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Chapter 1

Introduction and experimental setup

1.1 Introduction

Since its first demonstration in the 1980s, laser cooling and trapping of atoms has led
to the development of an entirely new field of physics. Extremely cold but still gaseous
samples of atoms, prepared with the aid of laser cooling techniques, have been subject
to many remarkable experiments yielding exciting results. The first pioneering expe-
riments were performed with (ground-state) alkali-metal atoms which have only one
valence electron. These atoms effectively represent a two-level system, consisting of the
ground state and an excited state which are connected by an optical dipole transition.
In such a system, repeated cycles of absorption of near-resonant light and subsequent
spontaneous emission are possible. This principle lies at the heart of the radiation force
used in laser cooling: the momentum kicks due to many absorptions of photons from
a single laser beam add up to a considerable momentum change, while the momentum
accumulated by all the spontaneously emitted photons largely averages out because of
the random direction of the emission. Moreover, using the Zeeman shift induced by an
inhomogeneous magnetic field, a location dependence can be included in the radiation
force. This concept has lead to several schemes to decelerate, trap and cool atoms. For ex-
ample, the magneto-optical trap (MOT) combines a spatially varying radiation force with a
frictional radiation force in order to confine a cloud of atoms and reduce its temperature.
Some of these schemes will be discussed in more detail in Section 1.3.

One of the major challenges has been the production of gaseous, cold samples of
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Chapter 1

bosonic atoms, which undergo Bose-Einstein condensation (BEC) when the phase-space
density becomes larger than unity. BEC in a weakly interacting gas had been one of the
long-standing goals in experimental physics since its prediction by Einstein in 1925. The
obvious starting point for a BEC experiment is the MOT, although a MOT alone is unfit
for producing a Bose condensate, despite improvements leading to an increase by several
orders of magnitude in the achievable phase-space density. Ultimately, the phase-space
density in a MOT remained limited to values 10−5–10−4 [1]. Besides temperature lim-
its associated with the laser cooling process, one of the limiting factors is the outward
radiation pressure due to multiple scattering of photons inside the dense cloud [2, 3].
Another limitation for the density was the loss due to photoassociative collisions (see, for
instance, Refs. [4, 5]). This phenomenon can be understood by regarding a colliding pair
of atoms as a quasimolecule, which undergoes a transition to an excited state by interac-
tion with the MOT trapping light. This excitation becomes resonant when the atoms pass
at a certain large internuclear distance, the Condon radius. The excited molecular state is
strongly attractive, and the atoms are accelerated towards short internuclear distances
where their respective electronic clouds overlap considerably. This can lead to adiabatic
changes in the internal state of the quasimolecule. As a result of these adiabatic changes,
the atoms forming the quasimolecule may separate again in atomic states which have
no interaction with the MOT, and these atoms are thus lost. Photoassociative collisions
triggered a whole new area of research in cold-atom physics in the end of the 1980s,
which continued throughout the 1990s [4]. For many elements, photoassociation experi-
ments yielded accurate information on the interaction between ground-state atoms and
between ground-state and excited-state atoms. The low collisional energies also revealed
the quantum statistics involved in boson-boson, fermion-fermion and boson-fermion col-
lisions. Simultaneously, the improved understanding of the collisional aspects resulted
in better control of loss processes occurring in cold atomic clouds.

Efforts to achieve BEC continued, and all harmful effects of the MOT light were re-
moved by transferring the cold cloud of atoms to a purely magnetic trap (see Refs. [6, 7],
and references therein). Here, the confinement stems from the interaction between the
magnetic field and the atomic magnetic moment. Using rf-forced evaporative cooling,
the phase-space density can be increased above the BEC threshold [8], opening a new
area of cold-matter physics [9, 10]. Nowadays, the application of laser cooling and trap-
ping seems to have dispersed into several disciplines of which the investigation of (ul-
tra)cold atomic and molecular collisions, precision measurements based on laser-cooled
atoms and ions, quantum computing, atom lithography, atom optics, and atom interfe-
rometry are only some examples. The importance of laser cooling and trapping for expe-
rimental physics was emphasized when the 1997 Nobel Prize was awarded to Chu [11],
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Introduction and experimental setup

Phillips [12], and Cohen-Tannoudji [13]. In 2001, also the achievement of BEC was ap-
preciated by awarding the Nobel Prize to Cornell, Wieman [9] and Ketterle [10].

In cold-atom physics, a unique role is played by helium atoms in the 2 3S1 state (also
called metastable helium or He*). These atoms are accessible to laser cooling using 1083 nm
light driving the 2 3S1 → 2 3P2 transition (see Section 1.2). Helium atoms in this long-
lived (8× 103 s) metastable state have a high (19.8 eV) internal energy, which enables
single-atom detection by an electron multiplier. This makes metastable helium extremely
interesting for cold-collision studies. For instance, collisions between trapped He* atoms
(or with another atomic or molecular species X) can lead to ionization in the following
ways:

He* + He* →

{
He + He+ + e− (PI)

He+
2 + e− (AI)

He* + X → He + X+ + e− (PI),

where PI stands for Penning ionization and AI for associative ionization. The charged
loss products provide an extra monitor on cold collisions, which was employed in pho-
toassociation experiments with metastable helium [14, 15]. On the other hand, Penning-
ionization losses (especially those due to photoassociative collisions) impose strong lim-
its on the density that can be obtained in a He* MOT, and the optimum performance of
a He* MOT is achieved under considerably different conditions than for an alkali-metal
MOT [16, 17].

He* has been transferred from a MOT to a magnetic trap after aligning the spins of
the atoms (spin polarization). A magnetically trapped cloud is very stable, as Penning ion-
ization of spin-polarized He* atoms becomes highly forbidden by virtue of spin-selection
rules for the system (see for instance Refs. [18, 19]). By rf-forced evaporative cooling of
the trapped He* cloud BEC has been realized in 2001 [20, 21]. At present, He* is the
only metastable noble gas that has been Bose condensed. Soon after the first realization,
novel ways of observing the growth and decay of a condensate, by measuring Penning
ionization rates, were reported [22, 23].

Despite this success, the density constraints in a He* MOT operating at the 1083 nm
transition form a limitation for the starting conditions of a He* BEC experiment. Ideally,
the phase-space density in the magnetic trap at the start of the evaporative cooling stage
should be as high as possible, as this increases the efficiency of the evaporation process.
Therefore, a high phase-space density in the MOT is favorable, assuming that the transfer
of the cloud from the MOT to the magnetic trap can be done adiabatically. Efficient
evaporative cooling may then result in a larger number of atoms at BEC threshold, which
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is interesting in view of collisional studies in Bose condensates and investigations of
thermal clouds in the hydrodynamic regime just above the BEC threshold [24].

The relatively low density in a 1083 nm MOT also hampers the study of cold col-
lisions, for which the signal-to-noise ratio increases with density. Recently, Léonard et
al. demonstrated a new method of photoassociation spectroscopy in He*, exploiting the
high density obtained in the magnetic trap of their He* BEC setup [25]. However, such
experiments involve a spin-polarized He* cloud, which complicates the study of colli-
sions between unpolarized atoms.

1.1.1 Outline of the thesis

This thesis describes experiments which were conducted to improve the He* density by
laser cooling on the 2 3S1 → 3 3P2 line at 389 nm. The reason to use 389 nm light is that
it should provide a much larger laser cooling force mainly because of the larger photon
momentum. In the past, 389 nm light had been used only scarcely for laser cooling
purposes [26, 27], while 389 nm-photoassociative collisions had been considered only
superficially [28, 29]. During the laser cooling experiments described in this thesis, cold-
collision phenomena in the presence of 389 nm light were observed and studied in detail.
Moreover, the interaction between helium atoms in 2 3S, 2 3Pand 3 3P states has been
investigated theoretically to find possibilities for photoassociation spectroscopy using
1083 nm and 389 nm light.

The outline of the thesis is as follows. In the remainder of this Chapter, the relevant
states and transitions in the helium atom will be discussed (Section 1.2), followed by
a brief introduction to laser cooling and trapping (Section 1.3) and a description of the
setups used in the experiments described in this thesis (Section 1.4). Chapter 2 details
the construction and performance of the 389 nm laser setup which forms the basis of all
experiments described in this thesis. In Chapter 3, the first 389 nm cooling and trap-
ping experiment is described. This experiment was done in a prototype 389 nm MOT,
in which the role of 389 nm light in photoassociative losses was thoroughly studied for
the first time. The promising results of the prototype 389 nm MOT encouraged us to test
the limits of 389 nm laser cooling in an advanced setup, as detailed in Chapter 4. During
this second series of experiments, a closer investigation of photoassociative collisions re-
vealed remarkable differences between the 1083 nm and 389 nm cases which is explained
by the short-range behavior of the involved quasimolecular states. Finally, Chapter 5 de-
scribes a theoretical investigation for possibilities of photoassociation spectroscopy at
389 nm. The main conclusion of this study is that relatively simple computational meth-
ods, which are applicable to the 1083 nm case [30], only have a limited validity in the
389 nm case, and that the true form of the interaction is yet unclear.
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Introduction and experimental setup

1.2 Level structure and transitions in helium
4He is the lightest noble gas element in the periodic table. Unlike alkali elements, the two
electrons in the (1s)2 1S0 (1 1S0) ground state of helium form a closed shell, and the first
excited state that can be reached via a dipole transition, the 1s2p 1P1 (2 1P1) state, requires
58 nm radiation. This impractically short wavelength makes ground-state helium atoms
unsuited for laser cooling. However, the metastable 1s2s 3S1(2 3S1) state can be used
for laser cooling on the 2 3S1 → 2 3P2 transition at 1083 nm, or on the 2 3S1 → 3 3P2

transition at 389 nm (Fig. 1.1). As 4He has zero nuclear spin, hyperfine structure is absent.
Consequently, unwanted off-resonant optical pumping to ”wrong” states does not occur,
and repumper lasers (as required for alkali atoms) are not required. The lifetime of the
2 3S state is ∼ 8 × 103 s [31], which is mainly determined by the rate of decay to the
ground state via a magnetic dipole transition [32]. For most laser cooling purposes, He*
can thus be considered stable. The metastable state is populated by electron impact in
an electric discharge. Part of the level scheme of helium and the laser cooling transitions
are depicted in Fig. 1.1.

Other characteristics belonging to the 2 3S1 → 2 3P2 and the 2 3S1 → 3 3P2 transitions
are the lifetime of the excited state |i〉, τi, and the rate of spontaneous decay to a possible
lower state |j〉, expressed by the Einstein coefficient A(i → j). In this thesis, A(i → j)

will be denoted as Γ provided that the identity of the states |i〉 and |j〉 is clear. The
upper state of the 1083 nm transition can only decay to the 2 3S state; hence, its lifetime
equals the inverse spontaneous decay rate which is 97.95 ns [33]. The upper state of
the 389 nm transition, however, has two decay channels. It decays either directly to the
2 3S state, or it decays via the 3 3P → 3 3S → 2 3P → 2 3S cascade. A calculation of the
Einstein-A coefficients for the two channels results in A(3 3P→2 3S) = (105.5 ns)−1 and
A(3 3P→3 3S) = (932.1 ns)−1 [33]. In general, the lifetime of an upper state |i〉 is given by

τi =
1∑

j A(i→ j)
, (1.1)

where the summation runs over all possible decay channels to lower states |j〉. With the
use of Eq. (1.1), one finds τ3 3P = 94.76 ns. The branching ratio b(i → j′) for decay to a
particular state |j′〉 is given by

b(i→ j′) =
A(i→ j′)∑
j A(i→ j)

= τiA(i→ j′), (1.2)

where Eq. (1.1) has been used. Using Eq. (1.2), one finds b(3 3P→ 3 3S) = 10.17%, and
b(3 3P→ 2 3S) = 89.83%.
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Figure 1.1. Part of the level scheme of helium. The long-lived 2 3S metastable state is populated in

a DC discharge. The 2 3S1 → 3 3P2 (389 nm) and 2 3S1 → 2 3P2 (1083 nm) laser cooling transitions

are indicated with bold arrows.

1.3 Doppler theory of laser cooling and trapping

The picture of repeated cycles of absorption and spontaneous emission of single photons
forms the foundation of Doppler theory of laser cooling. Other assumptions are the use
of a two-level model to describe the atom, and classical quantities x and v representing
the location and velocity of the atom. Furthermore, the Doppler shift associated with a
single-photon recoil is assumed to be small compared to the linewidth of the transition.

The Doppler-cooling force arises from repeated absorption–spontaneous emission
(”scattering”) of photons from a (near-)resonant light field. The scattering rate can be
derived using a two-level model in which Einstein coefficients govern the rate of ab-
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sorption, stimulated emission and spontaneous emission. Furthermore, the scattering
rate is determined by properties of the light field such as polarization, intensity and
detuning from resonance. It is useful to express the intensity in units of the saturation
intensity, I0, which is defined as follows for the 2 3S1 → 2 3P2 transition. Consider an
optically pumped collection of N He* atoms, i.e. all atoms are in the 2 3S1 (MJ = 1)

state. Let the atoms be illuminated by resonant, circularly polarized 1083 nm light driv-
ing the 2 3S1 (MJ = 1) → 2 3P2 (M ′J = 2) transition (i.e. σ+ transitions). The satu-
ration intensity is now defined as the intensity that establishes a population difference
N(2 3S)−N(2 3P) = N/2. For the 1083 nm transition, I0 = 0.167 mW/cm2, and for the
389 nm transition I0 = 3.31 mW/cm2 [34]. For the 389 nm transition, the effect of the
10% leak via the 3 1S state is ignored although the saturation is slightly affected by the
additional spontaneous decay channel, and the leak also causes a small depolarization
of the atomic sample.

When the frequency of the light is detuned away from resonance the transition rate
(and, thus, the saturation) is reduced. In addition, the transition rate is dependent on the
polarization of the light relative to the orientation of the atomic quantization axis, which
also determines which magnetic sublevels are participating in the transition. These con-
ditions have to be included separately when calculating the total transition rate. As a
result, one finds for the 1D force due to the interaction between an optically pumped
atom and a single beam of circularly polarized light inducing σ+ transitions (J → J + 1)

F = h̄k
Γ

2
I/I0

1 + I/I0 +
(

4π∆eff
Γ

)2 , (1.3)

where ∆eff (Hz) is the effective detuning which includes Zeeman detuning, Doppler shift,
and detuning of the light; k is the wave vector of the light (k = 2π/λ). The numerator in
Eq. (1.3) shows that the force generally increases with intensity, whereas the denomina-
tor takes into account the saturation of the transition, which also increases with intensity,
but decreases with detuning. Generalizing Eq. (1.3) to 3D basically amounts to taking the
vectorial sum of all the forces present, and including the saturation due to laser beams
from other directions in the denominator as well. Strictly speaking, each contribution
to the total force needs to be multiplied with a squared Clebsch-Gordan coefficient to
include the effect of the polarization. However, with circularly-polarized light propagat-
ing in all different directions the expression for the force assumes a complicated form,
especially when spatially varying magnetic fields are also present.

It should be emphasized that the small-recoil assumption is questionable for helium
because of its small mass (6.646 × 10−27 kg). For example, the recoil of one 1083 nm
photon leads to a change of velocity by 9.20 cm/s, which corresponds to a Doppler
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shift of 84.9 kHz = 0.052Γ/2π. For 389 nm radiation the small-recoil condition is seri-
ously violated: the one-photon recoil velocity of 25.6 cm/s leads to a Doppler shift of
659 kHz = 0.44Γ/2π (for 3He the 389 nm recoil velocity is even 34.2 cm/s, resulting in
a Doppler shift of 0.58Γ/2π). These relatively large recoil velocities have facilitated ex-
perimental demonstration of sub-recoil laser cooling techniques using 1083 nm light [35]
and 389 nm light [27].

1.3.1 Optical molasses

Consider two counterpropagating laser beams, red-detuned by ∆ (Hz) from the atomic
resonance frequency, and with intensity I � I0. An atom with a nonzero velocity compo-
nent along the beam direction experiences a Doppler shift, which leads to an imbalance
in the absorption rate of photons from the two beams. In fact, due to the red detuning the
atoms absorbs more photons from the counterpropagating beam than from the coprop-
agating beam, which results in a friction force on the atom (hence the name optical mo-
lasses). It is straightforward to extend this picture to the three-dimensional (3D) situation.
At the same time, the spontaneously emitted photons lead to diffusive motion and, thus,
to heating (if I > I0, stimulated emission can also contribute significantly to the heating
rate). When considering an ensemble of atoms, it can be shown that the combination
of frictional and diffusive motion leads to a thermal distribution with a well-defined 3D
temperature (see also Section 3.4.1.3) [36].

The above model ignores standing-wave effects in the counterpropagating beam pair,
which can lead to much larger friction forces than predicted by the Doppler model [37,
38]. Consequently, one speaks of sub-Doppler cooling mechanisms and sub-Doppler tem-
peratures. However, in the experiments described in this thesis the Doppler model
proves to be sufficiently adequate to explain most of the obtained laser cooling results.

1.3.2 Zeeman deceleration

Deceleration of a two-level atom by a single, red-detuned laser beam is also possible, as
long as the detuning compensates the Doppler shift such that the resonance condition
is fulfilled. However, as the atom slows down, the corresponding change in Doppler
shift takes the atom out of resonance. This problem is overcome in the Zeeman dece-
lerator [39], where the atomic Zeeman shift induced by a well-tailored inhomogeneous
magnetic field keeps the atom resonant with a counterpropagating laser along all of the
slowing trajectory. In this way, a beam of atoms may be decelerated to any longitudinal
velocity.

8
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The longitudinal slowing process leads to transverse heating of the beam of atoms.
Due to this heating, the transverse velocity spread as well as the atomic beam diameter
increase during the slowing process [40].

1.3.3 Magneto-optical trap

The magneto-optical trap (MOT) basically consists of three pairs of counterpropagat-
ing, circularly polarized and red-detuned laser beams, which intersect at the zero of a
quadrupole magnetic field produced by two anti-Helmholtz coils (Fig. 1.2(a)).

The MOT combines optical molasses with a spatially dependent laser cooling force.
This enables the MOT to capture sufficiently slow atoms and cool them further down.
Two of the beams propagate along the symmetry axis of the quadrupole field, and the
three beam pairs are mutually perpendicular. The confinement by the MOT can be un-
derstood with the aid of the 1D schematic in Fig. 1.2(c). Assume a two-level atom in
a J = 0 ground state, which is excited to a J = 1 state by the MOT light. The two
counterpropagating, circularly polarized MOT beams have the same helicity; however,
depending on the direction of the local magnetic field they induce σ− or σ+ transitions
(Fig. 1.2(b)). These transitions have different Zeeman detunings. Consequently, an atom
(being initially at rest) at some distance away from the MOT center is more resonant
with the MOT beam that accelerates it towards the MOT center. The resulting velocity
will take the atom to the center region, where the magnetic field is very small. Hence,
this region effectively represents a 3D optical molasses. The net result is a damped os-
cillation of the atom, until it reaches a state of equilibrium in the center of the MOT.
This equilibrium state is determined by the equipartition of kinetic energy (set by the
molasses temperature) and potential energy (due to the restoring radiation force). This
model does not apply directly to a He* MOT, which involves J = 1→ J = 2 transitions.
Nevertheless, the J = 0 → J = 1 model captures most of the elements required for a
Doppler description of the He* MOT.

Typically, a MOT can capture atoms with a velocity corresponding to a temperature
of 1 K, and subsequently cool them to a temperature below 1 mK. In practice, atoms are
either captured from a beam of sufficiently slow atoms, or from the low-velocity tail of a
room-temperature background vapor.

The number of atoms that can be trapped in a MOT depends on the balance be-
tween loading and loss of atoms. Loss, for instance, is caused by collisions with atoms
or molecules in the background gas, which may heat the trapped atoms to above the
trap depth of the MOT. To reduce these losses to an acceptable level, a low background
pressure (< 10−8 mbar) is necessary. The presence of near-resonant light in the MOT
generates additional phenomena, such as photoassociative collisions, which may lead
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Figure 1.2. (a) 3D schematic view of the MOT. The bold circles indicate the current through

the anti-Helmholtz coils. The smaller circles around the laser beams indicate the handedness of

the circular polarization, and the dot indicates the position of the cloud of trapped atoms. (b)

Transition scheme of a (J = 0, J = 1) two-level atom. The values of MJ are indicated for each

level. (c) Spatial dependence of the energy levels E(J ,MJ) in a one-dimensional J = 0 → J = 1

MOT. Indicated are the σ transitions driven by the MOT light, which has a frequency detuned to

the red of the J = 0→ J = 1 transition by ∆ (Hz).

to enhanced loss of atoms from the MOT. The nature of such collisions is elucidated in
Section 4.2.

1.4 Experimental setup

The experiments described in this thesis have been conducted in two different setups. In
the following, the arrangement used in the experiment of Chapter 3 will be referred to
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as setup A, whereas the setup of Chapter 4 will be indicated by setup B. Setup B has been
developed for Bose-Einstein condensation (BEC) of metastable 4He. Setup A, used in the
experiment described in Chapter 3, is a copy of Setup B designed for slowing of 3He*.
After the experiments described in this thesis, which were all conducted with 4He*, it
has been modified for simultaneous cooling and trapping of 3He* and 4He* [41].

1.4.1 1083 nm laser setups

In the early days of laser cooling and trapping of metastable helium, the only prac-
tical sources of continuous-wave (cw) narrowband 1083 nm light available were the
Nd-doped lanthanum hexaluminate (LNA) laser [42], and the distributed Bragg reflec-
tor (DBR) laser diode [43] (see below). In the 1990s, high-power, cw ytterbium fiber
lasers became available [44], which can produce several Watts of narrowband 1083 nm
radiation—one order of magnitude more than can be obtained with LNA or diode lasers.
These three laser types are incorporated in setup A and setup B.

1.4.1.1 Ytterbium-doped fiber laser system

All laser frequencies for 1083 nm laser cooling in setup A are derived from a commercial
2 W fiber laser system (YLD-2BC-1083) manufactured by the IRE-POLUS Group (IPG).
The lasing medium consists of an Yb-doped fiber of 2 m length, which is pumped by
multiple 1 W multimode laser diodes, and is seeded by a 1083 nm DBR laser diode. The
single-mode output of the fiber laser can be tuned in frequency over ∼ 3 GHz via an
external input. By changing the temperature of the laser diode, a wavelength range of
2 nm around 1083 nm can be covered.

According to the manufacturer’s specifications, the bandwidth of the laser output
should be less than 1 MHz. However, by beating the fiber laser output with the output
of a narrowband LNA laser (which has a known bandwidth; see Section 1.4.1.2) it was
revealed that the actual bandwidth of the fiber laser was about 8 MHz. This large band-
width, which was due to a defect, exceeds the linewidth of the 1083 nm transition by a
factor of five.

The laser is frequency stabilized to the 2 3S1 → 2 3P2 transition using saturated ab-
sorption spectroscopy. A small part of the 1083 nm light is sent back and forth through
a He* rf-discharge cell, the transmitted intensity is measured and a saturated absorption
signal is obtained. The frequency of the fiber laser is modulated at 8 kHz, and the ab-
sorption signal is demodulated using a lock-in amplifier to produce an error signal. The
error signal is amplified, integrated and fed back into the frequency modulation input
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of the laser. The detunings required for laser cooling are obtained with acousto-optical
modulators (AOMs).

1.4.1.2 LNA laser

All the light for 1083 nm laser cooling and trapping in setup B is produced by an LNA
laser. This laser consists of a ring cavity containing a 2 cm long LNA crystal, which is
pumped by 4 W of a Spectra-Physics Millennia V laser at 532 nm. A combination of
etalons and a Lyot filter selects one cavity mode out of the near-infrared fluorescence
emitted by the LNA crystal, and an optical diode ensures unidirectional operation of
the ring cavity. The length of the laser cavity is stabilized to the side of a fringe of an
external Fabry-Perot interferometer by adjusting the position of one of the cavity mirrors,
which is mounted on a piezo-electric transducer. The laser frequency is stabilized to
the 2 3S1 → 2 3P2 transition by frequency modulation (at 1 kHz), and subsequent de-
modulation (using a lock-in amplifier) of the saturated absorption signal obtained in
a He* rf-discharge cell. Typically, the laser produces 230 mW of 1083 nm light with a
bandwidth of 0.15 MHz. The laser output beam is split up and detuned using AOMs.
Further details of this part of setup B are given in the theses of Rooijakkers [28] and
Tol [45].

1.4.1.3 Extended-cavity diode laser

For optical detection of the cloud (see Section 1.4.4.2) an extended-cavity laser at 1083 nm
is used, based on a 40 mW DBR laser diode (Spectra Diode Labs 6702-H1). Technical
details of the extended-cavity laser can be found in the thesis of Herschbach [46]. The
bandwidth of this laser system is about 0.5 MHz. As the laser is used for optical detection
of the cloud, the power must be switched off rapidly (µs timescale). To realize this,
the laser output is sent through an AOM which operates at 80 MHz. The first-order
diffracted beam can be switched on and off rapidly. To shift the frequency of the first-
order diffracted beam back into resonance, as required for detection, the frequency of the
laser is stabilized to a saturated-absorption line which is Zeeman detuned by −80 MHz.
The 1083 nm output is spatially filtered to improve the beam profile.

1.4.2 Frequency-doubled titanium:sapphire laser at 389 nm

The experiments described in this thesis all involve the 2 3S1 → 3 3P2 transition in helium.
The 389 nm light necessary to drive this transition is obtained by frequency-doubling the
output of a cw titanium:sapphire laser. The 389 nm laser setup is described in detail in
Chapter 2.
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Figure 1.3. Schematic side view of the vacuum apparatus used in the experiments (setup A).

The details of the MOT vacuum chamber (dashed lines) have been omitted (see Fig. 1.5). Setup

B is slightly different to allow deflection as well as a lower pressure in the MOT chamber (see

Section 1.4.3.2).

1.4.3 He* beam apparatus

A He* MOT can be loaded only with sufficiently slow metastable helium atoms, which
are prepared in several steps. Helium atoms are brought in the metastable state by elec-
tron impact in an electric discharge. In order to survive in the metastable state, the thus
created He* atoms should not collide with the walls of a vacuum chamber or with back-
ground gas constituents. It is therefore natural to base a cold He* experiment on a beam
of He* atoms, under vacuum conditions that guarantee a sufficiently long mean free path
for the metastables. Furthermore, the He* atoms need to be decelerated before they can
be captured by a MOT. This section describes the production of a bright beam of suffi-
ciently slow metastable helium atoms.

1.4.3.1 He* discharge source

A beam of metastable helium atoms is produced in a dc-discharge source, similar to
the one described by Rooijakkers et al. [47]. In the source chamber (Fig. 1.3), room-
temperature helium gas is guided through a quartz cylinder (inner diameter 6 mm) in
which a tantalum needle is positioned along the symmetry axis. About 5 mm from the
needle’s tip the nozzle is located, which consists of a boron-nitride cylinder with a 0.25
mm hole along the symmetry axis. The boron-nitride cylinder is pressed into a copper
block, which is cooled by liquid nitrogen (LN2) in order to reduce the initial velocity of
the helium atoms by about a factor of two as compared to the water-cooled case. About
1 cm downstream, a skimmer with a 1 mm hole is located in the wall separating the
source chamber from the collimation chamber. A voltage of −3 kV on the needle ignites
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a dc discharge between the needle and the grounded skimmer, running at a typical cur-
rent of 8 mA. The 2 3S state is populated in the discharge by collisions with electrons,
resulting in a He* flux of 3× 1014 s−1sr−1. The longitudinal velocity distribution typi-
cally has a most probable velocity of 1200 m/s, and a FWHM width of about 30% of the
most probable velocity.

The source chamber of both setups is pumped by a 520 l/s turbomolecular pump,
and the pressure while the source is running is typically 3× 10−5 mbar.

1.4.3.2 Collimation section

After passing through the skimmer, the atomic beam enters the collimation section (see
Fig. 1.3), where the brightness of the beam is enhanced. In setup A, the collimation
section is pumped by a 520 l/s turbomolecular pump, whereas the collimation section
in setup B is pumped by a 450 l/s turbomolecular pump. In both setups, the achieved
pressure is about 1× 10−7 mbar with helium load.

