 2 → 5 2 P3/2 F 0 = 3 transitions,
which is 133 MHz detuned from the F = 2 → F 0 = 3 laser cooling transition. The
detuning is varied with an Acousto Optical Modulator (AOM). The laser cooling light
also induces an off-resonant transition to the F = 2 excited state, which can decay
to the dark F = 1 ground state. Therefore, a repumper beam, resonant with the
5 2 S1/2 F = 1 → 5 2 P3/2 F 0 = 2 transition is added. Both the cooling and repumper
transition are indicated in the partial energy level diagram of 87 Rb in Fig. 9.2.
After a loading time of 1 − 2 s, the collection MOT typically contains 108 atoms.
A large MOT with N ∼ 109 atoms is achieved by repeatedly (∼ 50 times) transferring
the atoms from the collection MOT to a science MOT. The setup is schematically
depicted in Fig. 9.3. The atoms are transferred along a 37 cm long, 1.3 cm diameter, stainless steel transfer tube with a 30 ms circularly-polarized, resonant pushing
beam (s0 = 4), and guided by a hexapole field, created by permanent magnets around
the transfer tube. The narrow transfer tube forms a flow resistance, which has the
additional advantage of reducing the background pressure from ∼ 10−9 mbar in the
collection MOT to ∼ 10−11 − 10−12 mbar in the science MOT.
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Figure 9.3: Schematic top view of the setup of the collection and science MOT. The
MOT laser beams are indicated by the large arrows.

The science MOT consists of 6 laser beams with an 1/e width of ≈ 1 cm and a
quadrupole field with an axial field gradient of Bz0 = 17 G/cm. Typical science MOT
parameters are N ∼ 109 atoms, T = 50 µK, n = 1011 atoms/cm3 , τ = 22 s, s0 = 2 and
∆M = −3Γ , with T the temperature, n the density and τ the lifetime of the trapped
atom cloud. After compressing the MOT, the temperature is further reduced in a
10 ms molasses phase (see Chapter 5). Then the atoms are optically pumped from
the |F = 2, mF = −2i to the |F = 1, mF = −1i state.
For large size MOTs (N ∼ 109 ), typically 46% of the atoms are transferred to the
magnetic trap. Unlike the metastable neon experiment, the atoms are trapped in a
Time-averaged Orbiting Potential (TOP) magnetic trap. In the TOP trap the atoms are
trapped by a quadrupole field and a rotating transverse bias field [15]. It has the tight
confinement of a quadrupole trap without the associated loss due to nonadiabatic
spin flips in the zero field at the center of the trap (see Chapter 3). The continuously
changing bias field rotates the magnetic field zero much faster around the atomic
cloud than the atoms can respond. As a result, the atoms never see the zero field and
nonadiabatic spin flips are suppressed. The resulting trapping potential is to lowest
order harmonic. Typical trap parameters in a cigar shaped trap (ωρ > ωz ) are:
Bρ0 = 32.2 G/cm and B0 = 2.78 G, with the TOP bias field rotating at 1.8 (2π ) kHz.
Routinely, condensates rotating at Ω̃ ≈ 0.95 with N ≈ 2−3×106 atoms, T ≈ 10 nK,
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Figure 9.4: Schematic view of the stepwise excitation of the scissors mode to
impart angular momentum to the thermal cloud. The solid line represents the
contour of the confining potential and the gray cloud represents the atom cloud.
(a) The trap is adiabatically deformed to an elliptical shape with 25 % anisotropy.
(b) After the cloud has rethermalized, suddenly the orientation of the trap asymmetry is rotated over 45◦ to excite the scissors mode. (c) After a quarter period
of the scissors mode, the cloud is maximally rotating. (d) Immediately thereafter
the axisymmetric trap geometry is restored to preserve the angular momentum
imparted to the cloud.

n ∼ 1013 atoms/cm3 and τ = 210 s are created by rf-induced evaporative cooling of
the atoms (see Chapter 2).

3.2

Creating a highly rotating condensate

Rotation rates close to the centrifugal limit (Ω̃ → 1) are reached in a three step
process. In the first step, rotation rates up to Ω̃ ≤ 0.4 are achieved by exciting
a scissors mode in the thermal cloud [16]. This process is schematically depicted
in Fig. 9.4. First, the thermal cloud is cooled by evaporative cooling in a tightly
confining trap with {ωρ , ωz } = {45, 16} (2π ) Hz to ≈ 3TC = 200 nK, with Tc
the BEC phase transition temperature. After ramping the trap frequencies down
to {ωρ , ωz } = {6.8, 13.6} (2π ) Hz, the trap is adiabatically deformed to an elliptical
shape (25% asymmetry) in the xy-plane (Fig. 9.4a)). After 2 s of rethermalization of
the atom cloud to the new trap geometry, the major axis of the ellipse is suddenly
rotated over 45◦ in the xy−plane (Fig. 9.4b)), to excite the scissors mode and thus
impart angular momentum to the atom cloud. After a quarter period of the scissors
mode, the rotation rate of the cloud is maximum (Fig. 9.4c)) [17], at this point the
cylindrical symmetry of the trap is restored to keep the cloud rotating (Fig. 9.4d)).
In the second step, the atom cloud is spun up to Ω̃ ≤ 0.95 by selectively removing atoms close to the rotation (z) axis, which have low angular momentum, with
one-dimensional (1D) evaporative cooling [16]. Because only atoms with low angular momentum are removed, the angular momentum per particle L/N = Mhr 2 iΩ
increases slightly [16]. During the evaporation, the atom cloud cools and shrinks,
reducing the moment of inertia of the atoms, resulting in a higher rotation rate Ω̃ of
the atom cloud.
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Figure 9.5: Schematic view of the spin-up of the atom cloud by one-dimensional
(1D) evaporative cooling. As a result of the sag due to gravity in the weakly confining cigar shaped trap, atoms with low angular momentum close to the rotation
axis are preferentially removed and the evaporation is 1D. As a consequence, the
angular momentum per particle increases slightly. Combined with the decrease in
temperature of the atom cloud, this results in a spin-up of the atom cloud.

