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Chapter 1

Introduction

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 [1]. 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.

Lasers have had an especially important, and surprisingly effective (see, for
example, Ref. [2]), role to play in this revolution. Having allowed physicists se-
lectively excite transitions of interest and apply forces to neutral atoms which
are orders of magnitude greater than previously realisable [3], opening up the

1
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possibilities of enriching, focusing and trapping them; lasers furthermore pro-
vided a means to cool ions and atoms to incredibly low temperatures. For many
the coldest temperatures they may have experienced are the freezing conditions
endured during winter, and one might well ask the question; is this not cold
enough? Anglin and Ketterle [4] answered this as follows:

“Laypeople may wonder why freezing cold is not cold enough; but imagine
how many aspects of nature we would miss if we lived on the sun. With-
out inventing refrigerators, we would know only gaseous matter and never
observe liquids or solids. Cooling to normal earthly temperatures reveals
these dramatically different states of matter, but this is only the beginning:
many more states appear with further cooling.”

Today, dilute ensembles of atoms with temperatures as low as≈ 450×10-12K [5]
can be produced. By reaching such low temperatures we are able to study the
physics not present, or hidden, at higher temperatures and only revealed at
these low energies. Just a few of these phenomena, together with the tempera-
ture regimes in which they appear, are shown in Fig. 1.1.

As indicated, the advent of laser cooling precipitated an avalanche of new
ideas and physics, finding many practical applications and providing valuable
insights into the strange world of quantum mechanics and some of its intrigu-
ing predictions. Laser cooling lead directly to the production and trapping of
extremely cold samples of dilute atomic gases and spawned, amongst others,
the cold atoms field of research, in which the properties of such ensembles are
studied. Two topics of particular interest within this field have been: collisional
physics at low temperature, and the study of quantum phenomena on a macro-
scopic scale. At very low temperatures the number of collisional degrees of
freedom is severely reduced and it becomes possible to understand the quan-
tum mechanical effects present in such collisions with great precision [6, 7],
this is in stark contrast to collisions at the usually attainable temperatures for
which we cannot keep track of all parameters. All things have their limita-
tions, and the temperatures obtainable by laser cooling are eventually limited
by the very mechanism that allows it to work so well, spontaneous emission of
photons1. However, it so happens that there exist techniques to circumvent
this limit and cool the atoms further; when this is done the wave nature of the
atoms becomes more apparent and it is possible to produce situations in which
the wave packets corresponding to the atoms overlap and interfere with each
other, it is at this point that quantum statistics begins to have its effect upon
the trapped atoms (quantum degeneracy). In the case of bosons this leads to

1In actual fact laser cooling techniques circumventing this limitation, such as velocity-selective
coherent population trapping [8–10] and Raman cooling [11, 12], have been discovered. However,
they have their own drawbacks, such as a relatively low capture velocity; if they are used, they are
generally used sequentially or in parallel with Doppler cooling.
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Figure 1.1. A plot of temperature (energy divided by Boltzmann’s constant kB) against
the de Broglie wavelength of atomic helium, upon which, various physical phenomena
are illustrated. The arrows on the right of the figure give the ranges of temperatures
(dependant upon atomic properties) achievable, using the three main laser cooling tech-
niques.
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the Bose-Einstein condensation (BEC) [13–16] of a large fraction of the atoms,
which all fall into the ground state of the trap, may be described by a single
macroscopic wavefunction, and exhibit phenomena such as superfluidity [17].
Fermions on the other hand adhere to the Pauli exclusion principle which for-
bids identical fermions from occupying the same quantum state in the trap; the
atoms then begin to form a Fermi sea in which the atoms stack up in energy (one
atom per state) and exhibit properties such as Fermi pressure [18] (believed to
stabilise neutron stars against gravitational collapse). To date at least eleven
different elements—87Rb/85Rb [13, 19], 7Li [14, 15], 23Na [16], H [20], 41K [21],
133Cs [22], 170Yb/174Yb/176Yb [23, 24], 52Cr [25], and 4He∗ [26]—have been Bose
condensed, each exhibiting its own unique features besides many interesting
generic phenomena.

It was expected that studies of degenerate fermions would have a similar
impact, and indeed they have been the object of much study in recent years, cul-
minating in the detection of superfluidity across the entire region between BEC
and Bardeen-Cooper-Schrieffer pairs [27]. However, at the time that the work to
be presented in this thesis was beginning, only two fermionic isotopes had been
brought to degeneracy in the dilute gaseous phase: 40K [28] and 6Li [18]2. De-
generate atomic Fermi gases have been more difficult to realise than BEC for two
reasons: firstly, evaporative cooling [30–33] relies upon elastic rethermalising
collisions, which at the temperatures of interest (< 1mK) are primarily s-wave
in nature and are forbidden for identical fermions; and secondly, the number
of fermionic isotopes suitable for laser cooling and trapping is small. Sympa-
thetic cooling [34, 35] overcomes the limit to evaporative cooling by introducing
a second component (spin-state, isotope or element) to the gas; thermalisation
between the two components then allows the mixture as a whole to be cooled.

In this thesis I describe a series of experiments begun with the goal of pro-
ducing quantum degenerate helium atoms in the metastable 2 3S1 state (He∗).
Helium has two stable isotopes, 3He (a fermion) and 4He (a boson), each of which
is governed by different quantum statistics. Using various laser cooling and
trapping techniques, an initial series of experiments studied the possibility of si-
multaneously confining both isotopes in a magneto-optical trap (MOT), and the
collisional properties of such a mixture. In a second experimental apparatus,
augmented with magnetic trapping and evaporative cooling capabilities, fur-
ther experiments cooled samples of 3He and 4He to temperatures at which the
different quantum statistics could manifest themselves on a macroscopic scale.
The following sections aim to give a brief history of the AMO physics contribut-
ing to the establishment of cold atoms research (§1.1), and to further introduce
this work and the motivating factors behind it (§1.2). Finally section 1.3 will

2After completion of the work described here, degenerate atomic Fermi gases of 173Yb [29] and
171Yb were reported by the group of Y. Takahashi (Kyoto University, Japan) [24, 29].
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provide a concise chapter by chapter outline of this thesis.

1.1 Cold atoms: an historical perspective

A large number of review articles discussing achievements of importance to
the development of laser cooling and the field of cold atoms have been pub-
lished. An exhaustive understanding of the many contributions made may be
garnered through references [36–40] (and references therein). Here I give a skele-
tal overview of this history.

Threemajor accomplishments paved theway for experiments involving cold
atoms: the realisation that radiation could exert a pressure on matter, the the-
ory of quantum mechanics, and the development of narrowband lasers. In the
early 1600’s Johannes Kepler first proposed the idea that light could have a me-
chanical effect on matter in response to the observation that a comets tail always
points away from the sun. It was not until about the turn of the 20th century,
however, that a quantitative understanding was provided through Maxwell’s
calculation of the momentum flux density of light [41]; a few years later experi-
ments onmacroscopic objects confirmed this result [42–44], and, using a sodium
lamp, R. Frisch was the first to demonstrate radiation pressure on atoms [45]. At
about the same time the idea of quantising the electromagnetic field was intro-
duced [46, 47], this idea matured over the following 30 years to become the
theory of quantum mechanics. One of the triumphs of quantum mechanics was
that it provided the first comprehensive theoretical description of atomic struc-
ture and the dynamical processes occurring within atoms [36]. Lasers, having
been described theoretically by Einstein in 1916 [48], were finally experimentally
realised in 1960 [49], presenting us with a source of high intensity, narrowband
radiation quite unlike any other source of radiation in the optical domain. This
was just what was needed in order to increase the magnitude of the radiative
force (proportional to the number of photons scattered) that could be applied to
atoms; the deflection experiments of Frisch [45] were repeated in 1972, this time
using lasers [3].

At this point the stage was set, the laser cooling of neutral atoms [50] and
ions [51] was suggested in 1975, and demonstrated on ions in 1978 [52, 53].
Because of the strength of the forces (due to electric and magnetic fields) that
could be applied to ions, physicists had already been able to trap ions having a
large kinetic energy, and were therefore able to hold the hot ions in situ whilst
they were cooled. In contrast neutral atom traps only had depths of 1–2 K, thus
the atoms first had to be cooled before they could be trapped! Laser cooling
of atoms was demonstrated nearly simultaneously by 3 groups using 3 differ-
ent methods: the chirped slower [54, 55], Zeeman slowing [56, 57] and optical
molasses [58]; the group led by W. D. Phillips furthermore managed to magnet-
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ically trap their Zeeman slowed atoms [59]. Two years later in 1987 the optical
molasses technique, which had no restorative force (and hence could not trap
atoms), was converted into a trap by the simple addition of a quadrupole mag-
netic field produced by 2 current carrying coils [60, 61]. Combining both optical
and magnetic fields this trap became known as the magneto-optical trap (MOT);
trapping orders of magnitude more atoms at lower temperatures than any other
method (in fact, the temperatures achieved were much lower than anybody had
expected [2]), this trap was to become the workhorse for cooling and trapping
atoms. In recognition of these accomplishments, the 1997 Nobel Prize in Physics
was awarded to S. Chu, C. Cohen-Tannoudji and W. D. Phillips “for the develop-
ment of methods to cool and trap atoms with laser light” [37–39].

Only 4 years later, in 2001, a second Nobel Prize was awarded in the area
of cold atoms research “for the achievement of Bose-Einstein condensation in dilute
gases of alkali atoms and for early fundamental studies of the properties of the con-
densates“ [62, 63]. Built upon the foundation lain by the work in laser cooling,
these new experiments required temperatures below those achievable in MOTs;
pioneering work on spin-polarised hydrogen provided just the techniques re-
quired, and by employing subsequent magnetic trapping [32, 59] and evapora-
tive cooling [30–33] stages, BEC was was realised [13–16].

1.2 Metastable helium and laser cooling

Helium has a long and distinguished history as a testing ground for relativis-
tic and quantum phenomena. Spectroscopy performed upon helium atoms and
ions has had an important part to play in advancing the theory of atomic struc-
ture (based upon quantum mechanics and including relativistic and quantum
electrodynamical corrections), whilst the production of liquid and solid helium
revealed profound bulk quantum phenomena such as superfluidity [64–66] and
(perhaps) supersolidity [67]. The success of this element in these respects may
be attributed to its simple structure and low mass. The helium atoms’ structure
makes it a textbook many-body system, retaining the theoretical tractability that
allows theory and ultra-precise experiments to be compared with a high degree
of accuracy. Of equal importance is its lowmass, leading to a large quantumme-
chanical zero point motion which prevents crystallisation at standard pressures,
and allows liquid helium to be studied down to temperatures in the neighbour-
hood of absolute zero. With the realisation that laser cooling could be performed
upon noble gases in long-lived metastable states, a whole new chapter in this
story was opened.
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Figure 1.2. Term diagram of the lowest energy levels in helium (adapted from [68]).
The lifetime of each level, and the vacuum wavelengths of the marked transitions are
shown. The 2 1S and 2 3S states are metastable, and their main decay channels are a 2-
photon electric-dipole transition and a 1-photon magnetic-dipole transition respectively.
All work contained in this thesis made use of the 1083 nm transition between the 2 3S and
2 3P terms.

1.2.1 Laser cooling and the metastable noble gases

In order to operate efficiently, the usual optical cooling methods require a closed
transition (or cascade); in the alkali atoms this demand is met by a transition
from the absolute ground state to the first excited state (although hyperfine
structure (HFS) complicates matters), these transitions lie within the easily acces-
sible visible wavelength region, making the alkali species very popular within
the laser cooling community. In contrast, the first excited states in the noble
gases tend to have excitation energies of 10–20 eV, outside the wavelength range
of ordinary lasers. Excitation of a single electron (via electron bombardment),
however, leaves behind a core with an open outer electron shell possessing both
orbital and spin angular momenta. These angular momenta may then couple
with those of the excited electron, leading to the formation of singlet and triplet
states [Fig. 1.2]. Transitions between singlet and triplet states are suppressed,
and, as the absolute ground state of the noble gases is always a singlet state, the
lowest lying triplet level in each species is metastable and can have a lifetime
of many seconds. Using these metastable levels as effective ground states dur-
ing experiments, laser cooling may be performed upon transitions to other low
lying triplet levels forming (approximately) closed transitions/cascades. Op-
tical cooling of a metastable species was first observed during the production
of a Zeeman slowed beam of atomic Ne∗ [69]; today, cold gases of He∗ [70, 71],
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Ne∗ [72, 73] Ar∗ [74], Kr∗ [74], and Xe∗ [75] have all been produced using optical
cooling methods3.

Advantageous aspects of the metastable noble gases with respect to laser
cooling include the ability to successfully treat them as single-electron atoms (as
the outer electron is so highly excited), and that many of the isotopes have no
nuclear spin and therefore no HFS to complicate matters. By far and away the
most important feature of these gases, however, is their large internal energy.
Because of this energy particle detectors capable of detecting individual atoms
with sub-nanosecond time resolution can be used to monitor the atoms, permit-
ting the study of cold and ultracold gases with unprecedented precision. More
recently, micro-channel plate (MCP) detectors [80] allowing high spatial, as well
as temporal, resolution have become available; significantly extending our abil-
ity to analyse such gases. Two further features of these systems, directly related
to the internal energy of the atoms, are the phenomena of Penning ionisation
(PI) [81] and associative ionisation (AI):

X∗ + Y→ X+ Y+ + e− (PI)

X∗ + X→ X+
2 + e− (AI),

(1.1)

where X represents the metastable species under consideration and Y represents
any species with an ionisation energy lower than the internal energy of X. Pen-
ning ionisation leads to large loss rates as the excess energy after ionisation is
converted into kinetic energy of the colliding partners, and is easily enough for
them to escape the relatively shallow traps available for neutral atoms.

1.2.2 Helium

Consisting of two electrons and a nucleus, helium atoms are both extremely
light, and possess a simple level structure; as the excited electron is an s-electron
and the remaining core is in an S-state, He∗ is also the most simple of the meta-
stable noble gases [see Fig. 1.2]. Several isotopes of helium have been observed
experimentally (3He–10He), two of which are stable and occur naturally: 3He (a
fermion) and 4He (a boson). Of the more exotic isotopes, the most prominent
are 6He (t1/2 = 807ms) and 8He (t1/2 = 119ms) because of the metastability of
their nuclei. Figure 1.2 shows a Term diagram of the lowest helium energy lev-
els, the right-hand side of which, gives the triplet level structure of interest. The

3Radon, all isotopes of which are radioactive, is the only noble gas not to have been optically
cooled. The isotope 223Rn is of particular interest because its sensitivity to a possible CP violating
electric-dipole moment (EDM) [76], a measurement of which would provided new data and con-
straints upon the Standard Model of particle physics. Laser cooling and trapping has already been
demonstrated for other radioactive elements [77–79] in the pursuit of EDMmeasurements, and may
also be of use in the case of radon.
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lowest level in this structure is the 2 3S term; having a lifetime of 7900 s it is
the effective ground state used in all optical cooling experiments involving He∗

(which take place on the timescale of a minute or less), and is the basis for sev-
eral usable cooling transitions/cascades [8, 71, 82–84] [Fig. 1.2]. On the scale
of Fig. 1.2 relativistic shifts and (hyper-) fine structure are not visible, however,
it should be noted that 3He has a non-zero nuclear spin (I = 1

2 ), and therefore
HFS [see Fig. 2.2 in chapter 2], slightly complicating the slowing and trapping of
this isotope in certain situations [see chapter 3]. This work concentrates on the
stable isotopes, 3He and 4He, and makes use of the 1083 nm transition between
the 2 3S and 2 3P levels for the optical manipulation cooling and trapping of He*
atoms.

Laser cooling of 4He∗ was first observed in 1988 [8], these experiments used
the 1083 nm transition and demonstrated a previously unknown sub-recoil cool-
ing technique, velocity selective coherent population trapping (VSCPT), in 1 di-
mension (later extended to 2 [9] and 3 [10] dimensions). The first experiments
to apply Doppler cooling to 4He∗, however, were performed in 1991, in which
Zeeman slowing of He∗ [85] was first observed [86]. This was followed less
than a year later by the successful magneto-optical trapping of 4He∗ [70, 71].
These early traps used MOT beam detunings of about 3 natural linewidths [71],
trapped only ≈ 104 atoms, and showed He∗ to be a very unstable gas; losses
were large and completely dominated by ionising collisions [71]:

He∗ + Y→ He+ Y+ + e− (PI)

He∗ +He∗ → He+He+ + e− (PI)

He∗ +He∗ → He+2 + e− (AI).

(1.2)

Whilst helium has 19.82 eV of internal energy and will ionise almost anything4,
the first of these processes may be made negligible by improving the vacuum
conditions of the trapping environment. On the other hand, collisions between
trapped atoms, and therefore PI and (to a lesser extent) AI, occur frequently
and are enhanced by the presence of near resonant light in the MOT, leading to
measured loss rate constants of� 10−7 cm3/s (loss rate constants for the alkali’s
were ≈ 10−11–10−10 cm3/s).

If one considers angular momentum conservation in Eqs. 1.2, it is simple to
show that PI (and AI) are forbidden in a gas of He∗ if all atoms are in either of
the fully stretched magnetic substates of the 2 3S1 level. This had been known
for a long time, although the magnitude of suppression was not (suppression
by at least 1 order of magnitude had been established as early as 1972 [87]). In

4Only helium and neon in their ground states have ionisation energies which are large enough
to avoid ionisation by He∗ (24.59 eV and 21.56 eV respectively).
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1994 Shlyapnikov et al. [88] showed that spin-polarisation of the gas could sup-
press ionising collisions within the trapped sample by up to 5 orders of mag-
nitude; stabilising the gas significantly5, allowing higher sample densities to be
achieved, and making experiments aimed at the production of a BEC feasible.
As optical pumping processes within MOTs distribute the trapped atoms over
the magnetic substates of the cooling transition ground-state, it was obvious
that magneto-static trapping (in the absence of depolarising light) of the sample
would be required; as would larger samples of trapped He∗. Later experiments
showed that a larger capture volume (≈ 40 cm3) and a much larger detuning
(25 linewidths) was required in order to trap > 109 atoms at temperatures of
1mK [89, 90], with this development the race to produce a BEC of He∗ atoms
began. By the turn of the century, several groups were working with He∗, it
had been magneto-statically trapped [91, 92], the expected suppression of PI
had been observed [93], and in 2001 BEC’s containing ≈ 5 ∗ 105 He∗ atoms were
realised for the first time [26, 94].

As mentioned previously, helium has a second stable isotope, 3He. It was re-
alised early on that it would be possible to trap it as well, yet it wasn’t until 1999
that it was trapped for the first time [95]; measurements of the 3He∗ and 4He∗

loss-rate coefficients immediately highlighted their differing quantum statistical
symmetries [96]. Before the work described in this thesis, those were the only
reported experiments performed on laser cooling the fermionic isotope, 3He.

1.3 Outline of this thesis

This thesis will recount experiments performed on metastable helium (2 3S1) in
the Laser Centre Vrije Universiteit (Amsterdam) between November 2002 and
November 2006, particular emphasis will be placed upon the fermionic isotope,
3He. The work has been performed on two similar, yet distinct, apparatus and
the rest of this thesis is correspondingly split into two parts. Part I is devoted to
preliminary investigations into the magneto-optical trapping of 3He, and simul-
taneous magneto-optical trapping of 3He and 4He (chapter 3), including both
theoretical and experimental investigations into the collisional physics in our
MOT (chapters 4 and 5 respectively). Part II of the thesis details the production of
a BEC of 4He∗ (chapter 6), the production of a quantum degenerate 3He∗/4He∗

mixture (chapter 7), and correlation measurements on neutral bosons and ferm-
ions6.

5Mediated by a very weak magnetic spin-dipole interaction, ionising losses still occur, but far
from being a hindrance, the few ions produced can allow us to monitor losses non-destructively
and in real time (see chapter 6).

6Performed in collaboration with the group of C. Westbrook (Laboratoire Charles Fabry de
l’Institut d’Optique, France).
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Chapter 2

An experimental setup for trapping two
metastable helium isotopes

The present chapter aims to give an introduction to the apparatus used through-
out the experiments described in Part I of this thesis, a comprehensive overview
of which has already been given by R. Stas [97]. Being heavily based upon
the present incarnation of our BEC setup (see chapter 6) [98–100], further in-
sights into the techniques used, and design choices made, may be acquired by
reading a number of the theses and articles associated with this more mature
setup [68, 89, 98, 99, 101–103].

2.1 Overview of setup

In general, any trapping experiment requires three things: a source of the item(s)
to be trapped, a region containing a potential minimum (static or time-averaged)
in which to trap it/them, and a method of probing the trap. Our setup is no
exception, we load a MOT with atoms from a collimated and Zeeman slowed
beam of He* atoms and probe our trap using a number of complementary non-
destructive and destructive techniques. A schematic overview of the setup is
shown in figure 2.1.

13



14 CHAPTER 2

MOT

Zeeman slower

collimation

dc discharge
source

MCPs
extraction coil

CCD camera

Figure 2.1. A schematic overview of the setup showing all major elements: source (§2.4),
collimation (§2.5), Zeeman slower (§2.6), and the magneto-optical trap itself (§2.7). Also
shown are the twomicro-channel plate detectors [80] and the charge-coupled device cam-
era used in the characterisation of trapped samples (§2.8).

Pure, gaseous, (ground state) helium flows from a reservoir 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 (§2.4). A beam of He* atoms is extracted from the discharge and, in
order to increase its brightness, is collimated using the curved wavefront tech-
nique (§2.5), before a Zeeman slower decelerates the atoms to an average veloc-
ity of around 50m/s (§2.6). This intense beam of slow He* atoms is used to load
a MOT, which in turn confines and further cools the atoms. Two lasers (one for
each isotope), provide all light frequencies necessary for the collimation, Zee-
man slowing and magneto-optical trapping of the atoms (§2.2).

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: fluores-
cence imaging, absorption imaging, time-of-flight (TOF) analysis, or by detect-
ing the ions produced during ionising collisions involving cooled atoms (§2.8).
Fluorescence and absorption imaging both rely upon imaging the cloud on a
charge-coupled device (CCD) camera. During fluorescence imaging, it is the flu-
orescence produced by the trapped cloud (when the MOT beams are on) that
is imaged. Absorption imaging is performed after the MOT cloud has been re-
leased and the shadow of the cloud in the presence of a probe laser beam is im-
aged; both provide information on the number of atoms and spatial density dis-
tribution of atoms in the cloud. One MCP detector positioned above the trapped
cloud carries a high negative voltage on its front face, attracting and detecting
all ions produced in the trapping chamber. A second MCP detector positioned
below the cloud has a grounded grid in front of it so as not to attract any ions,
but to detect only those metastable atoms exiting or released from the trap in its
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direction, this may be used to perform a TOF analysis of a released cloud and
determine its temperature (and also the number of atoms in the released cloud
after it has been calibrated using absorption imaging).

2.2 Optical setup

An integral part of any laser cooling and trapping experiment is the optical
setup, providing light of the required wavelength, intensity, and beam shape to
various areas of the vacuum apparatus. The optical setup for manipulating and
probing 3He* and 4He* atoms consists of a number of lasers and optical com-
ponents, all of which are housed on an optical table (incorporating vibrational
damping and a laminar flow box) positioned adjacent to the vacuum apparatus
described in the following section.

2.2.1 The lasers

Laser cooling and probing of 3He* and 4He* using their 2 3S1 → 2 3P2 transition
(F = 3

2 → F = 5
2 in the case of

3He*, see Fig. 2.2) requires narrow-band radi-
ation with a wavelength of 1083 nm. Furthermore, the 3He/ 4He isotope shift
of this transition is ≈ 34 GHz, too large to bridge efficiently using modulators,
therefore at least one laser is required for each isotope. This being the case, two
fibre lasers have been used for the manipulation and cooling of atoms; two ad-
ditional diode lasers having substantially narrower linewidths, however, were
used to perform absorption imaging.

Fibre lasers1

The two fibre lasers are commercial turnkey systems which are capable of de-
livering high-power, single-mode (TEM00), linearly polarised laser light in the
1083± 1 nm wavelength range. Identical in most respects, the two lasers differ
primarily in their output power; a 1W version (IPG Photonics, model YLD-1-
BC) is used to manipulate 3He*, whilst in the case of 4He* a 2W version (IPG
Photonics, model YLD-2-BC) is used. Each laser is based around a Yb3+ doped
single-mode optical fibre, exhibiting very broad absorption (∼ 800–1064 nm)
and emission (∼ 970–1200 nm) bands [104], and acting as the gainmedium. Las-
ing is achieved by pumping the fibre with multiple 1W, ∼ 965 nm, laser diodes
(the number of which essentially determines the output power), while the out-
put frequency is selected and narrowed by seeding the fibre with light from a
temperature stabilised distributed Bragg reflector diode laser. Coarse tuning of

1It is a slight misnomer to refer to these lasers as fibre lasers, in actuality they are fibre amplified
diode lasers (see the description in the text).
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Figure 2.2. Level structure of the 2 3S and 2 3P terms relevant to the laser cooling of 3He*
and 4He*. The cooling transition together with the trapping and slowing frequencies
(νMOT and νZS) for both isotopes are indicated. In both cases the trapping light is detuned
by -40MHz from the cooling transition, while the slowing light is detuned by -500MHz.
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Figure 2.3. A schematic diagram of the saturated absorption spectroscopy setup used in
the locking of the lasers described here. The component labels are: NDF, neutral den-
sity filter; QW, quarter-wave plate; PBSC, polarising beam-splitter cube; HW, half-wave
plate; OI, optical isolator; and GW, glass wedge.

the fibre laser is accomplished by adjusting the temperature of the seed laser,
and fine tuning (over a ≈ 2.5 GHz range), by controlling the current through
the seed laser via an external modulation input.

Each laser is individually locked to either the 3He* or 4He* cooling transi-
tion (as measured by saturated absorption spectroscopy, see Fig. 2.3) using a
low-frequency modulation technique. A 8–15 kHz modulation of small ampli-
tude is applied to the modulation input of the laser, using a lock-in amplifier,
an error signal is then obtained by demodulating the output of the saturated
absorption spectroscopy photo-diode. The feedback loop is then completed by
feeding the error signal to a PI controller whose output passed to the modula-
tion input of the laser, stabilising the frequency of the laser. Heterodyne beat-
note experiments performed using the fibre lasers and other lasers from the lab
have shown that the YLD-1-BC laser has a stabilised full width at half-maximum
(FWHM) linewidth of 1.6MHz and the YLD-2-BC laser has a FWHM linewidth of
3.0MHz [97].

Diode lasers

Absorption imaging of He* samples is particularly difficult for several reasons
(see ref. [68] and §2.8). Tol [68] has undertaken an in-depth analysis of ab-
sorption imaging and outlined an approach to absorption imaging clouds of
He* which benefits significantly from the use of a weak, narrow-linewidth light
pulse. As the stabilised linewidths of the two fibre lasers are relatively broad
from the point of view of absorption imaging (the natural linewidth of the tran-
sition used is 1.6MHz), two narrow-linewidth diode lasers have been employed
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for this task.
The first of the two diode lasers I shall describe here is a Toptica Photonics

DL 100 diode laser system2; based upon the design described in ref. [105]. The
laser diode is mounted in an extended-cavity configuration in which an external
reflection grating is orientated such that its first diffraction order is fed back to
the diode (Littrow configuration). The cavity formed by the diode and the grat-
ing dominates over the cavity formed by the diode itself due to the strength of
the feedback from the grating, and, as the free spectral range of the new cavity is
much smaller than that of the diode cavity and the finesse higher, the linewidth
of the laser is significantly reduced. Coarse wavelength selection over a range of
≈ 7 nm around 1083 nm is achieved by varying the angle of the grating with re-
spect to the incident laser beam using a micrometer screw in combination with
a wavelength meter. Fine-tuning of the wavelength and the finding of a large
mode-hop free scanning range around the desired wavelength is performed by
manually adjusting the diode temperature and current in combination with the
voltage to the piezo upon which the grating is mounted. Finally, fine-tuning of
the wavelength and the locking of the laser to the desired frequency once the de-
sired mode-hop free region has been found relies upon carefully controlling the
diode current. The laser is locked to the 2 3S1 → 2 3P2 transition of either 3He or
4He using saturated absorption spectroscopy as before (see Fig. 2.3), however,
this time the diode current is modulated at a frequency of 20MHz and a fast
photodiode is required; an error signal is derived from the saturated absorption
signal using the Pound-Drever-Hall technique [106]. Figure 2.4 shows the satu-
rated absorption signal and derived error signals for 3He*, similar traces can be
produced for 4He* as well [107]. Fast frequency fluctuations are compensated
by applying the error signal directly to the laser diode via a FET-current control
having a large, 5MHz, bandwidth, while slower fluctuations are compensated
by applying the error signal to a PID regulator which controls the current via
the control box (1MHz bandwidth). Heterodyne beatnote experiments between
this laser and a LNA laser having a linewidth of 0.16MHz [68] (see section 6.1.2)
have shown that it has a FWHM linewidth of 0.4MHz over time periods of sev-
eral minutes.