In setup A, 300 mW of 1083 nm light is taken from the fiber laser output for colli-
mation of the He* beam by the curved wavefront technique [42, 47]. The He* beam is
illuminated transversely by two elliptical beams (one in the horizontal direction and one
in the vertical direction) with transverse dimensions 0.5× 19 cm2, with the long dimen-
sion along the He* beam axis. Furthermore, the beams have a radius of curvature of
12 m in the plane containing the He* beam axis. The two beams interact with the He*
beam over a distance of 19 cm (starting 3 cm downstream the skimmer), and are subse-
quently retroreflected. He* atoms that leave the nozzle at an angle (with respect to the
atomic beam axis) smaller than±1◦ are steered into the direction parallel to the He* beam
axis. In this way, a collimated beam of He* atoms with a diameter of about 3 mm is ob-
tained [47]. At the end of the collimation section, a disk of 50 mm diameter with a 3 mm
diameter hole acts as a flow resistance between the collimation chamber and the Zeeman
decelerator tube (Fig. 1.3). By mounting the disk on the rear wall of the vacuum chamber
using 40 mm long spacers, the vacuum in the first part of the Zeeman decelerator re-
mains in connection with the pump underneath the collimation chamber. However, the
direct flow of (mainly ground-state) helium atoms from the source is largely blocked be-
fore entering the Zeeman decelerator. The He* flux through the Zeeman slower increases
by a factor of 12–15 when the collimation light is present.

In setup B, the collimation section uses 60 mW of power from the LNA laser. This
19 cm collimation section also incorporates a deflection zone, to prevent ground-state
helium atoms from reaching the parts of the vacuum chamber downstream where an ul-
tralow pressure is desired. The interaction length in the vertical direction is 19 cm, and
the vertical beam has a 15 m radius of curvature. The interaction length in the horizontal
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Table 1.1. Specifications for the Zeeman decelerators used in setup A and setup B, respectively.

setup A setup B

length first part (m) 1.90 1.75

length second part (m) 0.35 0.25

entrance magnetic-field strength (G) 535 515

exit magnetic-field strength (G) −160 −140

direction, where a radius of curvature of 11 m is used, is limited to the first 9.5 cm of the
collimation section. Over the second 9.5 cm, the retroreflected wavefront is blocked. This
deflects the collimated He* beam over a 1◦ angle. In this way, the 2 3S atoms are sepa-
rated from all other constituents of the atomic beam, most importantly the ground-state
helium atoms. The part of the setup downstream the collimation/deflection section has
been rotated over a 1◦ angle, with the center of rotation located in the bellows between
the collimation section and the entrance of the Zeeman decelerator. In this configuration,
the Zeeman decelerator axis coincides with the deflected He* beam. Inside the bellows,
a 100 mm long tube with an inner diameter of 3 mm gives access to the deflected He*
atoms only; the beam of nondeflected atoms is blocked by a knife edge in the collima-
tion section. The entrance of the Zeeman decelerator is pumped by an additional 56 l/s
turbomolecular pump, situated between the bellows and the Zeeman decelerator. The
deflection zone and the additional pump are not shown in Fig. 1.3. The collimation in-
creases the He* beam flux by about a factor of 30 [46].

1.4.3.3 Zeeman decelerator

The velocity of the atoms in the He* beam is still much too high for the atoms to be
captured by a MOT. A Zeeman decelerator is employed to provide the required velocity
reduction. In both setups, the Zeeman decelerator consists of two parts separated by a
small vacuum chamber with a 56 l/s turbomolecular pump, as depicted schematically in
Fig. 1.3. The first part of the magnet coil is wound around a double-walled, water-cooled
tube, with an inner diameter of 25 mm and an outer diameter of 35 mm (both setups). In
setup A, the coils of the second part of the magnet are wound around the same type of
tube. In setup B the coils of the second part of the magnet are wound around a single-
walled tube, with inner diameter 35 mm. Details on the magnet coils and magnetic fields
used throughout the experiments in both setups are compiled in Table 1.1. Both Zeeman
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decelerators are operated with a laser detuning of −250 MHz. However, because of the
large bandwidth of the fiber laser, the power of the decelerating laser in setup A had to
be as large as 60 mW for optimum performance. By contrast, the Zeeman decelerator in
setup B required only 15 mW of 1083 nm power.

During deceleration, the He* beam diameter increases to about 2 cm. In setup A, the
inner diameter of the decelerator tube even limits the beam diameter. The laser beam
has a diameter of 3 cm at the exit of the Zeeman slower for both setups to ensure that the
full cross section of the He* beam interacts with the laser light. A lens with a focal length
of 2 m focuses the laser onto the skimmer, thus realizing an intensity as high as possible
in the entire Zeeman decelerator. In both setups it is observed that increasing the laser
power beyond the above-mentioned values does not significantly improve the number
of trapped atoms.

Together with the detuning, the magnetic field strength at the entrance of the Zeeman
decelerator determines the maximum initial velocity from which atoms can be slowed
down. Similarly, the exit field and the detuning fix the final velocity of the atoms. By
choosing a fairly large nonzero exit field, the detuning of the decelerating laser must be
fairly large as well, which minimizes its effect on the atoms trapped in the MOT down-
stream. In both setups, atoms are decelerated from an initial velocity of 1050 m/s, to a
final velocity below 75 m/s. As pointed out in Section 3.2.2, the 389 nm MOT requires
lower end velocities. To minimize He* beam expansion, the concept of an auxiliary Zee-
man decelerator was tested (Section 3.3.1 and Section 3.4.3). The Zeeman decelerator in
Setup A was equipped with an extraction coil at the exit. This ensures that the Zeeman-
decelerator field has a zero contribution at the center of the MOT, at the cost of a slightly
larger size of the slowed atomic beam there.

1.4.3.4 MOT vacuum chamber

A picture of the 389 nm MOT vacuum chamber of setup A is shown in Fig. 1.4, whereas a
schematic top view is drawn in Fig. 1.5. The chamber is pumped by a 56 l/s turbomole-
cular pump, which is mounted horizontally on a T-shaped tube below the chamber. The
windows for the vertical MOT beams are uncoated, as is the window which gives access
to the 1083 nm laser beam of the Zeeman decelerator. The windows in the horizontal
plane are anti-reflection (AR) coated for 389 nm, and have been glued into the stainless-
steel chamber using regular epoxy. With this construction, the vacuum chamber could be
baked at 90◦ C, resulting in a final pressure of 2× 10−9 mbar without helium load. With
helium load, the pressure rose to 1× 10−8 mbar. Two coils, wound around the vacuum
chamber and consisting of 17 turns copper tubing each, produce a quadrupole magnetic
field with the symmetry axis in the vertical direction. For the MOT, along the vertical
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Figure 1.4. Picture of the 389 nm MOT vacuum chamber with the 389 nm laser beams present

The second part of the Zeeman decelerator is to the left of the vacuum chamber..

direction two individual beams counterpropagate, whereas two perpendicular horizon-
tal beams are retroreflected. The MOT beams have a waist of 8 mm. The total 389 nm
intensity in the MOT is about 330 mW/cm2. More details about the MOT parameters
are given in Section 3.3. Two channeltron electron multipliers are mounted inside the
chamber and are used for detection of He* atoms and positive ions (see Section 1.4.4.1).

The MOT vacuum chamber in setup B is more complicated as it is designed for both
magneto-optic and magnetostatic trapping of metastable helium. To achieve as strong
a magnetic trapping field as possible, the water-cooled coils are mounted in metal con-
tainers inside the vacuum chamber. The coils, which are in a cloverleaf configuration,
give 360◦ optical access in the horizontal plane, and leave space for 1083 nm MOT laser
beams with a diameter of 40 mm. Furthermore, the vacuum chamber houses two double
microchannel plates (MCPs) (Section 1.4.4.1). More details of this chamber can be found
in Ref. [46].
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Figure 1.5. Schematic top view of the MOT vacuum chamber used in the prototype 389 nm MOT

experiment (Chapter 3). Dimensions are given in mm. Not shown are the vertical MOT laser

beams.

The MOT chamber in setup B is pumped by a 1500 l/s turbomolecular pump. Al-
though pressures < 10−10 mbar have been achieved in this setup, a leak in the container
of the water-cooled coils limited the pressure to 1× 10−9 mbar during the experiments
presented in this thesis. The presence of the He* beam did not noticably affect the pres-
sure.

The 1083 nm MOT is created using 1083 nm laser beams with a waist of 2 cm. The
trapping light in the horizontal direction is obtained with a single laser beam that is
retroreflected. The trapping light in the vertical direction consists of another laser beam
which is retroreflected as well. The total 1083 nm MOT intensity is about 24 mW/cm2.
The 389 nm MOT in setup B is formed by overlapping six individual 389 nm laser beams,
with a waist of∼ 7 mm, in the center of the 1083 nm MOT. Retroreflection is not possible
as the 1083 nm AR coating of the vacuum windows transmits only 70% of the 389 nm
light. Therefore, the total 389 nm intensity inside the MOT chamber is only 200 mW/cm2.
The 1083/389 nm MOT configuation is further described in Section 4.3.
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1.4.4 Diagnostics

Both setup A and setup B have been supplied with a range of diagnostic tools, taking
advantage of the wealth of detection possibilities available for the study of cold, trapped
He* atoms.

1.4.4.1 Detection of ions and He* atoms

In setup A, two channeltron electron multipliers are mounted inside the MOT chamber
to separately detect ions and metastables. Both channeltrons are operated with negative
high voltage at the front end; however, one of them (Dr. Sjuts KBL 210) is put more
closely to the cloud, thereby attracting all positively charged particles and leaving only
the neutral metastables (He*) to be detected by the other (Dr. Sjuts KBL 1010). Also,
the He* detector is partly hidden behind an aperture in the wall of the vacuum chamber
(Fig. 1.5), which provides additional shielding of its electric field. The application of the
channeltrons in the experiment is further described in Section 3.3.3.

Both channeltrons can be operated either in current mode (by operating at a not too
high voltage such that the gain is independent of the detection rate) or in counting mode.
In counting mode, the count rate is limited to about 106 s−1.

The MOT chamber of setup B is equipped with two MCPs. One MCP, which is op-
erated at −2 kV, is shielded from charged particles by a grounded grid in front of the
detection surface and therefore detects He* atoms (and possibly emitted XUV photons)
only. The He*-MCP is positioned 18 cm below the trap center. The second MCP, mounted
in the horizontal plane 5 cm away from the MOT center, is operated with a negative high
voltage (−1450 V) at its detection surface, and is assumed to attract all or at least a fixed
fraction of the positive ions produced inside the vacuum chamber. Section 4.3 illustrates
the various purposes of the MCPs.

1.4.4.2 Imaging of the He* cloud

Optical detection of the cloud can be done either by absorption imaging or by fluores-
cence imaging. In setup A, the 707 nm fluorescence, emitted by a steady-state 389 nm
MOT (see Fig. 1.1), is collected and imaged on a charge coupled device (CCD) camera
(Pulnix TM-6AS). The camera has been calibrated by illuminating the CCD with a known
amount of 707 nm light from the titanium:sapphire laser. The calibration allows for the
determination of the absolute number of trapped atoms from the fluorescence intensity
(Section 3.3.3.2).

In setup B, a CCD camera (Cohu 4712) is used for absorption imaging at 1083 nm as
well as fluorescence imaging at 1083 nm and 707 nm. The absorption images are obtained
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by illuminating the He* cloud with a resonant, low-intensity (I ≈ 0.025I0) probe beam
after 1 ms of ballistic expansion (see also Section 4.4.1). The cloud images are processed
with care before analysis: each analyzed image is the average of eight individual shots
and is corrected for the background stray light and the probe beam profile. The analy-
sis of the thus obtained absorption images is elaborate and takes into account Doppler
broadening and the small kinetic and saturation effects on the atoms due to the probe
beam. More details about the analysis of absorption images can be found in Refs. [45, 46].
Setup B also incorporates the CCD camera used in setup A; however, the images (which
are viewed on a television screen) are merely used to permanently monitor the shape
and location of the trapped He* cloud in both the 1083 nm and 389 nm MOTs.

1.4.5 Control of the experiment, data acquisition and data processing

Setup A is controlled by computer using the LabVIEW environment (running under Win-
dows NT), which sends TTL triggers via a digital I/O card (National Instruments View-
point DIO-128). Fluorescence images were imported using a Data Translation DT3152
frame-grabber card; other data acquisition took place by reading out the GPIB port of
Tektronix TDS210 oscilloscopes, and importing the data using LabVIEW.

Setup B is controlled in the same way as setup A. In addition, setup B is equipped
with an analog I/O card (National Instruments AT-A0-6/10) for the control of current
supplies etc. Data acquisition takes place in a similar way as in setup A.

Most of the data presented in this thesis were processed and analyzed using applica-
tions developed within the MATHEMATICA algorithm.
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A high-power frequency-stabilized laser for
cooling of metastable helium at 389 nm

A high-power, frequency-stabilized laser for cooling of metastable helium atoms using the 2 3S1 →
3 3P2 transition at 389 nm has been developed. The 389 nm light is produced by second har-
monic generation of a cw titanium:sapphire laser in an external enhancement cavity containing a
lithium-triborate (LBO) nonlinear crystal. With 2 W of power at 778 nm, a maximum of 1 W of
useful 389 nm power is obtained. The 389 nm laser is stabilized to the 2 3S1 → 3 3P2 transition
in helium, which is probed using saturated absorption spectroscopy in an rf discharge cell. The
relatively small absorption at 389 nm demands high rf power in the He discharge cell. This is
possible only in a well-prepared discharge cell, and a prescription for manufacturing a durable
discharge cell is given. By tuning the magnetic field in the discharge cell the laser can be detuned
continuously from resonance by ±150 MHz. In addition, a simple and inexpensive method is
described to switch off the laser considerably faster than possible with a mechanical shutter.

2.1 Introduction

Until recently, in all cold He* experiments the 2 3S1 → 2 3P2 transition at 1083 nm (see
Fig. 1.1) was used for cooling, trapping and probing, despite its relatively poor perfor-
mance as compared to laser cooling transitions in alkali species and other metastable
noble gases [34]. With the advent of techniques to efficiently frequency double tunable
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solid-state lasers using external enhancement cavities, the more powerful 2 3S1 → 3 3P2

transition at 389 nm has become available as well.
It is pointed out in Sec. 3.1 that, in order to achieve efficient laser cooling and trap-

ping in a 389 nm MOT, the 2 3S1 → 3 3P2 transition needs to be sufficiently saturated. The
saturation intensity I0 of the cooling transition is 3.31 mW/cm2, and with the relatively
large cross sections (∼cm2) of the six MOT laser beams a few-hundred mW output power
is highly desirable. This may be achieved by second-harmonic generation (SHG), using
the output of a cw titanium:sapphire (Ti:S) laser as the fundamental frequency. Many
publications on SHG of Ti:S lasers exist; see, for instance, the recent papers by Jurdik et
al. [48] and Freegarde and Zimmerman [49], which contain up-to-date lists of references.
In this chapter, the laser setup used in the 389 nm MOT experiments described in Chap-
ter 3 and Chapter 4 is detailed, including the schemes used for frequency stabilization
and fast switching-off of the 389 nm laser power.

2.2 Theoretical background

The concept of frequency doubling in nonlinear media can be understood from a classi-
cal point of view. Consider an electromagnetic wave with amplitudeE and frequency ω,
travelling through a nonlinear crystal. This wave is referred to as the fundamental. The
oscillating electric field drives the electrons in the crystal lattice into oscillation, which
results in a polarization P . For not too large electric field amplitudes, the polarization
will follow the electric field linearly. However, larger electric field amplitudes will drive
the electrons into anharmonic oscillation. As a consequence, the polarization will con-
tain higher harmonics of the fundamental frequency. The structure of the crystal lattice
determines its nonlinear characteristics. The strength of the nonlinearity with respect to
SHG is expressed by an effective nonlinear coefficient deff.

In a dispersive medium, the fundamental wave and the second-harmonic wave travel
at different phase velocities. Therefore destructive interference occurs between second-
harmonic waves generated at different locations, which effectively limits the SHG path
length to ∼ 20λ (λ is the fundamental wavelength). This can be circumvented via phase
matching, which is elegantly done in birefringent crystals with favorable nonlinear prop-
erties. Consider a fundamental light ray travelling along the line AB through a principal
plane of such a crystal (Fig. 2.1). The principal plane contains the wave vector of both
the fundamental ray inside the crystal and the optic axis. Let the corresponding elec-
tromagnetic wave have a linear polarization perpendicular to the principal plane, and
let the wave vector inside the crystal be denoted as k′ω,⊥. Along any point on the line
AB second-harmonic light will be generated; however, for simplicity only the second-
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Figure 2.1. Critical phase matching. By tuning the angle θ between the optic axis (dashed arrow)

and the fundamental wavevector, the refractive index for waves with polarization in the principal

plane can be adjusted. In the case of phase matching, k′ω,⊥ = k′2ω,‖. The angle ρ is the walk-off

angle, which is exaggerated in this drawing for illustrative purposes. All waves and the optical

axis are contained in the principal plane.

harmonic light generated at a single point A′ on AB will be considered. In Type I phase-
matching the polarization of the second harmonic is perpendicular to the fundamen-
tal polarization. Consequently, the second-harmonic polarization has a component in
a plane parallel to the optic axis, with a corresponding wavevector k′2ω,‖. This compo-
nent experiences a different phase velocity, which can be adjusted by tuning the angle θ
between the optic axis and k′ω,⊥. In practice, this is done by simply rotating the entire
crystal about an axis perpendicular to the principal plane. This allows for matching the
phase velocities of the fundamental and the second harmonic waves, i.e. k′ω,⊥ = k′2ω,‖,
which is the condition for phase matching. This method of phase matching, also called
critical phase matching, results in a beam walk-off between the fundamental and second-
harmonic rays, as the birefringence causes the second-harmonic wave to propagate in a
direction slightly different than the fundamental wave. The walk-off is indicated by the
angle ρ in Fig. 2.1.

The efficiency of SHG depends on the nonlinear properties of the crystal as well as
on the focusing of the fundamental light into the crystal, which should ensure a high
intensity along the entire path of SHG. Optimization of SHG has been treated by Boyd
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and Kleinman [50], and a practical guide to developing a SHG cavity can be found in
Ref. [49].

2.3 Experimental setup

2.3.1 Laser system

The laser system is based on a Coherent 899-21 Ti:S ring laser, which is pumped by 10.0 W
of a frequency-doubled Nd:YVO4 laser at 532 nm. During the experiments described in
this chapter and in Chapter 3, a Spectra-Physics Millennia X was used for pumping. The
Ti:S produced maximally 2.1 W of single-mode 778 nm light, with a specified bandwidth
of less than 0.5 MHz. The linearly-polarized output of the Ti:S is sent through a perpen-
dicular periscope to rotate the polarization by 90◦, after which the horizontally-polarized
light is directed towards the enhancement cavity.

2.3.2 SHG cavity

Figure 2.2 shows a schematic overview of the setup. The waist of the Gaussian infrared
beam is matched to the waist halfway between M3 and M4 of the TEM00 mode of the
ring cavity by the thin lens L1 (mode matching) to ensure optimum incoupling. However,
the enhancement cavity is not fully compensated for astigmatism. Therefore, the circular
Ti:S beam cannot be mode matched perfectly with a single spherical lens. The 778 nm
light is coupled into the ring cavity through mirror M3, which has a specified reflectivity
R = 99.0%. Inside the cavity, a 10.5 mm long lithium-triborate (LBO) crystal, Brewster
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cut for 780 nm, is placed in the focus of the curved mirrors M1 and M2. These mirrors
have a radius of curvature of 75 mm, which results in a minimum beam waist w0 of 30 µm
inside the LBO crystal. Mirror M4 (diameter 6 mm) is mounted on a piezo-ceramic tube
(PZT) and is controlled by a servo loop to stabilize the cavity length. The dispersive sig-
nal for the servo loop is obtained using the Hänsch-Couillaud (HC) scheme [51]. In this
scheme the Brewster-cut LBO crystal acts as a polarization-selective element. Therefore,
incident fundamental light with linear polarization perpendicular to the plane of inci-
dence of the LBO crystal is not coupled into the cavity, but simply reflected by M3 (see
Section 2.4). On the other hand, fundamental light with linear polarization parallel to
the plane of incidence sees a low-losses cavity and may be coupled into the cavity. When
the frequency of the light is close to a cavity resonance, the parallel polarization compo-
nent of the light reflected by M3 acquires a frequency-dependent phase shift. Together
with the reflected perpendicularly-polarized component this results in an elliptical po-
larization. The ellipticity is detected by decomposing the light reflected from M3 in two
beams using a quarter-wave plate and a polarizing beamsplitter cube, and subtracting
the respective intensities measured with two photodiodes (Fig. 2.2). This results in a
dispersion-shaped error signal around the cavity resonance frequency.

All cavity mirrors except the input coupler M3 have a coating which is highly re-
flective (> 99.9%) for the fundamental wavelength. The second-harmonic radiation is
produced in the focus inside the LBO crystal, after which it leaves the crystal through
the end face. Due to the orthogonal polarization, the end face is not at Brewster’s angle
for the 389 nm beam, which results in 19.6% Fresnel losses. The second-harmonic beam
is coupled out of the cavity by M2, which transmits 98% of the 389 nm light.

2.3.3 Rf discharge cell and setup for saturated-absorption spectroscopy

For the stabilization of the laser on the 2 3S1 → 3 3P2 transition (see also Section 2.4.3), a
small setup for saturated absorption spectroscopy in an rf discharge cell was constructed.
A glass cylinder, with a length of 10 cm and a diameter of 2 cm, contains helium gas at
a typical pressure of 0.2 mbar. The rf discharge, which operates at a frequency of ∼
22 MHz, produces metastable helium atoms which absorb 389 nm light. However, as the
cross section for resonant absorption scales with the inverse of the squared wavelength,
the cross section for 389 nm light is nearly eight times smaller than for 1083 nm. To
compensate the smaller absorption at 389 nm, the intensity of the rf discharge must be
increased. The corresponding rms power required to drive the discharge needs to be
increased from less than 1 W (used for 1083 nm absorption spectroscopy) to about 4 W.
This results in a smaller signal-to-noise (S/N) ratio, which is probably due to increased
noise from temporal and local fluctuations in the discharge intensity (see Section 2.4.3).
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Moreover, the high discharge intensity also increases the contamination of the helium
gas by sputtering of unwanted material from the glass wall, which may strongly limit
the lifetime. Therefore, preparation of the helium glass cell must be done with great care.
A procedure is followed which starts with cleaning the inside of the cell in an ultrasonic
bath using first acetone, and then ethanol. The next step consists of evacuation and
baking of the glass cell for at least one day. Once this is done, the cell is repeatedly
filled with 99.999% pure helium gas at ∼ 0.1 mbar and evacuated, meanwhile running
an rf discharge produced by a Tesla coil, for another few hours. While doing this, the
discharge may appear white-green at first, gradually turning to clear blue-green after
some time. This indicates that contaminations have indeed been removed from the inside
of the cell, since a properly absorbing He* discharge exhibits a similar blue-green glow.

Eventually the glass cell is sealed by melting a capillary in the glass orifice used for
the evacuation and filling. The thus produced discharge cells have a lifetime of at least
six months, provided the discharge is set to low intensity after each day of experimenting
(the discharge is never switched off completely). For one or two cells, the absorbing abil-
ity of the discharge disappeared after two days of running continuously at high intensity.
This may indicate that it is unwise to leave the discharge at high intensity for more than
24 hours. To visualize the Lamb dip needed for laser stabilization, two beams (cross sec-
tion ∼ 2× 3 mm2) are reflected back and forth through the absorption cell, one of which
is perfectly reflected back onto itself, whereas the other is deliberately misaligned such
that it does not experience saturated absorption (Fig. 2.2). The transmitted powers of
both beams, which now both contain the 389 nm power noise as well as the Doppler ab-
sorption profile, are differentially measured by two photodiodes. This results in a pure
saturated-absorption signal, leaving only the noise due to temporal and local intensity
fluctuations in the rf discharge.

2.4 Performance of the SHG cavity

The produced second-harmonic power PSH depends quadratically on the fundamental
power Pc circulating inside the ring cavity according to

PSH = γP 2
c , (2.1)

where γ is the second-harmonic-conversion coefficient. For critical phase matching (ρ 6=
0) and normal incidence, γ is given by [50, 52]

γ =
2ω2d2

effkωL

πn3ε0c3 h(B, ξx)
wx

wy
. (2.2)
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Here, kω is the in vacuo wave vector associated with the fundamental light, which travels
along the z-direction. Furthermore, deff is the effective second-order nonlinear coefficient,
n is the refractive index in the phase-matched direction, and L is the length of the crystal.
The factor h(B, ξx) is the Boyd and Kleinman focusing parameter which depends on the
walk-off parameter B (B = ρ

√
kωL/2) and the quantity ξx = L/bx (bx is the confocal

parameter in the x-direction) [50]. wx and wy are the minimum waist sizes in the x and y-
directions, respectively. For a Brewster-cut crystal, with Brewster’s angle in the yz plane,
wy in Eq. (2.2) should be replaced with nwy [52]. Using Eq. (2.2) a theoretical maximum
of about 4× 10−5 W−1 is found for a 10 mm long, Brewster-cut LBO crystal in the SHG
cavity that was used here [52].

When the fundamental light is resonant with the enhancement cavity, the amount of
circulating power is optimized when the input coupler reflectivity R matches the effec-
tive round trip loss factor 1− V , where V is the relative power loss per round trip. This
can be seen from the expression for the enhancement factor A = Pc/Pin (with Pin the fun-
damental power incident on the input coupler M3) for a perfectly mode-matched input
beam [53],

A =
1−R

(1−
√
R(1− V ))2

. (2.3)

A part K of Pin is reflected from M3:

K =

( √
R−
√

1− V
1−

√
R(1− V )

)2

. (2.4)

Indeed K vanishes when 1 − V = R, in which case the cavity is said to be impedance
matched. Apart from a round-trip loss factor, V0, due to linear dissipation and scattering,
V also includes losses due to second-harmonic conversion. Given Eq. (2.1), it can be
shown that the relation between PSH and Pin becomes [54]√

PSH =
4Pin(1−R)

√
γ

[2−
√
R(2− V0 −

√
γPSH)]2

. (2.5)

Equations (2.3), (2.4) and (2.5) can be derived by considering the electric field amplitude
at M3 after a certain number of roundtrips inside the cavity, taking into account the dissi-
pation sustained during each roundtrip and the interference with the electric field of the
incident fundamental light [48, 55]. Solving the cubic equation (2.5) would in principle
yield a relation between Pin and PSH. This relation could be used for fitting data, like
those shown in Fig. 2.3(a), to obtain information about γ and V0. However, attempts to
solve Eq. (2.5) using the MATHEMATICA computer program were unsuccessful. To
circumvent this a different approach was tested. Although Eq. (2.3) is derived assum-
ing no power-dependent conversion losses, the expression itself suggests that 1− V may

27



Chapter 2

0.00 0.25 0.50 0.75 1.00 1.25 1.50

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.3

0.4

0.5

0.6

0.7

Pic  (W) 

P
S

H
 (W

) 

Pic  (W) 

P
S

H
/ P

ic

(a) (b)

Figure 2.3. (a) Dependence of the second-harmonic power PSH at 389 nm on the fundamental

power Pic at 778 nm coupled into the cavity. The solid curve represents a fit to the data. (b) Net

conversion efficiency PSH/Pic as a function of Pic.

be replaced by (1− V0)(1− γPc) to account for conversion losses. Then, together with
Eq. (2.1) a (nontrivial) relation between Pin and PSH can be found using MATHEMAT-
ICA. Although the derivation for this expression is formally incorrect, it reproduces the
numerical results obtained with Eq. (2.5) to well within 0.1% for the range of realistic
experimental values for Pin, γ and V0.