This process is depicted schematically in Fig. 9.5. The trap frequencies are
ramped down from {ωρ , ωz } = {6.8, 13.6} (2π ) Hz to {ωρ , ωz } = {8.2, 5.3} (2π ) Hz,
to obtain a very weakly confining, cigar shaped trap, so that the atom cloud sags
≈ 800 µm due to gravity. As a result, the rf-pulse will preferentially remove atoms
close to the rotation axis and the evaporation is 1D. In this step the rf-frequency is
ramped down exponentially in two ramps from 4 MHz to 2.3 MHz (the trap minimum
corresponds to 2 MHz), at which point a pure condensate is created.
The presence of any trap asymmetry will slow down the thermal cloud, which in
turn will slow down the BEC via mutual friction. In addition, any trap asymmetry
will lead to heating of the condensate and subsequently to a decrease in the rotation
rate. Therefore, it is crucial that the trapping potential is perfectly axisymmetric
and that no thermal cloud is present. The latter is achieved by applying a rf-shield
of 2.25 MHz after the final 1D evaporation phase. To accomplish the former, it is
necessary to fine tune the magnetic trapping fields every day to account for thermal
drift and fluctuations.
The third and final step in reaching rotation rates close to the centrifugal limit
consists of removing atoms from the condensate with an unfocused laser beam
along the z−axis (see Fig. 9.8b)). Because the cloud is optically thin, the recoil from
spontaneously scattered photons removes atoms from the condensate without any
preference for direction or angular momentum, leaving the angular momentum per
particle unchanged. Due to the removal of atoms from the cloud, µc decreases and
the cloud shrinks both radially and axially in size. Conservation of angular momentum per particle L/N ∝ Ωhr 2 i during the atom removal means that the rotation rate
Ω has to increase, because the radial size of the condensate decreases. But since the
initial rotation rate of our condensate already is 0.95 ωρ , the radial size of the con-
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Figure 9.6: Inversion of the aspect ratio of the condensate with increasing rotation
rate. a) For a condensate at rest (N = 3.8 × 106 atoms, Ω̃ = 0), the cloud has a
cigar shaped geometry. b) With increasing rotation rate the geometry of the cloud
changes to a pancake shape (N = 3.3 × 106 atoms, Ω̃ = 0.953), and c) the aspect
ratio of the cloud decreases (N = 2.3 × 105 atoms, Ω̃ = 0.992).

densate remains approximately constant and only the axial size of the condensate is
reduced.
The atom removal beam has a FWHM size of 1.3 mm (much larger than the typical
diameter ≈ 120 µm of the condensate), a detuning between 50 to a few 100 MHz to
the red of the 5 2 S1/2 F = 1 → 5 2 P3/2 F 0 = 2 transition at 780 nm, and an intensity of
5 to 50 nW/cm2 , depending on the desired rotation rate. We illuminate the rotating
condensate with this atom removal beam for times between 200 ms and 2 s.
Due to the centrifugal force in the rotating condensate, the geometry of the condensate changes from cigar shaped at rest (Fig. 9.6 a)) to pancake shaped while
rotating (Fig. 9.6 b) and c)). The aspect ratio  = ωρ /ωz of the cloud is a direct
measure of the rotation rate Ω [16]
q
(9.7)
Ω = 1 − (/s )2 ,
where s = 1.57 is the aspect ratio of the condensate at rest.

4
4.1

Imaging
Non-destructive imaging

Non-destructive imaging is invaluable in measuring time-dependent excitations in
a condensate or to analyze the dynamics of a condensate. It makes measuring a
time sequence of in-trap images possible. In our setup we use off-resonant phase
contrast imaging to take non-destructive images of the condensate in the trap. The
phase contrast imaging process is depicted schematically in Fig. 9.7.
In phase contrast imaging, the atom cloud induces a phase shift in the scattered
light. When this phase shifted, scattered light (broken lines) is made to interfere
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Figure 9.7: Schematic diagram of the phase contrast imaging process. The unscattered light (solid lines) is imaged by the first lens on the phase plate, which
induces a phase shift of π /2. The light scattered from the condensate (broken
lines) only obtains a phase shift from the condensate. Scattered and unscattered
light are recombined on a CCD-camera by the second lens.

with the unscattered light (solid lines), the resulting phase contrast image is a measure of the density profile of the cloud. Both the scattered and unscattered light
are collected by an imaging lens. A phase plate with a small dielectric dot in the
center, placed in the Fourier plane of this lens, induces a phase shift of π /2 in the
unscattered light, maximizing the contrast signal for small scattering phase shifts.
A second lens recombines the two light components, which interfere at the image
plane to form a phase contrast image of the cloud on a CCD-camera.
The spontaneous scattering of photons causes loss of atoms from the condensate
because the recoil limit (see Chapter 1) is comparable to the condensate temperature.
With phase contrast imaging a nondestructive image can be made because the spontaneous scattering rate Γs ∝ 1/∆2p , falls off more rapidly than the induced scattering
phase shift δφ ∝ 1/∆p away from resonance. Here ∆p is the probe detuning from
resonance.
We take non-destructive side-view images of the condensate with a probe beam
propagating under 45◦ with the x axis in the xy-plane (see Fig. 9.8a)). Typically, the
probe beam for phase contrast imaging has a detuning of respectively ∆p = −100Γ
and ∆p = −12Γ from the 5 2 S1/2 |F = 1, mF = −1i → 5 2 P3/2 F 0 = 2 transition, for
condensates rotating at Ω̃ ≤ 0.95 and Ω̃ > 0.95. The probe pulse is 100 µs long and
has an intensity of ≈ 400 µW/cm2 .

4.2

Imaging the vortex lattice

The vortex cores are too small to be resolved non-destructively in in-trap images.
Therefore, we need to expand the condensate in order to resolve the vortex cores,
thereby destroying the condensate. Because we hold our condensate in a very weak
trap (Subsec. 3.2), the mean field interaction between the atoms is very small. As a
result, the condensate does expand very slowly in the usual ballistic expansion, and
magnetic field fluctuations and thermal drift compromise the stability and reproducibility. Therefore, we use an Adiabatic Rapid Passage (ARP) technique to expand
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Figure 9.8: Top a) and side b) view of the science MOT cell. a) The phase contrast imaging (probe) beam propagates under 45◦ with the x−axis in the xy-plane.
b) The atom removal (Subsec. 3.2) and absorption imaging beam for imaging the
vortex lattice (Subsec. 4.2) both propagate along the z−axis.

the condensate in an anti-trapping potential (Fig. 9.9).
We use a mixed micro- and rf-wave ARP to coherently transfer the atoms from the
trapped |F = 1, mF = −1i to the anti-trapped |F = 2, mF = −1i state (see Fig. 9.9).
A micro-wave pulse of 30 µs is applied while simultaneously a rf-wave is linearly
ramped over 2 MHz to assure adiabatic passage from the |1, −1i to the |2, −1i state.
Subsequently, the bias field is adjusted so that the atoms are supported against
gravity while they expand radially.

anti-trapped state |F=2,-1>
Linear ramp: 2 MHz

2 MHz

F=2

34 MHz
6.8 GHz

trapped state |F=1,-1>

F=1

Figure 9.9: Illustration of the Adiabatic Rapid Passage (ARP) technique: the atoms
are transferred from the trapped |F = 1, mF = −1i state to the anti-trapped
|F = 2, mF = −1i state with a mixed 6.8 GHz micro-wave pulse and a linear
ramp of a rf-wave from 36 to 34 MHz. As a result, the atoms are adiabatically
transferred to the anti-trapped state and perceive an anti-trapping instead of a
trapping potential.
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With this technique we are able to expand the condensate to a diameter of a few
mm in tens of ms. After expanding the condensate with this ARP technique, we
switch off the magnetic trap and image the vortex lattice along the axis of rotation
(see Fig. 9.8b)) with absorption imaging (see Chapter 4. We image the expanded
condensate with a 50 µs laser pulse resonant with the |F = 2, mF = −1i to |F = 3i
transition.