The second diode laser, built in house [101], again makes use of an extended
cavity configuration, this time however the optical feedback is provided by a
simple beam splitter (80% transmission). Alignment of the feedback beam split-
ter is simply a matter of minimising the diode current at which lasing occurs.
The laser is locked to the 4He absorption resonance using an RF-sideband tech-

2The complete system is based around the Toptica Photonics SYS DL 19” driver combination, and
is configured to work with a #LD-1080-0075-1 laser diode. This base system has been augmented
by a Bias-T connection on the laser head as well as PDD 100 and PID 100 controller modules in the
rack.
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Figure 2.4. Saturated absorption spectra and derived error signals for 3He*, together with
an etalon marker to indicate the frequency scale. Typical saturated absorption spectra for
4He* can be found in the thesis of Petra [107].

nique, and the linewidth has been determined to be 0.56MHz. Further details
on the construction and locking of the laser can be found in the thesis of Hersch-
bach [101].

2.2.2 Beam layout

Figure 2.5 shows the optical setup used to produce the bichromatic beams used
in themanipulation and cooling of both helium isotopes. Essentially the outputs
of the two fibre lasers are overlapped on a 50/50 non-polarising beam splitter
(not shown are the two spherical lenses used to roughly match the beam profile
of the 4He laser to that of the 3He laser). One of the now bichromatic beams
leaving the beam splitter is shaped using a cylindrical lens and sent to the colli-
mation section of the apparatus, whilst the second beam exiting the beam split-
ter is coupled into a single-mode polarisation maintaining optical fibre3. Cou-
pling the beam into an optical fibre ensures that the two frequency components
are indeed perfectly overlapped, significantly easing the alignment of the two
acousto-optic modulators which follow and helping to ensure that the two com-

3Incoupling efficiencies of up to 80% have been achieved for a single laser. However, due to
inaccuracies in matching the beam profiles of the two lasers, incoupling efficiencies for each of the
frequencies composing the bichromatic beam were more typically in the range 70-75%.
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ponents of the two-isotope-MOT are well overlapped in the trapping chamber.
As mentioned, the beam exiting the optical fibre is split into two parts, the first
of which passes through a 40MHz AOM providing the required detuning for the
MOT beams, while the second part is sent via a 250MHz AOM in a double pass
configuration to the Zeeman slower. Various half-wave plates in combination
with polarising beam splitters allow distribution of power in the three beams to
be adjusted to suit the experiment, and four shutters allow the control of which
frequencies are present in which beams at what time.

2.3 The vacuum system

The apparatus itself consists, for the most part, of a number of chambers and
tubes connected in series and kept under vacuum conditions (see Fig. 2.6). This
is necessary in order to reduce collisional losses to a minimum (at pressures
> 10−5 mbar, collisions would prevent the formation of a meaningful atomic
beam). The first of these chambers, a 17.7 cm aluminium cube housing the re-
tractable source (§2.4), is attached via a 2 cm thick adapter ring, to a gate valve
(VAT model SVV 160 HA). A second adapter ring performs the dual task of
coupling this valve to the 21× 17.7× 17.7 cm3 aluminium collimation chamber,
and providing a mount for the skimmer which provides the first of two differ-
ential pumping sections. As the windows in the collimation chamber do not
allow for attaching a pump, a second 17.7 cm aluminium cube follows (via a
6 cm connector) to allow for a high conductance pumping stage after the skim-
mer. A second differential pumping section is provided by a 100mm long,
3mm inner-diameter, tube mounted within a 10 cm bellows, and is followed
by a 16 cm T-piece to which a pump and the first part of the Zeeman slower are
connected. The Zeeman slower (total length 291 cm) is built around two stain-
less steel tubes, the inner surfaces of which have been electrostatically polished,
andwhich are joined by two further (15 cm T-piece) pumping stages, themselves
separated by (5.5 cm) a pneumatically actuated ultra-high vacuum (UHV)4 com-
patible valve (Nor-Cal GVMP-1502-CF). The first tube has a length of 197 cm
and an inner diameter of 25mm, whilst the second has a length of 58 cm and
inner diameter of 32mm and is welded to a reentrant flange within the trapping
chamber (§2.7).
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Vacuum quality4 along the beam-line ranges from high (HV) in the source
chamber to ultra-high (UHV) in the trapping chamber, and is maintained by a
system of turbomolecular5 and backing pumps (see Table 2.1). Roughly speak-
ing the HV region extends up to the beginning of the Zeeman slower; before this
point most components have been machined from aluminium and are sealed
using standard elastomer O-rings, whilst afterwards all components are ma-
chined from stainless steel, sealed using the Varian ConFlat® metal seal system,
and UHV conditions prevail6. The vacuum system is further augmented by two
flow restricting throttles: a multipurpose skimmer positioned immediately after
the source (§2.4), and a narrow tube positioned just after the collimation sec-
tion (§2.5). Each is placed between two pumps, thereby providing differential
pumping and relieving later sections of the setup of much of the He(1 1S0) load
experienced while the source is in operation.

In the event that we should need to modify or repair a part of the experiment
we are able to isolate and pressurise individual sections of it using two valves:
the first (VAT, model SVV 160 HA) is situated between the source and skimmer,
and the second (Nor-Cal, model GVMP-1502-CF) between the two parts of the
Zeeman slower. The ability to isolate the UHV trapping chamber, which can take
up to two weeks to bake out and pump down to a pressure of 5× 10−11 mbar,
is especially important.

2.4 Source

Essential to the magneto-optical trapping of He, is the production of atoms in
the metastable 2 3S1 state. In the work described here, this was accomplished us-
ing a DC-discharge source whose construction was identical to that described by
Rooijakkers et al. [102, 103], and was based upon the design of Fahey et al. [108].

4Vacuum quality classifications do not have universally agreed definitions, however, the follow-
ing are typical (standard atmospheric pressure is approximately 1013mbar):

Classification Pressure range (mbar)

Low (Rough) vacuum 1013–1
Medium vacuum 1–10−3
High vacuum 10−3–10−9
Ultra-high vacuum 10−9–10−12
Extremely high vacuum < 10−12

5During operation helium is the major component of the partial vacuum; turbomolecular pumps
offer good compression ratios and pumping speeds for helium as well as the ability to produce oil
free UHV environments and being low maintenance.

6Production of the vacuum within the Zeeman slower (essentially a long tube of relatively poor
conductance) is aided by having had the inner surfaces of the two tubes making up its core (§2.6)
electropolished.
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In short, a small fraction of He atoms entering the discharge are excited from the
1 1S0 ground-state, to the metastable 2 1S0 and 2 3S1 states by electron bombard-
ment.

The source itself consists of two parts, the first of which is composed of a
tantalum needle and boron nitride nozzle (0.25mm inner diameter and 10mm
length) housed in a quartz tube, and the second of which is simply a grounded
skimmer (1mm inner diameter). Helium gas is introduced into the quartz tube
via channels cut into the base of the needle, and a discharge is ignited andmain-
tained between the needle and skimmer (passing through the nozzle) by hold-
ing the needle at negative potential using a high-voltage supply (Innotec, model
LAB2K5). Liquid nitrogen is used to cool the nozzle, through which the atomic
beam expands supersonically, and substantially reduce (by a factor of ≈ 2) its
initial most probable velocity. The distance between the nozzle and skimmer
may be adjusted using a translation stage, whilst translation of the nozzle in
the other two dimensions is achieved by moving the flange upon which the
whole translation stage and source is mounted. The positioning of the source
is adjusted empirically to obtain the optimum flux of He* atoms in the atomic
beam, and, at a typical discharge current of 6.7mA, the fraction of He* atoms
in the atomic beam is ≈ 10−4, and the intensity of He* atoms in the beam is
≈ 4× 1014 s-1sr-1 [97].
Helium gas is supplied to the source from a reservoir containing 99.9% pure

helium, and may be operated using either 3He, 4He, or an arbitrary admixture
of the two. If experiments are to be performed on pure 4He*, then the reservoir
is simply a pressurised bottle of helium (essentially all 4He). However, because
of its low natural abundance (1.4× 10−4 %), isotopically enriched 3He gas is
reasonably expensive7, and if the source is to be operated with either 3He or a
3He-4He mixture, a recycling apparatus is employed to purify and recycle any
exhaust gas given out by the source (see Fig. 2.7). During operation the reservoir
is connected such that all helium not passing the skimmer is pumped back into
the recycling apparatus, two LN2 cooled molecular sieves within the reservoir
ensure a pure supply of helium to the source (which is sensitive to impurities);
the first of these is a type 13X molecular sieve, and the second is type 4A (both
are sodium zeolites, having pore sizes of 10 Å and 4Å respectively). Finally,
in-between the two reservoirs of helium gas and the source is an assembly of
valves (see Fig. 2.8). These provide the capability to switch between the two
reservoirs, control the flow of helium into the source, refill the recycling appa-
ratus, and to isolate the recycling apparatus when the experiment is not in use
(preventing contamination of its contents and reducing the backing pressure of
the turbomolecular pump attached to the source chamber).

71 atmL of 3He gas costs about USD 100 (anno 2004), furthermore, R. Stas [97] estimates the gas
consumption of the source (without recycling) to be ≈ 0.13 atmL/h.
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Figure 2.7. Schematic of the recycling circuit employed when operating the source using
either 3He, or a 3He-4He mixture.
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Figure 2.8. Flow chart of the valve assembly controlling the delivery of helium gas to
the source. Valves 1 and 5a are angle valves (Balzers, model KF-25), valves 2–4, 6, 7a,
and 9 are diaphragm valves (NUpro, model SS-DLS6mm), valves 5b and 7b are pressure
reduction valves (Messer, model Spectron FM62), and valve 8 is a variable leak valve
(Granville -Phillips, series 203). All valves are manually actuated.
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2.5 Collimation

Having passed through the source skimmer, the atomic beam (containing both
metastable and ground-state atoms) is quite divergent. As typical He* Zeeman
slowers are rather long, the resulting atomic flux at the location of the MOT
would be low (as would the loading rate of atoms into the MOT). However,
the situation is improved significantly by placing a collimation section imme-
diately after the skimmer. As its name implies, this section of the apparatus is
used to collimate the atomic beam in both transversal directions, thereby reduc-
ing its divergence, and increasing the loading rate of atoms into the MOT by a
factor of ∼ 70 [68].

The collimation section applies the curved wavefront technique [85, 103,
109], and has been constructed in accordance with the description given by
Rooijakkers et al. [103]. It relies upon He* atoms in the atomic beam interact-
ing with two pairs of counter-propagating, convergent laser beams, which are
resonant with the relevant atomic transition (ground-state atoms are not colli-
mated). Using about 200mW of light, the interaction region is placed as close to
the source skimmer (about 3 cm downstream) as possible, and is composed of
linearly polarised light beams, each having an elliptical profile with 1/e2 radii
3mm and 38mm (with the long axis parallel to the atomic beam), and a peak
intensity of 62mW/cm2 (≈ 370Isat).

For a given choice of the radius of curvature R of the counter-propagating
beams, the effect of the collimation depends upon the intensity of the light and
the longitudinal velocities of the individual atoms. As the Zeeman slower only
decelerates atomswith a velocity<∼ 1375m/s, the collimation section (especially
the radius of curvature of the laser beams) has been designed with the required
capture velocity in mind. However, in practise both the alignment of the four
beams, and their curvature are empirically optimised to achieve the largest pos-
sible number of atoms in the MOT8. This process usually involves tweaking the
collimation optics whilst observing the ion signal associated with the MOT. For
a typical radius of curvature R = 12m, and an interaction length of ≈ 10 cm,
the calculated capture velocity (transversal) is vcap = 10m/s.

Finally, it should be reiterated that the ground-state atoms in the atomic
beam are not resonant with the light in the collimation section, and are there-
fore not influenced by it. As a deflection section (see §6.1.4) has not been imple-
mented on this apparatus, both ground-state andmetastable atoms (slowed and
fast) will traverse the trapping region, resulting in additional trap-loss mecha-
nisms (see §5.1).

8An empirical optimisation of the collimation optics seems particularly justified in light of the
discrepancies between theoretical predictions and experimental results discussed by Tol [68].
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2.6 Zeeman slower

Atoms leaving the collimation section are travelling at rather large velocities
(typically ≈ 1250m/s in the case of 4He* and ≈ 1700m/s in the case of 3He*)
[97], much larger than the capture velocity of a MOT, thus they need to be
slowed before they enter the MOT region. This happens in the Zeeman slower,
in which atoms are slowed from about 1375m/s (dependent upon the detuning
of the slowing light and magnetic field strength, see Eq. 2.1) to velocities around
50m/s over a distance of 2.7m. Atoms in the Zeeman slower are kept in res-
onance with a counter-propagating laser beam by an inhomogeneous magnetic
field, whereby the Doppler shifted photon frequency (from the atomic frame
of reference) is compensated by a corresponding Zeeman shift of the atomic
transition at all points inside the slower. The repeated absorption and emission
cycles result in a dispersive force being applied to the atoms. In the case of 4He*
the cycling transition is MJ = 1 → M′

J = 2, whilst in the case of 3He* it is
MF = 3/2→ M′

F = 5/2 (see Fig. 2.2).
As the design and construction of this Zeeman slower has been described

in detail by R. Stas [97], I shall only highlight the two significant design differ-
ences in comparisonwith the Zeeman slower built previously for our BEC exper-
iment [68, 101]. Namely, the detuning (now -500MHz instead of -250MHz) and
magnetic field strength at which the Zeeman slower operates, and the addition
of an extraction coil to the end of the slower.

As mentioned above, the 3He* atoms produced in our source have a signifi-
cantly higher mean velocity than that of the 4He* atoms. It has, therefore, been
necessary to increase the capture velocity of our Zeeman slower in comparison
to that of the slower built for our BEC experiment [68, 101], in order to decel-
erate a significant fraction of the 3He* atoms entering the Zeeman slower. This
has been achieved by increasing both the maximummagnetic field strength pro-
duced by the coils of the slower, as well as increasing the detuning of the slowing
light according to

kbv(z) = μBB(z)/h̄− Δlaser, (2.1)

where kb is Boltzmann’s constant, v(z) is the velocity of the atoms along the
Zeeman slower at position z, μB is the Bohr magneton, B(z) is the magnetic
field strength at position z, h̄ is the reduced Planck constant, and Δlaser is the
frequency by which the slowing laser is detuned to the red of the cooling tran-
sition. Our Zeeman slower now operates at a detuning of -500MHz (instead of
-250MHz [68]), which corresponds to a Bmax of≈ 540 G. These parameters were
chosen to maximise the capture velocity of the slower whilst remaining below
a threshold B = 563 G, where it was expected that a level crossing would occur
in the Zeeman diagram of the two isotopes, leading to optical pumping of the
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atoms to non-slowed magnetic substates in the presence of slowing light which
was not perfectly σ+ polarised.

The extraction coil was added to compensate the magnetic field produced by
the final section of the slower coil, ensuring that the centre of the MOT remains
in the centre of the trapping chamber and is not displaced. This ensures that the
trapping volume remains as close to the end of the Zeeman slower as possible,
thereby providing the best conditions for capturing atoms from the expanding
atomic beam exiting the Zeeman slower. Due to the restrictive geometry of the
trapping chamber, it also aids the realisation of the optimal MOT configuration.

2.7 Magneto-optical trap

Our magneto-optical trap is of the standard (six-beam) configuration, first sug-
gested by Dalibard [61, see closing remarks], and first realised by Raab et al. [61].
A schematic overview of this configuration is given in Fig. 2.9, it shows three or-
thogonal pairs of counter-propagating laser beams with mutually opposite cir-
cular polarisations intersecting at the zero point of a quadrupole magnetic field
superimposed by a pair of coils. When the frequency of the trapping beams is
detuned to the red of the laser cooling transition (Δlaser < 0), atoms entering the
trapping volume (defined by the intersecting laser beams) experience a confine-
ment due to the spatial variation of the radiation pressure force brought about
by Zeeman shifts in the magnetic field, in combination with the cooling effect of
three-dimensional optical molasses. In order to maximise the flux of He* atoms
traversing the trapping volume, and the number of atoms trapped, the MOT
is placed as close as possible to the exit of the Zeeman slower, this distance is
limited by the geometry of two of the trapping laser beams and the end of the
Zeeman slower as shown in Fig. 2.11.

As shown in Fig. 2.5, light intended for use in the MOT itself is detuned by
-40MHz using an AOM (Interaction Corp., model 40R) in a single pass config-
uration, the same AOM is also used for switching the trapping light on and off
quickly at the desired time. This light is then expanded and collimated, before
a series of beam-splitter plates and mirrors divide this light beam into six inde-
pendent beams suitable for use in the MOT, the light then enters the UHV trap-
ping chamber via uncoated windows. Two of the counter-propagating beam
pairs are orientated such that they lie in the vertical plane, each at an angle
of 45◦ to the vertical, whilst the final pair lies in the horizontal plane and en-
ters the trapping chamber through a pair of re-entrant glass windows. Each
beam has a large diameter (27mm), a total intensity of 59mW/cm2, and may
be aligned independently of the other trapping beams. The two coils used to
produce the magnetic field are wound from Kapton coated copper wire having
a 2× 3mm rectangular cross-section, and have an inner diameter of 55mm, an
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Figure 2.9. Schematic of the magneto-optical trap configuration (left) and magnetic field
component Bz (right).

outer diameter of 77mm, a depth of 17mm, and consist of 24.5 windings. Held
within doughnut-shaped, water-cooled buckets made from polyvinyl chloride
(PVC, inner/outer diameter of 45/89mm), the coils are mounted inside the re-
entrant windows, bringing them close to the trap centre and making it easy for
them to produce the necessary magnetic field gradient9. Connected in an anti-
Helmholtz configuration, the coils produce an axial magnetic field gradient of
about 1.2 G/cm per ampere of current run through them. Experimental details
on the cooling and trapping of both single-isotope and two-isotope atomic sam-
ples are presented in chapter 3.

2.8 Diagnostic tools

Samples of He* atoms trapped in the MOT may be studied using one or more
of four available diagnostic tools. As mentioned in §2.1, the trapping cham-
ber contains two MCP detectors (see Fig. 2.11). One MCP is placed above the
trapping region, has a negative high-voltage on its front plate, and detects all
positive ions produced in the sample. The second MCP is electrically shielded
by a grounded grid, positioned below the trapping region, and is used to per-
form TOF measurements on samples released from the trap. Furthermore, an
imaging system based upon a CCD camera may be used to obtain fluorescence
images of trapped samples, or (with the addition of a probe laser) absorption
images.

9This is not strictly necessary in an apparatus used solely for the production of a MOT, however
the trapping chamber was originally designed and built for a quantum degeneracy experiment in
which producing the necessary magnetic field gradients for a magnetic trap can be challenging.
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Figure 2.10. A photograph of the MOT chamber and second part Zeeman slower, prior to
mounting the trapping coils and necessary optics.

2.8.1 Micro-channel plate assemblies

Both MCP detectors are two-stage MCP assemblies (Hamamatsu, model F4655),
have an active area diameter of 14.5mm, and are operated in the current mode
configuration, i.e. as a DC-current amplifier [80]. Neutral He* atoms, as well as
ions, may be detected using MCP detectors by virtue of their large (19.8 eV) inter-
nal energy. A He* atom incident upon a channel will release a surface electron
with high probability, whereupon the channel behaves as an electron multiplier
and produces an avalanche of electrons, which may be detected as an electric
current. In the present setup, the current signals given by these detectors are
then converted into voltages and amplified before being recorded by a digital
oscilloscope.

An unshielded MCP detector has a high negative voltage on its front face.
One such detector has been mounted above the trapping region in our chamber,
as shown in Fig. 2.11, at a distance of l1=106(2)mm from the trap centre, and
is typically operated at a voltage of -1620 V. The exposed high negative voltage
attracts all positive ions produced by colliding He* atoms held in the trap, and
the detector is used to monitor the density dependent ion production rates of
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Figure 2.11. A schematic overview of the MCP detectors available inside the MOT vacuum
chamber. The MCPs are positioned such that the trapping light and absorption imaging
probe beam still have unobstructed access to the trapping region. The ion MCP is placed
above the trapping region, whilst the metastables MCP is shielded by a grounded metal
grid and is located below the trapping region.
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trapped samples10.
A second detector is mounted inside a grounded Faraday cage below the

trapping region, at a distance of l2=106(2)mm from the trap centre, and is typ-
ically operated at a voltage of -1500 V (see Fig. 2.11). The Faraday cage shields
the whole of the trapping chamber from the electric field produced by the front
face of the detector, consequently, only He* atomsmoving in its direction are de-
tected by it. If the trap is switched off, He* atoms reaching this detector produce
a time-of-flight (TOF) signal, the shape of which may be used to determine the
temperature of the atomic sample just released. Furthermore, once this detector
has been calibrated by absorption imaging (see §2.8.2 below), the TOF signalmay
also be used to determine the number of atoms held in the trap (if the fraction of
the total number of trapped atoms hitting the detector, which may be modelled,
is known). As above, the detector is mounted such that it faces the trap centre,
and the angle with respect to gravity of the vector which is both normal to the
detector surface and directed towards the trap centre is 22.2◦. Both detectors are
mounted in such a way that atoms exiting the Zeeman slower cannot hit them
directly.

2.8.2 The imaging system

The imaging system is composed of a CCD camera (Cohu, RS-170 monochrome
1/2 in, model 6321-2001) with a 2/3 in objective lens mounted in-front of a 2 in
magnifying lens. The objective lens is uncoated, has a focal length of 50mm,
and a relative aperture of f/2.8, while the magnifying lens has an anti-reflection
coating for 1083 nm and a focal length of 600mm. Together, the two lenses im-
age a trapped sample onto the 786× 488 pixel CCD image sensor (Texas Instru-
ments, TC245, having a pickup area of 6.4× 4.8mm) with a magnification of
M = 0.17. Background light is blocked by an infrared edge filter. The aper-
ture stop of the imaging is formed by the camera objective, while the field stop
is formed by the CCD sensor. Consequently, the entrance window of the sys-
tem is situated in objective space and has a rectangular profile of dimension
37× 28mm. The angular aperture is 53mrad.

Fluorescence images, obtained by simply imaging the fluorescence photons
emitted by atoms irradiated with near-resonant radiation using the above sys-
tem, provide information on the size, shape and spatial density distribution of
the atomic sample as it is held in the MOT.

Absorption imaging combines the imaging system described above with a
probe beam provided by a narrow-band laser which is locked to a convenient

10Chapter 5 presents a series of experiments in which ion production rates have been measured
and used to determine the ionisation rate coefficients relevant to various isotopic mixtures of cold
trapped He* atoms.
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transition (2 3S1 → 2 3P2 in this case) and is switchable (using an AOM) on a
micro-second timescale. Absorption imaging also provides information on the
size, shape and spatial density distribution of the trapped sample, as well as
the number of trapped atoms, all without any kind of calibration procedure. It
is, however, sensitive to external fields, the detuning of the probe laser from
resonance and the light mass of helium atoms and cannot be performed upon
an ensemble of atoms whilst it is held in the MOT. Instead, the sample must
be released from the trap and an image recorded at a point in time after which
external fields have decayed, this means that in order to establish the properties
of the trapped sample a knowledge of the time (after release) at which the image
was taken together with the temperature of the expanding cloud is required in
order to calculate the properties of the sample as it was held in the MOT. A
detailed account of our implementation of the absorption imaging technique
and image analysis may be found in Ref. [68].

2.9 Experimental control

Precision control over the experimental apparatus, including data acquisition,
is realised via a standard IBM PC compatible computer that has been outfitted
with a digital I/O card, a frame grabber card, and a General Purpose Interface
Bus (GPIB) card. Whilst the experiment is running, the digital I/O card is in
full control of the apparatus, however, in-between runs, a LabVIEW (National
Instruments) program allows the user to interface with the I/O card, as well as
acquire data using the frame grabber and GPIB cards.

The digital I/O card (Viewpoint Systems, model DIO-128) has 64 output
channels, only 32 of which are activated, and is used to actuate various compo-
nents of the setup in a predetermined time sequence. Including a digital signal
processor (DSP), a clock and memory as on-board resources, the card is inde-
pendent of the host computers processor and memory, and has a temporal res-
olution of 1 μs. In-between experimental runs, the LabVIEW program is used
to load the cards memory with a timetable of TTL events and their timings and
the output channel to which they should be applied, which is then executed by
the DSP during the following experiments. The TTL signals themselves are used
to control AOM drivers for the switching on and off of the trapping, slowing,
and probe light on a μs timescale, mechanical shutters (Uniblitz, models LS2T2
and LS6T2) for the switching of slowing and trapping light on a ms timescale.
Furthermore, they are used to control two 50A current switches (high voltage
power MOSFETs), one for the MOT coils and one for the second part Zeeman
slower coil, as well as to trigger the frame-grabber card and the digital oscillo-
scope used to record signals from the two MCP detectors.
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The frame-grabber card (Data Translation, model DT3152) is used to cap-
ture images from the CCD camera, which may then be stored as bitmaps on the
hard drive of the computer. A digital oscilloscope (Tektronix, model TDS210)
is connected to the computer via the GPIB card (National Instruments, model
PCI-GPIB); traces recorded by the oscilloscope may then be transferred to the
computers hard disk using the LabVIEW program.





Chapter 3

Simultaneous magneto-optical trapping of
a boson-fermion mixture of metastable
helium atoms

[This chapter has been adapted from: Physical Review Letters 93, 053001 (2004).]

Metastable triplet helium (He*) provides unique prospects for the study of
dilute quantum gases, as its metastability offers detection strategies which are
unavailable in all but the noble gases. In particular, the Penning (and to a lesser
extent, associative) ionisation process,

He*+He*→ He+ +He(1 1S) + e−

provides a small but detectable flux of ions. This real-time, non-disruptive,
probe can be used to study density-dependent phenomena occurring in trapped
samples. The achievement, in 2001, of Bose-Einstein condensation in a dilute
gas of 4He* atoms [26, 94] has already demonstrated the feasibility of quantum
degeneracy experiments with metastable helium. In light of the availability of
the fermionic isotope 3He, one might consider extending this line of research
to Fermi degeneracy and boson-fermion quantum degenerate mixtures. During

37
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the past few years, impressive results have been obtained in the field of ultra-
cold Fermi gases, including the observation of Pauli blocking of collisions in 40K
spin mixtures [110], the study of quantum degenerate boson-fermion mixtures
of 6Li/7Li [18, 111], 6Li/23Na [112] and 40K/87Rb [113], the formation of molec-
ular condensates in the BEC-BCS crossover regime [114–116], the observation
of superfluidity across the BEC-BCS crossover regime [27] and with imbalanced
spin populations [117], and the observation of fermion-fermion pairing without
superfluidity [118]. With the extra detection strategies that a 3He*/4He* mix-
ture would provide, a unique new system for quantum degeneracy experiments
would be realised.

In their liquid and solid phases, 3He, 4He, and mixtures thereof have been
studied extensively [119]. Although the underlying physics is closely related
and similar phenomena may be observed, the dilute gas regime is strongly de-
viant: the atomic densities are smaller by many orders of magnitude (∼13) and
the inter-particle interactions are weak [120]. Furthermore, at sufficiently low
temperatures, elastic scattering behaviour is solely determined by the s-wave
scattering length, which is specific to the internal state of the atoms.