The thus found relation between Pin and PSH is used for fitting data as shown in
Fig. 2.3(a). Here, the values for PSH have been corrected for the 98% transmission of M2
and the 19.6% Fresnel losses at the Brewster face of the LBO crystal (PSH is thus not the
usable power, transmitted through M2). Also, a relatively large fraction of Pin (typically
20% for powers between 0.5 W and 2 W) is seen to come off M3. For realistic cavity
parameters, the fraction of noncoupled incident light due to impedance mismatch can
be calculated using Eq. (2.4) (which has been modified to account for conversion losses
similar as done for Eq. (2.3)) to be less than 2% for Pin ≥ 1 W. It is therefore concluded
that the noncoupled light is predominantly due to imperfect mode matching. To take
this into account, Pin is replaced by the amount of light coupled in, Pic, which is defined
as Pin minus the fundamental power reflected by M3. Obviously, this definition is only
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correct if the cavity is (nearly) impedance-matched.
With the known value forR as input, the loss factor V0 and the single-pass conversion

efficiency γ are used as parameters to fit the expression Eq. (2.3) to the data in Fig. 2.3(a).
In this way values V0 = 0.25% and γ = 5× 10−5 W−1 are inferred. The value for γ is in
good agreement with the theoretical value, γ = 4× 10−5 W−1, calculated using Eq. (2.2).

The solution of Eq. (2.3) can also be used to determine the optimum value for R, for
given values of γ and V0. In Fig. 2.4, PSH is plotted as a function of R for several powers
ranging from Pic = 1.2 W to 1.8 W, using the fit results for γ and V0. The optimum for PSH

is seen to shift to smaller values of R for increasing Pic, as the round-trip losses include
the loss due to second-harmonic conversion. Obviously, the use of an input coupler with
a reflectivity of 99.0% ensures good impedance matching for the typical fundamental
powers used. This also justifies the assumption that the fraction of light, reflected by
M3 due to impedance mismatch, is negligible compared to the total amount of reflected
light.

The finesse of the cavity, determined by dividing the free spectral range (FSR) of the
cavity by the width of the enhancement cavity fringes, is larger than 380. With an FSR
of 250 MHz, this implies a fringe width of less than 0.66 MHz, which is larger than the
0.5 MHz (or smaller) specified bandwidth of the Ti:S laser. Regarding the Ti:S bandwidth,
the 389 nm bandwidth is 1 MHz or smaller.
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In Fig 2.3(b) the net conversion efficiency PSH/Pic is plotted as a function of Pic. As can
be seen in the graph, a maximum net conversion efficiency of 75% is obtained, with 83%
of the incident fundamental power (1.9 W) coupled into the cavity. Best performance was
achieved with Pin = 2.00(6) W resulting in 1.00(3) W of 389 nm coupled out of the cavity,
which corresponds to PSH = 1.27(4) W of generated 389 nm light inside the crystal. The
obtained second-harmonic conversion efficiency and SHG output power compare very
well with the best results ever achieved using a setup of a similar design [48, 56].

The key ingredient for obtaining high second-harmonic power is the small round-trip
loss experienced by the fundamental light. Figure 2.5 displays the sensitivity of PSH to
both V0 and γ, assuming Pic = 1.6 W and R = 99.0%. Another important feature is the
ability to adjust the offset of the error signal produced by the Hänsch-Couillaud polar-
ization detector. The two photodiodes were carefully balanced, and two lenses L2 and
L3 were used to focus the light onto the photodiodes in order to virtually remove all sen-
sitivity to misalignment. Nevertheless, maximum second-harmonic power is obtained
when the error signal is offset by about 10% of the total height (p-p) of the dispersion-like
HC error signal. This behavior may be due to interference between non-mode-matched
light reflected off M3, and mode-matched light being coupled out the cavity at M3 [57],
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or residual birefringence inside the cavity. A proper adjustment of the error-signal offset
increases the output power by about 15% with respect to the case where the error signal
is not offset.

2.4.1 Acoustic isolation and mechanical stability

The mirror mounts and the LBO crystal holder of the external enhancement cavity are
mounted on a heavy, 50 mm thick aluminum base (Fig. 2.6). To make the external en-
hancement cavity robust against noise, and to protect the optics against dust, the entire
frequency doubling cavity is placed underneath a perspex cover which rests on the heavy
aluminum base (Fig. 2.6(a)). This also prevents the occurrence of unwanted air flows in-
side the cavity, leaving temperature drifts as the only slow cavity length variations to be
compensated by the servo loop. The cover is acoustically isolated from the base by foam
tape, whereas the base is isolated from the dust-free optical table by a 4 mm thick sheet
of rubber (Fig. 2.6(c)). Additional noise suppression is achieved by interconnecting the
four mirror mounts, which carry the cavity mirrors, from above as well. This is done
by clamping down a single, 10 mm thick aluminum bar to the fixed parts of the mirror
mounts via bolts which are glued on top of them (Figs. 2.6(a)-(c)). The effect of these mea-
sures is determined from a Fourier analysis of the temporal fluctuations in the 389 nm
power (with the servo loop of the SHG cavity closed) as measured by a photodiode. It
turns out that the fluctuations due to acoustic noise (< 25 kHz) are largely removed in
the presence of the perspex cover and the aluminum bar. In that case, when closed the
servo loop also becomes virtually unbreakable by sudden, loud acoustic vibrations that
sometimes occur in the lab. Altogether, the resulting relative output power noise is about
1.8% (rms) for frequencies up to 5 kHz, decreasing to slightly below 0.7% for frequencies
larger than 12 kHz.

2.4.2 Effects of gas flows on the LBO crystal

The LBO crystal itself is covered by a small perspex cap, with two holes to give access to
the laser beams, and a third hole at the bottom which is used for flushing the crystal with
oxygen gas. Care is taken to have a constant, nonturbulent gas flow, which is monitored
using a flow meter. The oxygen gas, which came from a bottle, turned out to contain
some dust. To prevent contamination of the crystal, the gas flow is guided through a
filter before it flows into the crystal cover. Flushing with oxygen at ∼ 5 cm3/s increases
a typical output power of 800 mW by about 8%. A possible explanation for this is that
the high-intensity second harmonic removes oxygen from the crystal surface. In this
reversible process color centers are created which absorb fundamental light and therefore
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contribute to the round-trip losses. Flushing with pure oxygen would then decrease the
steady-state number of color centers and, thus, the absorption.

To exclude an explanation in terms of thermal or optical effects inside or near the
crystal, the crystal was also flushed with pure nitrogen, which has a similar index of
refraction and specific heat, and helium gas. Only a 1% power increase was observed
using nitrogen, which possibly indicates that thermal effects due to the gas flow change
the index of refraction inside or near the crystal. As mentioned above, these effects may
influence the second-harmonic-conversion efficiency via thermal lensing. Flushing with
helium gas (which possesses a much smaller specific heat) did not noticeably change the
produced power.

In the setup described here, the same LBO crystal has been used for 1.5 years, showing
no sign of degradation. It is unclear whether flushing with oxygen has extended the
lifetime of the crystal. Having used several LBO crystals, it turned out that the amount
of fundamental light scattered off the crystal gives a good indication of the optical quality
of a crystal. When the enhancement cavity is in resonance, a clean crystal of good optical
quality only scatters some fundamental light at the spots where the laser beam enters
and exits the crystal, whereas the crystal itself appears to be embedded within a glow of
second-harmonic light. By contrast, a crystal of poor quality appears to be surrounded
by a glow of both second-harmonic and fundamental light.

2.4.3 Frequency stabilization

Frequency stabilization of the 389 nm light is accomplished as follows. The Ti:S laser
is frequency modulated by a sinusoidal signal with a frequency of 400 Hz and a p-p
modulation depth of 1.5 MHz. The modulated probe beams are partly absorbed by the rf
discharge, with a maximum absorption of 65%. Distinct Lamb dips were produced using
saturation parameters ranging from S = 4 with a S/N ratio of 5, to S = 200 resulting in
a S/N ratio of 25. In Fig. 2.7, a typical saturated absorption spectrum containing the
J = 1→ J ′ = 2 and J = 1→ J ′ = 1 transitions is shown. To gain signal strength, a more
intense beam may be expanded prior to sending it through the discharge cell, such that
its intensity remains low and the relative absorption remains the same. The saturated
absorption signal is consecutively demodulated by a lock-in amplifier, which produces
an error signal that is subsequently amplified and integrated. The resulting signal is used
to control the frequency of the Ti:S laser. Since the Ti:S laser itself is already frequency
stabilized onto a thermally stabilized Fabry-Perot interferometer, the integrator needs to
counteract slow (∼ s) frequency drifts only. Several attempts have been made to decrease
the modulation depth of the Ti:S laser, among which a configuration where the Lamb
dip was frequency modulated by applying an AC magnetic field to the discharge cell,
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as well as modification of the electronics in the servo loop. The failure of these attempts
is attributed to the relatively large intensity noise in the rf discharge and, thus, in its
absorption.

A Helmholtz pair of magnetic coils, each consisting of 120 turns of 2 mm diameter
copper wire, is placed around the rf discharge cell. These coils are used for Zeeman tun-
ing of the Lamb dip, allowing the laser to be detuned by −150 MHz to 150 MHz (by
sending a current of 5 A through the coils), while maintaining its frequency stability. The
coils are isolated from the cell housing to avoid heating of the discharge cell. Using a dis-
charge cell filled with 3He, the 389 nm laser was also stabilized to several of the strongest
transitions in this isotope, which are shifted by ∼ 42 GHz with respect to the 4He transi-
tions [58]. The laser remains stabilized for hours, although the center frequency offset of
the Ti:S laser needs readjustment about every 30 minutes to compensate for temperature
drifts.

Despite the large time constant of the servo loop, it is possible to temporarily shift the
frequency of the 389 nm light by many MHz on a timescale of several milliseconds. This
is done by adding a linear ramp to the frequency-control input of the Ti:S laser, which
is too fast for the integrator to compensate. Such a change of laser frequency would,
for instance, be ideally suited to enhance the phase-space density in the 389 nm MOT,
described in Chapter 4, even further (see Section 4.6).
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2.4.4 Fast and homogenous switching of the SHG power

The electronics used to control the length of the frequency doubling cavity offer a way
to switch off the second harmonic power considerably faster than can be achieved using
mechanical shutters. When the cavity length is locked, suddenly applying a ramp on the
high voltage controlling the PZT of M4 brings the cavity out of resonance within 10–26 µs,
with a random delay between 6 µs and 14 µs. The delay probably depends on the in-
stantaneous detuning of the fundamental frequency with respect to the cavity-resonance
frequency at the moment of switching. The electronics were modified such that ramping
of the voltage can be done by TTL switching, and as long as the period during which the
cavity is scanned is not too long, the frequency stabilization is maintained. A mechanical
shutter is used to block the second-harmonic light that reappears after 6 ms of ramping,
when the cavity length passes the next resonance. In this way, pulses of 389 nm light
with a rise time of ∼ 200 µs (limited by the opening time of the shutter and the diam-
eter of the beam being focused at the location of the shutter), and a fall time of at most
26 µs can be produced. The repetition rate is limited by the 18 ms required for bringing
the SHG cavity back into resonance (the number of consecutive pulses is limited by the
time it takes until the frequency stabilization loses track of the absorption line). These
pulses are particularly suitable for optical molasses pulses, where fast and homogeneous
switching-off is desirable. Indeed, the fast-switching method turned out to produce bet-
ter laser-cooling results than could be obtained using mechanical shutters, as discussed
in Section 4.4.1.

2.5 Conclusion

In conclusion, the realization of a high-power CW laser at 389 nm designed especially for
efficient laser cooling of He* is reported. It is frequency-stabilized to the 2 3S1 → 3 3P2

transition in helium within a few MHz, which is limited by the bandwidth of the Ti:S
laser, and the performance of the servo loop for frequency stabilization. The 389 nm
frequency is tunable over ±150 MHz with respect to the unperturbed atomic resonance
frequency. A useful second-harmonic output power up to 1.0 W at 389 nm, with 2.0 W of
fundamental power, is achieved. Considering the ratio of fundamental power to the net
produced second-harmonic power, a maximum conversion efficiency of 75% is obtained.
The main contribution to this high conversion efficiency stems from the small round-trip
losses in the enhancement cavity.

Long-term, stable operation with a p-p power noise of less than 4% was achieved.
Over a factor of two of noise reduction was achieved by improving the acoustic isolation

35



Chapter 2

and the mechanical stability of the enhancement cavity. The achieved SHG-conversion
efficiencies compete with the best results reported to date [48, 56]. Furthermore, a de-
tailed prescription for manufacturing a durable discharge cell suitable for saturated ab-
sorption spectroscopy at 389 nm is given. Also, relatively simple modifications to the
setup are described which enable briefly changing the frequency of the 389 nm light, and
switching off the 389 nm power faster (< 26 µs) and more homogeneously than possible
with mechanical shutters.
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Magneto-optical trap for metastable helium at
389 nm

We have constructed a magneto-optical trap (MOT) for metastable triplet helium atoms utilizing
the 2 3S1 → 3 3P2 line at 389 nm as the trapping and cooling transition. The far-red-detuned
MOT (detuning ∆ = −41 MHz) typically contains few times 107 atoms at a relatively high
(∼ 109 cm−3) density, which is a consequence of the large momentum transfer per photon at
389 nm and a small two-body loss rate coefficient (2× 10−10 cm3/s < β < 1.0× 10−9 cm3/s).
The two-body loss rate is more than five times smaller than in a MOT on the commonly used
2 3S1 → 2 3P2 line at 1083 nm. Furthermore, laser cooling at 389 nm results in temperatures
somewhat lower than those achieved using 1083 nm. The 389 nm MOT exhibits small losses due
to two-photon ionization, which have been investigated as well.

3.1 Introduction

A magneto-optical trap (MOT) is a standard tool in the production of cold atomic gases,
allowing investigation of cold-collision phenomena [4] as well as the realization of Bose-
Einstein condensation (BEC) in alkali-metal species [8] and, more recently, in metastable
triplet helium (He*) [20, 21]. He* has a high (19.8 eV) internal energy, which allows for
real-time diagnostics and increased sensitivity in BEC probing. Unfortunately, the high
internal energy also introduces strong Penning ionization losses in magneto-optically
trapped atomic clouds, which imposes limits on the maximum achievable density. The
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two-body loss rate coefficient related to this process is about 5× 10−9 cm3/s for a MOT
on the 2 3S1 → 2 3P2 transition at 1083 nm [16], which is about two orders of magnitude
larger than the loss rate coefficient in a standard alkali-metal MOT. In BEC experiments, a
MOT is used as a bright source of cold atoms to load a magnetic trap with large numbers
of atoms. Moreover, as a starting point for evaporative cooling, a dense magnetostat-
ically trapped cloud is desired. So ideally, the magneto-optically trapped cloud must
provide this high density. In the present work, we explore the feasibility and the pos-
sible advantages of a MOT using the 2 3S1 → 3 3P2 transition at 389 nm for metastable
helium, in comparison with the conventional 2 3S1 → 2 3P2 (1083 nm) magneto-optical
trap.

Although the 389 nm transition was used recently in laser cooling experiments [26],
it has not found wide application yet. This mainly relates to the fact that 10% of the
3 3P2 population decays via the 3 3S1 state (Fig. 1.1), making a closed laser cooling transi-
tion between magnetic substates impossible. In addition, the shorter 389 nm wavelength
leads, in combination with a linewidth Γ/2π = 1.5 MHz [33], to a relatively high satu-
ration intensity I0 = 3.31 mW/cm2 (circular polarization in an optically pumped envi-
ronment [34]). In comparison, the 2 3S1 → 2 3P2 transition at 1083 nm has almost the
same linewidth but a saturation intensity of only 0.17 mW/cm2. To maximize the num-
ber of trapped atoms, dedicated metastable helium magneto-optical traps are operated
at large detuning and intensity [16, 59, 60]. This implies the need for a high-power laser
setup. Nevertheless, the concept of a 389 nm magneto-optical trap is appealing. An in-
teresting feature of the 389 nm transition is the momentum transfer per photon, which is
2.8 times larger than for the 1083 nm photons. Since both transitions have nearly equal
linewidths, the spontaneous cooling force increases proportional to the photon momen-
tum. This opens the possibility to compress the cloud substantially in comparison to a
1083 nm MOT at the same detuning and power. Unfortunately, compression may lead to
increased losses predominantly due to photoassociative two-body collisions. The two-
body loss rate coefficient for the 389 nm situation is, however, unknown. In the case of
a relatively low rate coefficient, the cloud may be compressed without loss of too many
metastables. Furthermore, it should be noted that the 1083 nm and 389 nm transitions
are electronically alike, which greatly facilitates the comparison between the two MOT
types. Finally, the 389 nm MOT differs from the 1083 nm MOT in yet another respect:
two 389 nm photons contain sufficient energy to ionize an atom in the 2 3S1 state. This
may introduce observable additional losses.

In this Chapter, we report on the study of a prototype 389 nm MOT. In Section 3.2 we
present some preliminary considerations regarding laser cooling and trapping at 389 nm.
Next, we outline our experimental setup in Section 3.3. Results are given in Section 3.4.
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Conclusive remarks and an outlook are presented in Section 3.5.

3.2 Theory

3.2.1 389 nm MOT versus 1083 nm MOT

The large photon momentum transfer modifies the equilibrium conditions in a 389 nm
MOT with respect to the 1083 nm situation. This follows from regarding the motion of an
atom, trapped in a one-dimensional MOT, as an overdamped harmonic oscillation [36,
61]. Within this picture, the oscillation frequency ωosc and damping coefficient εd, for
small velocities and small deviations from trap center, are given by

ω2
osc = 4h̄k

4δSζ
m(1 + 2S + 4δ2)2 , (3.1)

εd = 4h̄k2 4δS
m(1 + 2S + 4δ2)2 , (3.2)

with k being the wave number of the MOT laser light, m the atomic mass, δ = 2π∆/Γ

with ∆ the laser detuning from resonance in MHz, S = I/I0 the saturation parameter,
with I being the intensity per MOT beam, and ζ representing the spatial derivative of
the position-dependent Zeeman detuning. The theoretical framework in which Eqs. (3.1)
and (3.2) are derived assumes that the Doppler shift ∆r, corresponding to the recoil ve-
locity, is small compared to the linewidth Γ. In the 389 nm case, however, ∆r/Γ = 0.43,
which invalidates the assumption of a small recoil Doppler shift. Nevertheless, we pro-
ceed with our comparison between a 389 nm MOT and 1083 nm MOT based on Eqs. (3.1)
and (3.2), assuming that the conclusions will be approximately correct.

The large photon momentum transfer at 389 nm implies two general differences be-
tween the 389 nm and a 1083 nm MOT, which follow immediately from Eqs. (3.1) and
(3.2). First, bearing in mind that k389 = k1083 × 1083/389, it is obvious that for an equal
saturation parameter and detuning the damping coefficient increases by a factor 7.8 as
compared to a 1083 nm MOT. Although this does not alter the temperature in the MOT,
which does not depend on wavelength and is expected to be almost equal for the two
cases, the damping time τ is shortened to 0.13τ1083 [36]. Second, and under the same
assumptions for the MOT parameters, the spring constant κ = mω2

osc is increased by a
factor 2.8. This has implications for the size of the trapped cloud, which is determined
by the equipartition of the potential and kinetic energies. The volume V of the cloud is
(following the definition of V as given in Section 3.3.3.2)

V =

(
2πkBT

κ

)3/2

, (3.3)
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where for simplicity we have assumed an isotropic three-dimensional (3D) harmonic
oscillator (kB is Boltzmann’s constant). It follows that the volume decreases by a factor
4.5, i.e. the cloud is compressed with respect to the 1083 nm situation.

3.2.2 Loading the MOT

All magnetic substates participate in the atom-laser interaction, as the magneto-optically
trapped cloud is contained at low magnetic field strengths and irradiated from six direc-
tions with circularly polarized light. Therefore, the presence of the second decay channel
of the 3 3P2 state will not limit operation of the MOT, as long as there is loading of atoms
from the outer regions of the MOT volume. Loading, however, may be frustrated by the
nonclosed cycling transition as well as by the relatively large Doppler shift. More specifi-
cally, the question arises whether the slowing process of atoms entering the MOT volume
can be completed before a spontaneous emission via the 3 3S1 cascade takes the atom to
a different, nonresonant magnetic substate. If not, the atom needs to be repumped to the
cycling transition; otherwise it will escape from the MOT volume. To make a conserva-
tive estimate of the capture velocity of a 389 nm MOT a simple 1D model for an atom
traversing the MOT volume is used. In this model, the MOT is replaced by a 389 nm
Zeeman decelerator with a length equal to the MOT beam diameter and a decelerator
laser with detuning equal to the MOT detuning.

We calculate the position-dependent, instantaneous photon scattering rate for atoms
at a given velocity v, interacting with a counterpropagating, red-detuned laser beam at
389 nm inducing σ+ transitions. This laser beam represents the two MOT laser beams
counterpropagating the atomic beam at angles of ±45◦ with respect to the atomic beam
(see Section 3.3.1). We assume the atoms to be predecelerated by a Zeeman decelerator,
so that we can choose any initial velocity. We take Zeeman detuning, laser intensity, and
Doppler shift into account, the latter of which is taken to be kv/

√
2 to correct for the±45◦

angle between the atom and (real) laser beams. Furthermore, we consider all three σ+

transitions, i.e. M = −1, 0, +1 → M ′ = 0, +1, +2 (of which the M = +1 → M ′ = +2 will
be referred to as the laser cooling or cycling transition). In Fig. 3.1, plots are shown of the
photon scattering rate for the three σ+ transitions as a function of the distance from the
center of the MOT, measured along the symmetry axis of the Zeeman decelerator. The
MOT light boundaries are at about±10 mm from the MOT center (see also Section 3.3.2),
and the atoms are moving into the positive direction. Figure 3.1(a) shows the familiar
behavior of the scattering force in a MOT. An atom, moving into the positive direction at
a typical intra-MOT velocity v = 1 m/s, scatters an increasing number of photons from
the counterpropagating MOT laser beam as it moves farther away from the MOT center.
Consequently, it will be slowed down and eventually pushed back towards the center.
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Figure 3.1. (a)–(c) 389 nm and (d) 1083 nm photon scattering rates as a function of distance

from the MOT center for M = 1 → M ′ = 2 (solid line), M = 0 → M ′ = 1 (dashed line), and

M = −1→M ′ = 0 (dash-dotted line) transitions.
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First, we use this model to investigate the capture of atoms, emerging from the Zee-
man decelerator in the 2 3S1,M = +1 state with velocity v = 75 m/s. We choose a
MOT detuning of −35 MHz, an intensity of 30I0, and a magnetic-field gradient of 20
G/cm. These conditions are typical for a 1083 nm MOT. The model shows that the reso-
nance condition is never fulfilled inside the MOT volume, thus preventing any loading
of atoms. Next, we lower v to 35 m/s. We observe that the atoms now interact strongly
with the laser light within the MOT volume (see Fig. 3.1(b)). However, the peaks in
the scattering rate of the different σ+ transitions hardly overlap in space, as a result of
their different Zeeman detunings. Slowing these atoms down to zero velocity requires
about 190 absorption-emission cycles, whereas it takes about 20 cycles (corresponding to
a velocity reduction of only 4 m/s) for the atom to end up in one of the nonabsorbing
(M = −1 or M = 0) states. Consequently, the capture process is interrupted. Before this
M -state atom becomes sufficiently resonant again, such that it is optically pumped back
to theM = +1 state, it will have traveled out of resonance with the cycling transition and
can no longer be captured by the MOT. Only for velocities v < 20 m/s, an atom ending
up in the wrong M state is repumped fast enough to continue the deceleration towards
zero velocity (Fig. 3.1(c)). From these simulations we conclude that the capture veloc-
ity of the 389 nm MOT is ≈ 24 m/s. This velocity is much smaller than the ∼ 75 m/s
capture velocity of a typical 1083 nm MOT. Figure 3.1(d) illustrates the superior loading
capabilities of a 1083 nm MOT of 15 mm radius. The smaller Doppler shift allows for
faster atoms to be captured, whereas the closed cycling transition does not impose any
constraints on the magnetic-field strength. In fact, the 1083 nm MOT diameter sets the
maximum stopping distance, and thus limits the capture velocity. Within the picture pro-
vided by the model, increasing the diameter of a 389 nm MOT will not solve the problem
described above. To avoid optical pumping to nonresonant magnetic substates in the
outer regions of the MOT, only small magnetic-field gradients can be tolerated. Then, to
maintain sufficient confinement of the trapped atoms, only small MOT laser detunings
are allowed, thereby limiting the capture velocity.

We stress that this model is based on crude simplifications and ignores important fea-
tures of the MOT. For instance, the orthogonal MOT laser beams, in combination with
the spatially varying, three-dimensional magnetic-field vector induce σ as well as π tran-
sitions. Therefore, the conditions required for repumping to the laser-cooled state may
be less stringent than predicted by our simple model, and we conclude that the capture
velocity of a 389 nm MOT will be somewhat larger than 24 m/s. As will be discussed
in Section 3.3.1, the relatively low capture velocity has negative consequences for the
loading rate, which may be partially overcome by the implementation of an auxiliary
Zeeman decelerator in the apparatus. In Section 3.4.3 we present the results of a test of
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this auxiliary Zeeman decelerator concept, as well as a derivation of the 389 nm MOT
capture velocity from experimental data.

3.3 Experimental setup

3.3.1 Vacuum apparatus and production of slow metastables

The first stage in our atomic beam apparatus involves a liquid nitrogen cooled He* dc
discharge source, producing an atomic beam that is laser collimated using the curved-
wavefront technique. The beam source is a copy of the source described by Rooijakkers
et al. [47]. The collimated beam enters a differentially pumped two-part Zeeman de-
celerator that reduces the longitudinal velocity from 1000 m/s to ∼ 25 m/s. 1083 nm
laser light from a commercial 2 W fiber laser (measured bandwidth 8 MHz) is used for
slowing and collimation. The laser is stabilized to the 2 3S1 → 2 3P2 transition using
saturated absorption spectroscopy in an rf-discharge cell. The −250 MHz detuning for
Zeeman slowing is obtained using an acousto-optical modulator (AOM). Downstream
the Zeeman decelerator the MOT vacuum chamber is located, with 20 mm diameter
laser windows for the MOT beams (see Fig. 1.5). Two channeltron electron multipliers
are mounted inside to separately detect ions and metastables. Both channeltrons are op-
erated with negative high voltage at the front end; however, one of them is put more
closely to the cloud, thereby attracting all positively charged particles and leaving only
the neutral metastables to be detected by the other. Also, the detector of metastables
is hidden behind an aperture in the wall of the vacuum chamber (Fig. 1.5), which pro-
vides additional shielding of its electric field. Two 50 A coils, wound around the vacuum
chamber and consisting of 17 turns copper tubing each, produce a quadrupole magnetic-
field with a gradient of 43 G/cm along the symmetry axis. The field of the second part
of the Zeeman decelerator inside the MOT region is counteracted with a compensation
coil, mounted at the position of the Zeeman-decelerator exit. The pressure in the MOT
chamber is 2×10−9 mbar, and increases to 1×10−8 mbar when the He* beam is switched
on.

The reduced capture velocity of a 389 nm MOT is a significant limitation, since a
helium atomic beam expands dramatically due to transverse heating during Zeeman
deceleration [40]. Calculations of the rms size of the atomic beam along the slowing
trajectory show an increase in the rms atomic beam diameter by a factor 1.7 when tuning
the end velocity from 75 m/s down to 25 m/s. This may lead to a decrease of a factor
3 in metastable flux. In conjunction with the limited MOT volume, this inevitably will
result in a reduced loading rate. To minimize atomic beam expansion at the end of the
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Zeeman decelerator, we overlap the Zeeman-decelerator laser beam with an additional
1083 nm beam, with identical circular polarization and similar intensity, but different
detuning (∆ = −80 MHz) obtained using a second AOM. By choosing the same sign of
the quadrupole magnetic-field gradient along the Zeeman-decelerator axis as that of the
Zeeman decelerator itself, an auxiliary Zeeman slowing stage only centimeters upstream
of the MOT volume is established. This should allow trapping of atoms with velocities
up to 75 m/s at the end of the Zeeman decelerator. A calculation of the atomic beam
diameter for this case indicates that the loading rate may be increased by a factor 2.4
compared to the case where the Zeeman decelerator slows atoms down to a velocity of
24 m/s.