5

Crossover to the single particle limit

The crossover to the Lowest Landau Level limit is characterized by a few ‘signatures’.
The LLL is reached when Ω̃ → 1 and Γ2D ∼ 1, or for high rotation rates and in the
single particle limit along the axial direction. The crossover from the hydrodynamic,
interacting limit to the single particle, non-interacting limit along the
√ axial direction
is characterized by a change in the axial breathing frequency from 3ωz [18] to 2ωz
in the centrifugal limit. The latter frequency arises from the fact that axial excitation
of the cloud only couples even single particle modes of the single particle harmonic
oscillator.
We observe the crossover to the single particle, non-interacting limit with respect
to the axial direction by applying an axial excitation to the condensate for varying
rotation rates and interaction energies. We vary the rotation rate by varying the parameters of the atom removal beam, as described in Subsec. 3.2. We excite the axial
breathing mode (m = 0) of the condensate by applying a square wave modulation
with frequency 2ωz to the axial component of the quadrupole and TOP bias field, as
schematically depicted in Fig. 9.10. The radial trapping frequency is not affected by
this excitation: it changes by less than 0.5 %.
To determine the axial breathing frequency ωB , we take 13 non-destructive intrap images of the cloud as a function of time, perpendicular to the axis of rotation
(see Figs. 9.8b) and 9.10). From these images we extract the rms axial width σz and
the number of atoms N of the condensate, assuming a TF profile for the fit [19]. Fi-

wz
0

Trap frequency
jumps
+6%
-6%

Probe
pulses

430 ms

25 ms

1 cycle for 10.6 Hz
0 12

47 59

94

t (ms)

Figure 9.10: Excitation and imaging pulse sequence of the m = 0 axial breathing
mode. The axial trapping field is modulated by a square wave with an amplitude
of 6 % and a period of 2ωz . After applying the excitation, 7 phase contrast images
are taken separated by 25 ms. After a delay of 430 ms, 6 more images are taken.
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Figure 9.11: Oscillation of the axial width σz , driven by the m = 0 axial excitation,
as a function of time.

nally, we obtain ωB by fitting a sine to the oscillation of the axial width as a function
of time. Figure 9.11 shows a typical example of such an oscillation. We determine
Ω from the measured aspect ratio of the cloud, using Eq. (9.7), and the chemical
potential µc from Ω and the measured number of atoms N, using Eq. (9.4).
The axial excitation also couples to the center of mass motion. The resulting
‘sloshing’ motion of the atoms leads to oscillations in the axial size with a frequency
of 2ωz , due to nonlinear contributions to the trapping potential. Because this axial
frequency is equal to the m = 0 axial oscillation frequency in the single particle and
centrifugal limit, it is necessary to minimize the slosh. In addition, this slosh leads
to heating of the condensate. Because it is difficult to control the amount of axial
slosh experimentally, all data with a peak to peak slosh amplitude greater than the
axial size of the condensate is discarded.
Figure 9.12 shows the measured, normalized, axial breathing frequency ωB /ωz
as a function of a) Ω̃ and b) Γ2D (Eq. (9.6)). The broken and solid lines indicate ωB /ωz
in the hydrodynamic and single particle limit, respectively. From these figures it is
clear that a crossover from the hydrodynamic to the single particle limit occurs at
Ω̃ ≈ 0.98 and Γ2D ≈ 4 and that ωB /ωz approaches 2 at Γ2D ≈ 3. Clearly, we have
reached the single particle limit for Ω̃ ≥ 0.98.
In the LLL, the radial condensate density profile is predicted to change from the
parabolic, TF profile to a Gaussian profile [14]. In addition, when µc ∼ ωz , the TF
approximation breaks down in the axial direction and the axial density profile of the
condensate is predicted to also change from a TF to a Gaussian profile [14]. However,
although we do observe a transition to a Gaussian profile in the axial direction when
we enter the single particle limit, we do not observe this transition in the radial
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Figure 9.12: Measured, normalized axial breathing frequency ωB /ωz as a function
of a) Ω̃ and b) Γ2D . The axial breathing frequency clearly displays a crossover from
the hydrodynamic limit (broken line) to the single particle limit (solid line) for
Ω̃ = 0.98 and Γ2D = 4.
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Figure 9.13: Radial density profile of the condensate after 3 s of equilibration,
fitted with a) a Gaussian and b) a TF profile. Clearly the TF fit is better than the
Gaussian fit although for this measurement Ω̃ = 0.99 and µc /2ωρ = 1.07.

profile as shown in Fig. 9.13, even after 3 s of equilibration. An explanation might
be found in the fact that Ref. [14] assumes a constant instead of an inhomogeneous
vortex density in his analysis. Taking into account a nonuniform vortex density
leads to a non-Gaussian correction term in the density profile. Recent theoretical
work [20–23] predicts a small inhomogeneous correction to the vortex density, due
to the inhomogeneity of the condensate density, which is in agreement with recent
measurements [24].
In addition, Ref. [14] assumes that all particles occupy the LLL and that no mixing with higher Landau levels takes place. However, in a more rigorous approach
Baym [25] shows that although the interaction energy gn is small for highly rotating
condensates, it plays a crucial role in the global structure of the wave function, and
is responsible for the inclusion of components from higher Landau levels. The criterion for a Gaussian profile in the radial direction at high rotation rates is according
to him: Na/Z  1, with Z the axial TF radius of the condensate. In our experiments
Na/Z ∼ 55 for Ω̃ > 0.98. This might explain why we do not observe a Gaussian
profile in the radial direction.