In any trapped ultracold atomic ensemble it is the relevant scattering lengths
which will determine the properties of the sample. Therefore in a sample com-
posed of both 3He* and 4He* atoms, it is the boson-fermion (a34) and boson-
boson (a44) scattering lengths which will be of interest. Lately, theory and ex-
periment have converged towards an accurate value of a44. The most accu-
rate experimental result to date, which measured the energy of the least-bound
(v = 14) state in the lowest 5Σ+

g of the helium dimer via two-photon photoas-
sociation spectroscopy and dark resonances, is a44=7.512± 0.005 nm [121]. A
comparable theoretical result has been obtained by a theoretical analysis of this
vibrational state, yielding a value of a44=7.64± 0.20 nm [122]. Mass scaling of
the molecular potential shows that the inter-species scattering length will be ex-
ceptionally large and positive (a34=28.8+3.9−3.3 nm [123]), and that the evaporative
cooling of 3He* by 4He* should therefore proceed very efficiently. In the quan-
tum degenerate regime the large value of a34 corresponds to a large mean-field
interaction, allowing a study of quantum phenomena such as component phase
separation [124] at densities as low as n=1013 cm−3. The monitoring of ion
production rates in such experiments could prove to be a unique detection tool
for such phenomena, especially in the case of phase separation, where differ-
ent phases and mixtures are expected as a function of the density of the bosons
and/or fermions, which may be varied experimentally. However, evaporative
cooling of fermions in different spin states [28] is not applicable to 3He* atoms
because the Penning ionisation rates in partially polarised mixtures will be too
high (see chapter 4). These high ionisation rates together with the absence of
magnetic field dependent Feshbach resonances will hamper the investigation of
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BCS-like phenomena.
In this chapter, the realisation and characterisation of a magneto-optical trap

(MOT) containing both He* isotopes is discussed, a result which represents the
first step towards the study of 3He*/4He* mixtures and the production of a
quantum degenerate boson-fermion mixture of metastable atoms. Previously,
several groups have studied samples of two atomic species in a MOT, either two
isotopes (TIMOT) of a single element [125–129] or two different elements [130–
139]. In our TIMOT up to 1.5 × 108 metastable atoms of each isotope are si-
multaneously confined at a temperature of 2 mK and a total atomic density of
∼ 109 cm−3. These numbers are comparable to single-isotope He* traps and
present good prospects for evaporative cooling experiments.

3.1 Experimental setup

In the experiment, a MOT is loaded from a collimated and Zeeman slowed He*
beam, produced by a liquid nitrogen cooled dc-discharge source. The appa-
ratus (a detailed description of which is given in chapter 2) is similar to the
4He* apparatus described previously [68, 89, 101], but incorporates a number of
adaptations which allow it to manipulate both helium isotopes, either individ-
ually or simultaneously [140, 141]. A schematic overview of both the vacuum
and optical setups is given in Fig. 3.1, and a brief description of the apparatus
follows.

The beam source is operated with an isotopically enriched mixture of the
two helium isotopes, containing approximately equal concentrations of each,
and is recycled and purified using liquid nitrogen cooled molecular sieves. The
two-isotope beam is collimated before entering the Zeeman slower, by applying
the curved-wavefront technique [85, 103, 109] in two dimensions. Because of its
smaller mass, 3He* atoms emerge from the source with a larger mean velocity
than 4He* atoms. Therefore, in order to produce a large flux of slow 3He* atoms
with which to load a MOT, the capture velocity of the Zeeman slower has been
increased to ∼ 1370m/s by choosing an appropriate combination of magnetic
field and detuning of the slowing laser (see chapter 2). The MOT itself is oper-
ated in a stainless steel vacuum chamber, and two anti-Helmholtz coils produce
the required magnetic quadrupole field, which has an axial magnetic gradient
of dB/dz=0.35 T/m. The pressure in the trapping chamber is 9× 10−10 mbar
while the apparatus is in operation, and originates from a background gas con-
sisting almost entirely of ground state (1 1S) helium atoms emitted from the
source.

Both helium isotopes are slowed and confined in the TIMOT with 1083 nm
light that is near resonant with the 2 3S1 → 2 3P2 optical transition (natural
linewidth Γ/2π =1.62MHz; saturation intensity Isat=0.166mWcm−2 for the
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Figure 3.1. A schematic overview of the TIMOT experimental apparatus used in these
experiments. Component labels are: AOM, acousto-optic modulator; QW, quarter-wave
plate; S, shutter; PBSC, polarising beam splitter cube; HW, half-wave plate; CL, cylindri-
cal lens; and NPBSC, non-polarising beam-splitter cube. For clarity, all spherical lenses
and excess mirrors have been omitted.

cycling transition). The isotope shift for this transition is 34 GHz and, there-
fore, two separate ytterbium-doped fibre lasers are used, one for each isotope.
Both lasers are frequency locked to the laser cooling transitions using satu-
rated absorption spectroscopy in rf-discharge cells. The two laser beams are
then overlapped on a non-polarising beam splitter, producing two beams of
about equal power containing both frequencies. One beam is used for the col-
limation of the He* atomic beam, whilst the other is coupled into a single-
mode polarisation maintaining fibre, to achieve perfect beam overlap, and is
used for the Zeeman slower and trapping beams. Acousto-optic modulators
are used to generate the slowing frequencies νZS3 and νZS4, and the trapping
frequencies νMOT3 and νMOT4. Figure 3.2 gives an overview of the optical tran-
sitions at 1083 nm for each isotope, together with the four laser cooling frequen-
cies. The trapping beam is split up into six independent Gaussian beams with
1/e2 intensity widths of 1.8 cm. The total peak intensity is Ipeak=57mWcm−2
(Ipeak/Isat ≈ 335) for each frequency. The slowing beam is focused onto the
atomic beam source. At the position of the trapped cloud the 1/e2 intensity
width is 2.2 cm and the two frequency components have peak intensities of
Ipeak=9mWcm−2 (Ipeak/Isat ≈ 54).
Trapped clouds are studied using two microchannel plate (MCP) detectors.
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Operated at a voltage of -1.5 kV and positioned at a distance of 11 cm from the
trap centre, the MCP detectors allow for independent monitoring of the ions
and He* atoms that escape the trap. With an exposed negative high voltage on
its front plate, one MCP detector attracts all ions produced in Penning ionising
collisions. The other MCP is mounted behind a grounded grid and detects only
He* atoms that exit the trap in its direction.

The decaying ion flux, measured on the unshielded MCP detector after inter-
rupting the loading of one or both isotopes, is used to study trap loss. Such
a signal is employed in the determination of the loss rate coefficients α and
β defined via dn/dt = −αn − βn2 [71]. In this way, the ion production rate
acts as a real-time probe, monitoring Penning-ionising collisions in the trapped
cloud [71, 93, 95, 96, 142–144].

Upon the release of a trapped sample, the shielded MCP detector is used
to perform time-of-flight measurements. For this purpose, the trapping and
slowing light for one or both isotopes, and the magnetic field are switched
off abruptly. During the free ballistic expansion which follows, a small frac-
tion of the released atom cloud hits the MCP detector and the resulting signal
is used to determine the temperature of the trapped cloud and the number of
trapped atoms. An absolute calibration is performed using absorption imaging
of the trapped cloudwith a narrow-band diode laser and an IR-sensitive charge-
coupled device (CCD) camera. Absorption imaging allows the determination of
the density distribution and atom number of the sample.

3.2 Trapping individual isotopes

To begin with, the single-isotope MOTs of both isotopes were studied individu-
ally. In these traps, typically N = 3× 108 atoms of either isotope were confined
at a central density of n0=3× 109 cm−3, and a temperature of T =2mK. The
uncertainty in the atom number determination is ∼ 30%, and the central den-
sity is limited to a few 109 cm−3 by light-assisted Penning ionising collisions (see
chapter 5). Previous studies of 4He* MOTs [89, 145, 146] have reported similar
numbers.

The results of the 3He* MOT are similar to those of the 4He* MOT, and yield
a number of trapped 3He* atoms that is 3 orders of magnitude larger than has
been reported previously [95, 96]. At first sight this may be surprising, as the
level structure of 3He is complicated by hyperfine splittings, as seen in Fig-
ure 3.2. However, operated on the C3 transition, the 3He* MOT confines large
atom numbers without the application of repumping light to excite the F =1/2
ground state.

Despite the inverted hyperfine structure of the excited state and the rela-
tively large splitting of 1125Γ between the F′ = 3/2 and F′ = 5/2 levels, the
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Figure 3.2. Overview of the optical transitions at 1083 nm of the 3He and 4He atom.
The trapping frequencies νMOT3 and νMOT4, and slowing frequencies νZS3 and νZS4 are
also included. The trapping and slowing frequencies are detuned from the laser cooling
transitions (C3 for 3He and D2 for 4He) by -40MHz and -500MHz, respectively. The
isotope shift puts laser frequencies νMOT4 and νZS4 near transition C9 of 3He.
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high intensity of the trapping beams leads to significant off-resonant excitation
of transition C5 and decay into the F = 1/2 ground state. A repumping beam,
however, is not required, since the trapping and slowing frequencies νMOT3 and
νZS3 excite transitions C2 and C4 at a sufficiently high rate to repopulate the
F = 3/2 ground state. The frequency detuning of νZS3 from transition C2 is rel-
atively small, −32Γ, making this combination the dominant repumping route.
In the absence of νZS3, sufficient repumping is provided by the excitation of
transitions C2 and C4 by frequency component νMOT3, the detunings from the
transitions in this case are larger at 251Γ and −161Γ, respectively.

Figure 3.3a (solid curve) shows the 3He* signal and ion signal from a pure
3He* MOT, when the slowing light is switched off abruptly. Measurements with
the shielded MCP detector show zero loss of metastables from the trap irrespec-
tive of the presence of νZS3. The decay is dominated by Penning-ionising pair
collisions in the cloud, characterised by β33n0,3=5.2 s-1 and α=0.7 s-1. With n0,3
from absorption imaging, β33≈8× 10−9 cm3/s is deduced. At equal detuning
and intensity of the trapping laser, we find for 4He* that β44≈4× 10−9 cm3/s.
The isotopic difference between β33 and β44 is a result of the different num-
ber of ionisation channels for light-assisted collisions of pairs of 3He* or 4He*
atoms [95, 96].

3.3 Simultaneous trapping of both isotopes

Simultaneous cooling and trapping of both 3He* and 4He* in a TIMOT is realised
by simply introducing an admixture of 3He and 4He to the source (see §2.4) and
by synchronising the injection of light necessary for the collimation, slowing and
trapping of each isotope. In the TIMOT there are therefore four light frequencies
incident on the trapping volume, and a second loss channel for 3He* atoms is
opened up. Because of their relatively small frequency difference of −524 Γ,
the 4He* trapping light (νMOT4) frequently excites the C9 transition in 3He, and
leads to the optical pumping of 3He* atoms into the non-trapped F = 1/2 state.
Now, the repumping provided by νMOT3 via off-resonant excitation of C2 and
C4 is insufficient. This can be seen in Fig. 3.3a (dotted curve), where the effect is
shown of frequency component νMOT4 on the decay dynamics of the 3He* MOT.
At t =0, when the slowing light was extinguished, frequency νMOT4 was added
to the trapping light of a pure 3He* MOT, and a flux of 3He* atoms escaping
the trap is observed. The decaying ion signal indicates that the 3He* atoms are
transferred to the F = 1/2 state at a rate of α=7.8 s-1. However, this extra loss
channel does not limit the realisation of a TIMOT with a large number of 3He*
atoms. As shown in Fig. 3.3b, the TIMOT loses 3He* atoms only if the slowing
light is blocked. During loading there is still sufficient repumping by frequency
νZS3 and the losses due to optical pumping are negligible.
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α = 7.8 s−1

0.0 0.2 0.4 0.6 0.8
Time (s)

0.00

0.02

0.04

0.06

0.00

0.01

0.02
Io
n

  
si
g
n
a
l 
(V
)

H
e
*

 s
ig
n
a
l 
(V
)

Time (s)

α = 0.7 s−1

(a) (b)

βn0,3 = 5.2 s−1

3He* 3S1 F = 1/23He* 3S1 F = 1/2

0.00

0.02

0.04

0.06

0.00

0.01

0.02

Io
n

  
si
g
n
a
l 
(V
)

H
e
*

 s
ig
n
a
l 
(V
)

0.0 0.2 0.4 0.6 0.8

Figure 3.3. He* signals and ion signals observed when the slowing light is abruptly
blocked at t = 0. (a) Single-isotope 3He* MOT with (dotted curve) and without (solid
curve) the νMOT4 frequency component added at t=0. (b) Two-isotope MOT.

In the Zeeman slower, two frequencies (νZS3 and νZS4) are present in order
to simultaneously slow the two isotopes. Accordingly, optical pumping of 3He*
atoms to non-slowed substates by the 4He* slowing light is a potential problem.
In the magnetic field of the Zeeman slower the degeneracy of the magnetic sub-
states is lifted, and it is the mF = 3/2 → mF′ = 5/2 component of transition C3
and component mJ =1→ mJ′ =2 of D2 which are used as the cycling transitions
for the slowing of 3He* and 4He* atoms, respectively. Both of these transitions
have a Landé g-factor of 1, however, component mF = 3/2 → mF′ = 1/2 of
transition C9 has a Landé g-factor of −1.9 and, therefore, the corresponding
Zeeman shift due to the inhomogeneous magnetic field of this state does not
compensate its Doppler shift in the reference frame of the decelerating atoms.
As the g-factor is negative, the Doppler and Zeeman shifts add up, and calcu-
lations show that around the position where B=199 G, resonant excitation of
component mF =3/2→ mF′ =1/2 of transition C9 by νZS4 occurs if the slowing
light has a σ− component. The unwanted excitation of this Zeeman component
leads to the optical pumping of 3He* atoms into non-slowed magnetic substates
and a reduction in the flux of slowed 3He* atoms. This result is supported by
experiments, in which the loading rate of 3He* atoms strongly depends on the
polarisation of the slowing light and on the intensity of the νZS4 component.

After optimisation of the slowing efficiency, the numbers of trapped atoms
in the TIMOT are comparable to the corresponding numbers of atoms held in
single-isotope traps; typically trapped atom numbers of Ni≈ 1.5× 108 for each
isotope (i =3, 4) are obtained. These large atom numbers are attained by apply-
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Figure 3.4. Density distributions yielded by fitting typical absorption images for both
components of the two-isotope magneto-optical trap (the solid lines apply to 3He*, while
the dashed lines apply to 4He*). The distributions along the axis of the quadrupole mag-
netic field are given by the black curves, and those in the radial direction by the grey
curves. The distributions are clearly centred with respect to one another. It can also be
seen that in comparison to the 4He* component (whose distributions are nearly identi-
cal in both the two-isotope and single-isotope traps), the 3He* component has a lower
density and larger volume.

ing only the four frequencies νMOT3, νZS3, νMOT4 and νZS4
1. Fluorescence and

absorption images show that, at least in the plane of the images, the two TIMOT
components are centred with respect to each other (see Fig. 3.4). Because the
power balance of the trapping beams is identical for both isotopes it is expected
that the components are centredwith respect to each other along the third axis as
well. Absorption imaging also shows that whilst the 4He* component displays
almost identical characteristics in both the single-isotope MOT and in the TIMOT,
the 3He* component density appears to drop by a factor of ≈ 2 in the TIMOT
whilst its size in the trap increases slightly. This is possibly a result of heating of
the 3He* TIMOT component by the optical pumping processes mentioned above.
Figure 3.5 shows the flux of He* atoms on the shielded MCP recorded after the
sequential release of the two isotopes. First 3He* atoms are released by switch-
ing off the νMOT3 and νZS3 components of the trapping and slowing light. The
quadrupole magnetic field (still present during this time-of-flight experiment)

1In the related case of the simultaneous magneto-optical trapping of 6Li atoms and 7Li atoms,
eight different frequencies are needed to achieve significant atom numbers [126].
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Figure 3.5. Flux of He* atoms after the subsequent release of 3He* atoms (at t=−100ms)
and 4He* atoms (at t=0ms) from the TIMOT. Two peaks corresponding to the two iso-
topes are observed. Only the second peak can be used to determine an accurate temper-
ature and atom number.

perturbs the free ballistic expansion of the 3He* atoms, giving rise to a shoulder
on the first peak in the trace. The 4He* atoms are released with a delay of 100ms
by simultaneously switching off the remaining frequency components, νMOT4
and νZS4, together with the magnetic field.

In steady state, the loading rate of the MOT, R3,4≈3× 108 s-1, is balanced by
the trap loss:

Ri = αi Ni + βii

∫
n2i d 3r + β34

∫
n3n4 d 3r, (3.1)

with i = 3, 4. For each isotope, the atom number confined in the TIMOT is com-
parable to the atom number confined in the corresponding single-isotope trap.
This is a good indication that losses due to inter-species collisions, characterised
by β34, are small in comparison to the loss processes characterised by α3 and
β33, or α4 and β44 (see chapters 4 and 5). Homonuclear and heteronuclear col-
lisions in the presence of resonant light are governed by different mechanisms,
and because of this the loss-rate coefficients in these two cases differ signifi-
cantly. During homonuclear collisions, resonant light can excite the atom pair
to a resonant dipole-dipole potential V(R) ∼ R−3. As heteronuclear collisions
are governed by a Van der Waals potential V(R)∼R−6, resonant excitation oc-
curs at much smaller internuclear distances, yielding loss rates that are smaller
by about 1 order of magnitude [147].

3.4 Conclusion

In conclusion, it has been demonstrated that it is possible to trap up to 1.5× 108
fermionic 3He* atoms together with an equal number of bosonic 4He* atoms in a
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Table 3.1. Typical experimental values of the 3He* and 4He* components in our TIMOT
(error bars correspond to 1 standard deviation).

3He* 4He*

Temperature T (mK) 1.2(1) 1.2(1)

Number of atoms N 1.0(3)× 108 1.3(3)× 108
Central density n0 (cm−3) 0.5(1)× 109 1.0(2)× 109
Radial radius σρ (cm) 0.28(4) 0.25(3)

Axial radius σz (cm) 0.16(2) 0.14(1)

two-isotopemagneto-optical trapwithout the need for any additional repumper
lasers. In the case of 4He*, this result is comparable to other results obtained
with single-isotope MOTs, and in the case of 3He* it is an improvement by three
orders of magnitude when compared with previous results. This result opens
up the road to sympathetic cooling of 3He* by 4He*, and potential realisation of
quantum degeneracy in a dilute gas of 3He* atoms, or mixture of 3He* and 4He*
atoms.





Chapter 4

A simple theoretical treatment of cold
ionising collisions between metastable
helium atoms

[This chapter has been adapted from Physical Review A 73, 032713 (2006) and
Physical Review A 75, 062715 (2007).]

During the 1980s the dual prospects of achieving Bose-Einstein condensa-
tion (BEC) with spin-polarised hydrogen [148–150], and of building ultra-stable
cryogenic hydrogen masers [151–153], highlighted the need for an understand-
ing of collisions between atoms in dilute gases at temperatures below 1K. In
both cases, collisions between atoms in their ground-state had an important role
to play; relaxation of the spin-polarised hydrogen atoms was preventing the
production of a BEC [154–157], whilst collisions were responsible for (accuracy
limiting) pressure dependent shifts of the maser transition frequency [158–160].

A few years later, optical fields were employed for the first time in trapping
dilute atomic clouds of atoms at temperatures below 1mK [60, 61], and the im-
portance of collisions with regard to the dynamics of these laser-cooled gases
was realised soon after [147, 161, 162]. Since then many different atomic species

49
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have been cooled and trapped at cold and ultracold1temperatures, and the pro-
duction of such gases has opened up several new fields of research (e.g. quan-
tum degenerate gases, laser-cooled atomic clocks, atom interferometry, etc.).
Much of the current interest in (ultra)cold collisions is due to their importance
in these various areas of research [6], and numerous investigations have been
made into the collisional properties of different homonuclear [71, 140, 162–171]
and heteronuclear [125–128, 172, 173] systems.

Besides their relevance to the ever growing number of applications of (ul-
tra)cold atomic gases, (ultra)cold collisions are interesting in their own right,
displaying a number of novel quantum effects often obscured in conventional
gas-phase experiments. As opposed to collisions between thermal atoms, the de
Broglie wavelength associated with the colliding partners may become compa-
rable to the characteristic range of the interatomic potential, thus such collisions
become sensitive to the long-range interaction between the colliding partners.
Furthermore, the narrow, near-threshold (of the entrance channel) state distri-
butionmeans that only a few partial wavesmay contribute to a collision, leading
to phenomena such as scattering resonances and interaction retardation becom-
ing important [147].

Laser-cooled helium atoms in the metastable 2 3S1 state (He*) provide unique
opportunities to study cold ionising collisions. The simple structure of helium
atoms allows for relatively straightforward theoretical calculations to be per-
formed, whilst experiments profit from the ability to detect ions with high ef-
ficiency using charged-particle detectors [71, 89, 93, 95, 96, 145, 146, 175, 176].
Furthermore, large numbers of both fermionic 3He* and bosonic 4He* can be
confined in a magneto-optical trap (MOT) (see Ch. 3) [172], allowing the effects
of quantum statistics upon cold collisions to be investigated [177].

Optically assisted collisions lead to large losses in MOTs and are clearly de-
pendent upon experimental parameters such as the intensity and detuning from
resonance of the light fields present. A full theoretical treatment of these colli-
sions is often hampered by the complexity of the molecular hyperfine struc-
ture [147], thus MOTs are usually empirically optimised for their intended ap-
plication, and comparisons with theory or other experiments are difficult. Col-
lisions between atoms in the absence of a resonant light field are, on the other
hand, a theoretically more tractable problem and their associated loss rate co-
efficients are fundamental properties of a given system, allowing direct com-
parisons with other theories, and between experiments. Homonuclear and het-
eronuclear collisions, “in the dark”, between isotopes of a single element are

1Following Suominen [174], collisions between laser-cooled atoms, the temperatures of which fall
roughly into the range 1 μK–1mK, shall be referred to as cold collisions. Correspondingly, collisions
occurring at temperatures below ∼ 1 μK, where the effects of quantum statistics begin to become
apparent, will be known as ultracold collisions.
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both mediated at long-range by the van-der-Waals interaction (∝ 1/r6) and any
differences are due, in the main, to differing atomic structures and quantum
statistical symmetries.

In this chapter a theoretical investigation into the ionising collisions between
two atoms in a dilute laser-cooled and trapped mixture of 3He* and 4He* is pre-
sented. 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 K(th)33 ,
K(th)34 , and K(th)44 (where the subscripts denote particular combinations of 3He*
and 4He*) relevant 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 of the isotopic combinations, and that these differences may
be ascribed to the differing quantum statistical properties of the two helium iso-
topes (in combination with the presence of a nuclear spin in the case of 3He).
The simple model described in the following pages provides a clear insight into
the physical processes relevant to such ionising collisions, yet contains only light
numerical calculations. Complementing the more rigorous close-coupling the-
ory developed for the case of 4He* by Venturi et al. [178, 179] and Leo et al. [180],
the results of both theories compare well.

4.1 Cold ionising collisions between He* atoms

Due to the high internal energy (19.8 eV) of He* atoms, their inverted (hyper)fine
structure, and the spherical symmetry of the 2 3S1 atomic state, ionising colli-
sions [Penning (PI) and associative (AI)]2

He*+He*→
{
He+He+ + e− (PI)

He+2 + e− (AI)
(4.1)

dominate losses (assuming a sufficiently low background pressure) in trapped
samples of laser-cooled He* [71]. The internal energy of two He* atoms exceeds
the ionisation limit of He by ∼15 eV, therefore the reactions shown in Eqs. 4.1
are highly exothermic, and both atoms involved in the process will gain more
than enough kinetic energy to escape a MOT. The differences between PI and
AI are not important to the following discussion, and henceforth no distinction
between them will be made.

As the interaction driving the reactions given in Eqs. 4.1 is of an electrostatic
nature [181], the total electronic spin S (being the sum of the electronic spins
of both atoms) is conserved during these processes. If one then considers the

2For an understanding of the PI and AI processes the reader is referred to thework of Yencha [181]
and Niehaus [182].
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reaction equations themselves, it becomes evident that when the spins of the in-
dividual He* atoms are aligned in equivalent fully stretched magnetic substates
(m f = + 3

2 or − 3
2 in the case of

3He*, mj = +1 or − 1 in the case of 4He*, and
m f = + 3

2/mj = +1 or m f = − 3
2/mj = −1 in the case of a mixture), the reac-

tions violate spin conservation. Denoting the quantisation of each spin ( f or j)
symbolically, one finds in the case of PI, for example

(↑↑) + (↑↑) � (↑) + (↑↓) + (↑)
(↓↓) + (↓↓) � (↓) + (↑↓) + (↓).

Clearly, S can only be conserved if S = 0 or 1, whilst an ionising collision with
S = 2 will involve a violation of spin conservation. The suppression of the ion-
ising processes presented in Eqs. 4.1 by spin conservation is known as Wigner’s
spin-conservation rule [183].

Theoreticians have shown that a magnetic spin-dipole interaction can induce
spin flips and mediate ionisation in collisions between He* atoms with S=2 [88,
184]. However, both theory [88, 184] and experiment [94, 100, 185–187] show
that the corresponding ionisation rates are approximately 4 orders of magnitude
smaller than those of other (spin-conserving) channels. As the probability of
ionisation is many orders of magnitude smaller for collisions in which S = 2
than than those in which S = 0 or 1, ionising collisions for which S = 2 shall be
neglected in our model.

4.2 The theoretical model

As with many quantum mechanical theories describing the time-averaged be-
haviour of a given system, scattering theory employs time-independent wave
functions and their associated interference patterns in its portrayal of collisions.
These wave functions may be separated into centre-of-mass and relative coor-
dinates; solutions for the centre-of-mass motion are trivial, and the remaining
problem lies in solving for the relative motion of the particles. Thus, the two-
particle scattering problem is equivalent to a single particle of reduced mass
μ = m1m2/(m1+m2), in a given initial internal state, and having an asymptotic
total (internal plus external) energy E = h̄2k2/2μ, scattering from a potential
V, where k is the wave vector corresponding to this motion, and h̄ is the re-
duced Planck constant. In the case of scattering between particles having inter-
nal structure, it is usual to distinguish between the relative position vector of
the colliding partners r, and their internal degrees of freedom, which shall be
labelled here by the index α. With the Hamiltonian then written as

H = Hint(α)− h̄2

2μ
∇2r + V(r, α), (4.2)
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and V(r, α) defined to vanish at infinity, the wave function Θ(r, α) describing
the scattering system satisfies the time-independent Schrödinger equation

HΘ(r, α) = EΘ(r, α). (4.3)

As has been shown by R. Stas [97], in the case of He* atoms scattering in
the potentials relevant to Penning ionising collisions (1Σ+

g and 3Σ+
u , see §4.2.2),

the evolution of an atomic state in the region where the atomic hyperfine inter-
action is of the same order of magnitude as the molecular interaction may be
described to a good approximation as being diabatic. Hence, the wave function
Θ(r, α) shall be expanded in terms of the unperturbed (diabatic) orthonormal
eigenstates Φa(α) of Hint3,

Θ(r, α) = ∑
a

ψa(r)Φa(α), (4.4)

where the Φa(α) satisfy

Hint(α)Φa(α) = EaΦa(α), (4.5)

and a (together with b in the following) is a generic index. Upon substitution
of Eq. 4.4 in Eq. 4.3, multiplication by Φ∗b(α) and integration over the internal
variables, one obtains [

∇2r + k2a
]

ψa(r) = ∑
b

Uab(r)ψb(r), (4.6a)

where

k2a =
2μ(E− Ea)

h̄2
(4.6b)

Uab(r) =
2μ

h̄2
〈Φb(α)|V(r, α)|Φa(α)〉, (4.6c)

Equations 4.6a represent a number of coupled Schrödinger equations, the off-
diagonal terms Uab(r) of which couple different channels together, and account
for the occurrence of any inelastic processes and for polarisation contributions
to elastic scattering.

3Equation 4.3 may be cast into two limiting forms, one of which (the diabatic form) is given by
Eqs. 4.6. In problems for which the relaxation of the particles internal states may be assumed to
be fast in comparison with the relative motion of the colliding particles, an adiabatic formulation
is preferable. If this is the case, Eq. 4.4 should be replaced by an expansion in terms of the adi-
abatic internal states χa(r; α), which are orthogonal eigenfunctions of the full internal part of the
Hamiltonian at a given point r: [Hint(α) + V(r, α)]χ(r; α) = Wa(r)χa(r; α). χa(r; α) and Wa(r) are
therefore parametric functions of r. As V(r, α) vanishes at infinity, χa(r; α) andWa(r) tend towards
their diabatic counterparts φa(α) and Ea at large internuclear separations.
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The boundary conditions to be imposed on Eqs. 4.6a, which are independent
of the formulation of the problem given here, are given by [188]:

rψa(r) →
r→0 0 (4.7a)

ψb(r) ∼
r→∞

δabeikaz + fab(θ, φ)eikbr/r, (4.7b)

where fab(θ, φ), known as the scattering amplitude, is the probability amplitude
for scattering from channel a into channel b. These amount to restricting the set
of possible solutions of Eqs. 4.6a to those wave functions which are regular at
the origin, and which have the asymptotic form of a plane wave together with
an outgoing term in the entrance channel, and solely outgoing waves in all other
channels.