3.3.2 389 nm laser setup

The MOT laser light is obtained by frequency doubling the output of a Coherent 899 ti-
tanium:sapphire (Ti:S) laser (778 nm with few-hundred kHz bandwidth) in an enhance-
ment cavity containing a 10 mm Brewster-cut LBO crystal. The cavity length is locked
to the fundamental wavelength using the Hänsch-Couillaud scheme. The Ti:S laser is
pumped by 10 W at 532 nm from a Spectra-Physics Millennia X laser. We routinely pro-
duce 700 mW of 389 nm light; peak values of over 1 W of 389 nm at 2.1 W fundamental
power have been achieved. We measured 4% short-term (∼ 10 ms) power fluctuations
in the 389 nm output [62]. The LBO crystal is flushed with oxygen, which increases the
output power by about 10%. A small portion of the UV output is used to stabilize the
wavelength to the 2 3S1 → 3 3P2 transition with saturated absorption spectroscopy, while
Zeeman-tuning the Lamb dip allows continuous adjustment of the detuning between
0 MHz and ±150 MHz. More details on the 389 nm laser setup can be found in Chap-
ter 2. A combination of cylindrical and spherical lenses transforms the UV beam into a
round, parallel and approximately Gaussian beam with 8 mm waist. The beam profile is
truncated by a 20 mm circular aperture, followed by a series of nonpolarizing beamsplit-
ters that split the UV beam into four beams. The individual beam intensities are chosen
such that two beams in the horizontal plane can be retrorefelected, while the intensity of
the two vertical beams along the symmetry axis of the quadrupole field ensures a more
or less spherical He* cloud.
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3.3.3 MOT diagnostics

3.3.3.1 Time-of-flight measurement

The internal energy of helium metastables can be exploited in measuring time-of-flight
(TOF) spectra of a MOT. Electron multipliers directly detect a part of the expanding cloud
after the atoms in the MOT have been released by suddenly switching off the MOT laser,
the magnetic coils, and the decelerator beams. The integrated TOF signal as obtained in
such an experiment is proportional to the total number of trapped atoms, while fitting
the recorded signal to a Maxwell-Boltzmann TOF distribution function gives the temper-
ature of the cloud. In our experiment, operating the channeltrons in current mode indeed
yields TOF distribution signals. However, the channeltron gain varies with the rate of
incident metastable atoms and fitting a Maxwell-Boltzmann distribution function to the
TOF data becomes problematic, as well as the determination of the number of detected
atoms during the TOF. Therefore, we prefer to use the channeltrons in pulse counting
mode: using a properly set amplifier/discriminator, the count rate is not dependent on
the momentary gain of the channeltron. The output of the amplifier/discriminator is
subsequently integrated by a calibrated ratemeter. The thus obtained TOF distributions
purely reflect the rate of detected metastables and can be used for fit purposes. The in-
tegrated TOF signal gives the number of detected atoms, whereas a Maxwell-Boltzmann
fit to the data, which also takes the response time of the ratemeter into account, reveals
the temperature. Knowing the solid angle covered by the detection area, the accuracy in
the absolute number of trapped atoms is now determined by the detection efficiency of a
low-velocity triplet helium atom, which is estimated to be in the range 10–70% (see also
Refs. [16, 47], and references therein). This measuring method therefore cannot provide
better than 50% accuracy in the absolute number of trapped atoms.

3.3.3.2 Fluorescence detection

In addition to the determination of the MOT atom number by time-of-flight measure-
ments, we monitor the fluorescence of the cloud using a calibrated charge coupled de-
vice (CCD) camera to independently determine the number of atoms. Here, the cascade
via the 3 3S1 state offers the 707 nm wavelength, which is far more efficiently detected
by a camera than fluorescence from a 1083 nm MOT. Moreover, the 707 nm light does
not suffer from reabsorption, because of the insignificant population of the 2 3P2 level.
Therefore, we can safely assume the monitored fluorescence to be proportional to the
number of atoms at each point in the cloud image, even at the highest densities obtained
in our MOT. To calibrate the camera, we use a small fraction of the Ti:S laser output, with
the laser tuned to 707 nm. In the atom number determination, we use dichroic mirrors
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to block all other wavelengths scattered from the MOT, most importantly the abundant
389 nm light. To extract the number of atoms N from the observed fluorescence power
Pfluor we use the empirical equation of Townsend et al. [63], which relates the emitted
power to the number of atoms:

Pfluor = Nh̄ω
Γ

2
6CS

1 + 6CS + 4δ2 . (3.4)

In the above equation, S = I/I0, where I0 is the saturation intensity in the case of σ+

transitions in an optically pumped environment, and I is the laser intensity of a single
MOT beam. The phenomenological factor C incorporates the effects of reduced satu-
ration; as the six circularly polarized MOT laser beams traverse the cloud in different
directions and at varying angles with the quadrupole magnetic field, all transitions be-
tween the ground- and excited-state Zeeman levels must be considered, and the satura-
tion intensity I0, as defined above, no longer applies. It is pointed out in Ref. [63] that
C lies somewhere halfway the average of the squared Clebsch-Gordan coefficients of all
involved transitions, and 1. For the 2 3S1 → 3 3P2 389 nm transition, the average of the
squares of the Clebsch-Gordan coefficients is 0.56. Therefore, we adopt C = 0.8± 0.2, as
also chosen by Browaeys et al. [59]. This value incorporates a realistic estimate and an
uncertainty that covers the range of all physically possible values of C.

The fluorescence image of the cloud is also used to determine the volume of the cloud.
From a fit to a Gaussian distribution, we obtain the rms size in the radial (σρ) and axial
(σz) directions, and the volume V = (2π)3/2σ2

ρσz (V contains 68% of the atoms). For a
cloud with Gaussian density distribution, this definition of V conveniently connects the
number of atoms N to the central density n0 via N = n0V . This provides all necessary
information to deduce the density distribution n(r).

3.3.3.3 Ion detection

In the MOT vacuum chamber, positive ions are produced in Penning-ionizing collisions
of a He* atom with another He* atom or with a background-gas molecule. These ions
are subsequently attracted to and detected by the second channeltron, and the resulting
output current provides a rough measure of the number of trapped atoms. This signal is
particularly useful for optimization purposes. Moreover, the signal is used to monitor the
trap decay after the loading of the MOT has suddenly been stopped (see Section 3.4.2).
This channeltron is operated at a sufficiently low voltage, such that the output current
can safely be assumed to vary linearly with the detection rate.
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3.4 Results and discussion

3.4.1 MOT results

3.4.1.1 Temporal fluctuations in the MOT

While observing the fluorescing cloud in real time with the CCD camera, we noticed
nonperiodic intensity fluctuations on a 50 ms time scale. Also, the cloud was irregularly
”breathing”. To determine the source of these fluctuations, we first took a series of ten
pictures of the cloud. The shutter time for each picture was 1/60 s, and the elapsed time
between two subsequent exposures was about 5 s. Fitting the cloud size for each individ-
ual picture, we obtain an average MOT volume with a standard deviation of 9%, while
the temperature remained constant within 2.5%. According to Eqs. (3.1) and (3.3), this
may be related to the unstable laser power. In that case the resulting density fluctuations
should influence the rate at which ions are produced in two-body Penning collisions. To
observe this, we compared the continuous ion signal with the laser intensity as a function
of time. It turns out that the 4% laser intensity noise correlates to the ion signal noise,
though it does not explain all irregularities in the ion signal. Using Eq. (3.3), we find that
the measured intensity fluctuations may give rise to 6% variations in the deduced MOT
volume.

3.4.1.2 Atom number and density distribution

The maximum number of loaded atoms as derived from the fluorescence is 2.5(3)× 107

at a detuning ∆ = −35 MHz and gradient ∂B/∂z = 39 G/cm. The total intensity in this
case is about 100I0. It is possible to run the MOT at intensities as low as 40I0, although
the number of trapped atoms increases with intensity. To ensure a reliable estimate of the
cloud dimensions and fluorescence intensity, we take the average of five subsequent im-
ages. The uncertainty in the number of trapped atoms mainly arises from the inaccuracy
of the value of the phenomenological constantC (8%), as well as from an error in the fluo-
rescence measurement. The uncertainty in the fluorescence measurement is set by the 4%
inaccuracy in the calibration and by the shot-to-shot fluctuations between the individual
images used in the average. To ensure consistency between the results of the fluorescence
and TOF measurement, we have to assign a value of 15(2)% to the detection efficiency of
the channeltron. A Gaussian density function fits well to the cloud image. From the fit
we infer the rms radii in the z and ρ dimensions and, thus, the volume V . At an opti-
mized trapped atom number, we find V = 0.020(5) cm3. By increasing the magnetic-field
gradient to ∂B/∂z = 45 G/cm, and decreasing the detuning to ∆ = −35 MHz, the cloud
was compressed to V = 0.0043(4) cm3. Still, it contained 1.7(2)× 107 atoms.
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Compared to a 1083 nm MOT, typical values for the volume V of the 389 nm MOT
are found to be 6–25 times smaller [16]. Although the auxiliary laser beam at 1083 nm
acts as a seventh MOT beam, its effect on the cloud volume is negligible on account of
its large detuning (80 MHz), and the relatively small photon momentum of the 1083 nm
light. Using Eq. (3.1) and Eq. (3.3), V can be corrected for the different magnetic-field
gradients, saturation parameters, and temperatures for the 389 nm and 1083 nm cases.
It follows that the observed compression of the cloud, due to only the increased laser
cooling force, is approximately a factor 5, as predicted in Section 3.2.1. The optimum
number of atoms is achieved with a relatively large magnetic-field gradient, about twice
as large as in a 1083 nm MOT.

With the knowledge of N and V we can determine the central density n0 = N/V ,
which is 1.4(5) × 109 cm−3 in the case of optimized trapped atom number. The large
error bar, indicating the spread about the mean of the central densities obtained from
each picture, is probably due to the correlation between the volume and the 389 nm
laser power fluctuations. A sudden increase in power leads to a smaller volume, while
the fluorescence intensity increases, resulting in an overestimate of the trapped atom
number. The aspect ratio σz/σρ of the cloud turns out to be 0.96(2). We compared this
with the aspect ratio as predicted by Eq. (3.1): since at equilibrium kBT = κρ〈ρ2〉 =

κz〈z2〉, with κρ and κz the spring constants of the MOT in the radial and axial directions,
respectively, it follows that

√
κρ/κz = σz/σρ, resulting in an aspect ratio of 0.79. This may

indicate a small temperature difference between the ρ and z directions, also observed in
a 1083 nm MOT [16].

3.4.1.3 Temperature

Fitting a Maxwell-Boltzmann distribution function to the TOF spectra reveals the tem-
perature T of the atoms in the MOT (Fig. 3.2). The fit is not perfect and the deduced
temperature may be somewhat overestimated. Furthermore, a nonzero offset at t ≤ 0 is
observed which becomes more prominent (at the expense of trapped metastables) when
the MOT laser beams are misaligned. The offset may also incorporate the loss of metasta-
bles due to radiative escape [4], but our setup does not allow us to discriminate between
different sources of hot metastables. Measured temperatures range from 0.93(3) mK for
∆ = −41 MHz and S = 19, to 0.47(2) mK at ∆ = −9 MHz and S = 15. In the latter
case, however, the number of atoms in the MOT is limited to only 2.2× 105. These tem-
peratures appear to be somewhat lower than previously reported temperatures obtained
with 1083 nm MOTs, operated under similar conditions [14, 16, 29, 59, 60, 64]. To illus-
trate this, we start out from the general observation that 1083 nm MOT temperatures lie
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Figure 3.2. Two typical TOF spectra (solid curves) and corresponding fits to the data (dashed

curves), at detunings ∆ = −35 MHz and ∆ = −28 MHz, respectively. The nonzero offset at

t ≤ 0 ms is ascribed to loss of metastables during loading of the MOT, due to imperfect alignment.

slightly above the prediction by Doppler cooling theory, which is given by [36]:

kBT = −h̄Γ

4
1 + 2NS + (2δ)2

2δ
. (3.5)

Here, N is the dimensionality of the molasses. When using Eq. (3.5) to calculate the
389 nm molasses temperature in order to test our results, two features that distinguish the
389 nm transition from the 1083 nm transition are relevant. First, the transition strength,
determined by the Einstein coefficient A389 ≡ Γ389 = 2π × 1.5 MHz, is slightly less than
for the 1083 nm transition (Γ1083 = 2π × 1.6 MHz) [33]. This decreases the 389 nm mo-
lasses temperature by 8% (here Γ389 should not be confused with the inverse lifetime:
(Γ389)−1 = 106 ns, whereas the lifetime of the 3 3P state is 95 ns due to the presence of the
extra 3 3P→ 3 3S decay channel [33]). Second, the 10% decay via the 3 3S1 cascade slightly
reduces the diffusion, as the recoil of the photons involved is randomly distributed. A
recalculation of the momentum diffusion constant for this case yields a 3% reduction.
Thus, we expect the 389 nm molasses temperature to be 11% lower with respect to the
1083 nm case. The predicted temperatures now become 1.0 mK for ∆ = −41 MHz and
S = 19, and 0.38 mK for ∆ = −9 MHz and S = 15. Comparing these values with the
measured temperatures given above, we find that for detunings larger than ∼ 25 MHz
the measured values lie slightly below the theoretical values, in contrast to what is found
in most 1083 nm MOTs. For smaller detunings, this situation inverts and the measured
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Figure 3.3. Lower curve: typical nonexponential decay of the ion signal after the loading has been

stopped at t = 0 ms. Upper curve: ion signal obtained after averaging over ten decay curves.

temperatures tend to exceed the prediction of the properly modified Eq. (3.5). This be-
havior might indicate that at large detuning sub-Doppler mechanisms are more efficient
than at small detuning. In the case of smaller detunings, however, the use of Eq. (3.5)
becomes questionable: the large 389 nm photon recoil sets the recoil-temperature limit to
32 µK, just below the Doppler limit of 36 µK.

3.4.2 Trap losses

The number of atoms N in the MOT is governed by the well-known rate equation

dN(t)

dt
= L− αN(t)− β

∫
n2(r, t) d3r (3.6)

where L denotes the loading rate, and α and β are the loss rate coefficients for processes
involving one and two metastables, respectively. Accordingly, when the loading is inter-
rupted, the local density n changes in time following

dn

dt
= −αn− βn2. (3.7)

Assuming a Gaussian density profile characterized by a time-independent width, the
losses can be expressed in terms of the central density n0 [65]:

dn0(t)

dt
= −αn0(t)− β

2
√

2
n2

0(t). (3.8)
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The losses are largely due to Penning-ionizing collisions, which yield one positively
charged ion per loss event. These ions are attracted towards the ion detector, resulting in
an ion flux φ.

The loss rate constants are determined from the trap decay which occurs when the
loading is stopped by simultaneously blocking all 1083 nm laser beams entering the ap-
paratus. This disables the Zeeman decelerator and collimation section, and prevents
the auxiliary Zeeman decelerator laser beam from contributing to the two-body collision
rate via photoassociative collisions. Switching off the collimation minimizes the Pen-
ning ionization contribution of metastables from the atomic beam and, thus, reduces the
background signal.

3.4.2.1 Collisional losses

The decay of the MOT is observed by recording the current φ(t) from the ion-detecting
channeltron [16, 65]:

φ(t) = V

(
εaαn0(t) +

εbβ

4
√

2
n2

0(t)

)
+B. (3.9)

Here, B is a constant background signal and εa and εb are the efficiencies with which
ions are produced and detected for losses due to background and two-body collisions,
respectively. Collisions that do not lead to Penning ionization but do result in trap loss,
e.g. collisions with ground-state helium atoms, reduce εa. Radiative escape may affect εb.
For the fit procedure, the ratio ε = εb/εa must be known. From the increase in background
pressure when the helium atomic beam is running, we deduce that the background gas
consists for 80% of helium when the MOT is on. Unfortunately, our setup is not suited
for experimental determination of ε, as done by Bardou et al. [65]. They experimentally
found ε = 4 ± 1. Since in our case the background gas involves mainly ground-state
helium atoms, we expect εa to be smaller than unity. The value of εb is probably close
to unity: following Tol et al. [16], one finds that for the 1083 nm case εb ≈ 0.98. We take
the obvious underestimate ε = 1, which implies that the result of the fit for βn0 has to be
considered an upper limit. The result for α can also be obtained by fitting the tail of the
decaying ion signal, where the density is low enough to neglect the contribution of the
two-body losses. In this way, the significance of ε in the determination of α is strongly
(but not completely) reduced.

A typical example of a decaying ion signal is depicted in Fig. 3.3. The decay clearly
shows nonexponential behavior, indicating that two-body collisions contribute signifi-
cantly to the total losses. Since laser power fluctuations cause density fluctuations, much
noise is visible in the ion signal. Therefore, an average of ten decay transients is fitted, as
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also shown in Fig. 3.3. Unfortunately, this may affect the reliability of the fitted param-
eters as the two-body loss rate depends nonlinearly on intensity. However, apart from
intensity noise, the 389 nm output remained constant over a period sufficiently long to
perform the measurements.

The fit procedure yields values for the exponential time constant α and the nonex-
ponential time constant βn0. We typically find α = 2 s−1 and βn0 = 3 s−1. This gives
the rate coefficient β from the fit parameter βn0, using n0 from the fluorescence measure-
ment. We find β = 1.0(4)× 10−9 cm3/s, at a detuning of −35 MHz. Assuming a value
ε = 4, the result becomes β = 6(2)× 10−10 cm3/s. The value β = 1.0(4)× 10−9 cm3/s,
which we interpret as the upper limit, is significantly below the value for the 1083 nm
case of 5.3(9)×10−9 cm3/s, reported by Tol et al. [16] using the same detuning and similar
saturation.

The small value for β may be explained by a simple argument from cold-collision
theory. A photoassociative collision can be regarded as two 2 3S1 atoms that are reso-
nantly excited to a molecular complex. For small detunings, this occurs at a relatively
large internuclear separation, where the molecular potential U is well-approximated by
the dipole-dipole interaction

U± = ±C3

R3 . (3.10)

Here, R is the internuclear distance and C3 ' h̄Γ(λ/2π)3 [4]. The excitation by the red-
detuned MOT laser light takes place resonantly when the molecular potential energy
compensates the detuning. This sets the so-called Condon radius RC:

RC =

(
C3

2πh̄|∆|

)1/3

. (3.11)

The red detuning selects an attractive molecular state. Once excited, the two atoms are
accelerated towards small internuclear distances, where Penning ionization occurs with
high probability. It follows from Eqs. (3.10) and (3.11) that the Condon radius for 389 nm
excitation is 2.8 times smaller than for 1083 nm. Classically, the cross section for the
collision is determined by the square of the Condon radius, and is therefore expected to
decrease by almost a factor 8.

To identify the role played by photoassociative collisions in the total two-body losses,
we assume that β, as defined in Eq. (3.7), can be decomposed in two terms: βSS and βSP.
Here βSS is the rate coefficient for losses due to collisions between 2 3S1 atoms in the ab-
sence of light, whereas βSP takes the photoassociative collisional losses into account and
depends (for a given detuning and saturation parameter) on the cross section and, thus,
on the Condon radius as described above. We neglect collisions between excited-state
atoms, since the excited-state population in our far-red-detuned MOT does not exceed
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0.01. We can define βSS and βSP also via Eq. (3.7), with the total density n replaced by the
2 3S1 density nS:

dnS

dt
= −αnS − (βSS + βSP)n2

S. (3.12)

Since the excited-state population is small, nS ≈ n. It now follows immediately from
Eqs. (3.7) and (3.12) that, to good approximation, β = βSS + βSP.

βSS has been measured in a 1083 nm MOT by Tol et al. [16] to be βSS
1083 = 2.6(4) ×

10−10 cm3/s. Subtracting this from the total rate coefficient β1083 = 5.3(9)× 10−9 cm3/s,
we infer βSP

1083 = 5(1) × 10−9 cm3/s, which is much larger than βSS
1083. In contrast, the

upper limit we find for β389 is of the same order of magnitude as βSS
389 (since the 1083 nm

and 389 nm magneto-optical traps, operated under the same conditions, are assumed to
lead to similar populations of the 2 3S1, M = −1, 0, 1 levels, we can take βSS

389 = βSS
1083).

To obtain the upper limit for βSP
389, we subtract βSS

389 from β389 and find βSP
389 ≤ 7(3) ×

10−10 cm3/s. This is in good agreement with the prediction following our simple argu-
ment. In addition to the upper limit found for β389, we can now assign a lower limit
equal to βSS

389 = 2.6(4)× 10−10 cm3/s. Summarizing, we find 2× 10−10 cm3/s < β389 <

1.0× 10−9 cm3/s.

3.4.2.2 Two-photon ionization

From the fit to the ion signal decay, we extract the linear loss rate coefficient α. Unlike the
situation in 1083 nm magneto-optical traps, α is not solely determined by background-
gas collisions, but also by the two-photon ionization rate. We assume that each loss
event involves only one He* atom and ignore photoionization of the molecular complex
formed during a photoassociative collision, as this process enters Eq. (3.8) via β. Hence
the loss rate coefficient can be written as

α = αbgr + α2ph, (3.13)

where αbgr denotes the background-gas collisional rate, and α2ph accounts for the two-
photon ionization loss rate. Two processes can be thought to cause the ionization: two-
photon ionization of a 2 3S1 atom, or photoionization of an atom in either the 3 3P2 or the
3 3S1 state. The latter state is populated only during the cascade and has a lifetime of only
35 ns, so its contribution will be negligible. The instantaneous two-photon ionization
probability pinst is, for not too large detuning ∆, dependent on intensity S and MOT
detuning ∆ according to

pinst ∝
S2

∆2 . (3.14)

The photoionization probability ppi of a helium atom in the 3 3P2 state is simply pro-
portional to the incident laser intensity and the cross section for photoionization, which
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Figure 3.4. Two-photon loss rate constant α2ph versus MOT detuning for total saturation param-

eter Itotal/I0 = 6S = 110.

varies only slowly with wavelength [66]. Neglecting this wavelength dependence, the
probability of photoionization simply becomes the product of the upper 3 3P2 state pop-
ulation and the ionization probability itself. For the two-step process, this leads to a
dependence on intensity and detuning as

ppi ∝
S2(Γ/2)2

∆2 + (S + 1)(Γ/2)2 . (3.15)

When ∆2 � (S + 1)(Γ/2)2, this dependence takes on a form similar to Eq. (3.14). We
confirmed this behavior by measuring α2ph as a function of MOT detuning, as shown in
Fig. 3.4. We also checked the intensity dependence, as shown in Fig. 3.5. In both cases, we
determined αbgr by measuring α as a function of background pressure, while keeping the
detuning and intensity fixed. Assuming a linear variation of αbgr with pressure, against
a fixed background α2ph, a fit to the data points yields αbgr ≈ 1.5(1) s−1. Under typical
experimental conditions, we find α2ph ≈ 0.5 s−1.

Chang and Fang calculated photoionization cross sections of many singlet and triplet
states in helium, including the 3 3S and 3 3P states, for various wavelengths [66]. Using
their results, we find photoionization rates of about 2 s−1. Since the fraction of n =

3 atoms in our MOT is typically below the 1% level, the net loss rate due to the two-
step process then would be one order of magnitude smaller than the measured value
for α2ph. This suggests that instantaneous two-photon ionization dominates over the
two-step ionization losses.
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∆ = −35 MHz.

3.4.3 Auxiliary Zeeman decelerator, loading rate, and MOT capture
velocity

To test the performance of the auxiliary Zeeman decelerator, we first optimized the num-
ber of atoms in the MOT in the absence of the extra slowing laser. Then, leaving the MOT
parameters unaltered, we unblock the auxiliary laser beam and vary the decelerator laser
intensities and Zeeman coil current iteratively until a new optimum for the number of
atoms is established. Indeed, blocking the additional laser beam again interrupts the
loading, demonstrating that we have tuned the end velocity of the Zeeman decelerator
above the capture velocity of the MOT. With the auxiliary Zeeman decelerator on, the
number of atoms is 40% times larger as compared to the case without the auxiliary Zee-
man decelerator. Making use of Eq. (3.6), with α, β, and n0 known from experiment, we
calculate that the auxiliary Zeeman decelerator enhances the loading rate by a factor 1.6.
Despite this improvement, the loading rate remains low. By solving Eq. (3.6), with the
measured values for the loss rate constants and the steady-state number of atoms as in-
put, we find a loading rate slightly below 108 s−1. Tol et al. [16] state a value of 5× 109 s−1

for their 1083 nm MOT. This difference is explained by the smaller MOT diameter, the
reduced flux of slow atoms from the Zeeman decelerator due to atomic beam expansion,
and imperfect collimation due to the relatively large bandwidth of the 1083 nm laser.

From the Zeeman-decelerator settings it is possible to calculate the end velocity of
the atoms and, thus, the capture velocity of the MOT. Therefore, the equations of motion
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Table 3.1. Comparison of the 389 nm MOT with the 1083 nm MOT described in Ref. [16]. The

typical results for both MOTs are obtained under conditions that optimize both density and atom

number. For the 389 nm case, ε = 1 is assumed.

MOT wavelength 389 nm 1083 nm

Detuning ∆ (MHz) −35 −35

Magnetic field gradient

∂B/∂z (G/cm) 41 20

Total intensity (I0) 100 90

Number of atoms N 2× 107 5× 108

Loading rate L (s−1) < 108 > 5× 109

Central density n0 (cm−3) 4× 109 4× 109

Volume V (cm3) 0.005 0.12

Temperature T (mK) 0.85 1.1

Two-body loss rate βn0 (s−1) 3 21

Two-body loss rate constant

β (cm3/s) 1.0(4)× 10−9 5.3(9)× 10−9

Two-photon ionization

loss rate constant α2ph (s−1) 0.5 0

of an atom subject to the decelerating laser beam are solved. We take into account the
saturation parameter, the laser beam intensity profile, and the magnetic field (obtained
from a detailed calculation). In this way we derive a capture velocity of 35 m/s (without
using the auxiliary Zeeman decelerator). Apparently, the prediction of a 24 m/s capture
velocity by the model of Section 3.2.2 is an underestimate, and the true capture velocity
lies closely to the velocity determined by the resonance condition. Therefore, it is likely
that the π and σ transitions, caused by MOT laser beams orthogonal to the quantization
axis, occur at rates at least comparable to the 10% decay via the 3 3S1 cascade. Apparently,
the nonclosed character of the 389 nm transition plays a minor role, even in the case of
relatively large (∼ 40 G) magnetic fields.

We derive from the settings of the Zeeman decelerator that atoms with a velocity of
at most 75 m/s are further slowed down to a velocity of 35 m/s by the auxiliary Zeeman
decelerator. This translates to an increase in loading rate by a factor 1.7, in reasonable
agreement with the result of the test described above.
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3.4.4 Comparison with 1083 nm MOT

Table 3.1 contains MOT results for the 389 nm and 1083 nm case [16]. Both MOTs have
similar detuning and saturation parameters, which optimize both density and trapped
atom number. The smaller number of atoms, N , in the 389 nm MOT is explained by the
small loading rate. Despite this small number, the central density n0 is equal to that of a
1083 nm MOT containing over one order of magnitude more atoms. This is the result of
the smaller loss rate constant β, the larger laser cooling force, and the larger magnetic-
field gradient. The latter not only contributes to the compression of the cloud, but also
reflects the necessity of a large Zeeman detuning to compensate the larger Doppler shift
of the atoms to be captured from the Zeeman-decelerated He* beam. Furthermore, we
observe that the 0.5 s−1 contribution of two-photon ionization to the losses in the 389 nm
MOT is small compared to the 21 s−1 two-body loss rate in a large 1083 nm MOT.