6

Decrease of the vortex lattice strength

The near degeneracy of the +m harmonic oscillator states in the LLL (the splitting
between them is very small, in our experiment ∆ELLL / < 0.1 (2π ) Hz for Ω̃ ≥ 0.98)
allows vortex lattice excitations of extremely low frequency. As a result, the vortex
lattice strength, characterized by the elastic shear modulus C2 , decreases dramati-

Chapter 9

142

a)

b)

t=0

t=1 s

Figure 9.14: Vortex lattice deformation at a) t = 0 and b) t = 1 s, due to the (1, 0)
Tkachenko excitation of the lattice. The lines are sine fits to the lattice planes.

cally with increasing Ω̃. This decrease in the elastic shear modulus C2 of the vortex
lattice eventually leads to the ‘melting’ of the vortex lattice at even higher rotation
rates when ν < 10 [12].
We probe the reduction in C2 with increasing Ω̃ by applying a Tkachenko excitation to the condensate. A decreasing C2 allows Tkachenko excitations of decreasing
frequency. Tkachenko oscillations are transverse elastic modes that bend the vortex lattice planes. Tkachenko oscillations in a BEC were recently for the first time
observed at JILA [26].
The Tkachenko mode frequency ωT is given by [27]
ω2T

2C2
=
hn(Ω)iM




c(Ω)2 k4T
,
(4Ω2 + k2T (c(Ω)2 + 4(C1 + C2 )/(hn(Ω)iM))

(9.8)

with C1 the compressional modulus of the vortex lattice, c(Ω) the velocity of sound,
hn(Ω)i = 4/7n0 the average density of the condensate and kT the wavevector of
the Tkachenko mode of the lattice. With increasing rotation rate, the compressional
modulus increases from C1T F = −C2 in the TF regime (low rotation limit) to C1LLL = 0
(incompressible condensate) in the mean field quantum Hall regime of the LLL [27].
Similarly, the elastic shear modulus decreases from C2T F = hn(Ω)iΩ/8 in the TF
regime to C2LLL = (81/80π 4 )Mc(Ω)2 hn(Ω)i in the mean field quantum Hall regime
of the LLL [27].
The experimental procedure to excite the (n = 1, m = 0) Tkachenko mode is
described in detail in [26]. In summary, we illuminate the rotating condensate with
a focused, red-detuned (λ = 850 nm) laser beam for 125 ms (one rotation cycle),
during the atom removal (see Sec. 3.2). The beam has a FWHM size of 40 µm and a
power of ≈ 3 µW. The atoms are drawn towards the center of the condensate by the
attractive dipole potential of this laser beam. The coriolis force acting on the inward
flowing atoms diverts the fluid flow in the direction of rotation. The vortex lattice
accommodates the fluid flow by oscillating at a frequency ωT . Figure 9.14 shows a
typical example of the evolution of the vortex lattice excited by a (1, 0) Tkachenko
oscillation.

Rapidly rotating BECs in and near the Lowest Landau Level

143

1.5

ωT (Hz)

1.0

0.5

0.0
0.80

0.85

0.90

0.95

1.00

~

Ω
Figure 9.15: The (1, 0) Tkachenko mode frequency ωT as a function of Ω̃. For
Ω̃ < 0.98, the data (filled squares) is in good agreement with the TF theory (open
circles). However, for Ω̃ ≥ 0.98, the measured values of ωT deviate from the TF
theory and grow close to the LLL theoretical prediction (open triangles).

We measure ωT by varying the evolution time after applying the excitation, before expanding the condensate by ARP for 45 ms, and imaging the vortex lattice from
above with absorption imaging (see Chapter 4). Figure 9.15 shows the Tkachenko
mode frequency ωT as a function of Ω̃. The experimental data is given by the filled
squares [28], whereas the corresponding theoretical predictions are given by respectively the open circles in the (low rotation) TF regime, and the open triangles in the
LLL. At low Ω̃, the agreement between the data and the TF theory is good. However, for Ω̃ > 0.98, the data deviates from the TF prediction and grows closer to the
LLL prediction. This, together with the observation that we have entered the single
particle limit with respect to the axial direction for Ω̃ ≥ 0.98 (Sec. 5), is a strong
indication that we are in the LLL.
The decrease of the vortex lattice strength with increasing rotation rate is illustrated in Fig. 9.16, which shows the loss of order in the vortex lattice as a function
of time, due to the decrease of the elastic shear modulus of the vortex lattice at high
Ω̃. The weakened vortex lattice is easily heated by perturbations, leading to both
loss of order and angular momentum. These perturbations can result from residual
asymmetry of the magnetic trapping potential, from spatial structure in the optical
beam used to reduce the atom number, or from thermal fluctuations [29]. This is in
dramatic contrast with the conservation of both order and angular momentum for
timescales of the order of the condensate lifetime (∼ 200 s) in the TF regime or low
rotation limit [17].
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Figure 9.16: Loss of order in the vortex lattice as a function of time in the LLL
limit. The rotation rate decreases from a) Ω̃ = 0.99 to d) Ω̃ = 0.975 in 7 s.

7

Fractional core area

Another interesting question is what happens to the fractional vortex core area
(ξ/b)2 when Ω̃ → 1. Here ξ is the radius of the vortex core and b the vortex separation. Since the density decreases with
p increasing Ω̃, the
p vortex core size, characterized by the healing length ξh = 1/(8π n0 a) = /
p 2Mµc in the TF regime,
increases. Simultaneously, the vortex separation b = /(MΩ) decreases, resulting in an increasing (ξ/b)2 . According to Fetter [30], the fractional vortex core area
shows a singular behavior when Ω̃ → 1. At this phase transition (ξ/b)2 → ∞ and the
vortex cores start to overlap, a clear signature of reaching the LLL limit and beyond.
However, according to numerical calculations by Fischer and Baym [27, 31], no phase
transition occurs. In the centrifugal limit, (ξ/b)2 smoothly reaches a maximum value
of 0.087, the vortex cores do not overlap. Here we will present measurements on the
fractional vortex core area as a function of rotation rate, to determine what happens
to (ξ/b)2 for Ω̃ → 1.