If one is dealing with a central potential, in which both the energy and or-
bital angular momentum are conserved, the problem may be further simpli-
fied. In this scenario there exist solutions of Eqs. 4.6a with well-defined angular
momenta ϕa,�,ml

(r). These stationary states are known as partial waves, and
their angular dependence is always given by the normalised spherical harmon-
ics Ym�

� (θ, φ) [189],

ϕa,�,m�
(r) = Ra,�(r)Ym�

� (θ, φ) =
1
r

ua,�(r)Ym�
� (θ, φ), (4.8)

where the ua,�(r) are solutions to the radial wave equation[
d2

dr2
+ k2a −

�(� + 1)
r2

]
ua,�(r) = ∑

b
Uab(r)ub,�(r), (4.9)

−� ≤ m� ≤ � is the projection of the angular momentum � upon the internu-
clear axis, and θ and φ are the zenith and azimuthal angles respectively. For the
special case in which the interaction potential is independent of φ, as it is in col-
lisions between He* atoms for which the unpaired core electron is in an s state,
m� =0. Therefore, the partial waves given in Eq. 4.8 are reduced to

ϕa,�,0(r) =
1
r

ua,�(r)Y0� (θ, φ), (4.10)

in terms of which the wave functions ψa(r)may be simply decomposed,

ψa(r) =
1
r ∑

�

c(m)
� ua,�(r)Y0� (θ, φ). (4.11)

The expansion coefficients c(m)
� introduced in Eq. 4.11 are labelled by the in-

dex m, which indicates their dependence upon a particular initial channel (see
Eq. 4.13); correspondingly, in the equations to follow, the index n shall denote a
particular final channel.
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Equation 4.9 represents a set of N coupled radial equations, and upon substi-
tuting Eq. 4.11 into Eq. 4.9, it may be seen that each value of the orbital angular
momentum quantum number � gives rise to a different set of coupled equations.
As the boundary condition Eq. 4.7b requires (together with outgoing terms) a
plane wave component in channel m, the solutions of Eq. 4.9 containing the ap-
propriate plane wave components are selected,

u(m)
n,� ∼ δmn sin(kmr− �π/2)− 1

2 (km/kn)
1
2 T(�)

mn ei(knr−�π/2), (4.12)

where T (�), the transition (T) matrix4 for a given value of �, is composed of the
matrix elements T(�)

mn defined by these equations. The coefficients c(m)
� in Eq. 4.11

are then chosen such that the incoming part of ψm(r) behaves as the incoming
part of a plane wave [188],

c(m)
� =

(2� + 1)i�

km
, (4.13)

and the ψm(r) take on the required asymptotic form (see Eq. 4.7b), where

fmn(θ, φ) = −
√

π

kmkn
∑
�

√
(2� + 1)T(�)

mnY0� (θ, φ) (4.14a)

=
1
i

√
π

kmkn
∑
�

√
(2� + 1)(S(�)

mn − δmn)Y0� (θ, φ), (4.14b)

and S(�)
mn are the matrix elements of the scattering (S) matrix4 for a given value

of �.
Collisions in laser, or evaporatively, cooled atomic samples typically occur

at temperatures � 1mK. The kinetic energies associated with such tempera-
tures lie very close to the asymptotic limit of the entrance channel, and are usu-
ally lower than the potential energy of even the � = 1 rotational barrier (given
by the third term in Eq. 4.9, see §4.2.2). Consequently, only a very few partial
waves typically contribute significantly to the collision process, making a par-
tial wave description of the collision particularly convenient as the sums given
in Eq. 4.11 usually contain only one, two, or three terms. This also implies that
the de Broglie wavelength of atomic motion Λ=2π/k is as large, or larger, than
the typical range of the interatomic potential, and that collisions will be dom-
inated by quantum threshold behaviour [190–193]. Finally, when performing
scattering calculations, care should be taken to use the properly symmetrised
two-body wave functions in the case of indistinguishable particles.

4A transition matrix T is related to its associated scattering (S) matrix S, which may be used to
describe all experimentally observable quantities, by

S = I − iT . (4.15)
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4.2.1 Ionisation cross section

Inelastic collisions between cold atoms often lead to a loss of atoms from trapped
samples, which is relatively easy to measure. Consequently, collisional studies
involving samples of (ultra)cold atoms tend to focus on the loss rates associ-
ated with various different collision processes. As shall be shown in §4.2.5, if
experimental parameters such as the density distribution and temperature are
known, the loss rates are intimately linked to a scattering cross-section, which
in the absence of external fields is a fundamental property of the system.

The inelastic scattering cross-sections σmn (elastic scattering cross-sections
are given by the σmm) are related to the scattering amplitudes introduced in
Eq. 4.7a by

σmn =
kn

km

∫
| fmn(θ, φ)|2 dΩ, (4.16)

where the flux factor (kn/km) accounts for any difference in flux between the
incident and scattered particles resulting from a transfer of energy between the
internal and relative motion of the two particles. Upon substitution of Eq. 4.14
into Eq. 4.16, the following expression for the inelastic scattering cross-section
in terms of transition matrix elements is found:

σmn =
π

k2m
∑
�

(2� + 1)|T(�)
mn |2. (4.17)

The total inelastic cross-section is then given by summing Eq. 4.17 over all the
possible final states n differing from the initial state m,

σin = ∑
n �=m

σmn. (4.18)

Penning ionisation is the predominant loss mechanism in experiments in-
volving metastable species, and it is therefore common to monitor (selectively
and with high efficiency) the ion production rate in these experiments [71, 72,
74, 90, 93, 100, 140, 187, 194–197]. Thus, it is the total cross-section for outgoing
channels including the presence of a He+ ion, σ(ion), which is important in the
description of losses from MOTs of He*.

From a semi-classical viewpoint wemay treat ionising collisions as two-stage
processes. At low collision energies, colliding atoms scatter from the interaction
potential V(r) at relatively large internuclear distance r >∼ 100 a0. Partial-waves
with � > 0 are scattered by the centrifugal barriers (see Eq. 4.9 and Fig. 4.2),
while scattering for � = 0 takes place at the internuclear separation at which
the local de Broglie wavelength Λ(r) = h/(2μ[E − V(r)])1/2 becomes compa-
rable to the range of the potential well, i.e. dΛ(r)/dr ≈ 1 [191, 192]. On the
other hand, Penning ionisation occurs at small internuclear distance r ≈ 5 a0
as the electron clouds of the two atoms begin to overlap [181]. Scattering from
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the interaction potential can thus be considered to precede the inelastic process
of ionisation, allowing the factorisation of the ionisation probability in a given
entrance channel, and permitting the ionisation cross-section for collisions with
total electronic spin S to be written as [177]

(2S+1)σ(ion) = ∑
�

(2S+1)σ
(ion)
� =

π

k2 ∑
�

(2� + 1) · (2S+1)P(tun)� · (2S+1)P(ion), (4.19)

where (2S+1)P(tun) is the probability of two colliding atoms reaching small in-
ternuclear distance (i.e. not elastically scattering from the interaction potential),
and (2S+1)P(ion) is the probability of ionisation occurring at short internuclear
distance.

Collisions for which S = 2 violate Wigner’s spin-conservation rule [183] (as
discussed in §4.1), and their associated contribution to the ion production rate
may be neglected in the case of an unpolarised sample of atoms. Conversely,
Müller et al. [198] report ionisation probabilities of 0.975 for other spin states.
Thus, we shall assume that 5P(ion) =0 and 1P(ion) = 3P(ion) =1, therefore,

(2S+1)σ(ion) =

⎧⎨⎩
π
k2 ∑

�
(2� + 1) · (2S+1)P(tun)

� if S = 0 or 1,

0 if S = 2.
(4.20)

The calculation of the cross-sections (2S+1)σ(ion) is then reduced to the deter-
mination of the partial-wave tunnelling probabilities, (2S+1)P(tun)

� , the energy
dependence of which gives rise to energy dependent (2S+1)σ(ion), which in turn
display the familiar quantum threshold behaviour of the �th partial-wave [147,
191, 192]

σ
(ion)
� ∝

k→0
k2�−1 (4.21)

relevant to exothermic inelastic collisions.

4.2.2 Effective potential

The helium atom is second only to hydrogen in terms of the simplicity of its
atomic structure, and as such, interatomic potentials can be calculated with a
high degree of accuracy [122, 198]. As S is conserved during exothermic ionis-
ing collisions (such as those described by Eq. 4.1), the possible values S=0, 1 or 2
will respectively correspond to a singlet, a triplet and a quintet potential (1V(r),
3V(r) and 5V(r)). Figure 4.1 shows the short-range part of the potential curves
relevant to collisions between pairs of He* atoms. The curves are labelled in
Hund’s case (a) notation 2S+1Λ±g/u [199], where Λ = |ML| with ML the quan-
tum number of the projection of the total electronic orbital momentum along
the internuclear axis of the molecule, g/u stands for gerade or ungerade, i.e.
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Figure 4.1. He* potentials (labelled in Hund’s case (a) notation) constructed as described
by Leo et al. [180] (solid), together with the modifications made in order to simulate ioni-
sation processes (dashed). Atoms reaching the region of small r ionise; the corresponding
relative particle propagates freely to r = −∞ in our model, and ionisation is accounted
for by the loss of probability flux from the region of the potential well. The inset shows
the region in which the potentials have been modified. It is important that the potentials
are smooth in order to avoid unwanted reflections from possible discontinuities.
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positive or negative symmetry under inversion of all electronic coordinates of
the molecule, and ± indicates positive or negative symmetry under reflection
of the electronic coordinates through a plane including the internuclear axis. In
the range 3.5 a0 < r < 14.0 a0 these curves are the results of ab initio calculations
performed by Müller et al. [198].

The potentials may be extended to large internuclear distance by using a
calculation of the dispersion interaction (which may be described by a multi-
pole expansion of the form−C6/r6−C8/r8−C10/r10) between two He* atoms.
Yann and Babb [200]5 have calculated accurate values of the dispersion coeffi-
cients: C6 = 3276.680 a.u., C8 = 210566.55 a.u., and C10 = 21786760 a.u.. Molec-
ular potentials valid for r > 3.5 a0 were constructed by joining the three short-
range potentials smoothly onto the long-range dispersion interaction around
≈ 20 a0 by interpolation through this region using a cubic spline fitted to r6 ×
(2S+1)V(r) [180].
Within the framework of the partial-wave method, potential scattering by

2S+1V(r) is described by the radial wave equation [189]

− h̄2

2μ

d2

dr2
ukl(r) +

[
h̄2�(� + 1)
2μr2

+ (2S+1)V(r)− E

]
ukl(r) = 0, (4.22)

where � is the relative angular momentum quantum number and ukl(r) is the
radial wave function. Equation 4.22 may be interpreted as a one-dimensional
Schrödinger equation (r ≥ 3.5 a0) describing the potential scattering of a particle
of mass μ by the effective potential

(2S+1)Ṽ�(r) = (2S+1)V(r) +
h̄2�(� + 1)
2μr2

, (4.23)

where the second term is the well known centrifugal potential, and is responsi-
ble for the addition of rotational barriers to the interatomic potentials. Figure 4.2
shows plots of the Ṽ0(r), Ṽ1(r), Ṽ2(r), and Ṽ3(r) rotational barriers for collisions
between 3He* and 4He* atoms, together with a comparison of the � = 1 rota-
tional barriers for each combination of colliding He isotopes. For an atomic
sample with a thermal velocity distribution of temperature T, the mean colli-
sion energy is given by 〈E〉 = 3

2kBT; this expression has been used to express
the potentials shown in Fig. 4.2, as well as the energy scales of later plots, in
units of temperature.

In order to calculate the probability (2S+1)P(tun)
� of atom pairs reaching the

small internuclear distances at which ionisation occurs, the effective potential

5Recently, more accurate values of the dispersion coefficients, including finite mass effects, have
been reported by Zhang et al. [201]. The use of these new values has little effect upon the outcome
of the present calculations, only contributing at the 10−3 % level (well below the accuracy of the
calculation itself).
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Figure 4.2. (a) Rotational barriers for the 3He*-4He* interaction potentials (2S+1)Ṽ�. The
centrifugal interaction is five orders of magnitude smaller than the short-range interac-
tion. (b) A comparison of the 3He*-3He* (dashed), 3He*-4He* (solid), and 4He*-4He*
(dotted) �=1 rotational barriers. The dependence of the barriers upon the reduced mass
of the colliding atom pair is clearly visible in their differing heights.
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curves are modified to simulate the losses due to ionisation (see Fig. 4.1). Fol-
lowing Orzel et al. [177], the potential curves are adapted to have a constant
value for small values of r, and extended to negative values of r,

(2S+1)Ṽ�(r) =

{
(2S+1)V�(r0) for r ≤ r0,
(2S+1)V�(r) for r > r0,

(4.24)

where r0 ≈ 6.1 a0 is chosen to be the location of the potential curve minimum.
In this way the modified potential curves are continuous (see Fig. 4.1), and re-
flections of the radial wave function from any artificial features that might have
been introduced at r0 are avoided. Modelling the interatomic potential by the
(2S+1)Ṽ�(r), potential scattering is described in the range −∞ < r < ∞ by the
one-dimensional radial wave equation

− h̄2

2μ

d2

dr2
ukl(r) +

[
(2S+1)Ṽ�(r)− E

]
ukl(r) = 0. (4.25)

For atoms reaching the region of small r, where ionisation takes place, the corre-
sponding relative particle will propagate freely to r=−∞ and never be reflected.
Within this model ionising collisions, therefore, manifest themselves as a loss of
probability flux from the region of the potential well.

4.2.3 A numerical analysis of one-dimensional scattering

The probabilities (2S+1)P(tun)
� may be calculated from the stationary states uk�(r)

associated with the potentials (2S+1)Ṽ� [189]. Analytical solutions of Eq. 4.25
are not possible for r > r0, however, by specifying the relative asymptotic ki-
netic energy E and quantum number �, numerical solutions may be obtained6.
Considering stationary states that correspond to the sum of an incident and
a reflected wave for r � 1 (i.e. in the asymptotic limit) and a single transmit-
ted wave for r ≤ r0, the transmission probability (2S+1)P(tun)

� (E) can be written
as [189]

(2S+1)P(tun)
� (E) =

Jtr
Jin
, (4.26)

where Jin and Jtr are the probability fluxes

J =
h̄
2iμ

[
u∗k�(r)

d
dr

uk�(r)− uk�(r)
d
dr

u∗k�(r)
]
, (4.27)

associated with the incident and transmitted waves, respectively.
For a typical collision energy E = 9.5× 10−9 a.u. (E/32kB =2mK), the trans-

mission probabilities for the first three partial waves contributions in the singlet

6The present work made use of MATHEMATICA’s NDSolve routine to numerically solve Eq. 4.25.



62 CHAPTER 4

0.01 0.1 1 10 100
Asymptotic kinetic energy �mK�

10�3

10�1

101

103

105

107

1
Σ
�
�io

n�
�a

0
2
�

s�wave

p�wave

d�wave

Figure 4.3. Calculated partial wave ionisation cross sections 1σ(ion)
� (S=0) for 3He*-3He*

(dashed), 3He*-4He* (solid), and 4He*-4He* (dotted). The familiar quantum threshold
behaviour σ

(ion)
� ∝

k→0
k2�−1 is displayed.

potential are: 1P(tun)0 =0.66, 1P(tun)1 =0.086, and 1P(tun)2 =5.8× 10−4. Clearly, re-
flection is almost complete in the case of d-wave scattering (as E is much smaller
than the height of the rotational barrier), while transmission is still significant
for p-wave scattering. In the case of s-wave scattering, even though a centrifu-
gal barrier is absent, there is considerable reflection. Here, quantum reflection
occurs due to the mismatch between the long wavelength of the asymptotic de
Broglie wave and the rapidly oscillating wave in the region of small internu-
clear separation. This last point was not accounted for in the model presented
in Ref. [96].

Having calculated7 the (2S+1)P(tun)
� (E) for a wide range of collision energies,

it is then simple to find the energy dependent partial-wave ionisation cross-
sections (2S+1)σ

(ion)
� (E) using Eq. 4.20. Figure 4.3 shows 1σ(ion)

0 (E), 1σ(ion)
1 (E)

and 1σ(ion)
2 (E), for all three isotopic combinations of colliding atoms. As can be

seen, the familiar quantum threshold behaviour (given by Eq. 4.21) is apparent
in the calculated cross-sections for temperatures below ≈ 1mK.

7The atomic hyperfine structure of the 3He* interatomic potentials has been neglected as it is four
orders of magnitude smaller than the attractive interaction at short range, and its effect upon the
(2S+1)σ(ion)� is negligible. Therefore, apart from the use of different reduced masses, the calculation
of the (2S+1)σ(ion)� is identical for all isotopic combinations of colliding He* atoms.
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4.2.4 Scattering resonances

The partial wave ionisation cross sections calculated in §4.2.3 are only valid in
the absence of any scattering resonances, e.g. Feshbach and shape resonances,
capable of enhancing the probability of ionisation around the collision ener-
gies covered by these calculations. The possibility of any Feshbach resonance
at the magnetic field values present in the quadrupole field of the MOT can be
eliminated immediately in the case of 4He*-4He* and 3He*-4He* collisions, as
the hyperfine structure necessary for such a resonance is absent. In the case of
3He*-3He* collisions, the possibility of a Feshbach resonance at near zero mag-
netic field values is small, and may be neglected; this assumption will be seen
to be justified at the end of chapter 5 when the results of the present chapter are
compared with the experimental results of that chapter.

As for the possibility of shape resonances8, the potentials relevant to colli-
sions between He* atoms have been constructed in §4.2.2 (before modification).
The radial Schrödinger equation, Eq. 4.22, can therefore be solved numerically
(using the appropriate boundary conditions) for various values of E (between
zero and the height of the rotational barrier in question) and �, in a search for any
quasi-bound states. If this is done, a number of quasi-bound states are found for
each of the possible isotopic combinations, however, almost all of these shape
resonances are at energies far above those relevant to collisions in our TIMOT,
and in high-order partial waves. The most likely of these resonances to cause
any complications is one in the 4He*-4He* system at a temperature of ≈ 8mK,
but it is in the g-wave channel and is therefore likely to be a very narrow reso-
nance, having barely any effect on the ionisation cross section at temperatures
other than ≈ 8mK.

Finally, it has been shown theoretically that the 4He* ionisation cross sec-
tions are enhanced if the s-wave scattering length associated with the quintet
potential is very close to a singularity, i.e. a bound (continuum) state is very
close to being removed from (bound by) the potential [180]. This is of no con-
cern in the case of 3He*-3He* and 4He*-4He* collisions, for which the scattering
lengths are far enough away from resonance. However, in the case of heteronu-
clear collisions between 3He* and 4He* atoms, it has been determined that the
scattering length has a value of 28.8+3.9−3.3 nm [123], which is unusually large, and,
therefore, very close to a singularity. Leo et al. [180] show that, nevertheless,
the elastic scattering cross sections are similarly enhanced, effectively cancelling
the effect of increased ionisation cross sections at temperatures above ∼ 100 μK,
and only see an enhancement of the ionisation rate coefficient at temperatures

8A shape resonance is due to the presence of a quasi-bound state lying behind a rotational barrier.
If the relative kinetic energy of the colliding atoms is close to the energy at which the quasi-bound
state lies, the probability of colliding pair of atoms tunnelling through the rotational barrier is en-
hanced, and would therefore enhance the ionisation cross-section for that partial wave.
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around 1 μK and for extremely large scattering lengths. Consequently, it seems
as though the calculations presented here should be valid at all temperatures
below ≈ 8mK.

4.2.5 Ionisation rate coefficients

In experiments, it is the temperature dependent ionisation rate coefficient K(T)9

(particle−1 cm3/s) which is determined; this may be written in terms of the ion-
isation cross section σ(ion) as [147, 177, 191]:

K(T) =
∫ ∞

0
σ(ion)(E)P(MB)T (vr) vr dvr, (4.28)

where

P(MB)T (vr) =
√
2
π

v2r
(kBT/μ)3/2

exp
(
− v2r
2kBT/μ

)
(4.29)

is the Maxwell-Boltzmann distribution, for a given temperature, of the relative
velocities vr in the atomic sample. Similarly, we may define the partial wave
ionisation rate coefficients

(2S+1)K�(T) =
∫ ∞

0
(2S+1)σ

(ion)
� (vr) P(MB)T (vr) vr dvr (4.30)

and the complete ionisation rate coefficients

(2S+1)K(T) = ∑
�

(2S+1)K�(T), (4.31)

associated with a given molecular state [177]. The (2S+1)K�(T), shown in Fig. 4.4
for the case S=0, are calculated (by numerical integration) for each combination
of isotopes, and quantum numbers S = 0 or 1 and � = 0, 1 or 2. Averaging the
σ

(ion)
� over the relative collision velocities as in Eq. 4.30 introduces a factor of

vr = h̄k/μ, and the quantum threshold behaviour of the (2S+1)K�(T) is then
given by (cf. Eq. 4.21)

(2S+1)K� ∝
k→0

k2�. (4.32)

It is noteworthy that (2S+1)K0 → const as k → 0, and that the divergence of the
s-wave cross section (σ(ion)

0 ∝ 1/k) has, therefore, been cancelled out. Further-
more, at temperatures < 5mK, the d-wave contributes at only the few percent
level and may be ignored if an accuracy of 5% is sufficient.

As was the case in determining the partial wave ionisation cross sections,
the hyperfine structure of the interatomic potentials for isotopic combinations

9During each ionising collision, one ion is produced, but two atoms are lost from the trap. Thus,
the loss rate coefficient β usually measured in such collision experiments is trivially related to K by
the relation β=2K.
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Figure 4.4. Calculated partial wave ionisation rate coefficients 1K�(T) (S = 0 and
� = 0, 1, 2) for 3He*-3He* (dashed), 3He*-4He* (solid), and 4He*-4He* (dotted). Within
a percent, the 3K�(T) coefficients are equal to the corresponding 1K�(T), and the quan-
tum threshold behaviour of each is given by (2S+1)K� ∝

k→0
k2�.

involving 3He* has been neglected, and the differences between the 1K� and
3K� are only a few percent.

4.3 Unpolarised ionisation rate coefficients

Although the interatomic interaction is almost identical for all isotopic combina-
tions, giving rise to partial-wave contributions (2S+1)σ(ion)� and (2S+1)K(ion)� (see
Fig. 4.3) that are very similar, the composition of the total ionisation cross section
or rate coefficient from these contributions is very different for each of them. In
the case of homonuclear collisions the symmetrisation postulate requires that a
scattering state describing a pair of identical bosons has even symmetry, whilst
a state describing identical fermions has odd symmetry [189]. As a result, par-
tial waves with improper symmetry are not physical, do not contribute to the
total cross section or rate coefficient, and are excluded from the summations
in Eqs. 4.19, 4.20 and 4.31. In contrast, there are no symmetry requirements in
the heteronuclear case, and all partial wave contributions must be taken into
account.

The ionisation rate coefficients (2S+1)K(T) associated with a given molecular
potential (2S+1)V(r) (i.e. molecular states) were calculated in §4.2.5 above. How-
ever, it is the scattering (atomic) states of the atoms in a MOT which are known.



66 CHAPTER 4

Therefore, before symmetrising the scattering states in accordance with the sym-
metrisation postulate, their makeup in terms of the molecular states shall first
be found.

4.3.1 Partial-wave ionisation rate coefficients: the scattering
states

During a collision between two He* atoms the total atomic angular momen-
tum and the relative angular momentum are separately conserved, and their
associated quantum numbers may be considered to be good quantum numbers.
Therefore, the expansion of the scattering states in terms of the molecular states
may be confined within the subspace of state space defined by these quantum
numbers. Furthermore, as the absolute change in the coupling between quasi-
molecular states during one period of oscillation in the quasi-molecular system
is much larger than the absolute energy difference between the scattering states,
the evolution of the quantum mechanical state describing a colliding atom pair
during the transition from large to small internuclear separation is well de-
scribed as being diabatic [202]. This has been shown explicitly for the case of
3He*–3He* collisions by Stas [97]. Thus, to determine the ionisation rate coef-
ficient associated with a given scattering state, the long-range atomic states are
simply expanded in terms of the eigenstates of the short-range Hamiltonian.

Example: heteronuclear (3He*–4He*) collisions

In the case of heteronuclear collisions (3He*–4He*), the total atomic angular mo-
mentum F = f + j and the relative angular momentum � of the two atoms are
each conserved during a collision. Here, f=s3+ i3 and j=s4, where s represents
the electronic spin of an atom, i the nuclear spin of an atom, and the subscripts
3 and 4 denote which isotope a given spin pertains to. Ignoring the radial part
of the quantum states, a basis for atom pairs is given by

{|s3i3 f3, s4, FMF, �m�〉}, (4.33)

where both atoms have identical electronic spins s3 = s4 = 1 and i3 = 1
2 . These

add up to give f for the 3He* atom and j for the 4He* atom, which themselves
add up to give the total angular momentum quantum number, F, and its pro-
jection onto the internuclear axis, MF. In magneto-optically trapped mixtures
of 3He* and 4He*, all 3He* atoms occupy the lower f = 3

2 hyperfine level, and F
can take the values 12 ,

3
2 , or

5
2 . Similarly, a basis for the atom pair in the region

where the short-range molecular interaction is diagonal may be written down

{|s3i3, s4, S, FMF, �m�〉}, (4.34)
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where once again the radial part of the quantum states has been ignored, and
S = s3 + s4 is quantum number associated with the total electronic spin of the
two atoms. The atomic pair atom basis vectors given by Eq. 4.33 may then be
expressed in terms of the molecular basis vectors of Eq. 4.34 using Wigner 9-j
symbols as

|s3i3 f3, s4, FMF, �m�〉 =

∑
S
|s3i3, s4, S, FMF, �m�〉 × 〈(s3s4)Si3F|(s3i3) f s4F〉 (4.35)

where the 〈(s3s4)Si3F|(s3i3) f s4F〉 are the expansion coefficients (aS(F)), given
by

〈(s3s4)Si3F|(s3i3) f s4F〉 =

[(2S + 1)(2I + 1)(2 f + 1)(2s4 + 1)]1/2
⎧⎨⎩

s3 i3 f
s4 0 s4
S i3 F

⎫⎬⎭ . (4.36)

Using these expansion coefficients, the partial-wave rate coefficient K�(F)
associated with a given scattering state |s3i3 f3, s4, FMF, �m�〉 can be written as a
weighted sum of the coefficients (2S+1)K� associated with the molecular states
|s3i3, s4, S, FMF, �m�〉,

K�(F) = ∑
S
|aSi3(F)|2 × (2S+1)K�. (4.37)

Table 4.1 presents the as(F) for scattering states with f = 3
2 . Using this informa-

tion, it can be seen that (ignoring all contributions from the quintet potential, for
which ionisation is strongly suppressed) the scattering states are composed of
the short-range molecular states as follows:

K�( 12 ) = 2
3 (
1K�) + 1

3 (
3K�), (4.38a)

K�( 32 ) = 5
6 (
3K�), (4.38b)

and

K�( 52 ) = 0. (4.38c)

Analogous calculations are easily performed for the 3He*–3He* [97, 140] and
4He*–4He* cases as well, and Table 4.1 shows the expansion coefficients, for
each of the isotopic combinations, relevant to collisions between He* atoms in
the absence of near-resonant light. Using these expansion coefficients, as has
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Table 4.1. Expansion coefficients, for each isotopic combination, obtained by using
Wigner 9-j symbols to express the scattering (atomic) states in terms of the short-range
molecular states. The scattering states are labelled by their total angular momentum
quantum numbers (F or S, dependent upon the presence of nuclear spin in the collision),
while the molecular states are described using Hund’s case (a) notation, 2S+1Σ+

g/u(I).