3.5 Conclusion and outlook

We have shown that it is possible to build a magneto-optical trap using the 389 nm tran-
sition in triplet helium. Our prototype MOT demonstrates that a 389 nm MOT offers the
advantage of a dense, cold cloud of metastable helium atoms, as compared to a 1083 nm
MOT. The relatively large density is allowed by the reduced two-body loss rate coeffi-
cient β, whereas the large spontaneous force facilitates substantial compression of the
cloud. Intensity noise on the 389 nm output, however, compromises the measurement
accuracy. Together with the high background pressure and the small value of β, this
has complicated an accurate determination of its value. We conclude that β lies between
the experimentally determined upper limit 1.0× 10−9 cm3/s, and the two-body loss rate
constant in the absence of light, 2×10−10 cm3/s determined in Ref. [16]. Two-photon ion-
ization losses, although present, do not exclude the future possibility of a 389 nm MOT
containing large numbers of metastable helium atoms at high phase-space density. To
this end, however, the loading rate of the MOT must be improved. A bare 389 nm MOT
has limited loading capabilities since the large Doppler shift implies a reduced capture
velocity, and the required Zeeman-decelerator settings then give rise to a smaller flux of
slow metastables. The nonclosed character of the 389 nm transition, however, does not
play an important role in the capture process, as well as in the other physics involved in
the MOT.

For the near future we plan an ultimate experiment, in a configuration with a load-
ing rate increased by two orders of magnitude. To realize this, a 1083 nm MOT with
∼ 30 mm diameter laser beams will be overlapped with a ∼ 10 mm diameter 389 nm
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MOT. To avoid large two-body losses in the trapped cloud due to the presence of red-
detuned 1083 nm light, a ∼ 5 mm diameter hole has to be created in the center of the
1083 nm MOT laser beams. This configuration will benefit from the superior loading
capability of the 1083 nm MOT, as well as from the low-loss 389 nm environment con-
taining a dense cloud at relatively low temperature. Furthermore, we will test the ef-
fectiveness of 389 nm molasses on a metastable helium cloud, precooled by a 1083 nm
MOT. This seems promising not only because of the low temperatures observed already
in our 389 nm MOT, but also because of the reduced resonant absorption cross section for
389 nm radiation (which is about eight times smaller than for 1083 nm radiation). This
is explained as follows. In a dedicated 1083 nm molasses experiment (S � 1, ∆ ∼ Γ),
starting with a large, dense cloud of helium metastables, the relative absorption is rather
large [60]. Within the cloud, this results in intensity imbalances between two counter-
propagating molasses laser beams, and these imbalances are believed to reduce the ef-
fectiveness of the molasses. The reduced absorption cross section at 389 nm implies a
reduced intensity imbalance and we, therefore, hope to obtain lower temperatures in a
dedicated 389 nm molasses.
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High densities and optical collisions in a
combined 1083/389 nm magneto-optical trap for
metastable helium

We have studied cold metastable helium (He*) atoms interacting with near-resonant light at
1083 nm and 389 nm. The 1083 nm light allows for efficient loading of a large magneto-optical
trap (MOT), whereas the 389 nm light is subsequently used to increase the density and reduce
the temperature of the He* cloud during a ∼ 5 ms compression stage. Cold collisions in the
cloud yield ions and fast metastables which are separately monitored using microchannel plates
(MCPs). By absolute calibration of the number of ions and fast metastables produced in the He*
cloud, we deduce that 389 nm photoassociative collisions, apart from Penning ionization, produce
a large flux of fast metastables escaping the MOT. By rapidly switching between 389 nm and
1083 nm, the ratio between the respective two-body loss rate constants is determined. The time
dependence of the number of ions produced during the 389 nm compression is well described with
the extracted two-body loss rate constant and the evolution of the cloud size as input. The large
number of fast metastables produced in 389 nm photoassociative collisions can be attributed to
fine-structure-changing collisions.
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4.1 Introduction

Low temperatures achieved by laser cooling of atoms have simplified the physics de-
scribing interatomic collisions enormously, and laser-cooled atoms have been applied
in extensive investigation of cold collisions [4]. Evaporative cooling of these atoms has
opened the new field of Bose-condensed dilute atomic samples. In both fields, metastable
noble gases form a specially interesting subgroup. Metastable atoms have a large inter-
nal energy, which not only enables single-atom detection, but also gives rise to Penning-
ionizing collisions. The charged products of these collisions can easily be detected and
provide an extra monitor on cold collisions. This has led to several novel techniques like,
for example, photoassociation spectroscopy based on the observation of photoassocia-
tion resonances in the Penning ionization rate [15], when probing a cold cloud of He*
atoms with 1083 nm light near the 2 3S → 2 3P transition. Another example is an expe-
riment in which ions, produced in Penning collisions in a ballistically expanding cloud,
were monitored to determine collisional rate constants over a wide range of ultralow
temperatures [67].

Metastable helium, which can virtually be considered stable because of its ∼ 8000 s
lifetime [31, 32], has been Bose condensed despite its 19.8 eV internal energy [20, 21]. The
successful demonstration of quantum degeneracy in a spin-polarized sample of triplet
metastable helium atoms has already led to several novel experiments exploiting the
high internal energy for efficient detection. For instance, ions produced in Penning-
ionizing collisions are used to monitor the birth and decay of the condensate, whereas the
metastable atoms themselves are physically detected when the condensate is dropped on
an MCP [22, 23].

In these experiments, an essential role is played by laser cooling and trapping in a
magneto-optical trap (MOT). A MOT provides the laboratory workspace for the study
of cold collisions, and it also forms an important stap in the experimental realization of
BEC. In the case of metastable helium, the MOT is usually operated using the 2 3S1 →
2 3P2 transition at 1083 nm. However, the density in a 1083 nm MOT must remain low
in order to trap a large number of atoms; in this way, losses due to photoassociative
collisions are kept at a minimum [16]. The low density neither is favorable for the study
of cold collisions (for which the signal-to-noise ratio increases with density), nor is it
desirable for the production of a He* BEC, where a high density and a low temperature
after the MOT stage are essential for efficient magnetic trapping and evaporative cooling.
As described in Chapter 3, a recent study of a small, prototype MOT operating at the
2 3S1 → 3 3P2 transition at 389 nm [68] revealed that the cloud may be compressed
substantially by the stronger laser-cooling force at 389 nm, since the two-body losses in
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the presence of 389 nm light are intrinsically smaller than in 1083 nm light at the same
detuning from resonance. However, a pure 389 nm MOT has a very small loading rate.
This is mainly due to the relatively large Doppler shift at 389 nm, which limits the capture
velocity. Therefore, we have now combined a large 1083 nm He* MOT with a 389 nm
MOT, resulting in a cold, dense cloud containing a large number of He* atoms. In this
Chapter we explore some of the possibilities offered by this experimental arrangement
for both cold collisions and BEC.

In Section 4.2 we give some theoretical background on losses and loss rate constants.
Next, in Section 4.3 we describe the experimental setup and procedure. The results of
compression by 389 nm light, as well as the cold-collision phenomena observed in our
setup are presented and discussed in Section 4.4. In Section 4.5 we discuss the origin
of fast metastables escaping from the MOT, and Section 4.6 contains conclusive remarks
and prospects for future experiments.

4.2 Theoretical background

4.2.1 Losses

A cloud ofN atoms, trapped in a MOT, can be characterized by a Gaussian density distri-
bution with central density n0, and an effective volume V = N/n0. The time dependence
of N is determined by loading of atoms into and loss of atoms from the trap, according
to

dN(t)

dt
= L− αN(t)− βN2(t)

2
√

2V
, (4.1)

where α and β are rate constants for loss processes involving one and two trapped He*
atoms per event, respectively. L denotes the rate at which atoms are loaded into the trap.
Equation (4.1) has multiple applications. For instance, if all parameters but N (or L)
are known, the steady-state number of atoms (or the loading rate) follows from Eq. (4.1)
by setting dN/dt = 0. Alternatively, any time dependence of, for instance, the volume
may readily be included, and Eq. (4.1) can then be used to describe the resulting time
dependence of N .

4.2.2 Loss rate constants

The magnitude of the losses is determined by the loss rate constants α and β, which are
in turn determined by the nature of the loss process itself. The linear losses, which are
proportional to α, include collisions of trapped He* atoms with background gas atoms
(resulting in Penning ionization of the collisional partner, deexcitation of the He* atom, or
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Figure 4.1. Schematic view of several photoassociative loss processes: (a) photoassociative Pen-

ning ionization, (b) radiative escape, and (c) a fine-structure-changing collision. For excitation by

1083 nm radiation n = 2; for excitation by 389 nm light n = 3.

ejection of the He* atom from the trap after a glancing collision), as well as two-photon
ionization of helium metastables in the presence of 389 nm light (Section 3.4.2.2). The
quadratic losses, proportional to β, include trapped He*-He* collisions resulting in Pen-
ning ionization (PI) of one of the collisional partners in combination with de-excitation
to the ground state of the other, exoergic fine-structure-changing collisions (FCC) lead-
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ing to the escape of both He* atoms, radiative escape (RE), and two-photon ionization of
the quasimolecule formed during the collision [4]. In Fig. 4.1 the processes of PI, RE, and
FCC are schematically depicted. Although the loss rate constant for PI collisions between
unpolarized 2 3S1 atoms is already of the order 10−10 cm3/s, the dominant losses are due
to photoassociative collisions. During such a collision, a transition is made to a quasi-
molecular state with a potential, due to the resonant dipole-dipole interaction, scaling as
±C3/R3 at long range. Here, R is the internuclear distance, and

C3 ' h̄Γ(λ/2π)3 (4.2)

is the squared atomic dipole matrix element of the transition (see also Eq. (4.2)), which
has a linewidth Γ/2π (Hz), and wavelength λ. In the presence of light, red detuned by an
amount ∆ (Hz), a resonant transition to such an excited state is possible at the Condon
radius, RC, where the molecular energy compensates the detuning:

RC =

(
C3

2πh̄|∆|

)1/3

. (4.3)

At the Condon radius, for not too large detuning, the Van der Waals interaction (∝
C6/R6) between two 2 3S atoms is small compared to the kinetic energy. Therefore, before
excitation the two approaching atoms hardly experience any interaction. However, since
the potential of the excited molecular state is strongly attractive, after the excitation the
two atoms are accelerated towards small internuclear distances, where couplings exist
to loss channels involving autoionization or fine-structure-changing mechanisms. Be-
fore reaching this region, however, there is a probability that the molecule decays back
to the lower state by spontaneous emission. This results in two fast He* atoms which
will collide, leading either to PI, or to elastic scattering, after which the atoms may have
sufficient kinetic energy to escape from the trap.

The magnitude of β is determined by the combination of the rate at which quasi-
molecules are excited, the probability of decay by spontaneous emission, and the strength
of the coupling to loss channels. Concerning the various loss channels, the loss rate con-
stant β may be written as the sum of subloss-rate constants βi, each representing another
loss channel. This is valid as long as all βi apply to the same squared density n2 of 2 3S
helium atoms. Although prescriptions to calculate the magnitude of two-body loss rate
constants exist (see, for instance, the reviews by Suominen [69] and Weiner et al. [4]),
it is beyond the scope of this work to derive a theoretical value for β in a He* MOT.
For the present discussion, it is sufficient to note that in general the loss rate constant
increases with decreasing red detuning, until a certain value for the detuning (around
∼ −5 MHz). Beyond this detuning, the probability of decay by spontaneous emission
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starts to approach unity. Also the gradient and, therefore, the acceleration on the excited-
state potential decreases with detuning. Consequently, the probability of reaching the
short internuclear distances (in the excited state), where loss mechanisms reside, goes to
zero. Finally, we note that with knowledge of the magnitudes of the βi, Eq. (4.1) can be
employed to predict the production rate of the corresponding loss products.

4.3 Experiment

4.3.1 Setup description

4.3.1.1 Vacuum apparatus and laser setup

The setup used to make a 1083 nm MOT has been described in detail previously [16, 46,
47]. A liquid nitrogen cooled dc-discharge source produces a bright beam of He* atoms,
which is consecutively collimated, deflected, and Zeeman decelerated using 1083 nm
laser cooling. After exiting the Zeeman decelerator, the atoms are captured in a 1083 nm
MOT consisting of light beams of ∼ 4 cm diameter. The MOT is situated in a vacuum
chamber which contains water cooled coils producing the necessary quadrupole mag-
netic field, as well as two MCPs. One MCP (the He* MCP) is shielded from charged
particles by a grounded grid in front of the detection surface and is positioned 18 cm
below the trap center. The second MCP (the ion MCP), mounted in the horizontal plane
5 cm away from the MOT center, is assumed to attract all or at least a fixed fraction of the
positive ions produced inside the vacuum chamber. The background pressure in the vac-
uum chamber is around 10−9 mbar. The 230 mW of 1083 nm light used for laser cooling
and trapping is obtained from a frequency-stabilized, Nd-doped lanthanum hexalumi-
nate (LNA) ring laser, which has a bandwidth of 150 kHz. Acousto-optical modulators
(AOMs) provide all necessary detunings, and also a way to switch the light off rapidly
(< 2 µs).

We form a 389 nm MOT, spatially overlapped with the 1083 nm MOT, by sending six
individual laser beams (diameter∼ 1 cm) of 389 nm light into the MOT vacuum chamber.
The 389 nm light is obtained by frequency doubling of a titanium:sapphire laser in an ex-
ternal enhancement cavity containing a lithium triborate (LBO) crystal (see Chapter 2).
About 600 mW of output power is available after additional beam shaping. By suddenly
ramping the high voltage on a piezo-mounted mirror, used for cavity length stabiliza-
tion, the 389 nm output can be switched off within 26 µs. The 389 nm laser frequency
(bandwidth 1 MHz) is stabilized by modulation of the laser frequency (at 400 Hz, with
a modulation amplitude of the fundamental frequency of 0.8 MHz) and demodulation
of the saturated absorption signal, which provides the error signal for feedback. Unfor-
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tunately, some of the vacuum windows are antireflection coated only for 1083 nm, and
have a transmission of 70% at 389 nm. This requires additional balancing of the individ-
ual 389 nm beam intensities which is done using neutral density filters. Eventually, we
create a MOT with a total power of 200 mW at 389 nm, and an intensity corresponding to
60I0, with the saturation intensity I0 = 3.31 mW/cm2. A frequency-stabilized, extended-
cavity 1083 nm diode laser with a bandwidth of about 500 kHz is used for absorption
imaging (see also Section 1.4.4.2).

4.3.1.2 Diagnostics

The He* MCP is used in time-of-flight (TOF) experiments, in which a fraction of the ex-
panding cloud is detected after it has been released from the trap. The measured TOF
distribution is subsequently fitted to a Maxwell-Boltzmann distribution, which reveals
the temperature of the cloud and, after calibration, the number of atoms. We use a so-
phisticated fit routine, which takes into account the obstruction of atoms during the TOF
by the coils inside the vacuum chamber [45]. This MCP is also used to measure metasta-
bles escaping from the MOT region. Positive ions produced in Penning collisions are
monitored by the ion MCP.

In addition, we have two CCD cameras monitoring the cloud of atoms. One is used
for absorption imaging, for which the cloud has to be illuminated by a resonant, weak
probe beam at 1083 nm for 50 µs after 1 ms of free expansion. This gives information
about the number of atoms, as well as the density distribution. We also use the images
to extract the temperature from the size of the cloud after different expansion times. In
addition, this camera is used to measure the fluorescence from either the 1083 nm or the
389 nm MOT. The second camera is used to observe both the 707 nm and 1083 nm fluo-
rescence which is emitted when driving the 389 nm and 1083 nm transition, respectively
(see Fig. 1.1). The images of this camera, which are viewed on a television screen, greatly
facilitate the alignment of the 389 nm MOT with respect to the 1083 nm MOT.

4.3.1.3 MCP calibration

When investigating inelastic collisions by detection of the loss products, knowledge of
the absolute production rates is desirable. We have calibrated both MCPs in our setup in
order to measure absolute He* and ion production rates. The He* MCP is calibrated on a
regular basis by comparing the number of atoms according to absorption imaging with
the number of atoms in the TOF. Assuming an isotropic emission of He* atoms, we can
also deduce the total flux of helium metastables originating from the MOT region. The
He* MCP calibration takes into account the presence of the magnetic coils, which do not
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obstruct atoms with velocities > 2 m/s, but which do prevent some of the slowest atoms
in the expanding cloud from reaching the MCP during their ballistic flight [45]. This is
especially important when production rates of fast metastables need to be determined.

Compared to the He* MCP, the calibration of the ion MCP is more complicated. Often
the flux of ions cannot be measured directly, and one has to rely on a quoted detection
efficiency and the quoted or measured gain of the detector to determine the absolute
production rate of ions (when using the MCP in current mode). This, however, is un-
desirable in our case as we know that the detection efficiency and/or gain of our MCP
has changed over the years (aging effect). We can, however, determine the flux of ions
produced in the MOT if we assume that all or at least a fixed fraction of the ions will
ultimately arrive at the detector surface. The procedure is based on the fact that in the
steady-state MOT the loading rate of atoms, which can be measured, compensates the
loss rate. Provided one knows all loss rates, and one knows the fraction of inelastic
collisions that will eventually lead to one ion, it is possible to deduce the absolute ion
production rate. We derive the loading rate from the steady-state solution of Eq. (4.1)
using an independently measured value for β1083, and neglecting the background gas
collision rate, which is justified by the relatively low pressure. The value for β1083 is ob-
tained from the decay of the MOT in a way similar as described in [16]. The absolute ion
production rate, denoted by I , is in steady state given by

I =
ε1083β1083N

2

4
√

2V
=
ε1083

2
L, (4.4)

where ε1083 is the fraction of inelastic collisions which lead to PI. The extra factor of two
in the denominator takes into account that only one ion is produced per Penning colli-
sion in which, however, two trapped atoms are lost. The value of ε1083 depends on the
RE rate and the FCC rate, which both lead to loss (and therefore contribute to β1083),
but do not result in ions. During an earlier experiment in our setup, the contribution of
radiative escape and fine-structure-changing collisions (FCC) to the total loss rate con-
stant was measured to be ∼ 2.5% [16]. Therefore, we take ε1083 = 0.975. Now, equating
the measured ion signal to I directly gives the conversion factor to obtain absolute ion
production rates from the ion MCP output signal.

The calibration of the He* MCP is accurate within 20%, which is determined mainly
by the uncertainty in the number of trapped atoms. The calibration of the ion MCP
yields a conversion factor with a relative uncertainty of 43%, predominantly due to the
uncertainty in the obtained value for the loading rate from Eq. (4.4). The accuracy in
determining the loading rate itself is limited mainly by the uncertainty in the number of
trapped atoms.
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0
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389 nm light on,

(loading off)

∆ = −10 MHz (−7Γ)

Itot = 60 I0

∂B/∂z = 18 G/cm

5−20

389 nm MOT off,

cloud detection

or 1083 nm probing

Figure 4.2. Time table showing the different stages during one 389 nm compression cycle.

4.3.2 Loading and compression in the 1083 nm/389 nm MOT

We perform the experimental sequence schematically depicted in Fig. 4.2. For 1 s we load
the 1083 nm MOT which is operated at a relatively large detuning of ∆ = −22Γ/2π =

−35 MHz. The MOT typically contains 1 × 109 He* atoms at a temperature between
1.1 mK and 1.6 mK. During the last 7.5 ms of the loading, we ramp up the magnetic field
gradient, ∂B/∂z, from 12 G/cm to 18 G/cm. This time corresponds to the response time
of the current supply. Then, at t = 0 ms, we switch off the 1083 nm light, and switch on
the 389 nm light. To simplify further analysis of the compression dynamics, the Zeeman
decelerator laser is also switched off. This will not noticeably affect the number of atoms,
as the loading rate of the 389 nm MOT will only marginally contribute to the already large
number of atoms in the cloud. In contrast to our earlier prototype MOT (discussed in
Chapter 3), we use a relatively small 389 nm detuning ∆ = −10 MHz (which corresponds
to −7Γ). The larger laser cooling force at 389 nm, together with the smaller detuning
and the larger magnetic field gradient, results in a strong compression and temperature
reduction of the cloud of atoms. The given combination of MOT parameters turns out
to produce optimum results for the number of atoms, the density, and the temperature
after compression (see Section 4.4.1). After the 389 nm phase, which lasts for 5–20 ms,
the entire MOT is switched off for absorption imaging or TOF measurement.
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Figure 4.3. Volume of the cloud during the 389 nm phase as determined from absorption images.

The radii of the cloud behave similarly, and are used to fit an exponential decrease. The resulting

fits govern the time dependence of the cloud volume (Eq. (4.5) and Eq. (4.6)), as indicated by the

curve through the data points.

4.4 Results and Discussion

4.4.1 Compression with 389 nm light

By measuring the size of the cloud for various compression times, the dynamics and
the magnitude of the compression are revealed. We observe that the cloud volume
decreases dramatically in time, following an exponential decay from an initial volume
Vi ≈ 0.23 cm3 to a final volume, Vf ≈ 0.01 cm3, with a time constant of about 1 ms. The
rms radii of the cloud, σz (axial direction) and σρ (radial direction), also decrease expo-
nentially, but with different time constants: τz ≈ 1 ms, and τρ ≈ 3 ms. The resulting time
dependence of the radii is of the form

σ(t) = σf − (σf − σi) exp(−t/τ), (4.5)

with σi and σf the initial and final radii, respectively, and τ the corresponding time con-
stant. For a Gaussian cloud, this translates to a time-varying volume

V (t) = (2π)3/2σ2
ρ(t)σz(t). (4.6)

Figure 4.3 shows both the data points and the result for V (t), using the fitted functions
describing the time dependence of the radii. From the TOF measurements, we deduce
a temperature after compression between 0.3 mK and 0.4 mK. We checked this with the
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temperature as determined from absorption imaging, for which we typically find 0.3–
0.4 mK in the radial (ρ) direction, and 0.4–0.5 mK in the axial (z) direction (which corre-
sponds to the vertical direction). Because of the position of the He* MCP, the temperature
obtained from TOF is expected to lie close to the ”vertical” temperature of the MOT. The
temperature measurement from absorption imaging matches the TOF result to within
20%. In Fig. 4.4 measured TOF distributions are shown of the uncompressed cloud, and
of the cloud after 1 ms and 3 ms compression, respectively. Each TOF distribution is ac-
companied by its corresponding fit. It can be seen that already after 1 ms of compression,
the velocity distribution of the atoms almost corresponds to the thermal distribution at
the final temperature. After 3 ms, the TOF distribution has reached its final shape, which
closely corresponds to a thermal distribution. As shown in the inset in Fig. 4.4, a peak
of relatively fast (8–50 m/s) metastables is visible in the TOF after compression, with a
height depending on the (mis)alignment of the 389 nm MOT. We have no clear explana-
tion for the occurrence of this peak, which contains 5–10% of the total number of atoms
in the TOF.

Furthermore, we noticed that switching the 389 nm light off with a mechanical shut-
ter caused heating of the cloud to 0.5–0.6 mK. This heating was not observed when the
389 nm light was switched off by the fast-switching method, described in Section 2.4.4,
normally used during our experiments. The heating may be caused by the∼ 200 µs time
it takes for the shutter to cut its way through the beam. During shut-off, parts of the He*
cloud may experience 389 nm light still coming from one MOT beam, whereas the light
from the opposite beam has already been blocked. In that case, there may be enough
time to accelerate the atoms, resulting in heating of the cloud.

The density distribution of the atoms in the cloud can be determined by absorption
and fluorescence imaging. However, both methods have disadvantages. Usually, the
fluorescence of a steady-state MOT is imaged, as done for the 1083 nm MOT in Fig. 4.5(c).
During the 389 nm phase, the cloud is never in equilibrium, and we limit the 707 nm
fluorescence measurement to a 1 ms period after t = 5 ms, when the cloud volume does
not vary too much (see Fig. 4.5(d)). The effect of the compression is clearly visible in the
sizes of the uncompressed and compressed clouds.

Absorption imaging, on the other hand, offers a more or less instantaneous way to
probe the cloud because a much shorter (50 µs) illumination period is possible in that
case. Two on-resonance absorption images, one of the 1083 nm MOT, and one of the
MOT after ∼ 5 ms compression, are depicted in Fig. 4.5(a) and Fig. 4.5(b). The images
were taken after 1 ms of ballistic expansion. Both images show close to 100% absorption
in the center of the MOT, which makes it difficult to extract an accurate value of the size
of the cloud. Comparing the sizes of the cloud with the fluorescence images reveals that
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Figure 4.4. Measured TOF distributions (solid curves) and fitted TOF distributions (dashed

curves) of the uncompressed 1083 nm MOT, the 389 nm MOT after 1 ms of compression, and

the 389 nm MOT after 3 ms of compression. Indicated by the upper horizontal scale are the ve-

locities at which the atoms arrive at the detector. The inset shows the behavior of two of the

signals shortly after t = 0 ms, when relatively fast atoms arrive. In the 1083 nm case (solid curve),

these atoms result from incomplete capture of Zeeman decelerated atoms by the MOT. The dotted

curve shows the TOF signal after 3 ms compression at 389 nm, which contains a peak of relatively

fast atoms.

the compressed cloud expands relatively fast. Unfortunately, the magnetic fields used
in the experiment give rise to eddy currents which persist for more than 1 ms. The re-
sulting magnetic fields cause the levels of the atoms in the cloud to be Zeeman shifted,
which reduces the absorption and complicates the determination of the density distribu-
tion from the absorption images. Indeed, the extracted number of atoms increases by a
factor of two when extending the expansion time to 4 ms. On the other hand, letting the
cloud expand for such an extended time will rapidly wash away the original shape of
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the cloud, since the light helium atoms move at relatively high velocities, even at 0.3 mK.
We therefore take the number of atoms as measured after 4 ms of expansion, and the
volume as derived from the image taken after 1 ms expansion. The cloud size found
from the fluorescence image agrees with the size in the trap according to the absorption
images to within 30%, which is also the relative error in the volume determination. Both
fluorescence and absorption images indicate a Gaussian density distribution.

The volume reduction strongly increases the density in the cloud. However, the re-
sults from absorption imaging indicate that the central density in the cloud is indepen-
dent of the number of atoms. For N between 4 × 108 and 8 × 108, we find a central
density of 4–5×1010 cm−3. This suggests that radiation trapping forces are at work, and
limit the density. Indeed, the volume of the fully compressed cloud is almost two orders
of magnitude larger than the volume one would calculate from the spring constants of
our 389 nm compressed MOT [36], neglecting effects of radiation trapping. However,
also in this respect 389 nm light is advantageous over 1083 nm light: the resonant ab-
sorption cross section for 389 nm is almost eight times smaller than for 1083 nm light,
whereas the radiative pressure at 389 nm is only 2.7 times larger. Therefore, for similar
saturation parameters, the outward radiation trapping force in the cloud is smaller at
389 nm than at 1083 nm. The overall transfer efficiency is between 40% and 70% and
depends on the alignment of the 389 nm MOT with respect to the 1083 nm MOT.

In view of the experimental road to BEC of metastable helium, the combination of
achieved high density and low temperature is quite interesting. In BEC experiments
[20, 21], the He* MOT cloud is cooled down by 1083 nm optical molasses to temper-
atures of 0.3–0.4 mK. This is necessary to reduce the temperature sufficiently below the
depth of the magnetic trap, which subsequently recaptures the cloud for further rf-forced
evaporation. Obviously, a 389 nm compressed cloud is cold enough to be recaptured as
well. The resulting phase-space density, n0Λ3, with Λ the thermal De Broglie wavelength,
may serve as a figure of merit for the compression stage. In a previous experiment con-
ducted in our apparatus, a phase-space density of at most 3× 10−7 was achieved using
all 1083 nm laser cooling [70]. This should be compared to the 4× 10−6 phase-space den-
sity achieved using 389 nm compression—an improvement by more than one order of
magnitude. Table 4.1 gives an overview of the results of the various methods of laser
cooling.