7.1

Expansion of fractional vortex core area

In order to observe the behavior of the fractional core area (ξ/b)2 with increasing
rotation rate, it is necessary to first expand the rotating condensate. However, there
is no a priori reason why the vortex core ξ should expand at the same rate as the
vortex separation b or the TF radius RT F of the cloud, complicating the analysis.
In the free expansion of a non-rotating condensate the mean field energy is transformed into kinetic energy, resulting in the inversion of the aspect ratio of the atom
cloud typical for a BEC. In contrast, in a condensate rotating around the z-axis, no
inversion occurs; the large radial, rotational, kinetic energy leads to a fast expansion
in the radial direction, whereas the axial expansion is small. This effect is less important for expansion in an anti-trapping potential (ARP), because then the anisotropy
of the potential during the expansion plays a major role. The expansion of the vortex
cores is, contrary to the expansion of the rotating condensate, not only governed by
the mean field energy, rotational kinetic energy and the anti-trapping potential, but
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also by their large kinetic energy.
The free expansion of a BEC containing a vortex lattice is governed by the anisotropy of the trap before release, according to Dalfovo and Modugno [32]. In a cigar
shaped trap, such as in our experiment, ξ and b increase with approximately the
same speed. In a pancake shaped trap with a strong axial confinement, however, ξ increases initially much faster than b, due to the rapid axial expansion [32]. About the
ARP expansion of a condensate in an anti-trapping potential less is known. Therefore, we first study the ARP expansion behavior of our highly rotating BEC.
The expansion of a condensate at t = 0 is governed by its force equation:
M

∂ 2 r~(t)
= −∇[U (~
r , t) + gn(~
r , t)],
∂t 2

(9.9)

where U (~
r , t) = (M/2)[ω2z (t)z2 + ω2ρ (t)r 2 ] is the time-dependent, anisotropic, harmonic potential. Assuming r (t) = λρ (t)R(0), z(t) = λz (t)Z(0) and satisfying the
~ we find for a rotating condensate expanding in
equilibrium condition F~(t = 0) = 0,
an anti-trapping potential with frequencies ωρ,2 and ωz,2 for t > 0
∂ 2 λρ (t)
∂t 2
∂ 2 λz (t)
∂t 2

ω2ρ,2 λρ (t)

ω2ρ − Ω2

,
λ3ρ (t)λz (t)
ω2z
= ω2z,2 2 λz (t) + 2
.
λρ (t)λ2z (t)
=

+

(9.10)
(9.11)

These coupled equations do not have a simple analytical solution. However, assuming that the axial expansion is much smaller than the radial expansion, the solutions
in the high rotation limit Ω̃ → 1 are given by
λρ (t) = cosh (ωρ,2 t),
λz (t) = 1 +

ω2z,2 t 2
2

+ ω2z

(9.12)
ln (cosh (ωρ,2 t))
ω2ρ,2

.

(9.13)

For initial conditions we have λρ,z (0) = 1 and |∂λρ,z /∂t|(t=0) = 0.
To find a solution for intermediate rotation rates, we use the following simple approach, which yields similar results as Eqs. (9.12) and (9.13) for high rotation rates. We solve the force equation (Eq. (9.9)) for a time-independent, antitrapping potential, initially neglecting contributions due to rotation and the mean
field interaction. The latter
two are taken into account in the initial conditions:
q
(∂r (t)/∂t)t=0 = v(0) = 2µc,ef f ,ρ /M, with µc,ef f ,ρ = M
(ω2ρ − Ω2 )R 2 (0). This yields
2
for the radial expansion
q
1
sinh (ωρ,2 t).
r (t) = R(0) cosh (ωρ,2 t) + 2µc,ef f ,ρ /M
ωρ,2

(9.14)
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Figure 9.17: Expansion of the fractional core area (ξ/b)2 as a function of time for
low rotation rates (Ω̃ = 0.5 ± 0.1). The insets show the vortex lattice at different
expansion times.

We determine ξ, b and RT F in the following way. First we image the vortex lattice
as described in Subsec. 4.2. Then we fit a TF profile (Eq. (9.5)) to the smoothed
column density (=column density without vortices). After subtracting this TF profile
from the density profile, we fit the vortices with a Gaussian profile. We define ξ as
√
the 1/ e width of the Gaussian fit to the vortex cores and b as the nearest neighbor
distance between the centers of the vortex cores. For all measurements we average
both ξ and b over the vortex lattice for 0 ≤ r ≤ RT F /2. Vortices at RT F /2 < r ≤ RT F
are not taken into account, because near the edges contrast decreases rapidly, resulting in unreliable fits of ξ and b.
Figures 9.17 and 9.18 show the fractional core area as a function of the expansion time t for, respectively, low and high rotation rates. From these figures it is
clear that the fractional core area does not significantly change during the expansion within the error bars. Separate fits to the ARP expansion of ξ and b, using
Eqs. (9.12) and (9.14), yield approximately the same anti-trapping frequencies. For
low rotation rates, however, both ξ and b expand slower than for high rotation rates.
This seems to indicate that even in an ARP expansion the expansion is dominated by
the rotational kinetic energy.
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Figure 9.18: Expansion of the fractional core area (ξ/b)2 as a function of time
for high rotation rates (Ω̃ = 0.952 ± 0.003). The insets show the vortex lattice at
different expansion times.

7.2

Behavior fractional vortex core area

Now that we know the expansion behavior of the fractional core area for low and
high rotation rates, we are able to determine the fractional core area as a function of
Ω̃. Figure 9.19 shows the fractional core area as a function of Ω̃. The filled squares
are the experimental data and the open circles are the theoretical
√ values according
to Fischer and Baym [31]. The data is scaled by a factor 2π / 3, which originates
from the fact that we determine the nearest neighbor distance between
the vortices
p
in the hexagonal lattice, whereas Fischer and Baym [31] use b = /(MΩ). The error
bars are much larger at low rotation rates due to a non-perfect hexagonal lattice at
low rotation rates.
We see that the measured value of (ξ/b)2 is approximately constant as a function
of Ω̃ and equal to 0.135 ± 0.003, when assuming a constant fit. This is in contrast
with the theoretical predictions. According to Fischer and Baym [31] (open circles),
the fractional core area increases with increasing Ω̃ and saturates for Ω̃ → 1 to 0.087.
In addition, they predict a much smaller value, mostly due to our larger value for the
core size.
Recent measurements [1, 24] show that systematic errors in determining the core
size lead to an overestimation of the core size. Especially, a small but non-negligible
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Figure 9.19: Fractional core area (ξ/b)2 as a function of Ω̃. The insets show the
vortex lattice at low and high Ω̃. The measured fractional core area (filled squares)
is approximately constant, whereas the theoretical prediction by Fisher [31] (open
circles) increases with increasing Ω̃ and is much smaller.

axial expansion of the condensate distorts the vortex core [24]. A more reliable and
smaller value of the vortex core size was obtained by a suppression of the axial
expansion within ∼ ±20 %, a better focusing of the imaging camera, and a longer
expansion time of the rotating condensate.
Fischer and Baym [31] calculate the fractional core area by minimizing the energy
functional of the rotating condensate. However, they assume a triangular vortex
shape in their calculation, whereas the vortices in reality have a more Gaussian like
shape. Recent calculations of the fractional core area by Baym and Pethick [25], using
a Gaussian-like profile, yield a saturation value of (ξ/b)2 ≈ 0.113 for Ω̃ → 1.
Recent measurements of the fractional core area as a function of rotation rate,
with a negligible axial expansion [24], are in good agreement with the theory of Baym
and Pethick [25]: (ξ/b)2 smoothly increases with increasing Ω̃ and saturates in the
LLL limit to the value predicted by theory.