3He*–3He*

F = 0 F = 1 F = 2 F = 3

1Σ+
g (I = 0)

√
2
3

1Σ+
g (I = 1)

√
10
27

3Σ+
u (I = 0)

√
5
9

3Σ+
u (I = 1) −

√
1
3

√
2
3

5Σ+
g (I = 0)

√
1
3

5Σ+
g (I = 1) −

√
2
27 1

4He*–4He*

S = 0 S = 1 S = 2

1Σ+
g 1

3Σ+
u 1

5Σ+
g 1

3He*–4He*

F = 1
2 F = 3

2 F = 5
2

1Σ+
g

√
2
3

3Σ+
u −

√
1
3

√
5
6

5Σ+
g −

√
1
6 1
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been done for the 3He*–4He* case above, the following K�(F) are found in the
case of homonuclear collisions between 3He* atoms10:

K�(0) = 2
3 (
1K�) + 1

3 (
3K�), (4.39a)

K�(1) = 10
27 (

1K�) + 5
9 (
3K�), (4.39b)

K�(2) = 2
3 (
3K�), (4.39c)

and

K�(3) = 0. (4.39d)

Finally, in the case of homonuclear collisions between 4He*atoms, it can be seen
from Table. 4.1 that there is a one-to-one correspondence between the scattering
and molecular states, and the K�(S) are simply:

K�(0) = 1K�, (4.40a)

K�(1) = 3K�, (4.40b)

and

K�(2) = 0. (4.40c)

4.3.2 Symmetrisation of the scattering states
3He*-4He*: no distinct symmetry

As mentioned previously, in the heteronuclear case the colliding atoms are dis-
tinguishable, no symmetrisation of the states is necessary, and all partial-wave
contributions must be taken into account, therefore,

K(F) = ∑
�

K�(F). (4.41)

The total ionisation rate coefficient K(unpol)34 , i.e. the rate coefficient for which
the magnetic substates of the atoms in our sample are evenly populated, is then
given by

K(unpol)34 =
1

(2 f + 1)
1

(2s4 + 1) ∑
F

∑
MF

K(F), (4.42)

which, in turn, yields

K(unpol)34 ≈ 1
12

[
4
3 (
1K0 + 1K1) + 4(3K0 + 3K1)

]
. (4.43)

10The published account of this work [140] contains a typographical error in Eq. 30, this has been
corrected here, and published in an erratum.
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Figure 4.5. Calculated partial wave ionisation rate coefficients 1K�(T) (S = 0) (solid),
together with the associated unpolarised rate coefficient K(unpol)(T) (dashed), for the
3He-4He case.

Equation 4.43 is only approximate, as only the � = 0, 1 and 2 (s, p and d-wave)
partial-wave contributions have been taken into account. Figure 4.5 shows the
energy dependent K(unpol)34 determined using Eq. 4.43, together with the partial-
wave rate coefficients calculated in §4.2.5, and used in Eq. 4.43. As can be seen,
at collision energies below ≈ 5mK (i.e. in the range of collision energies for
which the present calculations are valid) the � = 2 partial-wave contribution is
small in comparison to the �=0 and 1 contributions, and may be neglected if an
accuracy of better than 5% is sufficient.

4He*-4He*: symmetric states

In a collision between two 4He* atoms, neither of the atoms has a nuclear spin
or any orbital angular momentum, and the total angular momentum is simply
the sum of the electronic spins of the two atoms, S = s1 + s2. Both atoms are in
the 2 3S1 state and have identical electronic spin quantum numbers s1 = s2 = 1,
which add up to the total angular momentum quantum number S (which may
take the values 0, 1, or 2), with projection on the internuclear axis MS. Ignoring
the radial part of the quantum states, a basis for 4He*–4He* atom pairs is given
by

{|s1s2, SMS, �m�〉}. (4.44)

As the 4He* atom is a boson, the physical states describing 4He*–4He* atom
pairs are symmetric under exchange of the two atoms. Such states are obtained
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by applying the symmetriser (1+ P12)/
√
2 [189, 203] to the basis vectors given

by Eq. 4.44,

|s1s2, SMS, �m�〉 =
1√
2

[
1+ (−1)S+�

]
|(s1)A(s2)B, SMS, �m�〉, (4.45)

where it has momentarily been assumed that the two atoms (labelled A and B)
are distinguishable. These states, which must be normalised if necessary, differ
from zero only if S + � is even, therefore, it is not possible to construct states
with the proper symmetry if S = 0 or 2 and � is odd, or if S = 1 and � is even.
Consequently, the corresponding partial-wave ionisation rate coefficients must
be excluded, thus

K(0) = ∑
� even

1K�, (4.46a)

K(1) = ∑
� odd

3K�, (4.46b)

and

K(2) = 0. (4.46c)

The total ionisation rate coefficient, K(unpol)44 , for collision between 4He* atoms
in an unpolarised sample is then given by

K(unpol)44 =
1

(2S1 + 1)2 ∑
S

∑
MS

(2S+1)K. (4.47)

When combined with Eqs. 4.40a and 4.46, and only the s-wave and p-wave con-
tributions are accounted for, Eq. 4.47 yields

K(unpol)44 ≈ 1
9
[
(1K0) + 3(3K1)

]
, (4.48)

where 1K0 and 3K1 are the partial wave ionisation rate coefficients calculated in
§4.2.5, and displayed in Fig. 4.4.

3He*-3He*: antisymmetric states

In a collision between two 3He* atoms, both colliding atoms have nuclear spin.
The total angular momentum F= f1 + f2 is given by the sum of the total angular
momenta of the individual atoms fj (j = 1 or 2), where fj = sj + ij is the sum
of an atoms electronic sj and nuclear ij spins. Both atoms then, have identical
electronic s1= s2= 1 and nuclear i1= i2= 1

2 spin quantum numbers, which add
up to f1 for one atom and f2 for the other. These, in turn, add up to the total
angular momentum quantum number F, with projection onto the internuclear
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axis MF, and a basis for a colliding atom pair (ignoring the radial part of the
quantum states) is given by

{|s1i1 f1, s2i2 f2, FMF, �m�〉}. (4.49)

In magneto-optically trapped samples of 3He*, all atoms occupy the lower f = 3
2

hyperfine level, so that f1= f2= 3
2 , and F can take on the values 0, 1, 2, or 3.

As the 3He* atom is a fermion, the physical states describing atom pairs are
antisymmetric under exchange of the atoms. Applying the anti-symmetriser
(1− P12)/

√
2 [189, 203] to the basis states given by Eq. 4.49 gives

|s1i1 f1, s2i2 f2, FMF, �m�〉 =
1√
2

[
1+ (−1)�−F

]
|(s1i1 f1)A(s2i2 f2)B, FMF, �m�〉, (4.50)

where it has momentarily been assumed that the two atoms (labelled A and B)
are distinguishable. These states, which must be normalised if necessary, differ
from zero only if F − � is even. Consequently, only even (odd) partial waves
contribute to collisions with even (odd) F, and the K(F)may be written as

K( f1, f2, F) =

⎧⎪⎨⎪⎩
∑

� even
K�( f1, f2, F) if F=0 or 2,

∑
� odd

K�( f1, f2, F) if F=1 or 3.
(4.51)

The total ionisation rate coefficient, K(unpol)33 , for collisions between 3He* atoms
in an unpolarised sample is given by

K(unpol)33 =
1

(2 f1 + 1)2 ∑
F

∑
MF

K( f1, f2, F), (4.52)

which, when combined with Eqs. 4.51 and 4.52, and accounting for only s-wave
and p-wave contribution, yields11

K(unpol)33 ≈ 1
16

[
2
3 (
1K0) + 11

3 (3K0) + 10
9 (1K1) + 5

3 (
3K1)

]
, (4.53)

where 1K0, 3K0, 1K1, and 3K1 are the partial wave ionisation rate coefficients
calculated in §4.2.5, and displayed in Fig. 4.4.

4.3.3 Summary and comparison of results

The energy dependent unpolarised ionisation rate coefficients, K(unpol)33 , K(unpol)34 ,

and K(unpol)44 , obtained using Eqs. 4.43, 4.53, and 4.48, are shown together in
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Figure 4.6. Comparison of the theoretical unpolarised loss rate coefficient (K(unpol)(T))
curves: 3He-3He (dashed), 3He-4He (solid), and 4He-4He (dotted).

Fig. 4.6. It is clear from this figure that there is a significant difference be-
tween the ionisation rate coefficients associated with unpolarised 3He*–4He*,
3He*–3He* and 4He*–4He* collisions. The model used to derive these values
indicates that these differences may be attributed to the differing quantum sta-
tistical symmetries applicable in each case, as well as the presence and extent of
the hyperfine structure in cases involving a 3He* atom. Furthermore, the values
of these rate coefficients at several specific collision energies have been listed
in Table. 4.2, for use in comparing the results obtained here with the results of
other theories and experiments.

As noted in Fig. 4.4, the 3K� coefficients are, within a percent, equal to the
corresponding 1K� coefficients. Figure 4.7 compares the K(unpol)33 , K(unpol)34 , and

K(unpol)44 coefficients calculated using either both the 3K� and 1K� coefficients, or
by substituting the 3K� everywhere in the model by the 1K�. As can be seen, the
absolute differences between these two calculations are � 1%, indicating that
accuracies on the order of 0.1%may be obtained using only the singlet potential,
potentially saving valuable computational effort and time.

In table 4.3, our simple model is compared to the theoretical work reported
in Refs. [96, 175, 180]. It can be seen that our results are in good agreement with
the results of the detailed close-coupling theory given in [180] and the more
simple calculation of [175], but that there is a large discrepancy with the results

11The published account of this work [140] contains a typographical error in Eq. 34, this has been
corrected here, and published as an erratum.
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Table 4.2. Calculated values of the unpolarised ionisation rate coefficients
K(unpol)33 , K(unpol)34 , and K(unpol)44 , for several different collision energies.

T K(unpol)33 K(unpol)34 K(unpol)44

(mK) (10−10 cm3/s) (10−10 cm3/s) (10−10 cm3/s)

0.001 2.32 3.45 0.77
0.005 2.29 3.40 0.76
0.01 2.27 3.37 0.76
0.05 2.20 3.26 0.73
0.1 2.15 3.18 0.73
0.5 1.98 2.97 0.75
1 1.89 2.90 0.83
5 1.82 3.16 1.34
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Figure 4.7. Absolute values of the fractional difference between the unpolarised ioni-
sation rate coefficients (K33, K34, and K44) calculated using both the singlet and triplet
potentials, and calculated using only the singlet potential: 3He*-3He* (dashed), 3He*-
4He* (solid), and 4He*-4He* (dotted). As can be seen, given the accuracy of the overall
calculation, using only the singlet potential to account for both singlet and triplet con-
tributions is a good approximation. The two discontinuities are due to the fractional
difference changing from positive to negative values.
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Table 4.3. Calculated values of K(unpol) and comparison be-
tween various theoretical results. The results from Ref. [180]
have been extracted from Fig. 8 of that paper.

Ref. T (mK) K(unpol)(cm3/s) This work
4He* [180] 0.001 9.9× 10−11 7.7× 10−11

[96] 0.5 2.2× 10−10 7.5× 10−11
[180] 0.5 8.6× 10−11 7.5× 10−11
[175] 1 7.3× 10−11 8.3× 10−11
[180] 1 8.9× 10−11 8.3× 10−11

2 9.9× 10−11
3He* [96] 0.5 1.0× 10−9 2.0× 10−10

2 1.8× 10−10

of Kumakura and Morita [96]. This is not so surprising as their model does
not account for quantum reflection from the potential during s-wave scattering,
furthermore, they assume that the evolution of the scattering states during a col-
lisions is adiabatic and have applied the non-crossing rule [204] when deriving
the number of ionising channels per partial-wave ionisation rate coefficient. As
seen in §4.2.3, quantum reflection during s-wave scattering is significant, while
it has been shown [97, 140] that the progression between atomic and molecular
states is well approximated by a diabatic transition. It is estimated that omitting
quantum reflection leads to rate coefficients that are about a factor of 2 too large,
while using an adiabatic, as opposed to diabatic, approximation leads to coeffi-
cients that are a further 50% too large. The combination of these effects explains
the difference between our results and those of Ref. [96]. The small differences
between our work and that of Refs. [175, 180] may be due to theoretical uncer-
tainties in the molecular potentials and the form of the ionisation widths used
in those calculations, leading to theoretical uncertainties in the ionisation rate
coefficients of ≈40%, as discussed in Ref. [180].

4.4 Ionisation rate coefficients of trapped samples

Optical pumping processes in MOTs cause the distribution over magnetic sub-
states Pm(r) (where m is the azimuthal quantum number) of the trapped atoms
to differ from the uniform (unpolarised) distribution assumed above. This is
important as the contribution of each collision channel to the ionising losses de-
pends upon Pm(r), and can be accounted for in this theoretical model by using
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the density operator [189]

ρ(r) = ∑
m

∑
n≤m

Pm(r) Pn(r) |m, n〉〈m, n| (4.54)

to describe a statistical mixture of magnetic substate pairs |m, n〉, where m and
n are the azimuthal quantum numbers of the colliding atoms. In the case of
homonuclear collisions, in which the scattering states must be appropriately sym-
metrised, the ionisation rate coefficient of the mixture can be written as12

K =
1∫∫∫

n2(r)d3r

∫∫∫ [
∑

� even

(1beven 1K� + 3beven 3K�

)
+ ∑

� odd

(1bodd 1K� + 3bodd 3K�

)]
n2(r)d3r, (4.55)

where N is the number of trapped atoms, n(r) is the density distribution of the
atomic sample, and the (2S+1)beven/odd are the sums of the expectation values
of the density operator for all ionising molecular states with total spin S and
even (odd) parity. In the case of heteronuclear collisions, for which there are
no symmetry requirements and all partial-waves contribute, the ionisation rate
coefficient may be written as

K34 =
1

N3N4

∫∫∫ [
∑
�

(1b 1K� + 3b 3K�

)]
n3(r)n4(r)d3r, (4.56)

where the subscripts denote which component of the isotopic mixture a given
parameter pertains to. Explicit expressions for the coefficients (2S+1)b are given
in Table 4.4. The coefficients can be interpreted as projections of the statistical
mixture of scattering states onto subspaces representing the ionising molecular
states, and the assumption that a transition between these extremes proceeds
diabatically is implicit in Eqs. 4.55 and 4.56. One may easily check that Eqs. 4.53-
4.43 are recovered from Eqs. 4.55 and 4.56 by substituting the values P−3/2 =
P−1/2 = P1/2 = P3/2 = 1

4 and P−1 = P0 = P1 = 1
3 into the expressions for the

coefficients (2S+1)b (Table 4.4) and evaluating Eqs. 4.55 and 4.56.
In order to later make a comparison between theory and experiment (see

§5.4), we determine the distribution Pm(r) by obtaining the steady-state solu-
tion of a rate equation model describing the optical pumping in our MOT [93]
and perform the integration prescribed by Eqs. 4.55 and 4.56. At the tempera-
tures and conditions applicable to the MOTs and TIMOTs used in the experiments
described in Ch. 5, these calculations yield the following results:

K(th)
33 (T = 2mK) = 1.7× 10−10 cm3/s, (4.57a)

K(th)
44 (T = 2mK) = 0.8× 10−10 cm3/s, (4.57b)

12The published account of this work [140] contains a typographical error in Eq. 32, this has been
corrected here, and published as an erratum.
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Table 4.4. (2S+1)beven/odd coefficients (Eqs. 4.55 and 4.56) for each of three isotopic com-
binations of He under consideration. The coefficients are the sums of the expectation
values of the density operator for all ionising molecular states of given S and given par-
ity.

(2S+1)beven/odd 3He*–3He*

1beven 1
3 (P−3/2P3/2 + P−1/2P1/2)

3beven 2
3 (P−3/2P−1/2 + P−3/2P1/2 + P−1/2P3/2 + P1/2P3/2)

+ 1
2 (P−3/2P3/2 + P−1/2P1/2)

1bodd 2
9 (P−3/2P1/2 + P−1/2P3/2) + 4

27 (P−1/2P−1/2 + P1/2P1/2)
+ 1
3P−3/2P3/2 + 1

27P−1/2P1/2
3bodd 1

3 (P−3/2P1/2 + P−1/2P3/2) + 2
9 (P−1/2P−1/2 + P1/2P1/2)

+ 1
2P−3/2P3/2 + 1

18P−1/2P1/2

(2S+1)beven/odd 4He*–4He*

1beven 1
3 (2P−1P1 + P20 )

3beven 0
1bodd 0
3bodd P−1P0 + P−1P1 + P0P1

(2S+1)b 3He*–4He*

1b 1
3 (P−3/2P1 + P3/2P−1) + 2

9 (P−1/2P0 + P1/2P0)
+ 1
9 (P−1/2P1 + P1/2P−1)

3b 1
2 (P−3/2P1 + P−3/2P0 + P−1/2P1 + P1/2P−1 + P3/2P0 + P3/2P−1)

+ 1
3 (P−1/2P−1 + P1/2P1) + 1

6 (P−1/2P0 + P1/2P0)
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Figure 4.8. A comparison between the calculated unpolarised and quasi-unpolarised
ionisation rate coefficients for each of the isotopic combinations studied. Three bands of
lines are marked, and correspond accordingly to calculations related to either K33, K34, or
K44. Within each band, the solid line is the unpolarised rate coefficient (K(unpol)), whilst
the dashed lines are the quasi-unpolarised rate coefficients in the case of the two-isotope
magneto-optical trap, and the dotted lines are the quasi-unpolarised rate coefficients in
the case of a single-isotope magneto-optical trap of either 3He* or 4He*.

and

K(th)
34 (T = 1.2mK)= 2.4× 10−10 cm3/s. (4.57c)

Figure 4.8 provides a comparison between the calculated unpolarised and
quasi-unpolarised values of the ionisation rate coefficients K33, K44 and K34. It
is clear from this comparison that the optical pumping processes present in our
traps have a sizable effect (≈ 25%) upon the rate coefficients to be measured in
Ch. 5.

4.5 Conclusion

In this chapter a simple single-channel model of ionising collisions between He*
atoms has been presented, and shown to compare favourably with other the-
oretical investigations (see §4.3), and as we shall see in the following chapter,
also with our experimental results. This demonstrates that cold ionising col-
lisions between He* atoms may be understood as semi-classical single chan-
nel processes, highlighting the essential physics involved in these interactions,
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namely: Wigner’s spin conservation rule, quantum threshold behaviour and
quantum statistics. Using the model, differences between the values of K33, K34,
and K34 are ascribed to the differing quantum statistical symmetries relevant in
each case, as well as the presence of nuclear spin in cases involving 3He* atoms;
these differences do not depend on uncertainties related to the potentials used,
as the same potentials (with mass scaling) have been used in each case. Being
relatively simple, this model complements the more complete close-coupling
theory that has been developed for collisions between 4He* atoms [178–180].

Recently, both helium isotopes were magnetically trapped using buffer-gas
cooling and a deep magnetic trap [205]. The probable observation of Penning
ionisation under these conditions has been reported [206], and it would be inter-
esting to extend the theory presented here into the multi-partial-wave regime,
and to high magnetic field values.

As a final note, it was mentioned in the introduction to this chapter that
collisions between atoms at (ultra)cold temperatures are sensitive to the long-
range part of the interatomic potential. This has recently been demonstrated
explicitly in the case of He*, in an even more simple, fully analytical calculation
of the ionisation rate coefficients by Dickinson [207]. In these calculations, the
numerical determination of the tunnelling probability P(tun)� (performed in the
present work) has been replaced by the analytical function [208]

P�(k) = c�(kβ)2�+1, (4.58)

where

β =
[
2μC6

h̄2

] 1
4
, (4.59)

and the coefficients c� are known [208]. Thus, in order to calculate the ionisation
rate coefficients, only a knowledge of the reduced mass of the colliding atom
pair and the long-range van der Waals coefficient (C6) is required. The results of
these calculations compare very well to those found in this work.





Chapter 5

Experimental determination of ionisation
rates in a trapped isotopic mixture of
metastable helium atoms

[This chapter has been adapted from Physical Review A 73, 032713 (2006) and
Physical Review A 75, 062715 (2007).]

Many techniques have been developed in order to study the properties of
collisions at sub-thermal temperatures1 [147], foremost amongst them is the
magneto-optical trap (MOT), which has been used to great effect in studies of
inelastic collisions in the cold (i.e. ∼ 1 μK–1mK) temperature regime. Though
they suffer from a number of limitations, MOTs have proved to be relatively
simple, robust, and productive tools for the investigation of cold collisions. In
general, the reaction products of inelastic collisions are not confined in the trap
due to its limited capture velocity, and monitoring the subsequent trap loss is
an excellent way in which to study various collision processes occurring within
the trapped atomic sample.

1The threshold for entering the sub-thermal regime is defined as the temperature at which the
atomic radiative lifetime becomes comparable to the collision duration [147].
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There are only a handful of loss processes [7, 147] commonly associated
with MOTs; these include radiative escape and fine-structure changing colli-
sions (both of which are laser-induced), together with hyperfine changing colli-
sions (occurring between atoms in their ground-state). In the case of metastable
atoms, however, the internal energy of the atoms opens up another loss channel,
Penning ionisation. It has been calculated that the total ionisation probability
for collisions between two helium atoms in the 2 3S1 state (He*) is 97.5% [198],
while the contribution to losses from radiative escape is small (≈ 3% [89, 101])
because of the long lifetime of the 2 3P2 state [175], and the contribution from
possible fine-structure changing collisions is also small [101]. Furthermore, due
to the absence of nuclear spin in 4He*, hyperfine structure is only found in the
3He* isotope. However, because of the inverted nature of this level structure, the
laser cooled atoms occupy the lowest (F = 3

2 ) hyperfine level of the 2
3S1 mul-

tiplet and so cannot relax to a lower level. It is also true that the endothermic
collision necessary in order to populate the F= 1

2 state would require ≈ 200mK
to be provided by the trap, 200 times more than the typical collision energy in
our MOTs, thus, hyperfine changing collisions are extremely unlikely to occur.
Thus, as many experiments have shown [71, 89, 95, 96, 145, 146, 175, 176], ionis-
ing losses dominate the dynamics of trapped He* ensembles.

It has long been known that losses due to Penning ionisation lead to sam-
ples of He* being very unstable. Furthermore, experiments using He* MOTs
operated on the 1083 nm transition have shown that (in a sufficiently good vac-
uum) trap loss is dominated by light-assisted ionising collisions [71, 89, 95, 96,
145, 146, 175, 176], that is, collisions in which a colliding atom pair is excited
at large internuclear separation to an attractive resonant dipole-dipole quasi-
molecular potential [7, 147, 174], which in the case of 4He* is asymptotically
connected to the atom-pair state 2 3S1+2 3P2 (2 3S(F = 3

2 ) + 2 3P(F′ = 5
2 ) in the

case of 3He*). Penning ionisation can then occur in this excited state potential,
or the excited state can decay back to the ground-state and any energy gained
whilst in the excited state is released as kinetic energy of the atoms, which may
consequently escape the trap. Because the excitation occurs at large internu-
clear separation, and the range of the excited state dipole-dipole potential is
relatively large, the cross-section, and therefore the loss rate coefficient, for this
process is quite large and it dominates other loss processes in the MOT. Such
ionising collisions are not useful for studying in detail the effects of quantum
statistics and quantum threshold behaviour on collisions, as the long-range of
the resonant dipole-dipole interaction lowers the centrifugal barriers and allows
a significant number of partial waves to contribute to the collision process (par-
tial waves up to � = 6 contribute in light-assisted He* collisions with a temper-
ature of T =0.5mK [96]). In contrast, the calculations described in the previous
chapter show that in the absence of a near-resonant light field, the s-wave chan-
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nel already dominates the description of collisions between two He* atoms at
temperatures around 1mK.

Making use of the capability to magneto-optically cool and trap large num-
bers (≥ 108) of 3He* and 4He*, both individually and simultaneously (see chap-
ters 2 and 3), an experimental investigation of cold ionising collisions in unpo-
larised He* systems has been performed. To begin with, trap decay measure-
ments were used to determine the linear and quadratic trap loss rates of both
3He* and 4He* in the presence of the (near-resonant) trapping light. As men-
tioned above, optically-assisted ionising collisions dominate losses in MOTs, ren-
dering trap decay measurements insensitive to ionising losses due to collisions
in which optical excitation plays no role. However, using a method introduced
by Bardou et al. [71], it is possible to accurately determine the loss rate coeffi-
cients for collisions “in the dark” by making a comparison between the ion pro-
duction rates of a trapped sample in the presence and absence of the trapping
light. Having performed these experiments, values for K(exp)33 , K(exp)44 and K(exp)34
have been extracted, and a comparison has been made between these values
and the values predicted by the simple theory of chapter 4. Such a comparison
is seen to validate the main features of the theoretical model, which allows us to
understand the differences between the three loss rate coefficients for collisions
in the absence of near-resonant light as being due to the quantum statistics gov-
erning the different isotopic combinations, the nuclear spin of the 3He* atom,
quantum threshold effects, and Wigner’s spin-conservation rule. These results
represent an understanding of the major loss processes in unpolarised isotopic
mixtures of He* and, therefore, an understanding of the major processes affect-
ing (TI)MOTs of He*.

5.1 Trap loss and ionisation

The time evolution of the number of atoms held in a typical single-isotope MOT
can be described by the phenomenological equation [162],

dN(t)
dt

= L− αN(t)− β
∫∫∫

n2(r, t)d3r. (5.1)

Implicit in this equation is the assumption that the number of atoms in the trap
is affected by three simultaneous processes, each of which corresponds to one
of the terms on the right-hand side. The first of these terms, L, represents the
rate at which atoms are being loaded into the MOT, whilst the second and third
terms denote the linear and quadratic trap loss rates respectively. The loss rates
are defined in terms of the local atomic density of the sample n(r, t), if L = 0,
by2

dn(r, t)
dt

= −α n(r, t)− β n2(r, t), (5.2)
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and their nomenclature refers to their dependence upon n(r, t). Analogously,
the proportionality constants α and β are referred to as the linear and quadratic
loss rate coefficients, respectively. The total loss rate coefficients α and β may
additionally be subdivided into contributions due to various different linear or
quadratic loss mechanisms, i.e. α=∑i αi and β=∑j β j, where each of the αi and
β j is a loss rate coefficient for a given loss process.
In the case of a He* MOT operated on the 1083 nm transition, linear trap loss

results from collisions between trapped atoms and external particles (photo-
ionisation is negligible), such as background gas particles and helium atoms
from the atomic beam used to load the MOT, traversing the trap region, whilst
quadratic losses are due to collisions between the trapped atoms themselves.
These losses may be subdivided into ionising and non-ionising losses, and an
equation (analogous to Eq. 5.1) for the ion production rate of the MOT may be
written down:

dNion(t)
dt

= εaαN(t) +
εbβ

2

∫∫∫
n2(r, t)d3r, (5.3)

where εa and εb are weighting factors describing, respectively, the fraction of
linear and quadratic loss mechanisms which produce ions. The factor of 2 in the
second term accounts for the fact that a single ion is produced for every pair of
colliding He* atoms lost from the trap.

Loss rates in samples of 4He* may be estimated by making use of the vari-
ous collision and ionisation cross-sections reported in literature [181, 209]. An
overview of trap loss mechanisms in 4He* is given in Ref. [140], while a more
comprehensive account has also been provided by R. Stas [97]. In summary,
such an analysis of the trap loss mechanisms relevant to our experimental setup
(see chapter 2) leads to the following conclusions: linear trap loss is dominated
by a non-ionising mechanism3, quadratic trap losses are dominated by ionising
mechanisms in both the absence and presence of trapping light4, and the linear
ionisation rate is small in comparison to the quadratic ionisation rate. Collision
studies are rare for 3He* atoms [181, 209], but as the cross-sections are not ex-
pected to show a large isotopic dependence the arguments made for 4He* above
should also hold for 3He*. As the linear ionisation rate is small compared to
the quadratic ionisation rate, in both the presence and absence of the trapping

2It should be noted at this point that the “density limited” regime, often mentioned with regard
to the alkali systems, is not a feature of the metastable noble gas systems; in the latter, the density of
the trapped sample is not limited by radiation trapping within the cloud, but by ionising collisional
losses. This is born out in Eq. 5.1 by the time dependence of the atomic density distribution, n(r, t),
hence our inability to make the simplifying constant density approximation in the experiments de-
scribed in §5.2.