71



Chapter 4

(a) (b)

(d)(c)

Figure 4.5. Absorption images of the cloud in the 1083 nm MOT (a), and after 389 nm compression

(b). The images are taken after a 1 ms expansion time. The diameter of the circular probe beam

is about 2 cm. Also shown are fluorescence images of the steady-state 1083 nm MOT (c), and the

389 nm MOT during the last 1 ms of the compression (d). The protuberances visible at the edges

of the cloud are most likely caused by nonsteady-state atoms which are still heavily interacting

with the MOT laser light. In contrast to the absorption images, the fluorescence images reflect the

cloud sizes inside the trap.

4.4.2 Real-time observation of losses

4.4.2.1 Penning losses

During the experiment the production of ions is measured in real time using the ion
MCP. The ion signal contains noise which is due to fluctuations in the 389 nm power and
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Table 4.1. Comparison of results achieved using a 1083 nm MOT only, a 1083 nm MOT followed

by 1083 nm molasses, and a 1083 nm MOT followed by compression in a 389 nm MOT. The

temperature result after 1083 nm molasses, obtained earlier in the same setup, is taken from [70].

Results after: 1083 nm MOT 1083 nm MOT 1083 nm MOT

+ molasses + 389 nm MOT

Number of atoms N 1.2(2)× 109 1.2(2)× 109 4.7(1.0)× 108

Volume V (cm3) 0.47(5) 0.58(6) 0.010(3)

Central density n0 (cm−3) 2.5(6)× 109 2.1(5)× 109 5.0(1.7)× 1010

Temperature T (mK) 1.1 0.4a 0.4

Phase-space density 4.5(1.3)× 10−8 1.4(4)× 10−7 4.1(1.9)× 10−6

aNot a thermal distribution [70]

frequency. Therefore, an average of about ten samples is taken. This results in repro-
ducible data as shown in Fig. 4.6. During the 1083 nm phase, the predominant source of
ions is Penning collisions between trapped He* atoms, as discussed in Section 4.3.1.3. In
this case, the ion signal is proportional to the product of central density and total atom
number (Eq. (4.1)). When the magnetic field gradient is ramped up around 7.5 ms before
t = 0, this leads to a density increase and, thus, to a rise in the ion signal. One can es-
timate that the increased losses result in a small reduction of the total number of atoms
of 2%. At t = 0 ms, the atoms suddenly experience losses proportional to the 389 nm
loss rate constant. As a result, the ion signal drops by about a factor of two immediately
after t = 0 ms. Since the density does not vary during the switching, the signal drop
reflects the ratio between ionization loss rates in 1083 nm and 389 nm light. Even though
the 389 nm light has a relatively small red detuning, Eq. (4.3) predicts a smaller value
for RC at 389 nm than at 1083 nm. This is mainly because of the large wavelength dif-
ference, which enters Eq. (4.3) linearly. Therefore, one indeed expects a smaller value for
the two-body loss rate constant at 389 nm, β389.

When the compression sets in, the density increases rapidly, leading to a steep rise in
the ion production rate. In fact, the density increases at a much higher rate than the rate
of atom loss (the loading stopped at t = 0 ms), until the cloud attains its final volume
and the highest density is reached. This moment roughly corresponds to the peak in the
ion signal around t = 5–6 ms. We have checked that the ion MCP output varies linearly
with the detection rate during all of the experiment. After the density has reached its
maximum value, the overall loss of atoms takes over, and the ion signal starts to decay.
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Figure 4.6. Absolute ion production rate during 389 nm compression, starting at t = 0 ms. The

solid line is the prediction for the ion production rate as given by Eq. (4.8), which is obtained using

the fitted time behavior of the volume depicted in Fig. 4.3, and the experimentally determined

values for βPI,389 and βFCC,389 (see Section 4.4.2.4). At t = 20 ms, the 389 nm MOT is switched off

completely, causing the signal to drop to zero.

In Section 4.4.2.4, we present a quantitative analysis of the ion signal shown in Fig. 4.6.
Another measurement of the ion production rate during compression is shown in

Fig. 4.7(a). However, now the 389 nm is switched off at t = 8 ms, and the 1083 nm light
is switched on again, resulting in a nearly instantaneous increase in ion production rate.
This part of the signal is used to determine the ratio of loss rate constants in 1083 nm and
389 nm light, as described in Section 4.4.2.3.

4.4.2.2 Fast metastables

The signal of the He* MCP contains evidence of metastables which are fast enough to es-
cape the 389 nm MOT. Figure 4.7(b) shows this signal (ten averages), which was recorded
simultaneously with the ion signal in Fig. 4.7(a). As discussed in Section 4.2.2, two
sources of relatively fast He* atoms are RE and FCC. However, during the steady-state
1083 nm MOT, corresponding to the signal before t = 0 ms, another (artificial) source
of fast metastables is present. Depending on the alignment of the 1083 nm MOT laser
beams, some of the atoms from the Zeeman decelerator are not captured by the MOT, but
only deflected towards the He* MCP, producing a more or less constant and relatively
large signal. When the magnetic field gradient is ramped up (starting from t = −7.5 ms),
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the capturing or the deflection of He* atoms from the slow atom beam is affected, and
the He* signal decreases, as visible in Fig. 4.7(b). Of course, during this period the signal
also contains a contribution from He* atoms resulting from RE or FCC. Since the Zeeman
decelerator is switched off during the 389 nm phase, the artificial He* signal disappears
shortly after t = 0 ms. A similar effect is seen in the TOF distribution of the 1083 nm
MOT just after the MOT and the loading have been switched off simultaneously (see
inset Fig. 4.4).

Similar to the ion signal, the signal recorded by the He* MCP for t > 0 ms reflects
the dynamics during compression. This is remarkable, since the helium metastables are
not accelerated toward the MCP like the ions, and the time it takes to reach the detector
should show up as a delay in the signal when switching on or off the source of He*
metastables that escape from the MOT region. After switching to 389 nm, we observe a
change in He* signal within 1 ms. After that, the rate of detected He* atoms behaves quite
similar to that of the ions. The 1 ms delay is most probably due to the 0.8 ms time constant
of the amplifier used for the MCP signal, and the finite opening time of the shutter in the
389 nm beam line. If we interpret this 1 ms as a time of flight, a lower bound for the
atomic velocity of 180 m/s is found. A more stringent lower bound of v = 325 m/s for at
least 85% of the atoms is found in a similar way by switching off the 389 nm light within
15 µs. This, together with the observation that the He* signal varies with density similar
to the ion detection rate, forms an indication that the origin of these fast metastables must
lie in cold, photoassociative collisions. As found experimentally by Herschbach et al., fast
metastables may result either from RE, or from FCC in the presence of red detuned, near-
resonant 1083 nm light [15, 46]. The former of the two processes, however, can produce
He* atoms only with velocities between 10 m/s and 100 m/s for both the 1083 nm and
the 389 nm case. As will be discussed in Section 4.5, fine-structure-changing collisions
produce much faster metastables. Therefore, we attribute at least 85% of the fast helium
metastables to fine-structure-changing collisions. The small bandwidth of the detection
electronics, however, makes it impossible to retrieve the exact velocity distribution of the
fast atoms.

In the 389 nm case, RE may lead to a small fraction of He* atoms faster than 100 m/s,
as the excited molecular state only has about 10% probability to decay via a 2 3S + 3 3S
molecular state to the 2 3S + 2 3P molecular complex. The first step of this decay is likely
to occur close to the 389 nm excitation radius, RC,389, assuming a downward transition
in accordance with the Franck-Condon principle. The (already accelerated) atoms now
find themselves on a 2 3S + 3 3S potential, which has no resonant dipole-dipole interac-
tion, and has a lifetime < 37 ns. However, even when the two colliding He* atoms are
approaching each other with a velocity as low as 5 m/s, this lifetime is long enough to

75



Chapter 4

−4 −2 0 2 4 6 8 10

time (ms)

0

10

20

30

40

io
n
 p
ro
d
u
ct

io
n
 r
at

e 
(1
0
9
 s
-1

) (a)

0

2

4

6

8

10

−4 −2 0 2 4 6 8 10

H
e*

 p
ro
d
u
ct

io
n

 r
at

e 
(1
0
9
 s
-1

)

(b)

Figure 4.7. (a) Absolute ion production rate during 389 nm compression, starting at t = 0 ms,

and ending at t = 8 ms, when the 1083 nm light is switched on again. The sudden rise in ion-

ization signal is used to determine the two-body loss rate constant β389. (b) Absolute fast He*

production rate, measured simultaneously with the ion signal depicted in (a). In contrast to the

ion production rate, the fast He* production rate drops when switching from 389 nm to 1083 nm.

travel thousands of a0 (a0 is the Bohr radius), which exceedsRC,389 (∼ 500 a0 for−10 MHz
detuning) by far. Thus, the atoms may already have separated before the next step (de-
cay to the 2 3S + 2 3P complex) occurs. Only if the two atoms are separated by less than
RC,389 when decaying to the 2 3S + 2 3P complex, the comparatively large dipole-dipole
attraction in that state may accelerate the two atoms to velocities exceeding 300 m/s be-
fore decaying into two 2 3S1 atoms. However, although this mechanism explains the
observation of fast atoms, it fails to explain the observed large abundance of atoms faster
than 325 m/s.

Another surprising feature seen in Fig. 4.7(b) is the rise in He* signal after switching
to 389 nm, which contrasts the decrease in the ion signal at t = 0. Relative to the ion
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production rate, the He* production rate is much larger in the 389 nm case than in the
1083 nm case. We can compare the absolute rates of collisions leading to ion and He*
production, by comparing the peak heights of the signals in Figs. 4.7(a) and (b). Here, we
note that the loss of two trapped metastables via a Penning collision produces only one
ion, whereas the loss of two trapped metastables in a fine-structure-changing collision
produces two fast metastables. This requires the inclusion of a factor of two when con-
verting between the absolute ion production rate and the absolute rate for PI collisions.
Concerning the collisions which produce fast metastables, one should bear in mind that
conservation of momentum leads to fast metastables flying apart in opposite directions.
This implies that for every detected fast He* atom, its counterpart formed during the
same collision remains undetected. This results in a factor of two that should be taken
into account for the conversion to fast He* losses as well.

Furthermore, it is also possible that a collision results in an atom pair consisting of
one helium atom in a long-lived metastable state, and one in a short-lived state (e.g. one
in the 2 3S1 state, and one in the 2 1P1 state); the atom in the short-lived state will then
decay to the 1 1S0 ground state before it reaches the MCP and remains undetected. In the
extreme case in which all FCC collisions result in such atom pair combinations, an addi-
tional factor of two should be taken into account. In the following, we will assume the
production of long-lived atomic states only, which anticipates the hypothesis explaining
the origin of the fast metastables given in Section 4.5.

We find a ratio of losses due to PI and FCC of β389,PI/β389,FCC = 3.1(1.6), with the
largest contribution to the uncertainty coming from the calibrations of the He* and ion
fluxes. Using the relation

β389 = β389,PI + β389,FCC, (4.7)

with β389,PI ≡ ε389β389 and β389,FCC ≡ (1− ε389)β389, we find ε389 = 0.75(10), whereas
ε1083 = 0.975 for the 1083 nm case. In Section 4.5, we present a hypothesis which roughly
explains the magnitude of both ε1083 and ε389.

4.4.2.3 Loss rate constant determination

A sudden change from 1083 nm to 389 nm or vice versa allows for the comparison of
instantaneous loss rates in the presence of either wavelength, provided that the density
and total number of atoms in the cloud remain unchanged. Then, with knowledge of
the branching ratio between the loss channels (resulting in ions or fast metastables), the
corresponding loss rate constants can be deduced.

The ion production rate, depicted in Fig. 4.7(a), shows a steep rise at t = 8 ms when
the light is switched from 389 nm to 1083 nm. The time scale on which this rise occurs is
limited by the 40 µs time constant of the electronics. We neglect effects of cloud expansion
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during this period, and assume the number of atoms to remain constant, which is justi-
fied in view of the magnitude of other contributions to the relative error in the final result.
From the jump in ion signal seen in Fig. 4.7(a), we deduce β389,PI = 2.2(5)× 10−9 cm3/s,
using an independently measured value for β1083,PI (β1083,PI = 6.5(1.1)× 10−9 cm3/s),
multiplied with 0.975 to correct for the PI branching ratio [16]. We also correct for the
relatively small amount of two-photon ionization. To this end, we use the two-photon
ionization rate constant obtained by extrapolation of the fits to the data presented in Sec-
tion 3.4.2.2, to match the circumstances in the 389 nm MOT presently discussed. Using
the result, α2ph = 1 s−1, we find that the two-photon contribution to the total ion produc-
tion rate always remains smaller than 109 s−1.

Using β389,PI/β389,FCC = 3.1(1.6), the loss rate constant for fast metastables produc-
tion is found to be β389,FCC = 7(4)× 10−10 cm3/s. The total loss rate constant in the
compressed 389 nm MOT, with S = 60 and ∆ = −10 MHz, is the sum of β389,PI and
β389,FCC (Eq. (4.7)), and we find β389 = 2.9(6)× 10−9 cm3/s.

4.4.2.4 Analysis of compression dynamics

A qualitative explanation of the behavior of the ion production rate during 389 nm com-
pression was given in Section 4.4.2.1. With knowledge of all the relevant loss rate con-
stants, and with the approximate time dependence of the cloud volume as prescribed by
Eqs. (4.5) and (4.6), we can numerically solve Eq. (4.1) forN(t) andN ′(t) ≡ dN/dt. Using
Eq. (4.1) we write the total ion production rate, I(t), as

I(t) = −ε389

2
N ′(t) + (1− ε389

2
)α2phN(t), (4.8)

which is represented by the solid curve in Fig. 4.6. To match the theoretical curve to the
data points, the data points were scaled up vertically by 14%, which lies well within the
accuracy of the calibration. The agreement between the theoretical prediction and the
experiment is quite good for t between 0 ms and 10 ms. This forms an indication of the
reliability of the described methods to calibrate the ion flux and to determine the loss rate
constant β389, which depend on each other only via the independently measured value
for β1083. The decay of the MOT after t = 10 ms, however, is less accurately predicted,
which may be explained by the fact that we do not have information on the cloud volume
for t > 11 ms.

It is illustrative to inspect the solution of Eq. (4.1) with respect to N(t) and n0(t),
which are plotted in Fig. 4.8. It turns out that the continuous solution of the rate equation
predicts a substantially larger number of atoms in the trap than found from absorption
imaging with 1083 nm light (Fig. 4.8(a)). Consequently, the predicted density exceeds
the results from absorption imaging (Fig. 4.8(b)) as well: it rises to a maximum value of
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Figure 4.8. Evolution during compression of (a) the number of atoms, and (b) the central density.

The solid line represents the prediction by the solution of Eq. (4.1), obtained using experimentally

determined parameters. The data points are obtained by absorption imaging with 1083 nm light.

7× 1010 cm−3, which is 40% larger than the largest values (∼ 5× 1010 cm−3) we deduced
from absorption imaging. Also, we find that the maximum density is reached already
after 5 ms to 6 ms, whereas the model predicts a maximum around 8 ms. A possible
explanation for this discrepancy may be that we underestimate the number of atoms in
the cloud, for reasons discussed in Section 4.4.1. Nevertheless, the continuous solution
of Eq. (4.1) provides an upper limit to the net transfer efficiency of about 70–80%, limited
by the losses in the cloud only.
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4.5 Origin of fast metastables

As mentioned in Section 4.4.2.2, fast metastables escaping the 1083 nm MOT were ob-
served by Herschbach et al. [46]. These atoms produced a continuous signal on the He*
MCP, that dropped off abruptly by 76%, with a small delay, after the 1083 nm light was
switched off. The remaining 24% of the fast He* atoms were attributed to RE. The de-
lay, which was interpreted as a time of flight of the fast metastables to the detector, and
the steepness of the drop of the He* signal, indicated a very narrow velocity distribu-
tion around v = 2.9(2)× 103 m/s. The corresponding kinetic energy matches precisely
the 0.3483 eV energy difference between the 2 3S + 2 3P and the 2 1S + 2 3S asymptotes.
Therefore it was concluded that FCC, coupling the 2 3S + 2 3P entrance channel to a
2 1S + 2 3S exit channel, are responsible for 76% of the fast metastables observed from
the 1083 nm MOT. However, the exact nature of the fine-structure-changing mechanism
remained unexplained.

Information on the relevant molecular states at short internuclear range can be found
in the paper by Müller et al. [71], where ab initio molecular potential energy curves of
some doubly-excited dimer states of helium are presented. We have used these data
to plot the potential energy curves shown in Fig. 4.9. Figure 4.9 shows that a coupling
exists between the 2 3Σ+

g state (connecting to the 2 3S + 2 3P asymptote) and the 1 3Σ+
g

state (connecting to the 2 1S + 2 3S asymptote), resulting in an avoided crossing near
9.7 a0. This coupling is responsible for the FCC collisions observed by Herschbach [46],
as can be seen as follows. In photoassociative collisions in the presence of 1083 nm light,
2 3S + 2 3P molecular states are excited at long range. It will be shown in Section 5.5.1
that a considerable fraction of those excited states connect to the 2 3Σ+

g state at short
internuclear distance (Fig. 4.9). After excitation, the two accelerating nuclei of the quasi-
molecule transit the avoided-crossing region on their way in during the collision, such
that a Landau-Zener transition to the 1 3Σ+

g state can occur with a probability PLZ, given
by

PLZ = exp
(
− 2πV 2

h̄v|F1 − F2|

)
. (4.9)

Defining the point where the diabatic (noninteracting) curves intersect as the crossing
point, here V is half the energy separation between the two curves at the crossing point.
F1 and F2 are the radial derivatives of the two diabatic curves at the crossing point,
and v is the classical velocity of a particle with mass equal to the reduced mass of the
2 3S + 2 3P complex, after it has travelled down the potential to the avoided crossing.
From the potential-energy data given by Müller et al. it is straightforward to calculate
that PLZ = 0.65, neglecting the initial kinetic energy of the two He* atoms.
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Figure 4.9. Ab initio potential energy curves by Müller et al. [71], connecting to the energy asymp-

totes shown in the lefthand side of the graph.

After the Landau-Zener transition has (or has not) occurred, there is a large prob-
ability PPI > 0.9 of PI at even shorter distances [71]. If PI does not occur, the nuclei
will reverse their relative motion and transit the avoided crossing again, this time with
a probability to stay in the 1 3Σ+

g state of (1− PLZ). Similarly, when no Landau-Zener
transition is made on the way in, PI can occur in the 2 3Σ+

g state as well. The probability
of PI for this state is not given by Müller et al.; however, we will assume it to be larger
than or equal to 0.9 as well. If the quasimolecule is not Penning ionized, it may undergo
a transition to the 1 3Σ+

g state on its way out. Therefore, the total probability, PFCC, that
the molecular state will dissociate into two fast metastables on the 2 1S + 2 3S asymptote
is

PFCC = 2PLZ(1− PLZ)(1− PPI) < 0.046. (4.10)

Apparently, the PI process quenches the production of fast metastables.
The FCC losses resulting from the above mechanism contribute to the total losses.

To calculate the relative strength of this loss channel, PFCC should be multiplied by the
relative excitation rate of long-range 2 3S + 2 3P molecular states connecting to the 2 3Σ+

g

state. Since not all 2 3S + 2 3P states, excited by the 1083 nm light, connect to the 2 3Σ+
g

state, the total loss rate will be smaller than PFCC. Therefore, the above mechanism can
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explain the experimentally observed value for the contribution of FCC to the total losses,
which equals 0.75(1− ε1083) = 0.019.

In the case of 389 nm, a similar mechanism is probably responsible for the observed
fast metastables. To explain the relatively large amount of fast metastables in this case,
we propose the existence of avoided crossings between potential energy curves connect-
ing to ”triplet + triplet” 2 3S + n 3L (n = 2, 3 and L = S,P) energy asymptotes. In contrast
to the triplet + singlet molecular states, which can only have a total molecular multipli-
city of three, triplet + triplet combinations can possess a total multiplicity of one (singlet)
or five (quintet) as well. All energy asymptotes of the helium dimer lying between the
2 3S + 2 3S and the 2 3S + 3 3P asymptotes are shown in Fig. 4.10. An avoided cross-
ing between two quintet molecular states could provide a mechanism for FCC which is
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not quenched, since PI in a quintet potential is highly forbidden [71]. In that case, the
probability of FCC may take on a value between 0.2 and 0.5 for Landau-Zener transition
probabilities between 0.11 and 0.89, and may thus be one order of magnitude larger than
for the 1083 nm case. This is in agreement with our observations: the relative production
rate of fast metastables in the 389 nm case exceeds that in the 1083 nm case by one order
of magnitude.

A 5Σ state connecting to the 2 3S + 3 3S asymptote seems to be the primary candi-
date for having an avoided crossing with the 5Σ state which connects to the 2 3S + 3 3P
entrance state, since they lie energetically close to each other (Fig. 4.10). The energy sep-
aration between these two asymptotes is 0.289 eV, which corresponds to the total kinetic
energy of two helium atoms with a lab-frame velocity of 2628 m/s. Of course, the atom
in the 3 3S state will decay in two steps to the 2 3S state before it reaches the detector;
however, the two associated photon recoils will have a negligible effect on its velocity.

The above hypothesis implies that most of the fast He* atom pairs are long-lived
triplet-triplet combinations. For this reason, the production of only long-lived atomic
states was assumed when converting between the He* detection rate and the He* pro-
duction rate (Section 4.4.2.2).

4.6 Conclusions and outlook

The combination of laser cooling at 1083 nm and 389 nm has been shown to be a powerful
tool to increase the density of a magneto-optically confined cloud of metastable helium
atoms. The compression relies on the intrinsically larger force exerted by the 389 nm
light, in combination with a small detuning and an increased magnetic field gradient.
The relatively small two-body losses (even at the small detuning used) in the 389 nm
MOT allow for densities up to 5× 1010 cm−3, meanwhile retaining 40–70% of the initial
number of atoms. We also conclude that 389 nm laser cooling is superior to 1083 nm
laser cooling in every aspect of the compression. Together with the achieved low tem-
peratures, the experimental scheme presented has resulted in an improvement in phase-
space density by one order of magnitude, as compared to previous 1083 nm laser cooling
and trapping experiments. With the (yet unexplored) option to vary both the detun-
ing (Section 2.4.3) and the magnetic field gradient during the compression, even higher
densities and/or lower temperatures may become feasible in the near future. Mode-
matched transfer of the cold, dense cloud to a magnetic trap would greatly improve the
starting conditions for evaporative cooling. This may result in faster evaporative cooling
and, therefore, in larger ultracold clouds and Bose-Einstein condensates of metastable
helium.
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Exploiting the metastable energy of the helium atoms, we were able to measure ab-
solute production rates of ions and fast metastables produced in two-body collisions.
We analyzed the branching ratio between the different loss channels in photoassociative
collisions for both 1083 nm and 389 nm, and found that the production rates for ions
and fast metastables in the presence of 389 nm light are of the same order of magnitude.
This contrasts the 1083 nm situation, where the ion production dominates the fast He*
production by almost two orders of magnitude. In the latter case, we have identified
the mechanism which causes the fast metastables (due to FCC) observed earlier by Her-
schbach [46] and which also explains the relative weakness of FCC compared to PI. In
addition, we have proposed a mechanism which explains the production of relatively
many fast metastables by FCC in 389 nm photoassociative collisions. However, further
research will be required to verify the hypothesis. This requires a simple experimental
scheme to determine the kinetic energy spectrum of the fast metastables: a 389 nm probe
beam, to be switched off rapidly on a µs timescale by an AOM, and a fast amplification
stage after the He* detection would be sufficient to do the necessary TOF measurements.

Finally, we note that if the presented hypothesis is correct, the observation of fast
metastables escaping from the 389 nm MOT forms the first evidence that Penning ioniza-
tion is also suppressed in collisions between spin-polarized 2 3S and excited-state helium
atoms, which would be an interesting result. Although the PI suppression factor for spin-
polarized 2 3S + 2 3S collisions has been considered in detail both theoretically [18, 19, 72]
and experimentally [21, 22, 73], the suppression factor may be appreciably different for
spin-polarized collisions between helium atoms involving excited states other than the
2 3S state.
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Numerical analysis of the long-range interaction
in 2 3S + 2 3P and 2 3S + 3 3P helium dimer states

The resonant dipole-dipole interaction between atoms in S+P states plays a central role in many
phenomena exhibited by the MOT. It also provides the framework of photoassociation spectroscopy
of metastable helium [15]. Recently, 1083 nm photoassociation spectroscopy of He* gained in-
terest because of the prospect for a spectroscopic determination of the s-wave scattering length for
spin-polarized He* atoms [25, 30, 46]. Such an experiment necessitates a detailed treatment of
the interaction between two helium atoms in a 2 3S + 2 3P configuration. Possibly, the s-wave
scattering length can be obtained by 389 nm photoassociation spectroscopy as well. This chap-
ter will therefore deal with the interatomic interaction in both the 2 3S + 2 3P and 2 3S + 3 3P
configurations, to address the question whether 389 nm photoassociation spectroscopy would be
useful.

5.1 Introduction

5.1.1 Notation

Similar to atomic states, the (quasi)molecular states formed during a collision or by
photoassociation are characterized by a set of quantum numbers. Of these quantum
numbers, the angular momentum quantum numbers relate to operators which are com-
posed of the atomic angular momentum operators. Regarding the two atoms forming a
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(quasi)molecule the following atomic angular momentum operators are defined, where
the label X = A,B refers to atom A and atom B, respectively:

LX electronic orbital angular momentum of atom X

SX electronic spin of atom X

JX = LX + SX total electronic angular momentum of atom X

The quantum numbers belonging to the above operators are denoted by italic characters,
e.g. LX , SX , and JX . MJ ,X is the quantum number corresponding to the projection of JX
on the internuclear axis (which is defined to be the z-axis); ML,X and MS,X are defined
in a similar way. For the molecular states the following operators are defined:

L = LA + LB total electronic orbital angular momentum

S = SA + SB total electronic spin

 = L + S total electronic angular momentum

` nuclear rotational angular momentum

J = L + S + ` total molecular angular momentum

Some expressions in this chapter will involve atomic quantum numbers included in
atomic states like e.g. |nLSJMJ〉A. The label A then applies to all the quantum num-
bers of the state.

The molecular states that will be considered in this chapter are interesting from the
viewpoint of cold collisions. The low energy involved in such collisions, together with
the small helium atomic mass, implies a small nuclear rotational angular momentum `.
Therefore, most calculations will be carried out for ` = 0, as rotational corrections will
be small and may readily be included afterwards. Moreover, the small nuclear rotational
angular momentum plays a role in the choice of the particular Hund’s case coupling
scheme to be used for coupling the various angular momenta. Hund’s cases (b) and (d),
which deal with comparatively strong couplings between nuclear rotation and electronic
and spin angular momenta [74], become inappropriate because of the small nuclear rota-
tional angular momentum, leaving Hund’s cases (a) and (c) coupling as the only suitable
candidates.

5.1.2 Hund’s case (a) coupling scheme

The interaction between the atoms couples the electronic motion to the internuclear axis.
When the two atoms are relatively close such that the electrostatic atom-atom interaction
exceeds the relativistic (spin-orbit, spin-spin, etc.) interaction, the projection of L on the
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internuclear axis, Λ, is a good quantum number. The same is true for the projection of
S, Σ, as well as for the projection of J, Ω. In the absence of nuclear rotation, Ω = Λ + Σ.
If Λ and Σ are good quantum numbers, the Hund’s case (a) coupling scheme is valid, in
which a molecular state may be labeled by 2S+1Λσ. Here h̄2S(S + 1) is the eigenvalue of
S2, whereas the index σ designates gerade (g) or ungerade (u) inversion symmetry of all
electrons with respect to the molecular center of mass. This inversion symmetry holds
because the nuclei are identical. In the absence of nuclear rotation, states with Λ 6= 0
are doubly degenerate: it does not matter whether L precesses clockwise or counter-
clockwise about the internuclear axis or, equivalently, they are degenerate with respect
to reflection of the state in a plane containing the internuclear axis. Σ states (Λ = 0), how-
ever, are not changed upon reflection, and the reflection operation simply corresponds
to multiplication with a constant phase factor p. Double reflection in the same plane
leaves the state unaltered, which implies p = ±1. Correspondingly, one speaks of Σ+

and Σ− states. To completely specify a Hund’s (a) state, the quantum number Σ should
be included in the 2S+1Λ±

g/u
designation. However, it is customary to omit the label Σ in

Hund’s case (a) notation.