8

Concluding remarks

We have studied the behavior of highly rotating condensates, in particular condensates entering the Lowest Landau Level (LLL). The LLL is reached when the rotating
condensate is both in the single particle limit along the axial direction (Γ2D ∼ 1) and
approaches the centrifugal limit (Ω̃ → 1). The LLL is characterized by a weakening of
the vortex lattice strength, due to the near degeneracy of the single particle states in
the LLL.
In order to reach the LLL, we have spun up the condensate to rotation rates up to
Ω̃ = 0.995, using three different techniques. We reach rotation rates up to Ω̃ = 0.4
by rotating the thermal cloud with a scissors mode excitation. Secondly, we create
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condensates rotating at Ω̃ = 0.95 by using an evaporative spin-up technique. Finally,
we approach the centrifugal limit using an atom removal technique.
We have observed the crossover from the hydrodynamic to the single particle or
quasi 2D regime in the axial direction at Ω̃ = 0.98. Furthermore, we have observed
that the elastic shear modulus of the vortex lattice is reduced to the value predicted
for the mean field quantum Hall regime [27] at the same time. This is predicted to
eventually lead to a ‘melting’ of the vortex lattice for ν < 10. Both effects combined
indicate that we have reached the LLL.
In addition, first measurements of the behavior of the fractional core area with
increasing rotation rate were not in agreement with theoretical predictions [30, 31].
No clear increase in the fractional core area, let alone an overlap of the vortex cores
when Ω̃ → 1, was observed. However, recent measurements with a negligible axial
expansion [24] and improved theoretical calculations [25] are in good agreement,
and show that the fractional core area increases smoothly with increasing Ω̃ until it
saturates in the LLL limit. Therefore, the transition to the LLL might be monitored
by measuring the fractional core area as a function of Ω̃.
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Summary

The recent achievement of Bose-Einstein Condensation (BEC) in dilute, weakly interacting, atomic gasses has made the experimental and theoretical study of the quantum properties of a condensate, such as superfluidity and phase coherence, possible.
Up till now BEC has been achieved for ground state alkali-metal atoms, atomic hydrogen, ytterbium and metastable helium. The only other candidate for achieving BEC
with atoms in an electronically excited state besides metastable helium is metastable
neon (Ne∗ ).
In this thesis, the feasibility of reaching the BEC phase transition with either
bosonic isotope of Ne∗ (20 Ne∗ and 22 Ne∗ with a natural abundance of 90.9 % and
9 % respectively), and the cold collision dynamics of Ne∗ , which plays a crucial role
in achieving BEC, is investigated.
Bose-Einstein Condensation of metastable rare gas atoms, such as metastable helium and neon, is of special interest because their large internal energy makes single
atom detection and real time diagnostics possible. In addition, nanolithography with
metastable rare gas atoms is more efficient due to their large internal energy. A condensate of Ne∗ atoms is especially interesting because neon has two stable bosonic
and one fermionic isotope, making experiments with mixed isotope condensates as
well as Fermi gases and boson-fermion mixtures potentially possible. In addition,
spin-polarized Ne∗ has a unique collision dynamics among the spin-polarized Bosecondensed species and candidates.
High densities of the order of 1014 atoms/cm3 and ultra low temperatures of the
order of 1 µK are required to reach the BEC phase transition. These high densities and low temperatures are usually obtained in three steps. First the atoms are
trapped and laser cooled in a Magneto-Optical Trap (MOT). Second, the atoms are
transferred to a Magneto-static Trap (MT), where, in the third and final step, they
are cooled down to temperatures below the BEC phase transition temperature using
forced evaporative cooling.
Large initial numbers of Ne∗ atoms in the MT (typically ∼ 1 × 109 atoms) have
been accomplished by optimizing the number of atoms in the MOT and the transfer
from the MOT to the MT. After preparing a cold and intense beam using laser cooling
techniques, we typically trap ∼ 109 20 Ne∗ atoms in the MOT and one third of that
number of 22 Ne∗ atoms, in accordance with their natural abundance ratios. By spinpolarizing these atoms, we are able to transfer 80 % to the MT.
A large ratio R of ‘good’ to ‘bad’ collisions is crucial for evaporative cooling towards the BEC phase transition to be efficient. ‘Good’ elastic collisions, characterized
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by a scattering cross section σ and scattering length a, redistribute the energy of the
trapped atom cloud, leading to a lower temperature. In addition, only for positive a
values a stable condensate can be formed. ‘Bad’ collisions lead to heating and loss
of atoms from the trap. For metastable rare gas atoms, the dominant loss process
is Penning ionization in binary collisions. Fortunately, ionization is suppressed in a
sample of spin-polarized atoms. In general, R is maximum for an as large as possible scattering length a and initial number Ni of atoms, and an as low as possible
suppressed ionization rate constant βpol and initial temperature Ti in the MT at the
beginning of the evaporative cooling process.
Metastable neon is unique among the Bose-condensed species and candidates in
that its binary electrostatic interaction is anisotropic, due to its (2p)−1 core hole. As
a result, the collision dynamics of spin-polarized Ne∗ is governed by five interaction
potentials instead of only one. Because these interaction potentials are not known
accurately enough to predict the value of a, the phase integrals φ characterizing
these potentials have to be varied by an amount π . We find that although a has
five resonances as a function of φ instead of only one, the probability for finding
a positive or large value of a is not enhanced as compared to the single potential
case. In addition, we find that the presence of the induced dipole-dipole interaction
enables strong coupling between the five different states involved, resulting in an inhomogeneous shift of the resonance positions and widths in the numerical, quantum
mechanical calculation as compared to the DIS approach.
Initial temperatures in the MT are typically ∼ 1 mK. Measurements on the rethermalization rate and evaporative cooling ramps have shown that lower initial temperatures Ti Ü 0.5 mK are required to determine the elastic collision rate and scattering
length, and to observe any appreciable cooling. Although we have been able to reduce Ti by a factor of four after cooling in a molasses, this gain in temperature was
largely lost due to difficulties in the tuning of the different steps in the cooling and
transfer process. In the Hannover group, initial temperatures of Ti = 0.5 − 0.7 mK
have been accomplished by 1D Doppler cooling in the MT. For these initial temperatures, the thermalization cross section of Ne∗ is temperature-dependent, whereas in
experiments with alkali-metal atoms the initial temperature in the MT is usually so
low that the cross section is in good approximation temperature-independent.
Measurements of the rethermalization rate by the Hannover group as a function
of temperature in the range Ti ∈ [0.5, 0.7] mK yield rethermalization cross sections
of ∼ 0.8 × 104 a20 and ∼ 4 × 104 a20 for 20 Ne∗ and 22 Ne∗ respectively. To obtain an
estimate of the value of the scattering length from these measurements, we perform a quantum mechanical calculation of the elastic collision cross section as a
function of temperature, and obtain the thermalization cross section after ‘thermal
averaging’. Comparing the Hannover measurements with these quantum mechanical
calculations, and taking the mass scaling between the phase integrals of 20 Ne∗ and
22
Ne∗ into account, we find +7 Ü a Ü +28 a0 or −160 Ü a Ü −80 a0 for 20 Ne∗ and
+80 Ü a Ü +160 a0 for 22 Ne∗ .
An upper limit on the suppressed ionization rate constant of βpol = (4.8 ± 0.5) ×
−11
10
cm3 /s and βpol = (4 ± 1) × 10−11 cm3 /s has been established for 20 Ne∗ and
22
Ne∗ respectively, by measuring the two-body loss rate as a function of the initial
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number of atoms. This corresponds to a suppression of ionization by a factor of 10
for spin-polarized atoms. Recently, the Hannover group has refined these upper
limits on the suppressed ionization rate constant to βpol = (5 ± 2) × 10−12 cm3 /s and
βpol = (9 ± 3) × 10−12 cm3 /s respectively, in two-body loss measurements at lower
initial temperatures.
Evaporative cooling simulations taking the temperature-dependence of the cross
section into account show that a larger value of the scattering length is required
to achieve BEC with either bosonic isotope of Ne∗ . We therefore expect that BEC
of Ne∗ is only feasible if the scattering length can be increased significantly using
external fields. However, a significant increase in the value of the scattering length
is either accompanied by huge inelastic losses or requires unfeasibly high fields. We
therefore conclude that BEC of Ne∗ is not feasible.
The unique opportunity a BEC presents to study quantum properties on a macroscopic scale is illustrated in Chapter 9 of this thesis. In a collaboration with the
group of Cornell at the Joint Institute for Laboratory Astrophysics in Boulder, Colorado, who was the first to achieve BEC in a dilute gas of 87 Rb atoms, the behavior
of highly rotating 87 Rb condensates has been studied. A superfluid can only support rotation through the formation of vortices. With increasing rotation rate more
and more vortices are formed which organize themselves in a hexagonal lattice. The
analogy of condensates in the high rotation limit with electrons in a strong magnetic
field has led to the prediction that quantum Hall-like properties should emerge in
highly rotating condensates. Moreover, when the interactions between the atoms are
weak enough, the condensate atoms occupy only nearly degenerate, single particles
levels in the Lowest Landau Level (LLL), which is accompanied by a weakening of
the vortex lattice strength. We have observed the simultaneous cross over from the
hydrodynamic to the single particle limit along the axial direction, and a reduction
in the vortex lattice strength at rotation rates ≥ 98 % of the centrifugal limit. Both
effects combined are a strong indication that we have reached the LLL.
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Samenvatting