3In the experiments reported here, the metastable atoms have not been separated from the beam
of ground-state atoms, and collisions of ground-state atoms from the atomic beam give rise to a trap
loss rate of ≈ 2 s-1 in comparison to a linear ionising loss rate of ≈ 1× 10−2 s-1.
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light, and the quadratic trap loss is almost completely determined by ionising
mechanisms, the approximations εa ≈ 0 and εb ≈ 1 can be made. Equation 5.1
may then be rewritten as

dNion(t)
dt

≈ β

2

∫∫∫
n2(r, t)d3r, (5.4)

and should hold for both 3He* and 4He*, in both the presence and absence of
the trapping light.

Equations 5.1–5.4 may easily be extended to describe MOTs containing more
than one component [125], in which losses due to inter-species collisions may
occur. In this case additional terms describing the losses due to atomic collisions
between the trapped species need to be introduced, and Eq. 5.1 may be rewritten
for a specific component of the trapped mixture in the form

dNi(t)
dt

= L− αN(t)−∑
j

βij

∫∫∫
ni(r, t) nj(r, t)d3r, (5.5)

where the subscript i denotes the trapped component of interest, and the sum
runs over all components, j, of the trapped mixture. The total rate of change
of the number of atoms in the trapped mixture is then given by dN(t)/dt =
∑j dNj(t)/dt. Equation 5.4 may be altered in an analogous manner (cf. Eqs. 5.16
and 5.17).

5.2 Light-assisted collisions

In order to determine the ionisation rate coefficient for light-assisted collisions,
trap decay measurements have been performed. In these experiments, the load-
ing of atoms into the MOT is stopped abruptly (L = 0), and the decaying ionisa-
tion rate in the trapped sample is monitored with the unshielded MCP detec-
tor (see §2.8.1). For atomic samples in which the spatial density distribution is
Gaussian, i.e. described by (see §2.8.2)

n(x, y, z, t) = n0(t) exp

(
− x2

2σ2ρ
− y2

2σ2ρ
− z2

2σ2z

)
, (5.6)

the ionisation rate may be written as

dNion(t)
dt

= V
β

4
√
2

n20(t), (5.7)

4In the presence of trapping light, light-assisted ionising collisions between trapped 4He* atoms
give rise to an ionisation rate of ≈ 4 s-1, whilst in the absence of light this rate is ≈ 0.1 s-1, i.e. loss
rates of ≈ 8 s-1 and ≈ 0.2 s-1 respectively. Non-ionising losses due to fine-structure changing colli-
sions and radiative escape may be neglected [101, 210].
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where the central density is given by n0(t) = N(t)/V and the effective volume
is defined by V =(2π)3/2σ2ρ σz. The current signal produced by the MCP detector
is proportional to the ionisation rate, and is converted into a voltage signal that
is given by

ϕ(t) = eReff
β

4
√
2

n20(t), (5.8)

where e is the electric charge of an electron and Reff is an effective resistance.
By substituting Eq. 5.6 into Eq. 5.1, one can show that the central density

satisfies the differential equation

dn0(t)
dt

=
L
V
− αn0(t)− β

2
√
2

n20(t). (5.9)

If the loading of atoms into the MOT is abruptly stopped, the density will then
decay as [162]

n0(t) =
n0(0)(

1+
βn0(0)
2
√
2α

)
exp(αt)− βn0(0)

2
√
2α

. (5.10)

Upon the substitution of Eq. 5.10 into Eq. 5.8, an expression for the decaying
ionisation signal is yielded. The loss rates α and βn0(0) determine the exact
shape of the decay curve and are derived from the measured traces by means of
curve fitting (see Fig. 5.1).

Decaying ion signals (such as that shown in Fig. 5.1) have been measured for
MOTs of both He isotopes. Having loaded a MOT of either 3He* or 4He* until a
steady state has been reached, the trap loading is stopped suddenly by using the
Zeeman slower AOM to switch of the slowing light in ≈1 μs. As losses deplete
the trapped atom number a trace of the ion production rate is recorded; these
traces are averaged four times using a digital oscilloscope. It has been verified
that the variations in the central density, determined from absorption images,
are small enough that an averaged decay curve allows an accurate determina-
tion of the loss rates α and βn0(0). An example of an averaged 3He* decay trace
and the corresponding fit are displayed in Fig. 5.1, whilst the loss rates deter-
mined from these experiments are: α= 0.8(2) s-1 and β= 5.5(8)× 10−9 cm3/s
in the case of 3He*, and α= 0.6(3) s-1 and β= 3.3(7)× 10−9 cm3/s in the case
of 4He*.

The quadratic loss rate coefficient for 3He* is almost twice as large as that
for 4He*, Kumakura and Morita [96] have previously pointed out that this iso-
topic difference is a consequence of the differing number of ionisation channels
opened up by the effect of the long-range resonant dipole-dipole interaction on
the centrifugal barriers. Of course it is also true that quantum statistical sym-
metry requirements must play a role in these collisions, however, these effects
are obscured by the large number of partial waves contributing in such optically
assisted collisions.
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Figure 5.1. Ionisation signal for a trap loss measurement on a 3He* sample. At t = 0, the
input of atoms to the MOT is stopped abruptly. The rapid decay of the ionisation signal
(black dots) is non-exponential, as can be seen in the inset. Fitting the signal to our model
(grey line) yields trap loss rates β n0(0) = 20 s-1 and α = 0.7 s-1.

With regard to heteronuclear optically assisted collisions, it should be noted
that the excited-state potentials in this case are governed at long-range by the
van-der-Waals interaction (∝ 1/r6), having a much shorter range than that of
the resonant dipole interaction (∝ 1/r3) dominant in the homonuclear case.
In our TIMOT the laser beams are, in contrast to most experiments performed
on heteronuclear collisions, far-detuned (25 natural linewidths) from resonance
and the atomic excited-state population in the trap is therefore negligible. Semi-
classically, a molecular state may only be excited in the trap if the correct light
frequency is present and the atoms have reached the Condon point for the tran-
sition. As all light frequencies in our TIMOT are far detuned from any heteronu-
clear molecular transition we expect no contribution to the trap loss rate from
optically assisted heteronuclear collisions.

5.2.1 Experimental parameters

All the experiments described in this chapter were performed in an experimen-
tal apparatus (see chapter 2 and Fig. 3.1), which, as described in chapter 3, is
capable of trapping large numbers (> 108) of atoms of either 3He*, 4He*, or a
mixture of the two. A single laser, locked to the relevant 3He* or 4He* transition,
was used for all experiments on homonuclear collisions, whilst for the heteronu-
clear collision experiments a second laser was overlapped with the first in order
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to trap both He isotopes simultaneously. During the switch between these two
sets of experiments, experimental parameters changed in such a way as to affect
the distribution over magnetic substates (see §4.4) of the atoms in the trap, thus
in this section the experimental parameters relevant to the rate equation model
used to calculate these distributions are presented.

In all the experiments, both homonuclear and heteronuclear, the trapping
light has a wavelength of 1083 nm and is detuned by -40MHz from either the
2 3S1( f = 3

2 ) → 2 3P2( f = 5
2 ) transition in the case of

3He*, or the 2 3S1 → 2 3P2
transition in the case of 4He*.

Homonuclear experiments

In the case of the homonuclear experiments, the six trapping beams had Gaus-
sian profiles, each with a 1/e2 diameter of 27mm and a combined peak intensity
of 59mW/cm2. Unfortunately the intensity of the six beams was not balanced
properly, leading to a displacement of the cloud centre with respect to the zero
of the magnetic field, the gradient of which was dB/dz = 2 dB/dρ = 0.28 T/m.
These conditions were accounted for when determining the distribution over
magnetic substates (Pm(r)) of atoms in the MOT, as required in §4.4.

Heteronuclear experiments

In the case of the TIMOT experiments, the six trapping beams again had Gaus-
sian profiles with 1/e2 diameters of 27mm, but had a combined peak inten-
sity of 57mW/cm2. This time however, each pair of counter propagating trap-
ping beams was balanced and the trapped cloud was centred on the zero of the
magnetic quadrupole field. This time the quadrupole field had a gradient of
0.35 T/m.

5.3 Ionisation in the absence of trapping light

Collisions in which ionisation is not preceded by the absorption of trapping
light (as determined theoretically in chapter 4) contribute very little to the ioni-
sation rate in magneto-optically trapped He* samples. The rate coefficients cor-
responding to such collisions can, however, be determined from a comparative
measurement of the ion production rate in the presence and absence of trapping
light [71]. In these experiments a MOT is loaded until it reaches its steady state,
before all light passing through the trapping chamber is extinguished for a short
time interval. This procedure is then repeatedmany times, and the resulting sig-
nals are averaged.
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5.3.1 Homonuclear collisions

In the presence of the trapping light, the observed ionisation signal

ϕon(t) = eReff
β

4
√
2

n20(0) + ϕbgr (5.11)

is dominated by light-assisted collisions and is relatively large, whilst in the
absence of the trapping light, collisions between trapped atoms occur without
optical excitation and the corresponding ion signal

ϕoff(t) = eReff
K
2
√
2

n20(0) + ϕbgr, (5.12)

where K, which is much smaller than β, is the ionisation rate coefficient in the
absence of light. By combining Eqs. 5.11 and 5.12, the the rate coefficient K may
be written as

K =
β

2
ϕoff − ϕbgr

ϕon − ϕbgr
. (5.13)

Clearly, K can be derived from measurements of the ionisation rate coefficient
for light-assisted collisions, β/2, and ϕon, ϕoff and ϕbgr.

In the experiment, the trapping and slowing light are extinguished for 100 μs
every 200ms, and the signals obtained are averaged 256 times using a digital
oscilloscope. Examples of averaged ionisation signals are presented in Fig. 5.2.
The measurement is then repeated with the atomic beam blocked in order to
obtain the background signal ϕbgr, which includes an offset originating from
the MCP signal amplifier. In order to obtain accurate values of (ϕon − ϕbgr)
and (ϕoff − ϕbgr), the average of the signals over 40 μs intervals, as indicated in
Fig. 5.2, is determined.

Although the atoms are not confined if the trapping light is absent (ignor-
ing the trapping effect of the quadrupole field produced by the MOT coils), the
expansion of the He* cloud during the 100 μs light-off time interval is insignifi-
cant and may be neglected. It has, furthermore, been checked that a duty cycle
of 200ms is slow enough to ensure that a trapped sample remains essentially
identical throughout a given experimental run. The ionisation rate coefficients
determined using the above procedure are:

K(exp)33 = 1.8(3)× 10−10 cm3/s, (5.14)

and
K(exp)44 = 0.8(2)× 10−10 cm3/s, (5.15)

where the experimental errors correspond to one standard deviation. These re-
sults are close to, but do not agree (within the error bars) with other experimen-
tal results [89, 93, 96, 175], which suffer frommutual inconsistencies themselves,
as has already been remarked upon [180].
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Figure 5.2. Ionisation rates in the presence and absence of trapping (and slowing) light.
The signals are averaged over 40 μs time intervals indicated by the shaded areas to obtain
(ϕon − ϕbgr) and (ϕoff − ϕbgr).

5.3.2 Heteronuclear ionising losses in the dark

The time evolution of the total number of atoms trapped in our TIMOT, N =
N3 + N4, may be described by the following phenomenological equation [125]:

dN
dt

= L3 − α3N3(t)− β33

∫∫∫
n23(r, t) d3r + L4 − α4N4(t)

− β44

∫∫∫
n24(r, t) d3r− β34

∫∫∫
n3(r, t)n4(r, t) d3r, (5.16)

where subscripts denote whether a given parameter pertains to either the 3He*
or 4He* component of the mixture. As in the homonuclear cases, both linear and
quadratic losses in Eq. 5.16 are due to a number of different mechanisms which
may be classified as either ionising or non-ionising. The ion production rate of
the TIMOT may then be expressed in a manner analogous to Eq. 5.16:

dNion
dt

= εaα3N3(t) + εbK33
∫∫∫

n23(r, t) d3r + εcα4N4(t)

+ εdK44
∫∫∫

n24(r, t) d3r + εeK34
∫∫∫

n3(r, t)n4(r, t) d3r, (5.17)

where the ε’s are the weights of the various ionisation mechanisms (andmay in-
clude a factor to account for a less than unity detection efficiency). As before, an
analysis of the trap loss mechanisms [97, 100] shows that to a good approxima-
tion εa = εc = 0, whilst εb = εd = εe, and (cf. Eq. 5.4) for Gaussian spatial density
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Figure 5.3. Averaged ion signals measured during the experiments. The full line is the
signal recorded whilst performing the experiment with a TIMOT, the dashed line is the
corresponding curve for a 3He* MOT (the analogous signal for a 4He* MOT can also
be obtained), and the dotted line is the background signal. The ion rate measured is
then averaged over the 60 μs interval indicated by the shaded region in order to obtain
(ϕTIMOT−ϕbgr) and (ϕ3He*/4He*−ϕbgr).

distributions of the two components (centred with respect to one another), the
voltage measured by the oscilloscope may be written as

ϕTIMOT(t) = eReff
[
K33 n203(t)(πσ23 )

3
2 + K44 n204(t)(πσ24 )

3
2

]
+ eReffK34 n03(t)n04(t)

[
2πσ23σ24
σ23 + σ24

] 3
2

+ ϕbgr. (5.18)

Equation 5.18 describes the ion production rate in the dark of the TIMOT;
whilst Eq. 5.11 describes the ion production rate of a single-isotope MOT, ϕMOT.
By combining Eqs. 5.18 and 5.11 with a measurement of the ratio r =(ϕTIMOT −
ϕbgr)/(ϕMOT − ϕbgr) (the time dependence of the measured signals has been
omitted because of the short duration of the switch-off period), we can derive an
expression for K34. It has been verified that under our experimental conditions
the MCP signal varies linearly with the ion production rate, and all cloud densi-
ties and radii may be derived from absorption images, while we have previously
(§5.3.1) measured K33 and K44 [140]. As the trap parameters, and therefore the
distribution over the magnetic substates of the atoms, have changed since the
experiments described in §5.2 and §5.3.1 were performed, the theory described
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in §4.4 has been used to correct the measured values of K33 and K44 for these ef-
fects, yielding: K33=1.6(3)× 10−10 cm3/s and K44=6.5(2)× 10−11 cm3/s (see
Fig. 4.8).

Performing this experiment, the result obtained for the value of the heteronu-
clear collision/ion-production rate coefficient is

K(exp)
34 = 2.5(8)× 10−10 cm3/s. (5.19)

5.4 Conclusion

In combination with the previous chapter, the results obtained in the experi-
ments described here give us an understanding of the most significant loss pro-
cesses in unpolarised isotopic mixtures of He*. The main results of the exper-
iments are summarised by Eqs 5.14, 5.15 and 5.19, which between them give
the experimentally determined values of the loss rate coefficients “in the dark”:
K(exp)33 , K(exp)44 , and K(exp)34 . Figure 5.4 shows these results in the context of their
theoretically determined values. It is clear from this figure that the measured
values of the three loss rate coefficients compare very well with the values pre-
dicted by our simple single channel model (see Ch. 4), thereby validating it to
some extent. There is also good agreement with the values calculated by Leo et
al. [180].

As mentioned in the introduction to this chapter, a number of previous (mu-
tually inconsistent [180]) experimental results for K(exp)44 have been published [89,

93, 96, 175], whilst only a single result has been published for K(exp)33 [96]; our
values do not, however, agree with these other experiments (in particular, those
of Kumakura and Morita [96]). A single reason for the discrepancy between
these results is difficult to pinpoint, as the determination of the ionisation rate
coefficients is the result of an involved analysis of several individual measure-
ments. In particular, the ionisation rate coefficients are sensitive to the central
density attributed to each isotope held in the trap, and care must be taken when
implementing absorption or fluorescence imaging and during the consequent
interpretation of the data (a small underestimation of the central density will
easily lead to a value of the loss rate coefficient which is too large). Further-
more, if the trapped number of atoms is small (< 107, which is not the case in
the present work), or the background pressure high, the quadratic ionisation
rate may become small in comparison to other linear loss rates, hampering its
measurement. Finally it should be noted that in most experiments [89, 96, 175]
the distribution over the magnetic substates has not been taken into account.

Interesting extensions to the investigations presented in this chapter would
involve the study of atomic samples having a pre-prepared distribution over
the magnetic substates. With a view to performing such experiments it would
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be advantageous to consider implementing an optical dipole trap, which is ca-
pable of trapping all magnetic substates, not just the low-field seekers as is the
case in magnetic traps. In the case of 3He*, the Pauli exclusion principle should
lead to the suppression of collisions (and ionisation) in the case of any fully
spin-polarised cloud, and should be observable in the |F,mF〉 = | 32 ,+ 1

2 〉 and
| 32 ,− 1

2 〉 states (for which conservation of angular momentum plays no role in
suppressing ionising collisions). It might, furthermore, be possible to study de-
polarisation during collisions [180]. As will be shown in chapter 7, we have
been able to produce ultracold and degenerate samples of both 3He* and 4He*,
as well as mixtures of the two, using spin-polarised 3He* and 4He* in the mag-
netically trappable mF = + 3

2 and mj = +1 states respectively. It should also be
possible to prepare trapped ultracold samples of 3He* (4He*) in the mF = − 3

2
(mJ = −1) states, for which (as in the magnetically trappable states just men-
tioned) Penning ionisation should also be strongly suppressed. An analysis
of the rethermalisation rate during sympathetic cooling would also provide us
with the magnitude of the heteronuclear scattering length (essential to a com-
prehensive understanding of the behaviour of such 3He*/4He*mixtures), which
is predicted to be 28.8+3.9−3.3 nm, both very large and positive

5 [123]. It is, further-
more, conceivable that there could be a p-wave Feshbach resonance in the 3He*
system, which collisional studies in an optical trap and in the presence of a con-
trolled magnetic field might uncover.

5A positive scattering length is generally defined to represent a repulsive interaction, and leads
to degenerate atomic samples containing large numbers of atoms which are stable against col-
lapse [113, 211, 212].
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Figure 5.4. Theoretical loss rate coefficient curves: 3He*-3He* (dashed), 3He*-4He*
(solid), and 4He*-4He* (dotted), together with our experimental data points and their
error bars: 3He*-3He* (diamond), 3He*-4He* (square), and 4He*-4He* (triangle).
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Chapter 6

An experimental setup for the production
of a quantum degenerate He* mixture

[This chapter has been adapted from: Physical Review A 73, 031603(R) (2006).]

Ten years after the first experimental realisation of Bose-Einstein condensa-
tion (BEC) in dilute, weakly interacting atomic systems [13–16], the field of de-
generate quantum gases has developed into a major area of research. As men-
tioned in the introduction to this thesis, at least nine different elements to date
have been Bose condensed [13–16, 19–23, 25, 26], however, for most of them
it has not been possible to produce condensates containing large numbers of
atoms. Only in the cases of hydrogen, sodium, and rubidium have condensates
with more than 106 atoms been realised [213]. Larger condensates provide a
better signal-to-noise ratio during measurements, allow studies of both the col-
lisionless and the hydrodynamic regimes, and are especially useful for sympa-
thetic cooling and atom optics applications. It is in this last area that metastable
atomsmay have a particularly important role to play, offering alternative, highly
sensitive, detection possibilities related to their high internal energy (19.8 eV), in
combination with more traditional techniques, such as absorption imaging.
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With regard to sympathetic cooling, it is noteworthy that beside the bosonic
helium isotope (4He), the fermionic isotope 3He in its metastable 2 3S1 state is
also suitable for laser cooling and trapping experiments (as shown in chapter 3).
Furthermore, theory [122] and experiment [121] recently agreed on an accurate
value for the 4He*-4He* scattering length (a44 = 7.64(20) and 7.512(5) nm re-
spectively). An extension to the work of Przybytek and Jeziorski [122] indicates
that the corresponding 3He*-4He* scattering length will be very large and pos-
itive (a34 = +28.8+3.9−3.3 nm) [123]. If true, this would ensure that boson-fermion
3He*-4He* mixtures would remain stable all the way down to ultracold temper-
atures, enabling the production of a quantum degenerate mixture of 3He* and
4He* containing a large number of atoms (see chapter 7).

Until recently, the study of ultracold He* has been limited to bosonic 4He*,
and has relied upon either traditional optical detection techniques [94], ormicro-
channel plate (MCP) detectors [26]. In this chapter, an experimental apparatus
capable of cooling and trapping both 3He* and 4He*, whilst simultaneously pro-
viding both optical and MCP detection techniques is presented (see §6.1). This
is followed by a description of how a BEC containing more than 1.5× 107 atoms
has been realised (see §6.2).

6.1 Experimental setup

The experimental setup to be described in the following sub-sections has been
described extensively in the theses of Tychkov [98] and Jeltes [99]1, and is in
many ways similar to the apparatus described in chapter 2. Therefore, the
following shall provide a summary of the differences between this setup and
that presented in chapter 2, and for further details the reader is referred to
Refs. [98, 99].

6.1.1 Overview of setup

Up to and including the magneto-optical trapping of both He* isotopes, this
setup resembles the apparatus described in chapter 2, and shown schematically
in Figure 2.1. At this stage the main ways in which it differs from that described
previously are the implementation of deflection in the collimation section, and
a Zeeman slower which operats with a detuning of -250MHz. Other more mi-
nor differences include: a bow-tie configuration of the MOT beams (leading to
a larger trapping volume in the MOT), and the optional inclusion of a 3He* re-

1Further details can be garnered through the theses of Tol [68], Herschbach [101], and Rooi-
jakkers [102], which describe earlier incarnations of the present setup.
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pumper when operating a MOT containing large numbers of both He* isotopes
simultaneously.

It is after the MOT has been loaded that this apparatus really distinguishes
itself. Atoms held in the (TI)MOT are spin-polarised before being loaded into
a Ioffe-Pritchard magnetic trap. One-dimensional Doppler cooling is then ap-
plied to the atoms whilst being held in the magnetic trap, allowing the tem-
perature of the atomic sample to be reduced to < 0.15mK without the loss of
atoms (leading to an increase in phase-space density of the atoms by a factor
of ∼ 600). The gas is then further cooled by rf-induced evaporative cooling,
leading to the production of a BEC of 4He*, a degenerate fermi-gas of 3He*, or a
quantum degenerate mixture of the two. After the atoms have been loaded into
the (TI)MOT the atomic sample may be investigated at any point in time by using
one (or more) of a number of diagnostic tools: fluorescence imaging, absorption
imaging, time-of-flight (TOF) analysis, or by detecting the ions produced during
ionising collisions between the trapped atoms.

Of particular interest to the investigations described in this chapter and those
that follow has been the TOF analysis. For this a couple of MCPs have been
mounted at a position inside the trapping chamber, directly below the position
at which the atoms are trapped. Atomic samples released from the trap expand
and fall (under the influence of gravity) onto one of these detectors. One of the
detectors was identical to that described in §2.8.1, and used to determine atom
number and temperature of atomic samples. The second MCP was position-
sensitive [214], and used in collaboration with the cold helium group of the
Laboratoire Charles Fabry de l’Institut d’Optique (Orsay, France) to measure
pair correlation functions for bosons and fermions (see chapter 8).

6.1.2 Optical Setup

The optical setup provides all necessary light for the collimation, deflection,
Zeeman slowing, MOT, spin polarisation, one-dimensional Doppler cooling, ab-
sorption imaging, and optical lens (see chapter 8) of both 3He* and 4He*. The
optics described here reuses the optical setup designed for the production of
BECs of 4He* [68, 98, 101], and superimposes upon it a comparable setup for
the manipulation of fermionic 3He*. This approach provided the fastest route
towards the production of quantum degenerate mixtures of 3He* and 4He*.

Optics for the manipulation of 4He*

The optics used in the manipulation of 4He* has been described extensively in
the theses of Tychkov [98], Tol [68], and Herschbach [101]. Below, a brief de-
scription of the setup is given, for further details the reader is referred to the
texts mentioned above.
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Figure 6.1. A schematic of the 4He* optical setup. Due to the limited optical power
supplied by the LNA laser, this optical scheme makes use of both the zeroth and first
order produced by each of the three AOMs. Further details on this optical setup can be
found in the theses of Herschbach [101] and Tol [68].

Three laser systems are used for the manipulation and detection of 4He*:
an LNA laser (collimation, deflection, Zeeman slowing, MOT beams, and spin-
polarisation), and two DBR diode lasers (one each for one-dimensional Doppler
cooling and absorption imaging). For a schematic overview of the optical setup
see Fig. 6.1.

The LNA laser is based upon a 4-mirror ring cavity with an LNA (lanthanum
neodymium magnesium hexaaluminate) crystal placed at the position of the
cavity waist. This cavity is pumped by a 4W solid-state laser operating at
532.2 nm (Spectra-Physics Millennia V), and typically provides ≈ 250mW of
power at a wavelength of 1083 nm. A Faraday rotator and a wave-plate form
an optical diode which is used to force unidirectional lasing in the cavity, while
a Lyot filter in combination with three etalons is used to achieve single-mode
operation at 1083 nm. The laser cavity is locked to a 750MHz confocal Fabry-
Perot interferometer, which in turn is locked to the desired atomic transition via
saturated absorption spectroscopy in a helium discharge cell.

The two DBR (distributed-Bragg-reflector) diode lasers were developed by
Herschbach [101]. The DBR laser diode (SDL 6702-H1) by itself has a linewidth of
∼ 3MHz which is significantly broader than the natural linewidth of the atomic
transitions used (Γ/2π = 1.6MHz), and is not suitable for the Doppler cooling
and absorption imaging applications these lasers are used for. By placing each
diode in an extended cavity, light emitted by the diodes can be fed back in a
controlled manner, thereby reducing the linewidth of the laser to a few hundred
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kHz [101]. Both lasers are locked to the relevant helium transition via saturated
absorption spectroscopy in a helium discharge cell, and may be detuned in a
controlled manner by Zeeman tuning the atomic lines in the discharge cells. The
laser used for one-dimensional Doppler cooling is locked using a standard lock-
in technique, while the probe laser (also used in the experiments described in
Part I of this thesis, see §2.2.1) relies upon a RF-sideband locking technique [101].

The four AOMs indicated in Fig. 6.1 are used to obtain the required detunings
of the laser beams and to rapidly switch the light in a specific optical branch on
and off. The beam profile of each of the three lasers deviates significantly from
an ideal Gaussian shape (particularly in the case of the diode lasers). Therefore,
the Doppler cooling laser beam is spatially filtered by placing a pinhole in the
beam waist, the probe laser is spatially filtered by coupling it into a polarisation
maintaining fibre (allowing us to transport the beam to any position in the lab,
and aiding alignment stability). The beam emitted by the LNA laser is elliptical,
and this was corrected sufficiently well by introducing a cylindrical telescope to
the Zeeman slowing and collimation branches of the optical setup.

In addition to the four AOMs, three mechanical shutters (Uniblitz LS2T2 and
LS6T2) are used to block laser beams on a millisecond time scale. The one-
dimensional Doppler cooling beam is switched on and off using a shutter placed
close to the beam waist (as the laser is employed for ∼ 2 s at a time, the shutter
is fast enough). The MOT beams are blocked during spin-polarisation with a
second shutter, while a third shutter blocks all light emitted by the LNA laser
during operation of the magnetic trap. The use of these shutters also allows
the AOMs to remain active for most of the time, which keeps the units warm;
preventing thermal effects from reducing the efficiency with which the AOMs
diffract light into the first order beams, and improving the pointing stability of
the laser beams.

Optics for the manipulation of 3He*

A further three laser systems have been employed for the manipulation of 3He*
during the experiments described in chapters 7 and 8. Two of these, namely the
1W fibre laser (IPG Photonics, model YLD-1-BC) and Toptica Photonics DL 100
laser system, have already been described in § 2.2, while the third is another DBR
diode laser. A schematic overview of the 3He* optical setup is shown in Fig. 6.2.