5.1.3 Hund’s case (c) coupling scheme

At large internuclear distance, the atomic relativistic interaction will be larger than the
electrostatic interaction between the atoms. This implies that L is coupled more strongly
to S than to the internuclear axis, and their projections Λ and Σ are no longer good quan-
tum numbers. Therefore, L and S have to be added vectorially to form the resultant ,
which then couples to the internuclear axis. In the absence of nuclear rotation, the pro-
jection of  corresponds to Ω, which remains a good quantum number. This scheme is
known as Hund’s case (c) coupling. States with a certain value of Ω obey the same g/u

symmetry rules as Hund’s case (a) states. Also, states with Ω 6= 0 are doubly degenerate,
whereas the reflection symmetry of states with Ω = 0 is indicated as 0+ and 0−. How-
ever, in contrast to g/u inversion symmetry, the reflection symmetry ± of a Hund’s case
(a) state is not necessarily equal to the ± symmetry of its Hund’s case (c) equivalent [75].

5.2 Molecular hamiltonian

The potential energy curves of the helium dimer states can be deduced from solving the
Schrödinger equation of the system. Following Ref. [30], the Schrödinger equation can
be written as

Ĥ|ψ〉 = (T̂n + T̂e + V̂ + Ĥrel)|ψ〉 = Eψ|ψ〉, (5.1)
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where T̂n and T̂e are the total nuclear and total electronic kinetic energy operators, respec-
tively. Furthermore, V̂ denotes the electrostatic interaction between all charged particles,
and therefore depends on the relative coordinates of the electrons and nuclei, as well
as on the internuclear separation, R. Finally, Ĥrel takes the relativistic (spin-orbit, spin-
spin etc.) interaction into account. In this form, Eq. (5.1) is extremely difficult to solve.
However, the aim is to compare the long-range † behavior of the interaction energy in
2 3S + 2 3P and 2 3S + 3 3P molecular states, without need for highly accurate results.
Therefore a number of approximations to Eq. (5.1) will be made, the consequences of
which will be discussed in Section 5.5.1.1.

5.2.1 Born-Oppenheimer approximation

As a first approximation to Eq. (5.1) the Born-Oppenheimer (BO) approximation is em-
ployed. According to the BO approximation, the molecular state can be written as

|ψ〉 = |χ〉|φ〉, (5.2)

thus uncoupling the nuclear part of the molecular state, |χ〉, from the electronic part of
the molecular state, |φ〉. In the BO approximation, effects of T̂n on |φ〉 are neglected.
Consequently, the electronic part of the Schrödinger equation (including only the elec-
tronic hamiltonian Ĥel) can be solved separately while assuming the nuclei to be fixed at
a distance R,

Ĥel|φ〉 = (T̂e + V̂ + Ĥrel)|φ〉 = Eφ(R)|φ〉. (5.3)

Here, the R-dependence of Eφ enters via the electrostatic interaction V̂ . It should also be
noted that Hrel operates on the electronic part of the state only, as the nuclei have zero
spin. In order to find the total molecular state |ψ〉, Eq. (5.2) and Eq. (5.3) are inserted into
Eq. (5.1) to obtain

Ĥ|χ〉|φ〉 = T̂n|χ〉|φ〉+Eφ(R)|χ〉|φ〉,
= {Eχ +Eφ(R)}|χ〉|φ〉. (5.4)

From the first line of Eq. (5.4) it can be seen that Eφ(R) serves as an R-dependent po-
tential in which the nuclei are embedded. Obviously, in the BO approximation the
R-dependence of the interaction energy of the molecular state is contained entirely in
Eφ(R). The ultimate goal thus narrows down to finding the solutions Eφ(R).

The part of Eφ(R) of interest is located at large internuclear distance, such that the
interaction between the atoms can be treated as a perturbation to the system of two

†In literature, the typical internuclear range of interest here is sometimes referred to as moderately long
internuclear range, to indicate that retardation effects are still comparatively small.
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noninteracting atoms (labeled A and B). This also excludes overlap between the elec-
tron clouds of the atoms, and justifies writing the electrostatic interaction as V̂ = V̂ (R).
V̂ (R) now describes only the long-range electrostatic interaction between the atoms, and
Eq. (5.3) is approximated as

Ĥel|φ〉 = (Ĥ0(A) + Ĥ0(B) + Ĥrel(A) + Ĥrel(B) + V̂ (R)|φ〉 = Eφ(R)|φ〉. (5.5)

Here, Ĥ0(X) and Ĥrel(X) are the nonrelativistic and the relativistic part of the hamil-
tonian of one isolated atom X , respectively. This approximation is known as the linear
combinations of atomic orbitals (LCAO) approximation.

5.2.2 Electrostatic interaction

The electrostatic interaction V̂ (R) between two identical atoms that show no overlap of
electron clouds, can be written as a multipole expansion [76]

V̂ (R) =
∞∑
i=1

∞∑
j=1

Vij(A,B)

Ri+j+1 , (5.6)

where

Vij(A,B) = (−1)j
min(i,j)∑
|m|=0

dm(i, j)Qim(A)Qj−m(B), (5.7)

with

dm(i, j) = (i+ j)!/
√

(i−m)!(i+m)!(j −m)!(j +m)!, (5.8)

Qim(A) =

√
4π

2i+ 1
riAY

m
i (θA,φA). (5.9)

Vij(A,B) represents the interaction between the electrostatic 2i-pole of atom A and the
electrostatic 2j-pole of atom B. rX , θX and φX are spherical coordinates for atom X (=

A,B).
The interaction energy can be obtained from perturbation theory up to second order

where the unperturbed system consists of the two separated atoms of which one is in
the lower state, and the other is in the excited state (e.g. 2 3S + 2 3P). The corresponding
electronic eigenstates of the unperturbed system are the zero-order electronic states. To
obtain solutions Eφ(R), first an appropriate basis set of zero-order electronic states of the
molecule to build up a hamiltonian matrix is chosen; the matrix form of the hamiltonian
Ĥ with respect to a certain basis B will be denoted as MBB(Ĥ). The next step consists
of diagonalization of the hamiltonian matrix, which results in eigenvalues Eφ(R), and
molecular eigenstates |φ〉 expressed as linear combinations of the zero-order molecular
states.
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5.3 Molecular hamiltonian matrix elements

5.3.1 Basis sets of zero-order electronic states of the molecule

The form of Eq. (5.5) suggests that the zero-order states are written as products of non-
overlapping and noninteracting atomic states |A〉|B〉. In principle, any complete set of
atomic observables is appropriate. For example, if L and S are good quantum numbers,
an atomic state |A〉may be represented either by |nLSMLMS〉A, or by |nLSJMJ〉A.

5.3.2 Atomic nonrelativistic and relativistic interaction

A basis set, C, is selected, consisting of the zero-order states

|(JMJ)A; (J ′M ′J)B〉 = |LSJMJ〉A|L′S′J ′M ′J〉B (5.10)

where the labels inside a ket |...〉X or group (...)X refer to atomic quantum numbers be-
longing to atom X . For brevity, product states like those in Eq. (5.10) will sometimes
be indicated as |φ〉. As only n 3S + n′ 3P combinations of atomic states are considered
with n = 2, the label n for the principal quantum number is redundant and therefore
omitted. In this representation, both the nonrelativistic interaction Ĥ0 = Ĥ0(A) + Ĥ0(B)

and the relativistic interaction Ĥrel = Ĥrel(A) + Ĥrel(B) can conveniently be included in
the hamiltonian matrix. This can be seen by evaluating the matrix elements 〈1|Ĥatoms|2〉,
where Ĥatoms = Ĥ0 + Ĥrel, and |1〉 and |2〉 elements of C. This results in

〈1|Ĥatoms|2〉 = 〈(J1MJ ,1)A; (J ′1M
′
J ,1)B|Ĥatoms|(J2MJ ,2)A; (J ′2M

′
J ,2)B〉

= δJ1,J2δJ ′1,J ′2
δMJ ,1,MJ ,2δM ′J ,1,M ′J ,2

· [E0 + ∆rel(JP)]. (5.11)

Here, JP corresponds to the value of J of the atomic P-state, and

∆rel(JP) =


0 if JP = 2

∆J=2↔1 if JP = 1

∆J=2↔1 + ∆J=1↔0 if JP = 0

. (5.12)

The fine-structure splittings ∆J=i↔j appear as diagonal entries, and E0 is the energy of
the 2 3S1 + n 3P2 configuration (n = 2, 3). The nonzero matrix elements in Eq. (5.11)
are effectively matrix elements of H0 and only one atomic relativistic operator, Ĥrel(A)

or Ĥrel(B), since one of the atoms is always in an S state, which has no fine structure.
Thus, in the absence of any interatomic interaction, the energy spectrum of the zero-order
states C simply corresponds to the fine-structure multiplet of all possible 2 3S1 + n 3PJP

configurations.
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Furthermore, an electronic state |A〉|B〉 ∈ C is degenerate with |B〉|A〉, and in prin-
ciple one would have to take linear combinations of these states which have the correct
symmetry properties. These follow from the usual parity considerations, and one de-
rives that the resulting states should be symmetric or antisymmetric under exchange of
the labels A and B. It is straightforward to show that the resulting basis, denoted by C̃,
gives rise to the same hamiltonian matrix (or MCC(Ĥatoms) = MC̃C̃(Ĥatoms)). The elements
of C̃ correspond to the Hund’s case (c)-coupled states.

5.3.3 Retarded resonant dipole-dipole interaction

5.3.3.1 Matrix elements of the resonant dipole-dipole interaction

Another approximation is the application of first-order perturbation theory to account
for the electrostatic interaction between 2 3S and n 3P atoms. This is equivalent to retain-
ing only the leading term of the multipole expansion. However, the spherical harmon-
ics in Eq. (5.9) imply that the electrostatic interaction involves the quantum numbers of
the atomic orbital angular momenta, LX , and their projections on the internuclear axis,
ML,X , rather than the quantum numbers of JX . Therefore, to evaluate the effect of the
electrostatic interaction, the zero-order states (5.10) have to be expanded in zero-order
states |(LSMLMS)A; (L′S′M ′LM

′
S)B〉. This is readily done using Clebsch-Gordan coeffi-

cients:

|(JMJ)A; (J ′M ′J)B〉 = {
∑

ML,MS

〈LSMLMS |JMJ〉|LSMLMS〉}A

×{
∑

M ′L,M ′S

〈L′S′M ′LM ′S |J ′M ′J〉B|L′S′M ′LM ′S〉}B .

(5.13)

From first-order perturbation theory it follows that the matrix elements of the multipolar
electrostatic interaction, coupling two states |1〉 and |2〉, are given by

〈1|Vij(A,B)|2〉 =

〈(L1S1ML,1MS,1)A; (L′1S
′
1M
′
L,1M

′
S,1)B|Vij(A,B)|(L2S2ML,2MS,2)A; (L′2S

′
2M
′
L,2M

′
S,2)B〉.

(5.14)

In the absence of relativistic interactions, diagonalization of the corresponding matrix
yields the first-order corrections to the energy of the S+P system consisting of isolated,
nonrelativistic atoms. It can be shown that the eigenstates of this system are Hund’s
case (a)-coupled states [77]. Or, equivalently, in the Hund’s case (a) representation the
dipole-dipole interaction is diagonal.
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Making use of Eqs. (5.6)−(5.9) one obtains [76]

〈1|Vij(A,B)|2〉 = dm(i, j)AiA(m)AjB(−m)RiAR
j
B ×

1
Ri+j+1 , (5.15)

where m = ML,1 −ML,2 ,

AiA(m) = (−1)L1−ML,1

 L1 i L2

−ML,1 m ML,2

 δS1S2δMS,1MS,2 , (5.16)

and

RiA = (−1)L1
√

(2L1 + 1)(2L2 + 1)

L1 i L2

0 0 0

 〈L1||riA||L2〉. (5.17)

The quantitiesAjB(−m) andRjB are given by expressions similar to Eqs. (5.16) and (5.17),
involving primed quantum numbers. Finally, |〈L1||riA||L2〉|2 is the line strength of the
involved atomic dipole transition.

Some important information can be extracted a priori from the Wigner 3-J symbol in
the expressions forA andR. First, Eq. (5.16) dictates thatML,1 +M ′L,1 = ML,2 +M ′L,2 = Λ.
Since the electrostatic interaction does not involve the spin of the state, Ω1 = Ω2 also
holds. Furthermore, it follows from Eq. (5.17) that the relation i+ j = even must hold at
all times. Expanding the total electrostatic interaction Eφes (for a certain S+P-state |φ〉) in
a power series in R−1, one can thus write

Eφes =
∞∑
n=1

aφ2n+1
C2n+1

R2n+1 . (5.18)

TheC2n+1 coefficients are also known as dispersion coefficients, and the coefficients aφ2n+1
will be identified below.

Finally, for S+P combinations of helium atoms, the Wigner 3-J symbol in Eq. (5.17)
vanishes unless i = j = 1. Hence the first-order contribution to the energy solely consists
of the aφ3C3/R3 term. By definition, C3 equals the squared atomic dipole matrix element
µ2 which is one third of the line strength [78]:

C3 = µ2 =
1
3
|〈L1||riA||L2〉|2. (5.19)

Of course, aφ3C3/R3 = E11(1, 2). Comparing Eq. (5.19) with Eqs. (5.14)−(5.17) shows that
aφ3 is equal to three times the total factor preceding |〈L1||riA||L2〉|2 in Eq. (5.15). In fact, it is
the sign and the magnitude of the quantum numbersML,X (or, equivalently, Λ) involved,
which determine the magnitude and sign of aφ3 .
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The effect of the resonant dipole-dipole interaction essentially is to couple states
|(γ LML)A; (γ′ L′M ′L)B〉 (where γ denotes all other quantum numbers); for example the
state |(γ 1ML)A; (γ′ 00)B〉 is coupled to |(γ′ 00)A; (γ 1ML)B〉. As Eq. (5.19) already sug-
gests, the resonant dipole-dipole interaction is related to the dipole transition connecting
the atomic |γLML〉 and |γ′00〉 states. Writing V̂3 for the resonant dipole-dipole interac-
tion, it can now be shown that MCC(V̂3) consists of purely off-diagonal matrix elements.

5.3.3.2 Retardation

When considering the interaction between two atoms at long range, retardation (the ef-
fect of the finite speed of light and, thus, of the interaction) becomes important. This
relativistic phenomenon has been treated by Meath [79], and the effect of retardation is
to modify the C3 coefficients by

C3 =


C3/R3 × {cos(kR) + kR sin(kR)} if Λ = 0,

C3/R3 × {cos(kR) + kR sin(kR)− (kR)2 cos(kR)} if Λ = ±1,
(5.20)

where k = 2π/λ is the wave number of the 2 3S→ n 3P transition (n = 2, 3).

5.3.4 Van der Waals interaction

Application of second-order perturbation theory to the electrostatic interaction results in
additional energy shifts which can be written as a power series [77]

bφ2(n+2)
C2(n+2)/R

2(n+2), (5.21)

where n = 1, 2, ... These energy shifts are also diagonal in a Hund’s case (a) representa-
tion, and the bφ2(n+2)

are coefficients depending on the value of Λ of a state |φ〉. The coeffi-

cient C6 of the leading term corresponds to the Van der Waals interaction V̂6 = bφ6C6/R6.
However, C6 is considerably more difficult to obtain than C3 (see, for example, Ref. [76]).
For both the 2 3S + 2 3P and 2 3S + 3 3P combinations, values for bφ6C6 calculated by Mari-
nescu [80] are used. It turns out that the coefficients bφ6 all have a negative sign for the
S+P configurations under consideration here. Hence, as opposed to the resonant dipole-
dipole interaction, the Van der Waals interaction is always attractive.

Neglecting higher-order terms in the expansion in Eq. (5.21), the total electronic hamil-
tonian becomes

Ĥel = Ĥatoms + V̂3 + V̂6. (5.22)

It is known for the 2 3S + 2 3P system that the C6/R6 contribution to the energy is small
for the internuclear range of interest [25]. Therefore retardation corrections to the C6

coefficients are ignored.
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Table 5.1. Values of constants used in the calculation, and their sources.

2 3S + 2 3P 2 3S + 3 3P

∆J=2↔1 (GHz) 2.291 174a 0.659 4b

∆J=1↔0 (GHz) 29.616 951c 8.115 3b

C3 (a.u.) 6.410 22d 0.275 201e

bφ6C6 (Σ) (a.u.) 2 620.76f 69 918.11g

bφ6C6 (Π) (a.u.) 1 846.60f 36 013.50g

aStorry et al. [81]
bDrake [82]
cGeorge et al. [83]
dDrake [84]
eDrake [33]
fMarinescu [84]
gMarinescu [80]

5.4 Computational aspects

The total hamiltonian matrix is built up using the MATHEMATICA computer program.
As Ω is a good quantum number, the total matrix consists of blocks of equal Ω which can
be diagonalized separately. This speeds up the calculation considerably. However, the
diagonalization of each submatrix essentially requires the same procedure as the diag-
onalization of the total hamiltonian matrix, and in the following the diagonalization of
the total hamiltonian matrix only is considered. First the diagonal matrix MCC(Ĥatoms) is
constructed as prescribed by Eq. (5.11). As input the fine-structure splittings and C3 co-
efficients listed in Table 5.1 are used. An algorithm first evaluates the relativistic matrix
elements one by one and puts each result on the corresponding position in the matrix.
The next step consists of building up the resonant dipole-dipole part of the hamiltonian
matrix, MCC(V̂3). Again, an algorithm evaluates each matrix element; however, the states
involved are expanded as in Eq. (5.13) before calculating the matrix elements by means
of Eq. (5.15).

The matrix MCC(V̂3) can be diagonalized separately, resulting in a matrix MAA(V̂3). The
corresponding eigenvectors form the columns of a matrix MAC which governs the trans-
formation from the basis C to the basis A. The diagonalization can thus be written as

MAA(V̂3) = MCA ·MCC(V̂3) ·MAC . (5.23)

Apart from symmetry properties, the basis A is equivalent to the Hund’s case (a) states
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in which V̂3 is diagonal. With matrix MAC one can now switch between representations
of any matrix in the bases A and C. This becomes very useful in the next step of adding
the Van der Waals interaction, which is done as follows. The diagonal matrix MAA(V̂6) is
added to MAA(V̂3), after which the resulting matrix is transformed back to the represen-
tation C using MCA = (MAC )−1. The values for the C6 constants are tabulated in Table 5.1.
Diagonalization of the thus obtained matrix MCC(Ĥel) eventually results in the nondegen-
erate eigenvalues Eφ(R). Because of this nondegeneracy, the corresponding eigenstates
|φ〉 are unique and must possess the correct symmetry properties, expressed in Hund’s
case (c) labeling as |Ω(±)

g/u
〉. The obtained eigenvectors contain the coefficients fi of the

expansion
|φ〉 = |Ω(±)

g/u
〉 =

∑
i

fi|(J ,MJ)A; (J ′, Ω−MJ)B〉, (5.24)

where the summation over i effectively runs over all sets {L,L′, J , J ′,MJ} having a total
projected angular momentum Ω.

5.5 Results

5.5.1 2 3S + 2 3P potential energy curves

For the 2 3S + 2 3P configuration, the calculated potential energy curvesEφ(R) are plotted
together in Fig. 5.1(a). In addition, in Figs. 5.2(a)−(d) the same curves are grouped by Ω

and labeled according to their Hund’s case (c) symmetry. The overall appearance of the
curves is similar to those previously obtained by others [30, 84, 85].

By projecting the obtained eigenstates on the Hund’s case (a) basis, the admixture
of the several Hund’s case (a) states in the wavefunction can be inferred at any inter-
nuclear distance R. The R-dependent contribution of the electrostatic interaction intro-
duces an R-dependence in the composition of a particular |Ω(±)

u/g
〉 state. Projection of the

Hund’s case (c) eigenstates onto Hund’s case (a) states is done after expanding both the
involved states into the product states |LSMLMS〉A|L′S′M ′LM ′S〉B . For the state |Ω(±)

u/g
〉,

this involves the expansion in Eq. (5.24), followed by the transformation in Eq. (5.13).
Assuming that LA > LB , expansion of the Hund’s case (a) states |2S+1Λ

(±)
u/g
〉 is done by

writing [77]

|2S+1Λ
(±)
u/g
〉 =

1√
2
{|SΣΛ, Λ−ML,A〉AB ± (−1)SA+SB+S+1|SΣΛ, Λ−ML,A〉BA}, (5.25a)

where the ± sign in the righthand side relates to the u/g label; the sign of ML,A deter-

95



Chapter 5

2 3S1 + 2 3P0

2 3S1 + 3 3P0

2 3S1 + 2 3P1

2 3S1 + 2 3P2

2 3S1 + 3 3P1

2 3S1 + 3 3P2

(a)

(b)

el
ec
tr
o
n
 c
lo
u
d
s 
o
v
er
la
p

 2
n
d
-o
rd
er

 p
er
tu
rb
at
io
n
 t
h
eo
ry

 d
iv
er
g
es

0 50 100 150 200 250

R (a0)

−2.5

0.0

2.5

5.0

7.5

10.0

12.5

E
n
er
g
y
 (
G
H
z)

0 100 200 300 400 500

R (a0)

−10

0

10

20

30

40
E
n
er
g
y
 (
G
H
z)

el
ec
tr
o
n
 c
lo
u
d
s 
o
v
er
la
p

Figure 5.1. (a) All potential energy curves connecting to the 2 3S1 + 2 3PJ=0,1,2 asymptotes. The

short-range behavior (dark-gray area) of the curves due to overlap of the electronic clouds is

unknown and therefore not shown. (b) All potential energy curves connecting to the 2 3S1 +

3 3PJ=0,1,2 asymptotes. Again, the short-range part of the potential energy curves is not shown.

The light-gray area indicates the range where second-order energy contributions diverge such

that higher-order contributions should be taken into account.
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Figure 5.2. Hund’s case (c) states of the 2 3S + 2 3P system for (a) Ω = 0, (b) |Ω| = 1, (c) |Ω| = 2,

and (d) |Ω| = 3.
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mines the ± label of the state for Λ = 0. Furthermore,

|SΣΛ, Λ−ML,A〉AB =
SA∑

MS=−SA

〈SASBMS , Σ−MS |SΣ〉|LSMLMS〉A|L′S, Λ−ML, Σ−MS〉B .

(5.25b)

Again, quantum numbers within a ket |...〉X are atomic quantum numbers belonging to
atom X , except for the molecular labels Λ and Σ. Furthermore, the summation index
MS equals MS,A , and consequently MS,B ≡ Σ−MS . For |SΣΛ, Λ−ML,A〉BA there exists
a second relation similar to Eq. (5.25b), but with the labels A and B interchanged and
the summation over MS ≡ MS,B now running from −SB to SB . The two expansions in
Eq. (5.13) and Eqs. (5.25) allow direct evaluation of the projection 〈Ω(±)

u/g
|2S+1Λ

(±)
u/g
〉, where

Σ is now determined by Ω and Λ via Σ = Ω− Λ. Consider, for example, the 0−g state
below the 2 3S1 + 2 3P2 asymptote in Fig. 5.2(a). The squared absolute projection of this
state onto the composing Hund’s case (a) states is plotted as a function of R in Fig. 5.3.
Here, one should realize that the contribution of a Π state needs to be counted twice to
account for double degeneracy (Section 5.1.2). The curves indicate a change from a pure
Hund’s case (c) state to a single Hund’s case (a) state for decreasing R. The sum of the
curves equals unity for all R, which proves that all constituents are shown here.

Similarly, it can be shown that the lowest-lying attractive states below the 2 3S1 + 2 3P2

asymptote couple predominantly to 1,5Σ+
u and 3Σ+

g states at short internuclear distance.
During a photoassociative collision, the relatively large Condon radius of these states
causes them to be excited with a relatively large probability by 1083 nm light detuned
slightly to the red of the 2 3S1 → 2 3P2 transition. This establishes the link between
photoassociative collisions and the fine-structure-changing mechanism involving 3Σ+

g

potentials, used to explain the origin of fast metastables escaping from the 1083 nm MOT
in Section 4.4.2.2.

5.5.1.1 Effect of the BO approximation

The Born-Oppenheimer approximation ignores effects of the nuclear motion on the elec-
tronic state. However, in the preceding section it was shown that the composition of
the electronic state is dependent on the internuclear separation and, thus, the nuclear
motion. To elucidate the effect of the nuclear motion on the electronic state, the nuclear
hamiltonian is written as

T̂n = − h̄
2

2µ

(
1
R

∂2

∂R2R−
`2

h̄2R2

)
. (5.26)
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Figure 5.3. Squared absolute projection of the 0−g state (located below the 2 3S1 + 2 3P2 energy

asymptote) onto the composing Hund’s case (a) states. The sum of the three curves equals unity

for all R.

The first term on the right-hand side operates on the electronic state via itsR dependence
—an effect that was ignored in the calculation by virtue of Eq. (5.4). The second term can
be rewritten using [30]

`2 = (J− L− S)2

= J2 + L2 + S2 − 2Jz + 2LzSz + (L+S− +L−S+)

−(J+L− + J−L+)− (J+S− + J−S+). (5.27)

The occurence of ladder operators gives rise to extra couplings between states within a
certain configuration Ω

(±)
u/g

, as well as between states states with different Ω. These cou-
plings can cause additional avoided crossings.

Furthermore, the nuclear rotation imposes rotational barriers on the potential energy
experienced by the nuclei, proportional to h̄2`(`+ 1)/2µR2. Because of symmetry require-
ments, certain states can only exist for ` = 1. For these states, this adds a ”permanent”
rotational barrier to the interaction. In the next two sections, the effect of the BO ap-
proximation and the effect of neglecting higher-order contributions of the electrostatic
interaction will be quantified to some extent.
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5.5.1.2 Purely long-range bound states in the 2 3S + 2 3P system

In Fig. 5.2 it can be seen that states of the same symmetry can produce avoided crossings.
This phenomenon is caused by the relativistic interactions, as they mix the eigenstates A
of V̂3 which would have resulted in simple R−3 curves when the relativistic interaction
would have been absent. The avoided crossings may give rise to potential wells, as
can be seen for the 0+

u state below the 2 3S1 + 23P0 asymptote in Fig. 5.2(a). Some of
these potential wells have the interesting property that they support purely long-range
bound states of nuclear motion. Examples are the 0+

u (2 3S1 + 2 3P0), 0−u (2 3S1 + 2 3P1), 1g
(2 3S1 + 2 3P0), and 2u (2 3S1 + 2 3P1) potentials. Since the classically forbidden region for
these states lies at R > 140 a0, the internuclear separation is always too large for Penning
ionization to take place. The lifetime of these states is therefore limited by the sponta-
neous emission lifetime, which is about 1/2τatomic = 50 ns [86]. Recently, bound states
in the 0+

u state below the 2 3S1 + 2 3P0 asymptote have been observed experimentally by
1083 nm photoassociation spectroscopy [25].

To compare the accuracy of the potential energy curves with existing data, the lo-
cation of bound states in the 0+

u potential well has been determined. For this purpose,
the LEVEL 7.5 code by Le Roy has been employed [87]. Because of symmetry consid-
erations, these states can only exist when J = 1, which is included in the calculation.
The thus found binding energies of the vibrational states in the 0+

u potential are given in
Table 5.2 (column A). For comparison, results from a mapped-Fourier-grid calculation,
in which the binding energies are obtained to several degrees of accuracy [88], are also
shown. Listed are the results within the same approximation (column B), and results in-
cluding full rovibrational couplings (column C). The results in column C are in excellent
agreement with those from a full multichannel calculation by Venturi et al. [84], which
are not listed. From this comparison, a discrepancy with the results from the most real-
istic calculation (column C) is obvious, which gives an indication of the accuracy of the
results of the present work.