De recente realisatie van Bose-Einstein Condensatie (BEC) in ijle, atomaire gassen
met zwakke interacties heeft ertoe geleid dat de quantumeigenschappen van een
condensaat, zoals supergeleiding en fasecoherentie, experimenteel en theoretisch
bestudeerd kunnen worden. Tot nu toe is BEC gerealiseerd met grondtoestand alkalimetaal atomen, atomair waterstof, ytterbium en metastabiel helium. Naast metastabiel helium is metastabiel neon (Ne∗ ) de enige kandidaat voor BEC met atomen in
een elektronisch aangeslagen toestand.
In dit proefschrift wordt de haalbaarheid van het creëren van een BEC van één van
beide bosonische isotopen van Ne∗ (20 Ne∗ en 22 Ne∗ met een natuurlijk voorkomen
van respectievelijk 90.9 % and 9 %) en de botsingsdynamica van koude Ne∗ atomen,
die een cruciale rol speelt bij het bereiken van de BEC fase-overgang, onderzocht.
Bose-Einstein Condensatie van metastabiele edelgasatomen, zoals metastabiel helium en neon, is interessant omdat hun grote interne energie de detectie van een
enkel atoom en real time diagnostieken mogelijk maakt. Daarnaast is nanolithografie met metastabiele edelgasatomen efficiënter ten gevolge van hun grote interne energie. Een condensaat van Ne∗ atomen is in het bijzonder interessant omdat
neon twee stabiele bosonische isotopen en één fermionisch isotoop heeft, hetgeen
in principe condensaat-mengsels van twee isotopen, koude fermi gassen en bosonfermion mengsels mogelijk maakt. Bovendien heeft spingepolariseerd Ne∗ een unieke botsingsdynamica onder de spingepolariseerde Bose-gecondenseerde elementen
en kandidaten.
Bose-Einstein Condensatie treedt op bij hoge dichtheden in de orde van 1014 atomen/cm3 en ultra lage temperaturen in de orde van 1 µK. Deze hoge dichtheden
en lage temperaturen worden meestal gerealiseerd in drie stappen. Eerst worden de
atomen opgesloten en gekoeld in een Magneto-Optische Val (MOT). Daarna worden
de atomen overgeladen in een Magneto-statische Val (MT), waar ze, in de derde en
laatste stap, gekoeld worden tot temperaturen beneden de BEC fase-overgang door
middel van verdampingskoelen.
Grote initiële aantallen Ne∗ atomen in de MT (typisch ∼ 1 × 109 atomen) worden
bereikt door het aantal atomen in de MOT en de overdracht van de MOT naar de MT
te optimaliseren. Typisch sluiten we ∼ 109 20 Ne∗ atomen op in de MOT en één derde
van dat aantal 22 Ne∗ atomen, in overeenstemming met hun natuurlijk voorkomen.
Deze grote aantallen deeltjes in de MOT worden bereikt door eerst een koude en
intense atoombundel te prepareren met behulp van laserkoeltechnieken. Door de
atomen in de MOT te spinpolariseren zijn we in staat om 80 % van deze atomen over
te laden in de MT.
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Een grote verhouding R van ‘goede’ tot ‘slechte’ botsingen is cruciaal voor efficiënt verdampingskoelen naar de BEC fase-overgang. ‘Goede’ elastische botsingen,
die gekarakteriseerd worden door een botsingsdoorsnede σ en een verstrooiingslengte a, herverdelen de energie van de opgesloten atomen, hetgeen leidt tot een
lagere temperatuur. Daarnaast kan alleen een stabiel condensaat gevormd worden
wanneer de verstrooiingslengte positief is. ‘Slechte’ botsingen leiden tot opwarming
en verlies van deeltjes in de val. Voor metastabiele edelgasatomen is het dominante verliesproces Penning ionisatie in tweelichaams botsingen. Gelukkig is ionisatie
onderdrukt voor spingepolariseerde atomen. Over het algemeen is R maximaal voor
een zo groot mogelijke verstrooiingslengte a en initieel aantal deeltjes Ni en een zo
laag mogelijke onderdrukte ionisatie-snelheidsconstante βpol en initiële temperatuur
Ti in de MT aan het begin van het verdampingskoelproces.
Metastabiel neon is uniek onder de Bose-gecondenseerde elementen en kandidaten in het feit dat zijn tweelichaams elektrostatische interactie anisotroop is ten
gevolge van een onbezet p−orbitaal in de kern. Dit heeft tot gevolg dat de botsingsdynamica van spingepolariseerd Ne∗ bepaald wordt door vijf interactiepotentialen
in plaats van één. Omdat deze interactiepotentialen niet nauwkeurig genoeg bekend
zijn om de grootte van de effectieve verstrooiingslengte a te voorspellen, moeten de
fase integralen φ die deze interactiepotentialen karakteriseren, gevarieerd worden
met π . We concluderen dat, ondanks dat a vijf resonanties heeft als functie van φ
in plaats van één, de kans op een grote danwel positieve waarde van a niet groter
is dan wanneer één potentiaal de interactie beschrijft. Tevens hebben we ontdekt