The 1W fibre laser has been used for the collimation, Zeeman slowing, MOT
beams, and repumping of 3He* atoms. In the interests of developing a degen-
erate boson-fermion mixture (see chapter 7) in the quickest possible time, the
decision was made to keep the legacy 4He* optical setup (already capable of
producing a BEC, see § 6.2) intact. Due to the limited optical power delivered
by the LNA laser (already known to limit the number of atoms that could be
loaded into the 4He* MOT), it was important to limit any further loss of light in
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Figure 6.2. A schematic of the 3He* optical setup.

this optical setup. Therefore, the overlap was performed in three separate loca-
tions (once in each of the three major branches of the optical setup: collimation,
Zeeman slowing, and MOT beams), instead of overlapping the outputs of the
two lasers directly on a non-polarising beam splitter as described previously in
§ 2.2.2. Unfortunately it was necessary to overlap the beams used for collimation
and Zeeman slowing before the cylindrical telescopes used in the 4He* optical
setup, and in order to accommodate this, cylindrical telescopes were included
in the 3He* setup to match the near perfect Gaussian beam from the fibre laser
with the astigmatic beam produced by the LNA laser. Furthermore, by adjust-
ing the RF-power delivered to the AOMs, and manipulating quarter-wave plates
placed in front of polarisation dependant optics, it was simple to distribute the
optical power between each of the branches as needed. Finally, a small part of
the light in the Zeeman slowing branchwas retro-reflected through the 250MHz
AOM to produce light with a detuning of -500MHz from the 2 3S1→2 3P2 cooling
transition. This light was overlapped with the trapping volume in the trapping
chamber, and was used to repump 3He* atoms into the trapped F = 3/2 sub-
state of the 2 3S1 state as described in § 3.3.

The Toptica diode laser remained in the same configuration described in
§2.2.1, and was used for the one-dimensional Doppler cooling of the 3He* held
in the magnetic trap. The laser was detuned by using coils placed around the
3He* discharge cell to Zeeman detune the transition to which the laser was
locked. The detuning of +34MHz was empirically determined to provide opti-
mum cooling of the 3He* atoms.

The third DBR diode laser was developed by Petra [107], andwas used for the
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spin polarisation of 3He* atoms just prior to their being magnetically trapped.
It is based upon a single-mode laser diode (SDL, model 6702-H1) operating at
1083 nm, which is again locked to a 3He* discharge cell via saturated absorption
spectroscopy. As no extended cavity was used with this diode, the linewidth is
≈ 2MHz.
While light was made available for repumping and spin-polarisation as de-

scribed above, it was not necessary to employ these capabilities during the ex-
periments described in chapters 7 and 8. In order for sympathetic cooling to
proceed efficiently at temperatures close to degeneracy, the number of bosons
present should remain greater than ≈ NF(T/TF) [18], where NF is the number
of fermions in the atomic sample, T is its temperature, and TF is its Fermi tem-
perature. The apparatus is capable of producing degenerate samples of 4He*
containing ≈ 107 atoms, therefore (as few 3He* atoms are lost during sympa-
thetic cooling) it makes little sense in starting with > 107 3He* atoms in the
magnetic trap if the production of a degenerate fermi gas is the target. The re-
pumper is only necessary if the optimum number of 3He* atoms is required in
the TIMOT or a magnetically trappedmixture, while the spin polarisation is only
necessary in the later case. Use of the repumper allowed around two times as
many 3He* atoms to be loaded into the TIMOT, while the use of spin polarisa-
tion of the 3He* component in combination with an optimally loaded TIMOT

allowed around ten times as many 3He* atoms to be transferred to and remain
in the magnetically trapped mixture.

Atom lens

During the experiments on atom-atom correlations (see chapter 8), an ’atom
lens’ was required. This ’atom lens’ was realised by creating a repulsive op-
tical dipole potential using a detuned and tightly focused laser beam. The 2W
fibre laser (IPG Photonics, model YLD-2-BC) described in §2.2.1 was used to do
this. However, this time the laser was not locked to an optical transition, but
simply detuned by ∼ 300 GHz to the blue of the He* cooling transition by ad-
justing the temperature of the seed diodes. The beam was focused to a waist of
≈ 100× 150 μm2 which was overlapped with the trapped atomic cloud, and an
AOM was used to switch the beam on and off quickly.

6.1.3 The Vacuum system

The vacuum system in use here is almost identical in layout to that described
in chapter 2, and shown schematically in Fig. 2.1. The source and collimation
chambers are duplicates of those described previously, and the reader is referred
to §2.3 for further information. The inner tubes of the Zeeman slower differ only
in that they are shorter, that they lack electrostatically polished inner surfaces,
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and that they are joined by only a single pumping stage together with a pneu-
matically actuated valve. While the trapping chamber has been modified to
include larger re-entrant windows (capable of holding the coils necessary for a
magnetic trap), a translation stage for the MCP positioned below the trapping
region, and an antenna suitable for introducing radio-frequency radiation into
the chamber. The lack of electrostatically polished inner surfaces, and the use
of a single (small) turbo pump midway along the Zeeman slower meant that
the pressure inside the Zeeman slower was slightly higher than it could have
been, but with two large pumps attached to the trapping chamber, pressures
of 5× 10−11 mbar (1× 10−10 mbar during loading of the MOT) in the trapping
region were achieved. These pressures were low enough to allow an atomic
sample held in the magnetic trap to exhibit a lifetime of ∼ 180 s, which was
more than sufficient for the planned experiments. The vacuum quality along the
beam-line was maintained by the system of turbomolecular pumps presented in
Table 6.1.

6.1.4 Source, collimation, deflection, and the Zeeman slower

Functional differences between the apparatus described in chapter 2 and that
being described here begin with the collimation section (the source and He gas
supply are duplicates of those used previously, and the reader is referred to §2.4
for further details). As before, the curved-wavefront technique [85, 102, 109] has
been applied, in which an orthogonal pair of retroreflected resonant light beams
having a curved wavefront are used to collimate the atomic beam, thereby in-
creasing its brightness. Collimation in the vertical plane makes use of an inter-
action length of 19 cm as before. In the horizontal plane, collimation takes place
over a length of 9.5 cm, and is followed by a second 9.5 cm length in which the
retroreflection is blocked. Blocking the retroreflection introduces an imbalance
in the radiation pressure force, and results in the He* component of the atomic
beam being deflected by an angle of ≈ 1◦ in the horizontal plane. A knife-edge
is placed close to the beginning of the deflection section in such a way as to
block a direct line of sight between the source and trapping volume, but allow
the deflected He* beam to be bent around the knife-edge (naturally, the Zeeman
slower is also positioned under an identical angle). Thus only the He* atoms
are able to reach the trapping volume, while ground-state He as well as atoms
in other non-resonant atomic states are prevented from doing so. This scheme
effectively prevents atoms from traversing the trapping volume when the colli-
mation light is not present, preventing a number of trap-loss mechanisms, and
significantly reducing the trap loss rate. It has been shown that the deflection
scheme implemented here increases the lifetime of magnetically trapped atomic
clouds by a factor of 5 [68].
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Table 6.1. Selected technical specifications for the various turbomolecular pumps (Pfeif-
fer Vacuum) used throughout the apparatus, together (where possible) with the pressures
recorded inside the respective chambers whilst the source was in operation.

Pump Model Pressure Pumping speed Compression
(mbar) (l/s) ratio

Source
chamber

TMH 520a 7× 10−5 (b) 500 5× 107

Collimation
section

TPH 450Hc 1× 10−7 (b) 390 2× 108

Zeeman
slower 1

TPU 062Hc — 49 3× 108

Zeeman
slower 2

TPU 062Hc <1× 10−9 49 3× 108

Trapping
chamber 1

TMH 521d — 500 5× 107

Trapping
chamber 2

TMU 521Pd 7× 10−10 500 5× 107

a Backed by a dry scroll pump (Varian SH-100) providing a backing pressure of 0.1mbar; this is
in turn backed by a diaphragm pump when helium is supplied to the source by a gas bottle,
or used to evacuated the output of the scroll pump before using the recycling apparatus to
supply the source.

b Pressure given has not been corrected for the high partial pressure of helium in the vacuum.
c Backing pressure is maintained at ≈ 1mbar by a Varian 949-9452 diaphragm pump.
d A backing pressure of < 5× 10−4 is maintained by a Pfeiffer Vacuum TMU 065
turbomolecular pump with a pumping speed of 48 L/s and a compression ratio of 1× 107,
which is in turn backed by a Varian 949-9452 diaphragm pump maintaining a pressure of
≈ 1mbar.
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With respect to the Zeeman slower, it has already been mentioned (see §2.6)
that this Zeeman slower operates at a detuning of -250MHz, and that no extrac-
tion coil is present at its end (instead compensation coils are placed outside the
trapping chamber in order to prevent displacements of the MOT centre). The
lower detuning leads to a lower capture velocity of the Zeeman slower in accor-
dance with

kbv(z) = μBB(z)/h̄− Δlaser, (6.1)

where kb is Boltzmann’s constant, v(z) is the velocity of the atoms along the
Zeeman slower at position z, μB is the Bohr magneton, B(z) is the magnetic
field strength at position z, h̄ is the reduced Planck constant, and Δlaser is the
frequency by which the slowing laser is detuned to the red of the cooling tran-
sition. Thus, the capture velocity of this Zeeman slower is 1075m/s [68] (in
comparison with 1375m/s at a detuning of -500MHz [97]), and 35% (1%) of the
4He* (3He*) atoms produced in the source can be captured and slowed down in
this Zeeman slower.

6.1.5 Trapping chamber

Attached to the end of the Zeeman slower is the trapping chamber (shown in
Fig. 6.3). This chamber supports the magneto-optical trapping, magnetic trap-
ping, forced evaporative cooling, and detection of 3He*/4He* mixtures [194];
and its design is similar to the chamber described in §2.7.

The chamber and re-entrant windows are constructed from 316LN stain-
less steel (chosen for its low magnetic permeability (<1.005) and ability to re-
tain hardness at elevated temperatures), and has been subjected to an anneal-
ing process in which it was gradually heated to > 1000 ◦C and allowed to cool
slowly, in an effort to remove any magnetisation from the welded joints. Hav-
ing an inner diameter of 14.9 cm, the re-entrant windows are large enough to
support mounting the coils of the MOT and magnetic trap outside the vacuum,
whilst simultaneously bringing them as close as possible to the trapping region.
Optical access in the horizontal plane is provided by 65mm diameter sapphire
windows, which have been diffusion bonded to the inside of the re-entrant win-
dows. In the vertical plane, no less than 9 ports offer a direct line-of-sight to
the centre of the chamber, 6 of which support the large diameter (≈ 4 cm) light
beams utilised by the MOT, Zeeman slower, and absorption imaging.

With only two MCPs, a small rf-antenna (used during forced evaporative
cooling, see §6.1.10), and an ion gauge residing inside the chamber, background
pressures of 5.5× 10−11 mbar are typically achieved. This corresponds to a life-
time of ∼ 180 s for an atomic cloud held in the magnetic trap.

In addition to the above, several coils are mounted around the exterior of
the chamber. These are used for the compensation of the Zeeman slower field
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Figure 6.3. 3D CAD drawing of the UHV trapping chamber, together with the two turbo-
molecular pumps attached to it (P5 and P6). The chamber flanges are labelled in accor-
dance with the components attached to them: W1-W4 - anti-reflection coated windows
for the lsc mot beams lying in the vertical plane; WR - a re-entrant window (a second re-
entrant window was attached on the opposite side); WA - anti-reflection coated window
used to pass the probe beam used during absorption imaging; WZS - a plane window
which allows access for the Zeeman slower laser beam; ZS - the inner tube of the second
part of the Zeeman slower; MCP - a micrometre translation stage which supports the
metastable sc mcp; and ig - an ion gauge for measuring the chamber pressure.
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Figure 6.4. The time-of-flight recorded on an MCP positioned below themagnetic trap, af-
ter having accelerated a 3He*/4He* mixture towards it by applying an external magnetic
field gradient. The TOF shows two clear peaks, one associated with the 3He* component
of the mixture, and one associated with the 4He* component.

(prevents a displacement of the MOT quadrupole field with respect to the centre
of the chamber), as well as providing a bias field during the spin-polarisation
stage, and allowing the manipulation of atomic samples after their release from
the magnetic trap. One example of their use was to check the presence of both
a 3He* and 4He* component during the first experiments on ultracold mix-
tures. For this experiment a magnetic field gradient was used to accelerate cold
(200 μK) atomic samples toward an MCP positioned below the trap. While the
magnetic moment of, and therefore the force applied to, both 3He* and 4He*
atoms was identical, their atomic mass differs. Being the lighter isotope, 3He*
atoms experience a greater acceleration and arrive at the detector ahead of their
4He* counterparts. Figure 6.4 shows a typical example of the signal recorded
during such an experiment.

6.1.6 Magneto-optical trap

The magneto-optical trap (of the standard six-beam configuration) is loaded
from the atomic beam which exits the Zeeman slower. The MOT beams have
a detuning with respect to the 2 3S1 → 2 3P2 atomic transition of -40MHz and
-35MHz for 3He* and 4He* respectively (the cooling transition has a linewidth
of Γ/2π = 1.6MHz), and are superimposed upon a quadrupole magnetic field
having a gradient of 19 G/cm. The large detuning of the MOT beams gives
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rise to a high capture velocity, and hence loading rate of the MOT at the ex-
pense of higher temperatures. Light-assisted collisions lead to large loss rates
in the trap (see chapter 5), and limit the atomic density in the trapped sample,
therefore, large (≈ 4 cm) diameter beams are used to create a large trapping vol-
ume. Under these operating conditions it was typically possible to trap 1.0× 109
(2.0× 109) atoms of 3He* (4He*) in a single isotope MOT, or a mixture of up to
7× 108 3He* and 1.5× 109 4He* atoms in a TIMOT. The (TI)MOT typically cools
atoms to a temperature of ≈ 1mK. By adjusting the loading time for each com-
ponent it was simple to vary the ratio of 3He*:4He* atoms in the MOT.

6.1.7 Spin-polarisation

The optical pumping processes present in a MOT are responsible for the trapped
atoms being distributed over the available magnetic substates (see §4.4), and
only atoms in low-field seeking states can be trapped in a static magnetic trap.
Furthermore, in the case of He*, only atoms occupying a fully stretched mag-
netic substate will be sufficiently stable against Penning ionisation. Both of
these effects would lead to significant losses during transfer of the atoms from
the MOT and into the magnetic trap if nothing was done. Therefore, after the
(TI)MOT has been loaded with a sufficient number of atoms, all optical and mag-
netic fields are extinguished in preparation for spin-polarising the atoms. The
3He* (4He*) atoms are then optically pumped into the mF = +3/2 (mJ = +1)
state by applying a weak, retroreflected, σ+-polarised laser beam for a period
of 50 μs, after a delay of 750 μs (to let the magnetic field of the MOT die away
sufficiently).

6.1.8 Magnetic trap

The magnetic trapping of neutral atoms is due to the Zeeman effect (the interac-
tion of the magnetic moments of electrons and/or nuclei with an external mag-
netic field). For the magnetic fields relevant here (< 200 G), the Zeeman energy
shift of He* atoms in the 2 3S1 state is small in comparison to the atomic (hy-
per)fine splitting, and the potential energy of a He* atom in an inhomogeneous
magnetic field may be written as

U(x) = −μ ·B(x), (6.2)

when the quantisation axis is chosen to lie along the magnetic field vectorB(x)
the projection of the magnetic moment on this axis is μ = −gmμB, where g is the
Landé g factor, m is the magnetic quantum number, and μB is the Bohr magne-
ton. If the magnetic moment is positive, the atomwill experience a force driving
it towards regions of higher field strength (high-field seeker), while if it is neg-
ative the force is towards regions of lower field strength (low-field seeker). The
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magnetic trap presented here is a static trap, and therefore has a local minimum
in the magnitude of the magnetic field strength [215]. Hence our need to have
pumped our atoms into the low-field seeking fully stretchedmagnetic substates.

The magnetic trap used here is produced by superimposing the magnetic
field produced by a set of current carrying coils in a cloverleaf Ioffe-Pritchard
configuration [216]. The trap coils are mounted inside two water-cooled plastic
buckets, which are in turn mounted inside the re-entrant windows of the trap-
ping chamber. The buckets have a hole which runs through the centre of the
coils to allow optical access to the trapping region in the horizontal plane (fur-
ther details on the design of this trap can be found in the thesis of Tychkov [98]).
Two parallel coils carrying the same currents (pinch coils) produce a confining,
non-zero, field in the axial (z) direction, which is almost harmonic in nature close
to the centre. Each of the pinch coils is surrounded by four coils, in the form of
planar cloverleaves, which together produce a quadrupole field, and provide
confinement in the radial (ρ) direction. Finally, two coils in a Helmholtz config-
uration (compensation coils) allow the field in the centre to be adjusted with a
minimal effect on the curvature of the field. The twelve coils of this magnetic
trap allow full 2π optical axis to the centre of the trap in the symmetry plane
of the trap, whilst simultaneously providing almost independent control over
the three important parameters of the trapping potential: axial bias field, axial
curvature, and radial gradient. The optical access is particularly important for
experiments on He* which make use of large diameter laser beams during the
MOT phase, as is the fact that the magnetic field is non-zero at all points in the
trap, preventing significant losses due to Majorana spin flips [101].

The magnetic field of a Ioffe-Pritchard quadrupole trap, expressed in cylin-
drical coordinates, can be approximated at locations close to the centre, by [217]

Bρ = αρ sin 2ψ− βzρ (6.3a)

Bψ = αρ cos 2ψ (6.3b)

Bz = B0 + βz2 − β

2
ρ2, (6.3c)

where α is the radial gradient, β is the axial curvature, and B0 is the magni-
tude of the field in the centre. Terms that contain α are components of the
quadrupole field, while other terms represent components of the dipolar field.
When the trap is switched on (see Tychkov [98]), the magnetic trap parameters
are: B0 = 23.8 G, α = 46.8 G/cm, and β = 18 G/cm2. The corresponding trap
frequencies are ωz/2π = 51Hz, and ωρ/2π = 72Hz for 4He*, while the trap
frequencies are a factor of

√
4/3 higher for 3He* due to the lower mass of this

isotope. Figure 6.5 gives an impression of the shape of themagnetic field present
in our trap, and shows that the re-entrant windows limit its depth in the axial
direction (atoms hitting these surfaces are lost from the trap).
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Figure 6.5. Plot of the magnetic field strength dependence of the compressed magnetic
trap. The field is plotted as a function of the axial (z) and radial (ρ) coordinates. The
vertical planes indicate the surfaces of the two re-entrant windows.
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Operating the trap at the reasonably high bias field of B0 = 23.8 G helps to
suppress the excitation of depolarising transitions during the subsequent one-
dimensional Doppler cooling stage (see §6.1.9). However, the forced evapora-
tive cooling stage which takes place thereafter, relies upon rethermalising colli-
sions to proceed efficiently. Therefore, after the Doppler cooling stage is com-
plete, the trap is compressed by lowering the bias field adiabatically to around
0.75 G2. This action increases the trapping frequencies to ωz/2π = 47Hz and
ωρ/2π = 237Hz (in the case of 4He*), which leads to an increased collision rate
in the trap (at the expense of a small increase in temperature of the atoms).
This procedure is similar to previous experiments on evaporative cooling in the
group [218]. An impression of the magnetic field in the trap after compression
is given in 6.5.

6.1.9 1D-Doppler cooling

One-dimensional Doppler cooling, along the symmetry axis of the trap, begins
at the same time as the magnetic trap is switched on (prior to the compression of
the trap). During this cooling phase, a negligible number of atoms are lost from
the trap as the temperature is reduced from ≈ 1mK to < 0.15mK (see Fig. 6.6),
and the phase-space density increases by a factor of 600.

This cooling phase is implemented by retroreflecting a weak, circularly po-
larised, laser beam along the symmetry axis of the magnetic trap. The fre-
quency of the cooling light is determined empirically, but theory predicts an op-
timum detuning of ∼ −Γ/2 with respect to the cooling transition, 2 3S1 → 2 3P2
(mJ = +1 → mJ = +2 for 3He*, and mF = +3/2 → mF = +5/2 for 3He*).
With an intensity of 10−3 Isat (Isat = 0.17mW/cm2), optimum cooling of a 4He*
sample is realised in 2 s.

During cooling, the axial temperature of the trapped cloud decreases rapidly
reducing its size and increasing its optical thickness. Cooling in the radial di-
rection proceeds more slowly, and relies upon the reabsorption of red-detuned
photons by the optically thick cloud [219]. Other possible energy redistribu-
tion mechanisms are collisional thermalisation and anharmonic mixing. Anhar-
monic mixing is negligible in our trap, while the collision rate increases from
1.5 to 20 s-1 during Doppler cooling, and could contribute. In a separate real-
isation 108 3He* atoms were loaded into the magnetic trap and cooled using
the same technique. For identical fermions s-wave collisions are forbidden,
while the contribution of the higher-order partial waves is highly suppressed

2This value of B0 was used for the experiments described in this chapter and chapter 7. During
the experiments described in chapter 8 a value of B0 = 0.75 G was used instead, leading to trap-
ping frequencies of ωz/2π = 47Hz and ωρ/2π = 440Hz in the case of 4He*. The higher trapping
frequencies resulted in smaller atomic samples which was advantageous for the correlation mea-
surements
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Figure 6.6. Time-of-flight signals of 4He* atoms released from the magnetic trap, with
and without one-dimensional Doppler cooling. The apparent signal increase after
Doppler cooling is due to the increased fraction of atoms that is detected at lower tem-
peratures. The line is a fit assuming a Maxwell-Boltzmann velocity distribution.

in this temperature range for He*. We observed a temperature decrease from 1
to 0.15mK, which suggests that reabsorption of red-detuned photons scattered
by the atoms in the cloud is indeed the main cooling mechanism in the radial
direction, in agreement with Ref. [219]. For the smaller clouds of 3He* cooling
proceeds at a noticeably slower rate, and it can take up to 6 s before cooling is
complete. This is ascribed to the lower optical density of these clouds leading to
a reduced rate of reabsorption in the cloud.

The impact that one-dimensional Doppler cooling has on the atoms trapped
in the cloverleafmagnetic trap is illustrated in Figure 6.6, which shows two time-
of-flight traces, one prior to the application of Doppler cooling, and one just af-
ter. We typically trap N4 = 1.5× 109 4He* atoms together with N3 = 7× 108
atoms of 3He*, which are cooled to a temperature of T = 0.13mK, three times
the Doppler limit. This implies an increase in phase-space density by a fac-
tor of ∼ 600, while practically no atoms are lost from the trap. For compar-
ison, reaching this temperature by means of rf-induced evaporative cooling
would result in a loss of ∼ 90% of the atoms from the trap. In previous exper-
iments, three-dimensional Doppler cooling [89, 142] or a two-colour MOT [82]
have been applied as means to improve starting conditions for evaporative cool-
ing. An intensity imbalance, caused by the optically thick atomic clouds, and
ballistic expansion during the cooling process limited the achievable phase-
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Figure 6.7. A series of fits to time-of-flights recorded in experiments. For each succes-
sive experiment, the end frequency of the rf-ramp has been lowered, thereby lowering
the trap depth further, and cooling the atoms to lower and lower temperatures. In this
example, the temperatures range between 159 μK and 2.4 μK

space density with three-dimensional molasses to ∼ 1 × 10−7 and tempera-
tures to ∼ 0.4mK [89, 142]. Compared with three-dimensional molasses, one-
dimensional Doppler cooling in the magnetic trap provides lower temperatures,
more than a factor of 100 higher phase-space density, and is easier to implement.
At this point the lifetime of the atoms in themagnetic trap is about 3min, limited
by collisions with background gas.

6.1.10 Evaporative cooling

After the magnetic trap has been compressed (B0 = 1.9 G3), the atomic samples
are further cooled by using rf-induced evaporative cooling [220]. This technique
relies upon the ability to selectively remove only the most energetic atoms from
the trap. These atoms carry with them an energy which is greater than the av-
erage energy of atoms in the trap, therefore, after the sample has rethermalised,
the cloud has cooled down. By repeating this process again and again, the atoms
remaining in the trap can gradually be cooled down to ultracold temperatures,
and into the degenerate regime (see Fig. 6.7).

We realise this process by inducing spin-flip transitions between trapped and
non-trapped states of the 4He* atoms using an rf field. Atoms are removed from

3During the experiments described in chapter 8 a value of B0 = 0.75 Gwas used instead, yielding
smaller source sizes for the correlation measurements.
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Figure 6.8. Overview of the potentials experienced by the various magnetic substates of
3He* and 4He* in the presence of a static magnetic trapping field (B = 0.75 G), the atoms
are trapped in the mF = +3/2 and mJ = +1 states respectively. These states experience
the same potential, but the transition frequency to untrapped states is higher for 4He*
than for 3He*. Therefore, 4He* atoms can be removed by applying an RF-field, whilst the
3He* atoms are sympathetically cooled.

the surface in the atomic sample for which the condition h̄ωr f = 2μBB(r) holds.
The resonance frequency increases in proportion to the value of the magnetic
field strength, and it is only the most energetic atoms that can reach regions of
high magnetic field. Therefore, by gradually lowering the frequency of the rf
field applied to the trap, we can cool the gas. Figure 6.7 illustrates the effect
of gradually lowering the end frequency of the rf ramp, by showing the curves
fitted to a series of TOFs measured during a set of consecutive experiments. The
colder the cloud of atoms the more narrow the curve4.

It is not possible for us to evaporatively cool pure samples of 3He*. Identical
fermions (the atoms were spin-polarised to ensure the stability of the atomic en-
sembles) are forbidden to partake in s-wave collisions, and after Doppler cool-
ing the atoms are sufficiently cold that collisions in higher order partial wave
channels are highly unlikely. Therefore, the large samples of 4He* [100] are used
to sympathetically cool moderately sized clouds of 3He*. With a mixture in the
magnetic trap, evaporative cooling proceeds as usual, and the 3He* atoms are
cooled via rethermalising collisions with the 4He* component. 3He* is not re-
moved from the trap because the difference in frequency between the Zeeman
shifted magnetic substates of the fermionic atoms is always less than the corre-
sponding transitions in 4He* (see Fig. 6.8).

4The height of the TOF also increases (despite the loss of atoms) as the cloud expands less during
its free-fall to the MCP, and more atoms are detected.
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The evaporation field is driven by a programmable signal generator (IRF
2023A), the output of which is amplified by 45 dB, and is introduced to the trap-
ping chamber via an antenna located just after the end of the Zeeman slower
(≈ 7 cm from the trap centre). Starting at a frequency of 50MHz the rf frequency
decreases exponentially to zero, but the ramp is terminated at a frequency of
∼ 8.4MHz. Degenerate gases can be produced using rf ramps as short as 2 s,
however, the largest samples of degenerate gases are produced using ramps be-
tween 6-12 s long.

6.1.11 Diagnostic tools

As with the apparatus described in chapter 2, the present apparatus has been
similarly outfitted with two MCP detectors inside the trapping chamber (for the
detection of He* atoms and the ions produced during ionising collision respec-
tively), and an imaging system capable of performing absorption and fluores-
cence imaging. In addition, a position sensitive MCP was mounted below the
trapping chamber for the duration of the experiments described in 8.

Metastable MCP

The MCP used in the detection of metastable atoms is a two-stage device (Hama-
matsu, model F4655) having a circular active area with a diameter of 14.5mm,
a channel diameter of 12 μm, and a gain of up to 5× 107 at a voltage drop of
2.4 kV across the two stages. It is mounted on a translation stage, 17 cm below
the trap centre (see Fig. 6.9), and is electrically shielded by a grounded metallic
grid. Shielding the MCP prevents positively charged particles (such as the ions
produced during collision between trapped He* atoms) from being attracted to
its surface. The translation stage is easily manipulated via the combination of a
micrometre and vacuum feedthrough, and allows the MCP to be moved along
a straight line (z = y) in the horizontal plane. Displacing the MCP is primarily
used to free up the vertical axis for the absorption imaging probe beam.

The distance between the trap centre and the MCP has been chosen to min-
imise any saturation effects by allowing the atomic cloud to expand sufficiently
before reaching the detector [98]. However, it was observed experimentally (see
§6.2) that it has not been possible to avoid saturation effects completely when
the number of atoms in the condensate exceed ∼ 106 [98].

The ’metastable MCP’ is typically used when performing time-of-flight ex-
periments (see Fig. 6.6) from which we are able to determine the temperature,
chemical potential, and number of atoms (after first calibrating the MCP). Fur-
ther details on the derivation of the fit functions used, and the calibration of the
’metastable MCP’ with absorption imaging can be found in Refs. [98, 99].
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Figure 6.9. Photograph of the ’metastable MCP’ detector mounted inside the trapping
chamber on its translation stage (the grounded grid has not been mounted yet).