5.5.1.3 Spectroscopic determination of the He* s-wave scattering length

The authors of Ref. [25] propose a method to experimentally determine the s-wave scat-
tering length using purely long-range bound states via a two-photon stimulated Raman
transition, schematically depicted in Fig. 5.4. The first step consists of excitation by
1083 nm light with frequency ω1 to populate a bound state in the 0+

u potential well below
the 2 3S1 + 2 3P0 asymptote. This should be followed by a second stimulated transition
down to the least-bound (v = 14) vibrational level in the 5Σ+

g (2 3S + 2 3S ) state, using a
second 1083 nm light field with frequency ω2. The frequency difference ω2−ω1 is directly
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Table 5.2. Binding energies of the v = 0− 5, J = 1 vibrational levels in the 0+
u state. Column

A: results of this work. Column (B): results in a similar approximation [88]. Column (C): results

taking all rovibrational couplings into account. In the rightmost column the FC factors for a

transition to the v = 14 state in the 5Σ+
g ( 2 3S + 2 3S ) potential are listed, where [m] ≡ 10m.

v A B C FC factor

0 −1479.75 −1469.33 −1418.1 1.5[−1]

1 −688.30 −682.00 −649.0 3.5[−5]

2 −274.59 −272.62 −253.12 1.5[−2]

3 −91.71 −89.40 −79.65 1.4[−3]

4 −22.76 −22.23 −18.30 6.9[−4]

5 −4.77 −3.70 −2.59 1.6[−4]

related to the binding energy of the v = 14 vibrational state. From the binding energy,
the s-wave scattering length may be inferred [89].

The proposed scheme exploits the long range covered by the bound states in the 0+
u

potential well: excitation of this state can take place at long range, which ensures a high
excitation rate. To make the stimulated downward transition, sufficient Franck-Condon
(FC) overlap with the v = 14 state in the 5Σ+

g potential is necessary. This is possible
by virtue of the relatively inward location of the inner-turning point of the purely long-
range bound state.

The reason to look for similar potential wells in the 2 3S + 3 3P system is now readily
explained. For the determination of the s-wave scattering length it is essential to have
sufficient FC overlap with the lower vibrational state. Therefore, an upper-state potential
well at a more inward location may result in better FC overlap. The location of the well
is determined by the avoided crossing between a bonding and an antibonding C3/R3

curve (due to the relativistic interaction), and it may be interpreted as a typical inter-
nuclear range of the interaction. The approximate location of such an avoided crossing
can be deduced from the general dependence of C3 and the fine-structure splittings ∆fs

on the transition wavelength λ and the principal quantum number n in a 2 3S + n 3P
configuration:

C3 ∝ λ3,

∆fs ∝ n−3.
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Figure 5.4. Schematic view on the two-photon stimulated Raman transition to determine the

binding energy of the least-bound (v = 14) level in the 5Σ+
g (2 3S + 2 3S) potential. From the

binding energy the s-wave scattering length for collisions in the 5Σ+
g potential may be inferred.

Using these dependences it is straightforward to show that the 2 3S + 3 3P well is es-
timated to be located at (n′/n)(λ′/λ) = (3/2)(389/1083) ≈ 0.54 times the location of
the 2 3S + 2 3P well (here the 1083 nm and 389 nm transitions are tacitly assumed to have
equal linewidths). Therefore, the downward transition from a bound state in a 2 3S + 3 3P
well may be accompanied by a relatively large FC factor. This issue is further discussed
in Section 5.5.2.

The LEVEL 7.5 code is also suitable to calculate Franck-Condon factors for transi-
tions between molecular states. Given the two relevant potential energy curves, the code
solves for the vibrational state wavefunctions and subsequently calculates the square of
their overlap integral, which corresponds to the FC factor. As input the present results
for the upper state, and accurate ab initio data from Gadea et al. [90] for the lower state
are used. As the spectroscopic determination focuses on the transitions to the v = 14
vibrational state in the 5Σ+

g potential, the FC factors obtained for the transitions from all
the vibrational states confined in the 0+

u potential are listed in Table 5.2 The transition
from the v = 0 state has the largest FC factor. This is explained by the fact that the am-
plitude of the v = 14 wavefunction in the 5Σ+

g potential displays a broad peak between
R = 30 a0 and R = 300 a0. On this length scale, all upper states except v = 0 show
oscillatory behavior giving rise to largely cancelling positive and negative contributions
to the overlap integral.
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5.5.2 2 3S + 3 3P potential energy curves

As can be seen in Table 5.1, the C3 and C6 coefficients for the 2 3S + 2 3P and 2 3S + 3 3P
systems are quite different. The C3 coefficient is considerably smaller for the 2 3S + 3 3P
system than for the 2 3S + 2 3P system, which is due to the different linestrengths of the
389 nm and 1083 nm transitions. On the other hand, the C6 coefficient is much larger for
2 3S + 3 3P than for 2 3S + 2 3P. This is due to the larger polarizability of a 1s 3p-helium
atom compared to a 1s 2p helium atom.

The ratio between C3 and C6 for the 2 3S + 3 3P system implies that the first-order and
second-order energy contributions become comparable in size around R = (C6/C3)1/3 ≈
60 a0 (by contrast, the contribution of the C6/R6 interaction to the 2 3S + 2 3P energy is
below the 10−3 level for distances R > 60 a0). This implies that second-order perturba-
tion theory is no longer adequate, and higher-order terms should be taken into account.
Marinescu and Dalgarno [91] already pointed out that an expansion in 1/R may not
be useful to describe the electrostatic interaction between atoms in highly excited states.
Also, the second-order energy contributions C2n+1/R2n+1 with n ≥ 4 can no longer be
neglected. The values of the higher-order dispersion coefficients, however, are presently
unavailable. Furthermore, retardation effects in the second-order interaction may also
have to be taken into account. This is especially true for the 2 3S + 3 3P system: com-
pared to the 2 3S + 2 3P system, the typical internuclear range scales down by about a
factor of two (Section 5.5.1.2), whereas the retardation scale (set by the wave number k)
scales down by nearly a factor of three.

Figure 5.5 depicts the molecular potential energy curves for the 2 3S + 3 3P system.
The presence of bound states in, for instance, the 0+

u (2 3S1 + 3 3P0) potential depends
on the electrostatic interaction in the range R < 60 a0. However, this range lies outside
the range of validity of the present calculation. It is to be expected that the attractive
behavior of the potential energy curves, visible in this region, is not real. Higher-order
terms may lead to antibonding behavior at shorter internuclear range, and the existence
of purely long-range bound states in the 2 3S + 3 3P system remains an open question.
As other calculations on the 2 3S + 3 3P system are not available, there is no possibility to
check the accuracy of the present results.

To illustrate that a bound state in the 0+
u (2 3S1 + 3 3P0) potential, if present, may have

interesting prospects for extraction of the s-wave scattering length, the 0+
u potential has

been calculated including only theC3/R3 and relativistic interaction. Then a result similar
to the 0+

u (2 3S1 + 2 3P0) potential is found. This potential supports only the v = 0, J = 1
vibrational level with a binding energy of ∼ 60 MHz, and having a FC factor of 0.49 for
the transition to the 5Σ+

g (v = 14, J = 0) state. The inner turning point lies at 80 a0, and
the outer turning point at 270 a0, which would ensure a reasonable photoassociation rate
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and (d) |Ω| = 3. In the shaded region, description of the electrostatic interaction by second-order

perturbation theory is inadequate.
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Numerical analysis of the long-range interaction...

at He* densities obtainable in a 1083 nm MOT.

5.5.3 Conclusion and outlook

The interaction between helium atoms in 2 3S + 2 3P and 2 3S + 3 3P states has been
investigated numerically within the Born-Oppenheimer approximation. A Hamiltonian
matrix, including the full atomic relativistic interaction and the electrostatic interaction
to second-order, is constructed and diagonalized. This procedure has reproduced 2 3S +

2 3P potential energy curves that are in reasonable agreement with previous reported
results. However, for the 2 3S + 3 3P the combination of a relatively small C3 coefficient
and a relatively largeC6 coefficient implies that the application of perturbation theory for
the electrostatic interaction is only valid for sufficiently large internuclear range. Purely
long-range potentials might exist; however, the repulsive inner part of these potentials
lies at too short an internuclear range to be calculated.

If purely long-range bound states exist in the 2 3S + 3 3P system, they may be probed.
If the binding energy is not too large, the outer turning point (where the state is excited)
lies at sufficiently long range to ensure a reasonable excitation rate at densities obtainable
in a 1083 nm MOT. Then, photoassociation using 389 nm light, detuned to the red of the
2 3S1 → 3 3P0 transition, should result in a background ion signal due to two-photon ion-
ization of single atoms (Section 3.4.2.2), and an ion signal due to two-photon ionization
of photoassociated helium dimers. The latter process will be enhanced when the 389 nm
light is scanned near the the photoassociation resonance frequency, and may therefore be
distinguished from the background signal.
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[76] B. Bussery and M. Aubert-Frécon, J. Chem. Phys. 82, 3224 (1985).

[77] T. Y. Chang, Rev. Mod. Phys. 39, 911 (1967).

[78] R. C. Hilborn, Amer. J. Phys. 50, 982 (1982).

[79] W. J. Meath, J. Chem. Phys. 48, 227 (1968).

[80] E. Tiesinga and I. B. Whittingham (private communication).

[81] C. H. Storry, M. C. George, and E. A. Hessels, Phys. Rev. Lett. 84, 3274 (2000).

[82] G. W. F. Drake, Can. J. Phys. 76, 679 (1998).

[83] M. C. George, L. D. Lombardi, and E. A. Hessels, Phys. Rev. Lett. 87, 173002 (2001).

[84] V. Venturi, P. J. Leo, E. Tiesinga, C. J. Williams, and I. B. Whittingham, Phys. Rev. A
68, 022706 (2003).

[85] G. Woestenenk, Ph.D. thesis, Universiteit Utrecht, Utrecht (2001).

[86] M. J. Stephen, J. Chem. Phys. 40, 669 (1964).

[87] R. J. Le Roy, LEVEL 7.5: A Computer Program for Solving the Radial Schrödinger Equa-
tion for Bound and Quasibound Levels, University of Waterloo Chemical Physics Re-
search Report CP-655 (2002), the source code and manual for this program may be
obtained from the worldwide web, URL http://leroy.uwaterloo.ca .
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[90] F. X. Gadéa, T. Leininger, and A. S. Dickinson, J. Chem. Phys. 117, 7122 (2002).

[91] M. Marinescu and A. Dalgarno, Phys. Rev. A 52, 311 (1995).

111

http://leroy.uwaterloo.ca




Publications

This thesis is based on the following publications:

Chapter 2 J. C. J. Koelemeij, W. Hogervorst, and W. Vassen,

to be submitted.

Chapter 3 J. C. J. Koelemeij, R. J. W. Stas, W. Hogervorst, and W. Vassen,

Magneto-optical trap for metastable helium at 389 nm,

Phys. Rev. A 67, 053406 (2003).

Chapter 4 A. S. Tychkov, J. C. J. Koelemeij, T. Jeltes, W. Hogervorst, and W. Vassen,

Two-color magneto-optical trap for metastable helium, submitted;

J. C. J. Koelemeij, A. S. Tychkov, T. Jeltes, W. Hogervorst, and W. Vassen,

High densities and photoassociative collisions in a two-color magneto-optical

trap for metastable helium, submitted.

Other publications to which the author contributed:

J. C. J. Koelemeij, A. de Lange, and W. Ubachs,

Search for outer-well states above the ionization potential in H-2,

Chem. Phys. 287, 349 (2003).

113





Summary

Since the first proposals in 1975 for manipulation of atoms with near-resonant laser light,
laser cooling and trapping of atoms has resulted in many new developments in experi-
mental physics. Perhaps the most exciting example is the field of Bose-Einstein conden-
sation (BEC), which is firmly based on laser cooling and trapping techniques. BEC in
a gaseous cloud of indistinguishable bosonic atoms occurs when the wavelength of the
atomic wavepacket exceeds the interatomic distance. The atomic ensemble then obeys
Bose-Einstein statistics rather than classical Boltzmann statistics, and the cloud exhibits
macroscopic quantum-mechanical wave properties. The condition for BEC, a high (∼ 1)

phase-space density, translates to (sub)microkelvin temperature and ∼ 1014 cm−3 den-
sity for a gaseous sample of atoms. Over the years, laser cooling and trapping techniques
such as the magneto-optical trap (MOT) have been refined to approach these conditions,
although the final step towards BEC requires a purely magnetic trap or an off-resonant
optical trap and evaporative cooling methods. The improvements in MOT density were
partly based on knowledge obtained from cold-collision experiments. The study of cold
collisions in the presence of near-resonant light exemplifies another branch of experi-
mental physics which arose from the earliest laser cooling and trapping experiments.

The experiments described in this thesis involve laser cooling and trapping of triplet
metastable helium (He*) atoms, which is usually done using 1083 nm laser light. The me-
tastable state has an∼ 8×103 s lifetime which is practically infinite on typical experimen-
tal timescales, while the large internal energy (19.8 eV) enables detection of single He*
atoms by electron multipliers. One of the major goals of cooling and trapping metastable
helium has been the achievement of BEC. In contrast to “common” BECs consisting of
ground-state alkali atoms, BEC of He* is rather spectacular as the internal energy of the
atoms exceeds the typical BEC energy scale by many orders of magnitude. However,
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aligning the spins of the He* atoms in the magnetic trap (spin polarization) suppresses the
occurrence of Penning-ionizing collisions, during which the total energy of two metasta-
bles is released and both He* atoms are lost from the trap. It was demonstrated in 2001
by two groups in France that BEC in a spin-polarized He* cloud is indeed feasible. In the
magneto-optical trap, however, spin polarization is not possible, and Penning ioniza-
tion dominates the loss of metastables. Here, Penning ionization occurs mainly through
two-body photoassociative collisions, in which two approaching atoms are excited by the
MOT light to a bound molecular dimer state. In this molecular state, the two atoms ex-
perience an attractive force accelerating them towards the short internuclear distances
where Penning ionization takes place. This process limits the density in the MOT, which
is unfavorable for the further experimental steps towards BEC.

In an attempt to improve the density in a He* MOT, in this thesis laser cooling and
trapping at 389 nm is investigated. Using 389 nm photons a three-times larger force than
with 1083 nm can be exerted on the He* atoms, allowing for a substantial decrease of the
trapping volume of the MOT. However, until then it had been unknown whether colli-
sional losses in the presence of 389 nm light would be larger or smaller than in 1083 nm
light. In case of small losses, the compression of the cloud might result in a large density.

For this experiment, a powerful 389 nm laser system was constructed and frequency
stabilized to the 389 nm transition in helium. The laser setup, based on a frequency-
doubled titanium:sapphire laser, produces 1 W of 389 nm light with a net conversion
efficiency as high as 75% in the second harmonic generation process. The 389 nm laser
is described in Chapter 2, together with modifications made to improve the stability and
applicability of the system. Furthermore, a vacuum apparatus for production, laser col-
limation and Zeeman deceleration of a bright beam of He* atoms was build up. This
part of the setup, which was built along the same lines as an existing He* BEC appa-
ratus, operates with 1083 nm lasers. Both machines are described in Chapter 1. In the
last part of the vacuum apparatus a prototype MOT at 389 nm was realized. The aim
of the prototype experiment was to measure two-body and other losses, and to observe
compression of a trapped He* cloud by 389 nm light. As described in Chapter 3, in the
389 nm MOT the volume of the trapped cloud was indeed considerably reduced. At the
same time, the number of photoassociative collisions was significantly reduced as com-
pared to a 1083 nm MOT, and an explanation for this was found in cold-collision theory.
Small losses due to two-photon ionization were also measured and characterized. A final
important observation was that the 389 nm MOT has an intrinsically small loading rate,
which would ultimately limit the number and density of trapped atoms. The 389 nm
MOT was therefore combined with a large 1083 nm MOT in the existing BEC apparatus.
By running a sequence of a loading phase, during which the 1083 nm MOT was loaded
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with 109 He* atoms, followed by a 5 ms compression phase in a dedicated 389 nm MOT,
the He* density could be increased to an unprecedented 5× 1010 cm−3, as described in
Chapter 4. Making use of the many diagnostic tools of the BEC machine, the dynamics
during the compression were observed in various ways. One method, detection of col-
lisional loss products, provided a real-time monitor on this compression in the 389 nm
MOT.

By comparing the temporal behavior of the Penning ionization rate and the produc-
tion rate of fast metastable atoms (which find their origin in photoassociative collisions
as well), some remarkable conclusions could be drawn. Firstly, the production rate of
fast metastables in the 389 nm MOT turned out to be of the same order of magnitude as
the Penning ionization rate. By contrast, in the 1083 nm MOT this production rate was
of the order of a few percent compared to the Penning ionization rate. Secondly, the ve-
locities and the abundances of fast metastables escaping from the 389 nm MOT and the
1083 nm MOT are explained by a hypothesis on the short-range behavior of the involved
molecular dimer states. For the 1083 nm case this hypothesis was verified using existing
ab initio data on the involved molecular states. However, for the 389 nm case the hypo-
thesis cannot be verified as theoretical ab initio data on the relevant molecular states are
not available yet.

In Chapter 5, a numerical treatment of the long-range interaction between He* atoms
in the presence of either 1083 nm or 389 nm light is presented. The aim of the calcula-
tions was to find possibilities for photoassociation spectroscopy of purely long-range bound
states in He* with 389 nm light, similar as previously done by others using 1083 nm light.
The results for the 1083 nm case agree well with existing data, with an accuracy limited
by approximations made in the calculation. The results for the 389 nm case, which had
not been considered before by others, are shown to be valid only for sufficiently large
interatomic distances, which is due to general difficulties encountered in calculations
of the electrostatic interaction between atoms in more highly excited states, and the re-
sulting divergence of the second-order perturbation theory. It remains therefore unclear
what the prospects are for photoassociation spectroscopy at 389 nm of purely long-range
bound states.
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Samenvatting

Nadat in 1975 de eerste voorstellen voor het manipuleren van atomen met behulp van
bijna-resonant laserlicht verschenen, heeft het opsluiten en afkoelen van atomen met
laserlicht geleid tot nieuwe ontwikkelingen binnen de experimentele fysica. Het meest
aansprekende voorbeeld is misschien wel het onderzoek aan Bose-Einstein condensatie
(BEC), dat voor een belangrijk deel berust op laserkoeling en -opsluiting van atomen.
Een gasvormige wolk van identieke atomen (bosonen) ondergaat BEC wanneer de golf-
lengte van het atomaire golfpakket groter wordt dan de interatomaire afstand. Het ato-
maire ensemble wordt dan niet langer met klassieke Boltzmann statistiek beschreven,
maar veeleer met Bose-Einstein statistiek. Aan de voorwaarde voor BEC, een faseruimte-
dichtheid van ∼ 1, wordt in een gasvormig wolkje atomen voldaan bij een temperatuur
van lager dan één microkelvin en een dichtheid van ∼ 1014 cm−3. In de loop der jaren
zijn laserkoeling en -opsluitingtechnieken, zoals de magneto-optische val (MOT), verbe-
terd in een poging deze omstandigheden te creëren. Echter, voor de laatste stap naar
BEC bleek het uiteindelijk noodzakelijk om de atomen in een pure magneetval of een
optische val op te sluiten en vervolgens gebruik te maken van het zogeheten verdam-
pingskoelen. Desalniettemin was er in de loop der tijd een verhoging in de dichtheid in
de MOT mogelijk gebleken. Deze vooruitgang was deels gebaseerd op kennis verkregen
met experimenten waarin botsingen tussen koude atomen centraal staan. Het onderzoek
naar zulke koude botsingen is een andere tak van de experimentele fysica die ontsproot aan
de eerste experimenten op het gebied van laserkoeling en -opsluiting.

Dit proefschrift beschrijft experimenten waarin laserkoeling en -opsluiting worden
toegepast op heliumatomen in de metastabiele triplet-toestand (He*). Dit gebeurt nor-
maalgesproken met laserlicht met een golflengte van 1083 nm. De metastabiele toe-
stand van het heliumatoom heeft een levensduur van ∼ 8 × 103 s; in de praktijk is
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dit oneindig lang in vergelijking met de typische experimentele tijdschaal. Het He*-
atoom heeft verder een grote interne energie van 19.8 eV, hetgeen het mogelijk maakt om
losse atomen direct te detecteren met zogeheten electron multipliers. Het onderzoek naar
het opsluiten en koelen van metastabiel helium heeft voor een belangrijk deel plaats-
gevonden in het kader van BEC. Een He*-BEC onderscheidt zich van de ”gebruikelijke”
BEC’s (bestaande uit alkali-atomen) doordat de interne energie van de He*-atomen vele
grootte-orders hoger ligt dan de de kenmerkende energieschaal in een Bose-Einstein con-
densaat. Door de spins van de He*-atomen parallel te houden (spinpolarisatie) kan
voorkomen worden dat Penning-ionisatie optreedt, een proces waarin een He*-atoom
gedurende een botsing een ander He*-atoom ioniseert en zelf naar de grondtoestand
terugvalt. Dit proces leidt tot verlies en verhitting van opgesloten atomen. Inderdaad
bleek het mede dankzij spinpolarisatie mogelijk te zijn BEC te bereiken, zoals aange-
toond door twee Franse groepen in 2001. In een MOT is spinpolarisatie echter niet
mogelijk waardoor Penning-ionisatie de verliezen in een MOT domineert. Dit verschi-
jnsel is mede zo sterk doordat het MOT licht leidt tot fotoassociatieve botsingen, waarbij
twee He*-atomen op relatief grote afstand optisch worden geëxciteerd naar een gebon-
den moleculaire toestand. De aantrekking die de atomen dan ondervinden versnelt hen
naar elkaar toe, waarna op korte onderlinge afstand het Penning-ionisatieproces plaats-
vindt. Dit type botsingen bepaalt een bovengrens voor de dichtheid in de MOT, wat
een ongunstige beginconditie oplevert voor de daaropvolgende experimentele stappen
richting BEC.

Dit proefschrift beschrijft onder meer een poging de dichtheid in een He*-MOT te
verhogen met behulp van laserkoeling en -opsluiting met 389 nm fotonen. Met 389 nm
licht kan een bijna driemaal zo grote kracht worden uitgeoefend op de atomen als met het
gebruikelijke 1083 nm licht, hetgeen tot een aanzienlijke compressie van een opgesloten
wolk He*-atomen zou moeten leiden. De grote vraag bij aanvang van het experiment
was echter of de verliezen door fotoassociatieve botsingen groter of kleiner zouden zijn
dan in het 1083 nm geval. In het gunstige geval van kleinere verliezen zou de compressie
van de wolk kunnen leiden tot een hogere dichtheid.

Ten behoeve van dit experiment is een krachtige laser met een golflengte van 389 nm
opgebouwd, als beschreven in Hoofdstuk 2. De laseropstelling is gebaseerd op een fre-
quentieverdubbelde titaan:saffier-laser, waarmee 1 W aan vermogen bij 389 nm wordt ge-
produceerd met een hoge netto conversie-efficientie van 75% in het frequentieverdubbe-
lingsproces. De frequentie van het laserlicht is gestabiliseerd ten opzichte van de fre-
quentie van de 389 nm overgang in helium. Daarnaast is de opstelling op verschillende
punten aangepast om de stabiliteit en de toepasbaarheid van de laser te vergroten. Be-
halve de 389 nm laseropstelling is er een bundelapparaat opgebouwd voor de productie
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van een intense, gecollimeerde bundel van trage metastabiele heliumatomen. Het col-
limeren en vertragen gebeurt met behulp van 1083 nm laserkoeling, en het ontwerp van
de opstelling is afgeleid van een bestaande opstelling voor het bereiken van BEC in He*.
Beide opstellingen worden beschreven in Hoofdstuk 1. In het laatste deel van het nieuwe
bundelapparaat werd een prototype 389 nm MOT geı̈mplementeerd. Het doel van het
protoptype experiment bestond uit het karakteriseren van de verliezen in de MOT en
het nagaan van het compressie-effect van het 389 nm licht op de wolk atomen. Zoals
beschreven in Hoofstuk 3 bleek de 389 nm MOT het volume van de wolk atomen inder-
daad sterk te verkleinen. Tegelijkertijd bleken de fotoassociatieve verliezen aanzienlijk
kleiner te zijn dan in een vergelijkbare 1083 nm MOT, wat verklaard kon worden met
behulp van bestaande theorie over koude botsingen. Daarnaast werden nog kleine ver-
liezen door twee-fotonionisatie vastgesteld en gekarakteriseerd. Een andere belangrijke
conclusie van het experiment was dat de 389 nm MOT een intrinsiek lage capaciteit heeft
om He*-atomen in te vangen vanuit een bundel, waardoor het maximaal aantal ingevan-
gen atomen uiteindelijk beperkt wordt. Om dit te omzeilen werd een vervolgexperiment
opgezet, waarbij de 389 nm MOT gecombineerd werd met een grote 1083 nm MOT in
de BEC-opstelling. Na het laden van de 1083 nm MOT met 109 atomen volgde een korte
(5 ms) periode waarin de 389 nm MOT de wolk maximaal verdichtte. Met deze tech-
niek van laserkoelen werd een ongeëvenaarde dichtheid van 5× 1010 cm−3 bereikt. Dit
experiment wordt beschreven in Hoofdstuk 4. Verder was de BEC opstelling uitgerust
met verschillende diagnostische middelen, die alle werden ingezet om het verloop van
de compressie te registreren. Een gebruikte methode, de detectie van botsingsproducten,
bood zelfs direct, real-time zicht op de compressie.

De tijdsafhankelijkheid van de Penning-ionisatiesnelheid werd daarnaast vergeleken
met de snelheid waarmee snelle metastabiele atomen worden geproduceerd (ook deze
vinden hun oorsprong in fotoassociatieve botsingen). Hieruit kon een aantal opmerke-
lijke conclusies worden getrokken. Zo bleek de productiesnelheid van de snelle meta-
stabielen van dezelfde orde grootte te zijn als de snelheid waarmee Penning-ionisatie
plaatsvindt. Ter vergelijking, in de 1083 nm MOT bleek de productiesnelheid van snelle
metastabielen slechts een paar procent van de Penning-ionisatiesnelheid. Voor het laat-
ste geval kan deze verhouding verklaard worden aan de hand van eerder in de lite-
ratuur verschenen ab initio berekeningen aan het gedrag van de betrokken moleculaire
toestanden op korte internucleaire afstand. Een soortgelijke hypothese verklaart ook de
snelheid waarmee de metastabielen uit de 389 nm MOT ontsnappen, alsmede hun re-
latief grote productiesnelheid. Echter, deze hypothese kan niet geverifieerd worden daar
ab initio berekeningen aan de relevante moleculaire toestanden tot op heden niet beschik-
baar zijn.
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In Hoofdstuk 5 wordt een numerieke aanpak van het probleem van de interactie
tussen He*-atomen op lange afstand in de aanwezigheid van 1083 nm of 389 nm licht be-
handeld. Het uiteindelijke doel van deze berekeningen was het vinden van moleculaire
toestanden waarbij de interatomaire afstand altijd groot is en geen Penning-ionisatie kan
optreden. Deze berekeningen waren reeds eerder door anderen gedaan voor het geval
van 1083 nm licht en zijn in dit proefschrift ook uitgevoerd voor het 389 nm geval. De
uitkomst van de berekening voor het 1083 nm geval komt goed overeen met bestaande
uitkomsten, in acht nemende de nauwkeurigheid van een aantal benaderingen die in
de berekening zijn gemaakt. Voor het 389 nm geval, waarvoor geen vergelijkingsma-
teriaal voorhanden is, blijken de uitkomsten alleen geldig te zijn voor voldoende grote
interatomaire afstanden. Dit is het gevolg is van complicaties die in het algemeen op-
treden bij berekeningen aan de electrostatische interactie tussen atomen in hoger aange-
slagen toestanden en de daaruit voortvloeiende divergentie van tweede-orde storingsre-
kening. Daardoor blijft het tot op heden onduidelijk wat de vooruitzichten zijn voor
foto-associatie spectroscopie met 389 nm licht aan langlevende gebonden toestanden op
grote afstand.
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