dat de aanwezigheid van een dipool-dipool interactie sterke koppeling tussen de vijf
verschillende toestanden mogelijk maakt. Deze sterke koppeling resulteert in een
inhomogene verschuiving van de resonantieposities en breedtes in de numerieke,
quantummechanische berekening vergeleken met de DIS benadering.
De initiële temperatuur in de MT is typisch 1 mK. Metingen aan de rethermalisatiesnelheid en verdampingskoelexperimenten laten zien dat lagere initiële temperaturen Ti Ü 0.5 mK noodzakelijk zijn om de elastische botsingssnelheid en de
verstrooiingslengte te bepalen. Hoewel we in staat zijn om Ti met een factor vier
te verlagen door de atomen in een optische ‘stroop’ te koelen, gaat deze winst in
de temperatuur grotendeels verloren bij het op het elkaar afstemmen van de verschillende stappen in het koel- en overlaadproces. In de Hannover groep zijn initiële temperaturen van Ti = 0.5 − 0.7 mK bereikt met behulp van één-dimensionaal
Doppler-koelen in de MT. Bij deze temperaturen is de thermalisatiedoorsnede van
Ne∗ temperatuur afhankelijk, terwijl in verdampingskoelexperimenten met alkalimetaal atomen de intiële temperatuur in de MT meestal zo laag is dat de doorsnede
in goede benadering temperatuur onafhankelijk verondersteld kan worden.
Uit metingen aan de rethermalisatiesnelheid als functie van de temperatuur in het
interval Ti ∈ [0.5, 0.7] mK zijn door de Hannover groep de rethermalisatiedoorsnedes van respectievelijk 20 Ne∗ en 22 Ne∗ bepaald: ∼ 0.8 × 104 a20 en ∼ 4 × 104 a20 . Om
de grootte van de verstrooiingslengte uit deze metingen te bepalen hebben we de
elastische botsingsdoorsnede als functie van de temperatuur quantummechanisch
berekend. Na ‘thermisch middelen’ volgt hieruit de thermalisatiedoorsnede. Wanneer we de Hannover metingen met deze berekeningen vergelijken en de isotoop
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verhouding tussen de fase integralen van 20 Ne∗ en 22 Ne∗ meenemen, vinden we voor
de verstrooiingslengte: +7 Ü a Ü +28 a0 of −160 Ü a Ü −80 a0 voor 20 Ne∗ en
+80 Ü a Ü +160 a0 voor 22 Ne∗ .
We hebben een bovengrens aan de onderdrukte ionisatie-snelheidsconstante van
βpol = (4.8±0.5)×10−11 cm3 /s en βpol = (4±1)×10−11 cm3 /s bepaald voor respectievelijk 20 Ne∗ en 22 Ne∗ door de tweelichaams verliessnelheid als functie van het initiële
aantal deeltjes te meten. Dit komt overeen met een onderdrukking van ionisatie met
een factor 10 voor spingepolariseerde atomen. Onlangs is in de Hannover groep deze bovengrens verfijnd tot βpol = (5±2)×10−12 cm3 /s en βpol = (9±3)×10−12 cm3 /s
door te meten bij lagere initiële temperaturen.
Uit verdampingskoelsimulaties die de temperatuursafhankelijkheid van de botsingsdoorsnede meenemen, volgt dat een grotere waarde van de verstrooiingslengte
noodzakelijk is om een BEC van Ne∗ te realiseren. Daarom verwachten we dat BEC
van Ne∗ alleen mogelijk is wanneer de verstrooiingslengte significant vergroot kan
worden met behulp van externe velden. Een significante toename in a wordt echter
vergezeld door of enorme inelastische verliezen of vereist onhaalbaar grote velden.
Derhalve concluderen we dat BEC van Ne∗ niet mogelijk is.
De unieke mogelijkheden die een condensaat biedt om quantumeigenschappen
op een macroscopische schaal te bestuderen, worden geı̈llustreerd in hoofdstuk 9
van dit proefschrift. In samenwerking met de groep van Cornell aan het Joint Institute for Laboratory Astrophysics, die als eerste BEC in een gas van 87 Rb atomen
heeft gerealiseerd, is het gedrag van snel roterende 87 Rb condensaten bestudeerd.
Een supergeleider kan alleen roteren door de formatie van wervels. Met toenemende
rotatiesnelheid worden meer en meer wervels gevormd die zich in een hexagonaal
rooster organiseren. De analogie tussen snel roterende condensaten en elektronen
in een sterk magneetveld heeft geleid tot de voorspelling dat quantum Hall-achtige
eigenschappen zullen optreden in snel roterende condensaten. Bovendien bezetten
de atomen in het condensaat alleen vrijwel gedegenereerde één-deeltjes toestanden
in het Laagste Landau niveau (LLL) wanneer de interactie tussen de atomen zwak genoeg is. De overgang naar het LLL wordt gekenmerkt door een afname van de sterkte
van het wervelrooster. Wij hebben de simultane overgang van de hydrodynamische
naar de één-deeltjes limiet langs de axiale richting en een afname van de wervelrooster sterkte waargenomen voor rotatie snelheden ≥ 98 % van de centrifugaal limiet.
Beide effecten samen zijn een sterke aanwijzing dat we het LLL hebben bereikt.
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