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Summary

During the past century, atomic, molecular and optical (AMO) physics has been
characterised by a drive to control ionic, atomic and molecular systems with
ever greater precision. In response to this desire, AMO physicists have learnt to
manipulate both the internal and external degrees of freedom in such systems
via the application of external fields. This can now be done sufficiently well that
we are able to design experiments to produce, and control the properties of, an
atomic configuration of interest. In these designer experiments we may exploit
nearly ideal systems, i.e. systems that are free of unwanted external influences
and in which we have control over all parameters of importance, to perform
measurements with unprecedented accuracy and discover new physical phe-
nomena. The significance of these developments was immediately apparent
and catalysed a revolution in AMO physics. The revolution continues apace to-
day and is having its impact felt, not only in many other seemingly disparate
fields of physics, but also in the disciplines of chemistry and biology, and the
commercial sector as well.

This thesis recounts experiments performed on helium in the metastable
2 3S1 state (He*) at the Laser Centre Vrije Universiteit (Amsterdam) in the pe-
riod November 2002 to November 2006. Helium has two stable isotopes, 3He
(a fermion) and 4He (a boson), each of which is governed by different quantum
statistics. It was the goal of these investigations to produce quantum degenerate
mixtures of the helium isotopes, which would then serve as a platform for fur-
ther study into the behaviour of these quantum mechanical systems. The work
has been performed on two similar (yet distinct) apparatus, and is correspond-
ingly divided into two parts. Part I is devoted to preliminary investigations into
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the magneto-optical trapping of 3He* and 4He*, while part II details the produc-
tion and study of ultracold 3He∗ and 4He∗ samples, and mixtures thereof.

Serving as an introduction, Chapter 1 may be regarded as a motivation for
the research described in the chapters which follow it. The chapter places the
current work in a broader perspective with respect to both the history of cold
and ultracold dilute gases, and other contemporary experiments on metastable
helium.

Chapter 2 describes the apparatus used throughout the experiments detailed
in part I of this thesis. Pure, gaseous, (ground state) helium flows from a reser-
voir through a liquid nitrogen (LN2) cooled DC discharge in which electron
bombardment excites a small (but sufficient) fraction of the helium atoms into
the long-lived metastable 2 3S1 state. A beam of He* atoms is extracted from
the discharge and, in order to increase its brightness, is collimated using the
curved wavefront technique, before a Zeeman slower decelerates the atoms to
an average velocity of around 50 m/s. This intense beam of slow He* atoms is
used to load a magneto-optical trap (MOT), which in turn confines and further
cools the atoms to a temperature of ≈ 1 mK. Two lasers (one for each isotope),
provide all light frequencies necessary for the collimation, Zeeman slowing and
magneto-optical trapping of the atoms. Once trapped, clouds of either isotope,
or an arbitrary admixture of the two, may be investigated by using one (or more)
of several diagnostic tools: fluorescence imaging, absorption imaging, time-of-
flight (TOF) analysis, or by detecting the ions produced during ionising colli-
sions involving cooled atoms.

The first realisation of a magneto-optical trap containing both 3He* and 4He*
is recounted in Chapter 3. The trapped clouds, containing up to 1.5 × 108 atoms
of each isotope, are characterised by measuring ions and metastable helium
atoms escaping from the trap. Optical pumping of 3He* atoms to a non-trapped
hyperfine state is investigated and it is shown that large atom numbers can be
confined without additional repumping lasers. While previous studies have re-
ported trapping a comparable number of 4He* atoms, the results of the 3He*
MOT represent an improvement of three orders of magnitude over previous re-
ports. Such trapped samples would turn out to form a perfect starting point for
experiments aimed at quantum degeneracy in a mixture of spin-polarised 3He*
and 4He* atoms.

A theoretical investigation into the ionising collisions between two atoms
in a dilute laser-cooled and trapped mixture of 3He* and 4He* is presented in
Chapter 4. Beginning with the construction of the relevant molecular potentials,
a simple, single-channel, model describing binary ionising collisions between
He* atoms is derived and used to calculate the ionisation rate coefficients rele-
vant to collision processes in our two-isotope MOT (TIMOT). As a result of these
calculations we see that differing collisional cross sections are expected for each
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of the isotopic combinations, and that these differences may be ascribed to the
differing quantum statistical properties of the two helium isotopes (in combina-
tion with the presence of a nuclear spin in the case of 3He).

The experimental determination of the ionisation rate coefficients is pre-
sented in Chapter 5. The ionisation rates are determined from measurements of
trap loss due to light-assisted collisions combined with comparative measure-
ments of the ion production rate in the absence and presence of trapping light.
The results are corrected for polarisation effects in the MOT and show very good
agreement with the values calculated in Chapter 4. These results represent an
understanding of the major loss processes in unpolarised isotopic mixtures of
He* and, therefore, an understanding of the major processes affecting (TI)MOTs
of He*.

Chapter 6 presents an experimental apparatus capable of producing a Bose-
Einstein condensate (BEC) of 4He*. Differences between this setup and the ap-
paratus described in part I of this thesis are highlighted, and the process of pro-
ducing the condensate is described. Finally, the BEC itself is described. A BEC

containing more than 1.5× 107 atoms has been produced, which is a factor of 25
higher than previously achieved. This is a direct result of the improved starting
conditions for evaporative cooling, which have been obtained by applying one-
dimensional Doppler cooling inside the magnetic trap. The same technique is
successfully used to cool the spin-polarised fermionic isotope (3He*), for which
thermalising collisions are highly suppressed. The detection techniques include
absorption imaging, time-of-flight measurements on a microchannel plate de-
tector, and ion counting to monitor the formation and decay of the condensate.

Having produced a BEC containing a large number of atoms, sympathetic
cooling of helium-3 (fermion) by helium-4 (boson), both in the lowest triplet
state, allows us to produce ensembles containing more than 106 atoms of each
isotope at temperatures below 1 μK, and achieve a fermionic degeneracy param-
eter of T/TF = 0.45. The results of the process are described in Chapter 7. Due
to their high internal energy, the detection of individual metastable atoms with
sub-nanosecond time resolution is possible, permitting the study of bosonic and
fermionic quantum gases with unprecedented precision. This source of degen-
erate metastable fermions, bosons, or mixtures of the two may form the basis of
many sensitive experiments in the area of quantum atom optics and quantum
gases.

Finally, an experimental comparison between the Hanbury Brown and Twiss
effects for 3He* (fermion) and 4He* (boson) is described in Chapter 8. Ordinary
attractive or repulsive interactions between atoms are negligible; therefore, the
contrasting bunching and anti-bunching behaviour that has been observed can
be fully attributed to the different quantum statistics that each of the atomic
species adheres to. These results show how atom-atom correlation measure-
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ments can be used to reveal details in the spatial density or momentum corre-
lations of an atomic ensemble. They also enable the direct observation of phase
effects linked to the quantum statistics of a many-body system, which may fa-
cilitate the study of more exotic situations.