Ion MCP

The second MCP detector is used for the detection of ions produced by the
trapped atomic samples (see §5). The MCP itself is of the same type detailed
in §6.1.11 above, but does not not have a grounded grid in front of it. Instead
the positive ions produced during collisions between He* atoms are attracted to
the MCP by the high negative voltage on its front plate. The detector is mounted
∼ 11 cm from the centre of the trapping region in the upper part of the trapping
chamber, at a position between windows WA and W4 (see Fig. 6.3). At this po-
sition it is unlikely that atoms escaping the trap (MOT, magnetic or otherwise),
metastables exiting the Zeeman slower, or atoms which have been scattered but
not trapped by the MOT will be detected by this MCP.

In the MOT the ion production rate ∼ 1010 ions/s (see chapter 5), while in
a condensate this rate is ∼ 105 ions/s (see Fig. 6.11). In order to cope with the
huge range in ion flux experienced by the ’ion MCP’, it is operated in two differ-
ent regimes. While the MOT is in operation the voltage across, and therefore the
gain of, the MCP is reduced, allowing a single channel on the detector to mul-
tiply several electrons at any given time. In contrast, while the magnetic trap
is operation (and no laser light is present) the gain is increased to its maximum
value by in creasing the voltage to 2.5 kV. At this voltage, single ions can be
detected, and the output current is pulsed. With the use of a discriminator and
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integrator the individual pulses are selected and counted.

Position-sensitive MCP detector

The Hanbury Brown-Twiss effect (see chapter 8) was observed using a position-
sensitive MCP detector on loan from the cold helium group of the Laboratoire
Charles Fabry de l’Institut d’Optique (Orsay, France). Only a brief overview of
this detector is given here, for an extensive description the reader is referred to
Ref. [214].

In order to accommodate the large position-sensitive MCP detector the vac-
uum system surrounding the trapping chamber (see Fig. 6.3) was extended
slightly. Window WA below the pumping manifold (see Fig. 6.3) was replaced
by a large diameter, UHV compatible, gate valve, and a small additional chamber
was attached below this valve. This chamber included its own pump, ionisation
pressure gauge and the position sensitive MCP detector necessary for these ex-
periments, together with feedthroughs for acquisition of the data. Acquisition
of the data was performed by a dedicated computer which controlled all as-
pects of the detector and was synchronised with the experimental duty cycle by
two trigger channels from our control computer (see §6.1.12). The addition of a
valve below the trapping chamber adds to the flexibility of our setup. With the
valve closed we can isolate the UHV trapping chamber and preserve the pres-
sure there, whilst at the same time we may attach additional equipment (suited
to the experiments being performed) below it.

The position sensitive detector consists of a large diameter (8 cm) two-stage
MCP in a chevron configuration, behind which a delay line anode is placed. The
delay line anode is responsible for the position sensitivity of the detector, and is
made up of two wires wound in a helical fashion around a metallic plate. The
two windings are oriented orthogonally to one another, and define the x- and
y-axes of the device.

A He* atoms incident upon the front surface of the detector will precipitate
an avalanche of electrons in the two stages of the MCP. The resulting pulse
of electrons will fall upon the delay line anode and split up into two pairs of
counter-propagating electron packets, each packet will then move towards one
of the four ends of the delay lines. The combination of a constant fraction dis-
criminator and a time-to-digital converter is used to determine the time at which
the centre of gravity of each electron packet arrives at the end of a delay line, and
store this data in memory.

Five time stamps are recorded for each detected atom: x1, x2, y1, y2, and
t. The x and y values correspond to the times recorded at the two ends of ei-
ther the x- or y-axis delay line, while t is the time at which the atom arrived
at the detector (given by the MCP itself). Only three of these time are actually
needed to reconstruct the arrival time and position of the incident atoms, and
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Figure 6.10. The position sensitive MCP detector provided by the helium group of the
Laboratoire Charles Fabry de l’Institut d’Optique (Orsay, France). The photograph shows
the detector during its installation below the trapping chamber in Amsterdam.

the remaining two are used to check the consistency of the event reconstruction
algorithm.

Imaging system

The imaging system consists of two CCD cameras mounted above the trapping
chamber. The (relatively large) MOT cloud is imaged onto the CCD chip of a
Cohu 4710 camera, which contains 768× 576 square pixels, each with a size of
8.4× 8.4 μm. The quantum efficiency of this chip is only 0.15% at a wavelength
of 1083 nm, but this is sufficient to provide a good signal to noise ratio because
the cloud is imaged with a magnification of M = 1/8. In contrast, ultracold
atomic samples and condensates are imaged with a magnification of M = 1
onto a Hamamatsu CCD camera (type C4880) which contains 512× 512 square
pixels, each with a size of 24× 24 μm. For this purpose and additional mirror is
inserted to redirect the probe beam towards the imaging optics of this camera.
This water-cooled camera has a quantum efficiency of ∼ 1.5% (10 times higher
than that of the Cohu), which compensates for the reduced number of photons
reaching the CCD chip at the increased magnification, and maintains a good
signal to noise ratio. The resolution of this optical system is limited by the pixel
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size of the CCD chip [98]. An IR transmitting glass filter is mounted in front of
the CCD chip of each camera to reduce the background signal due to the presence
of daylight and other stray light present in the apparatus.

Absorption images yield information on the absolute number of atoms in
the cloud, and the 2D density distribution of atoms in the cloud at a given time.
Further details on the way in which these images are analysed, and their use in
calibrating the ’metastable MCP’ can be found in Refs. [68, 98].

6.1.12 Experimental control

Precision control over the experimental apparatus, including data acquisition, is
realised via a standard IBM PC compatible computer. The computer is equipped
with: a digital I/O card, an analogue output card, a frame-grabber card, and
a General Purpose Interface Bus (GPIB) card. Using a LabVIEW (national In-
struments) program, the digital I/O card (Viewpoint Software Solutions, model
DIO-128) is programmed with a timetable of TTL triggers (corresponding to the
experimental sequence) for each of the components in the setup. While the ex-
periment is running, the card (with its own on-board resources) runs indepen-
dently of the host computer, and the timetable is executed with a temporal res-
olution of 1 μs. The current supplies for the trap, and the voltage supply for the
ion MCP, are set using the analogue output card (National Instruments, model
AT-AO-6), which buffers the necessary outputs, and is triggered by the digital
I/O card when the next set of outputs is to be applied. Data is acquired from the
Cohu 4710 CCD camera and digital oscilloscope (Tektronix, model TDS210) by
using the frame-grabber (Data Translation, model DT3152) and GPIB (National
Instruments, model PCI-GPIB) cards respectively.

A second computer is used solely for the control of the Hamamatsu camera,
which is connected to the camera via an external camera control unit. This unit
is externally triggered by a TTL signal from the digital I/O card at the moment
an image needs to be acquired.

6.2 A Bose-Einstein condensate of 4He* contain-
ing a large number of atoms

Having performed the procedures described in the preceding sections, the ap-
paratus is capable of producing large (> 107 atoms) Bose-Einstein condensates
of He*. The most sensitive method to detect our BEC’s is a TOF analysis of the
expanding cloud on the He* MCP detector. A typical TOF signal, obtained in
a single shot, is shown in Fig. 6.11. This signal is used to determine the num-
ber of atoms in the condensate as well as in the thermal cloud. In contrast to
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the Orsay experiments [26], all atoms stay in the m = +1 sublevel during the
trap switch-off. Applying the MCP calibration, the area under the fitted curve
determines the number of atoms that have hit the detector. When we consider
the thermal cloud, this number is only a small fraction of the total number of
thermal atoms Nth. Therefore the determination of Nth relies upon the measure
temperature and the MCP calibration. The condensate expansion, determined
by the mean-field interaction energy, is much slower. Thus the condensate will
fall completely on the detector sensitive area (diameter of 1.45 cm), allowing
us to measure the number of condensed atoms N0 using the MCP calibration
alone. The maximum number of condensed atoms deduced this way is 1× 107.
However, this number is an underestimate due to MCP saturation effects, which
will be discussed below. It is possible to monitor the trajectory of the atomic
cloud in three dimensions using a combination of absorption imaging (hori-
zontal plane) and the He* MCP detector (vertical direction). By extrapolating
the ballistic expansion, the position and size of the condensate as it arrives on
the detector can be predicted very well. A small magnetic field gradient is ap-
plied in order to correct the centre of mass trajectory, when it deviates from
that of a mass undergoing free fall. With stronger field pulses it is possible
to push the cloud towards the detector, and in this way realise shorter expan-
sion times, down to ∼ 100ms. The model used to fit the TOF signals of the
partially condensed clouds (Fig. 6.11) is a combination of a thermal part (Bose
distribution) and a condensed part (parabolic distribution). The chemical po-
tential μ, the number of atoms, and the temperature T are the free parameters
of the fit; weak interaction effects are not accounted for in the thermal part of
this function. In the Thomas-Fermi limit [221], the chemical potential is given
by μ5/2 = 15h̄2m1/22−2/5N0ω̄3a, where h̄ is Planck’s constant divided by 2π,

ω̄ = 3
√

ωzωρ
2 is the geometric mean of the trapping frequencies, m is the mass

of the atom, and a = 7.512(5) nm [121] is the scattering length. A maximum
value of μ extracted from a fit to the TOF signal is ∼ 1.3× 10−29 J, which corre-
sponds to a number of 5.1× 107 atoms in the condensate. A possible cause for
the discrepancy between the number of atoms determined from the integrated
signal and from the measurement of the chemical potential may be saturation of
the MCP while detecting a falling condensate (peak flux of ∼ 109 atom/s); this
leads to an underestimation of N0 as well as μ. Another possible cause is dis-
tortion of the velocity distribution during trap switch-off and the influence that
any stray magnetic field gradients may have upon the expansion of the cloud.
This may lead to an overestimation of μ, and therefore also of N0.

When the MCP is displaced horizontally on its translation stage, we can per-
form absorption imaging and detect the condensate using a charge-coupled de-
vice (CCD) camera. A weak (I = 10−1 Isat), 50 μs long, resonant laser pulse is
applied in order to image the shadow of the atomic cloud on the CCD cam-
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Figure 6.11. Observation of BEC, (a) on the He* MCP detector; the dashed fit shows the
condensed fraction and the dashed-dotted fit the broader thermal distribution, (b) on
a CCD camera; after an expansion time of 19ms a round thermal cloud surrounding a
cigar-shaped condensate is visible, (c) on the ion MCP detector; the condensate starts to
grow at t = −0.95 s, at t = −0.45 the rf ramp ends, and at t = 0 the trap is switched off.
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era (for which a quantum efficiency of ∼ 1.6% at 1083 nm has been measured).
As expected the condensate expands anisotropically, while the thermal cloud
shows an isotropic expansion (see Fig. 6.11). Absolute calibration of the num-
ber of atoms at micro-Kelvin temperatures could not be performed by optical
means. The analysis of the absorption images, taken between 1 and 70ms after
release of the cloud, shows that the condensate expansion deviates from theo-
retical predictions [222]: it expands faster than expected in the radial direction,
and slower in the axial. From these observations we conclude that the expan-
sion of the cloud is influenced by magnetic field gradients during switch-off of
the magnetic trap. A difference in the switch-off times of the axial and radial
confinement could cause an additional imbalance in the redistribution of the
condensate interaction energy between the two directions. This may influence
the measurements of both the chemical potential and the temperature. In order
to check if the interaction energy is conserved, we extract the asymptotic kinetic
energy gained during the expansion from absorption images of the cloud [223].
In the Thomas-Fermi approximation this so-called release energy should equal
the interaction energy in the trap. We obtain N0 = 4× 107 from this analysis,
assuming that no extra energy is added to (or taken away from) the system dur-
ing the trap switch-off. This condition is only partially fulfilled in our case as
switching is not fast enough to ensure adiabaticity.

To verify our TOF signal analysis, we plot the chemical potential as a function
of N2/5

0 using data obtained from the MCP measurements (here N0 is the number
of condensed atoms measured by integrating the MCP current). The data points
lie on a straight line, which passes through the origin with a slope which is
larger than expected, meaning that either μ has been overestimated, or N0 has
been underestimated. The former possibility is supported by the absorption
analysis, so we correct μ. The corrected data points as well as the theoretical line
are presented in the inset of Fig. 6.12. The plot also shows that the MCP detector
saturates when the number of atoms in the condensate exceeds∼ 106. When we
now extract the number of atoms from the measured chemical potential, after
correcting for the distortion introduced by the trap switch-off, we find N0 =
1.5× 107 in our largest condensates. This number is still a lower limit, as the
analysis assumes that μ is not affected by the saturation of the MCP detector. We,
however, measure a reduction in μ when we push the BEC toward the detector,
thus increasing the saturation problem.

With a second MCP detector we observe the growth and decay of our con-
densate by counting the ions produced during evaporative cooling. Due to the
increase in density, the ion signal increases, although the number of trapped
atoms decreases. When BEC sets in, a sharp increase is expected, indicating the
formation of a dense cloud in the centre of the trap [26]. This is demonstrated in
Fig. 6.11, which shows the growth of the condensate as well as its decay.



124 CHAPTER 6

0 5 10 15 20 25
Time �s�

0.0

0.1

0.2

0.3

0.4

N
0
�

10
7

0 100 200 300
�N0�

2�5

0
1
2
3
4
5

Μ
�1

0�
30

J�

Figure 6.12. Decay of a quasi-pure BEC (circles) and a BEC in the presence of a large
(Nth = N0) thermal fraction (squares). The dashed curve represents the atomic transfer
model [224], with two- and three-body loss rate constants obtained from a fit (full curve)
to the decay of the quasi-pure BEC. Data points that lie above N0 = 106 are corrected for
saturation effects present in detection by MCP. Inset: chemical potential (μ) as a function
of N2/5

0 . The same data as for the quasi-pure BEC decay points are used in the plot. The
value of μ is multiplied by a constant (0.61), to bring the data points onto the theoretical
line (see text).
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The dynamics of formation and decay of the condensate is an interesting as-
pect that has, to some extent, been discussed and investigated earlier [187, 225–
227]. In our group a model was developed to describe the decay of the conden-
sate in the presence of a thermal fraction [224]. The model assumes thermalisa-
tion to be fast compared to the rate of change in thermodynamic variables, so
the system remains in thermal equilibrium during the decay. It was shown that
under this assumption a transfer of atoms from the condensate into the ther-
mal cloud should occur, enhancing the decay rate. To verify this, we performed
measurements on the BEC lifetime using the TOF signal. Due to the high de-
tection efficiency it was possible to detect a condensate up to 75 s after it was
first produced. The results of these measurements are summarised in Fig. 6.12.
We fit the model to the experimental data for a quasi-pure BEC decay; the two-
and three-body loss rate constants are used as free parameters. Good agree-
ment with the experiment is found for two- and three-body loss rate constants
β = 2(1)× 10−14 cm3/s and L = 9(3)× 10−27 cm6/s, respectively, which com-
pare well with theory [228]. However, independent analysis of the ion signal
of the cloud at the critical temperature suggests that these numbers are upper
limits, and that there may be additional losses that we have not accounted for.
When we use the extracted values of β and L in our model for the decay of the
condensate in the presence of a thermal fraction, the dashed curve included in
Fig. 6.12 is obtained. The agreement with the experiment is good, so we can
conclude that the model reproduces the data.

To summarise, we have realised a condensate of 4He* containing more than
1.5× 107 atoms, and studied its growth and decay bymeasuring the ion produc-
tion rate in situ, observing its ballistic expansion by absorption imaging, and by
recording the time-of-flight signal on a MCP detector. The main ingredient that
made this large atom number possible was one-dimensional Doppler cooling in
the magnetic trap. We demonstrated that this technique can also be applied to
cool spin-polarised helium fermions, where the Pauli principle forbids s-wave
collisions. Combining both isotopes in one setup may allow the observation of
Fermi degeneracy in boson-fermion mixtures of metastable atoms.





Chapter 7

A quantum degenerate mixture of 3He*
and 4He* atoms

[This chapter has been adapted from: Physical Review Letters 97, 080404 (2006).]

7.1 Introduction

The stable fermionic (3He) and bosonic (4He) isotopes of helium (in their ground
state), as well as mixtures of the two, have long exhibited profound quantum
properties in both the liquid and solid phases [119]. More recently, the advent of
laser cooling and trapping techniques heralded the production of Bose-Einstein
condensates (BECs) [13, 16] and the observation of Fermi degeneracy [18, 28] in
weakly interacting atomic gases. To date nine different atomic species have been
Bose condensed, each exhibiting its own unique features besides many generic
phenomena of importance to an increasing number of disciplines.

One can expect that studies of degenerate fermions will have a similar im-
pact, and indeed they have been the object of much study in recent years, cul-
minating in the detection of superfluidity across the entire crossover region be-
tween BEC and Bardeen-Cooper-Schriefer pairs [27]. However, only two ferm-
ions have so far been brought to degeneracy in the dilute gaseous phase: 40K [28]
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and 6Li [18]. Degenerate atomic Fermi gases have been difficult to realise for
two reasons: firstly, evaporative cooling [30] relies upon elastic rethermalising
collisions, which at the temperatures of interest (< 1mK) are primarily s-wave
in nature and are forbidden for identical fermions; and secondly, the number
of fermionic isotopes suitable for laser cooling and trapping is small. Sympa-
thetic cooling [34, 35] overcomes the limit to evaporative cooling by introducing
a second component (spin-state, isotope or element) to the gas; thermalisation
between the two components then allows the mixture as a whole to be cooled.

In 2001 a BEC of helium atoms in the metastable 2 3S1 state (He*) was re-
alised [26, 94]; more recently we reported the production of a He* BEC contain-
ing a large (> 107) number of atoms [100]. A quantum degenerate gas of He* is
unique in that the internal energy of the atoms (19.8 eV) is many orders of mag-
nitude larger than their thermal energy (10−10 eV per atom at 1 μK), allowing
efficient single atom detection with a high temporal and spatial resolution in the
plane of a micro-channel plate (MCP) detector [195]. In an unpolarised sample
(as is the case in amagneto-optical trap (MOT)) the internal energy leads to large
loss rates due to Penning (and to a lesser extent associative) ionisation [140]:

He*+He*→ He+He+ + e− (and He+2 + e−).

These losses are forbidden by conservation of angular momentum in a spin-
polarisedHe* gas, in which all atoms have been transferred into a fully stretched
magnetic substate. Spin-polarisation suppresses ionising losses by four orders
of magnitude in the case of 4He* [88, 94]; it is only this suppression of the loss
rate constant to an acceptable value of ≈ 10−14 cm3/s [94, 100] that has allowed
the production of a BEC in this system [26, 94, 100]. It has been shown that
for 4He* [88] a very weak spin-dipole magnetic interaction can induce spin-
flips and mediate Penning ionisation; far from being a hindrance however, the
ions produced during inelastic collisions can allow us to monitor losses non-
destructively and in real-time [100, 196].

In 3He* the hyperfine interaction splits the 2 3S1 state into an inverted dou-
blet (F=3/2 and F=1/2, where F is the total angular momentum quantum num-
ber) separated by 6.7 GHz (Fig. 7.1a). The only magnetically trappable state
for which spin conservation should hold is the |F,MF〉 = |3/2,+3/2〉 substate
(where MF is the projection of F on the quantisation axis).

Ionising heteronuclear collisions in a spin-polarised mixture of 3He* and
4He* are expected to be mediated via the same spin-dipole interaction present
in pure 4He* samples. The loss rate in such a mixture is therefore expected to
be of the same order of magnitude, i.e. ∼ 10−14 cm3/s. For spin-polarised 3He*
atoms, further suppression of the two-body loss rate is expected due to the van-
ishing cross-section for cold collisions of identical fermions, whilst hyperfine-
changing collisions between 3He* atoms cannot occur because of the inverted
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Figure 7.1. (a) 3He* and 4He* energy levels relevant to the magneto-optical trap-
ping of He* atoms in the 2 3S1 state (F=3/2 for 3He*); the cycling transitions (C3
and D2) are indicated (the detunings of the trapping and Zeeman slower beams are:
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sition (δrp = −52MHz) is applied by simply double passing our 3He* Zeeman slower
acousto-optic modulator. (b). Experimental setup for the magneto-optical trapping,
magnetic trapping and detection of 3He* and 4He* atoms. A time-of-flight experi-
ment is performed by dropping the trapped sample on a micro-channel plate detec-
tor positioned 17 cm below the trap centre. (c) Magnetic field dependence of the 3He*
F=3/2 and 4He* J=1 magnetic substates. Evaporative cooling is performed on the 4He*
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′ = 0 transition.
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hyperfine structure of the 2 3S1 level. Penning ionisation rates such as these, in
combination with predicted large scattering lengths should allow for the effi-
cient sympathetic cooling of 3He* atoms by collisions with 4He* atoms that are
cooled by rf-induced evaporation. Evaporative cooling of fermions in different
spin states [28] is not applicable to 3He* because of the prohibitively high loss
rates due to Penning ionisation in such a mixture.

7.2 Experiment

Having realised the capability of producing large BECs of 4He* [100] (see chap-
ter 6), and therefore large clouds of ultracold 4He*, we use 4He* to sympathet-
ically cool a cloud of 3He* into the quantum degenerate regime. In the man-
ner demonstrated previously [172], we have adapted our setup [100] to allow
the magneto-optical trapping of both He* isotopes simultaneously. The present
configuration traps a mixture of N3He* = 7× 108 and N4He* = 1.5× 109 atoms
simultaneously at a temperature of ≈ 1mK; a complication here is the need for
a repumper exciting the 3He* C2 transition, due to the near (-811MHz) coinci-
dence of the 4He* laser cooling and 3He* C9 transitions (Fig. 7.1a) [172]. Un-
able to cool so much 3He* [229], we reduce the number of 3He* atoms in the
two-isotope MOT to ≈ 107 by either altering the ratio 3He*:4He* in our helium
reservoir or, more simply, by loading the trap with 3He* for a shorter period.

Spin-polarisation of the mixture to the 3He* |3/2,+3/2〉 and 4He* |1,+1〉
states prior to magnetic trapping not only suppresses ionising losses, but also
enhances the transfer efficiency of the mixture into the magnetic trap. The
application of 1D-Doppler cooling along the symmetry axis of our magnetic
trap [100] (Fig. 7.1b) reduces the sample temperature to T = 0.13mK without
loss of atoms, increasing the 4He* phase space density by a factor of 600 to
≈ 10−4, greatly enhancing the initial conditions for evaporative cooling. We
note at this point that the application of 1D-Doppler cooling to the 4He* compo-
nent already leads to sympathetic cooling of 3He*, however the process appears
to be more efficient if we actively cool both components simultaneously. During
these experiments the lifetime of a pure sample of either 3He* or 4He* in the
magnetic trap was limited by the background pressure in our ultra-high vac-
uum chamber to ≈ 110 s, whilst the lifetime of the mixture was only slightly
shorter at ≈ 100 s, indicating that the suppression of Penning ionisation during
3He*-3He* and 3He*-4He* collisions works very well.

In order to further increase the collision rate in our cloud, we adiabatically
compress it during 200ms by increasing the trap frequencies to their final radial
and axial values: νr = 273Hz and νa = 54Hz for 3He*, and νr = 237Hz and
νa = 47Hz for 4He* (the difference is due to their differing masses). We now
perform forced evaporative cooling on the 4He* component by driving radio-
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frequency (RF) transitions to the untrapped MJ = 0 and -1 spin states (where
MJ is the projection of total electronic angular momentum quantum number
J on the quantisation axis), thereby sympathetically cooling 3He*. The atoms
couple only weakly to the magnetic field, and the energies of the various mag-
netic sub-states vary linearly with magnetic field: EMF/J = gμB MF/J B, where
g is the gyromagnetic ratio, μB the Bohr magneton, and B the magnetic field
strength (Fig. 7.1c). Because of the differing 3He* and 4He* gyromagnetic ra-
tios (4/3 and 2 respectively) the frequency, at any given B-field, for transitions
between the magnetic substates in 4He* is 3/2 times that of 3He* (Fig. 7.1c) and
we only remove 4He* during evaporative cooling (assuming that the mixture re-
mains in thermal equilibrium). Furthermore, at the trap minimum (B = 3 G) the
difference in transition frequencies is 2.8MHz. Thus, when the temperature of
the trapped sample is low enough (< 20 μK) we may selectively remove either
3He* or 4He* from the trap by applying an appropriate RF sweep (despite hav-
ing to drive two transitions in order to transfer 3He* atoms into an untrapped
magnetic substate). This allows us to perform measurements on the mixture
as a whole, or on a single component. Upon release a time-of-flight (TOF) ex-
periment is performed (Fig. 7.1b); by fitting TOFs (Fig. 7.2) with the applicable
quantum statistical distribution functions we can extract the temperature of the
gas and, having previously calibrated the MCP with absorption imaging [100],
the number of atoms.

7.3 Results

A single exponential evaporative cooling ramp to below 8.4MHz removes all
4He* atoms from the trap, and leads to the production of a pure degenerate
Fermi gas of 3He* (Fig. 7.2a). An analysis of the TOF signals shows that we
have achieved a maximum degeneracy (N3He* = 2.1 × 106 at T = 0.8 μK) of
T/TF = 0.45 in a pure fermionic sample (Fig. 7.2a), where the Fermi temper-
ature is given by kBTF = h(6N3ν2r νa)1/3, with kB Boltzmann’s constant and h
Planck’s constant. Alternatively we may halt the ramp just above 8.4MHz and
produce a quasi-pure BEC immersed in a degenerate Fermi gas (Fig. 7.2b).

Whilst recording a TOF we effectively integrate the density distribution of
our sample over the two dimensions lying in the plane of our MCP detector,
and the small difference between the non-Gaussian distribution of our degener-
ate Fermi gas and the Gaussian distribution of a classical gas becomes even less
pronounced. It is therefore interesting to demonstrate the difference between
the TOFs of classical gases and quantum gases explicitly, and confirm the result
obtained above. As described by Schreck [230], we repeatedly fit a Gaussian dis-
tribution to a single TOF; before each fit a varying fraction of the TOF peak cen-
tre is removed. The population of low energy states is suppressed (enhanced) in
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Figure 7.2. Time-of-flight spectra for: (a) a degenerate Fermi gas of 3He* togetherwith the
fitted Fermi-Dirac time-of-flight function, fromwhichwe conclude that N3He* = 2.1× 106
at T = 0.8 μK and T/TF = 0.45; and (b) a degenerate mixture of N3He* = 4.2 × 105
(T/TF = 0.5) and N4He* = 1 × 105 atoms. The dashed curve is the result of fitting a
Fermi-Dirac velocity distribution to the wings, while the dot-dashed curve is a fit to a
pure Bose-Einstein condensate (showing the characteristic inverted parabolic shape).
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Figure 7.3. Temperatures obtained by repeatedly fitting three time-of-flight spectra
(from which increasingly large central fractions are removed) with a classical Maxwell-
Boltzmann distribution: (a) a degenerate 3He* Fermi gas (T/TF = 0.5), (b) a thermal
cloud of 4He* atoms with T � TC (a similar plot is observed for a Fermi gas with T > TF)
and (c) a Bose gas of 4He* atoms just above TC, which adheres to Bose-Einstein statistics.

a cloud displaying Fermi-Dirac (Bose- Einstein) statistics, and fitting a Gaussian
distribution to the whole TOF will lead to an overestimation (underestimation)
of the cloud size and therefore the temperature of the sample. By fitting only the
more “classical” wings of a TOF these effects are negated, and the fitted temper-
ature should either fall (fermions), rise (bosons), or stay constant in the case of
a classical gas. The high signal-to-noise ratio of our TOF spectra allows us to
see this behaviour clearly (Fig. 7.3). By taking the temperature from a TOF for
which we have removed 1.75 σ0 (where σ0 is the root-mean-square width of a
Gaussian fit to the entire TOF, see Fig. 7.3a), and the number of atoms calculated
by integrating the TOF, we again recover a degeneracy parameter of T/TF = 0.5.

It is interesting to note that we have produced degenerate Fermi gases with
evaporative cooling ramps as short as 2.5 s (N3He* = 4× 106 and T/TF = 0.75),
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signifying that the process of rethermalisation is very efficient. At densities of
1010 − 1012 atoms/cm3 this indicates a large heteronuclear scattering length. Re-
cently theory [122] and experiment [121] finally agreed upon the 4He*-4He* scat-
tering length (a44 = 7.64(20) and 7.512(5) nm respectively). An extension to the
theory of Przybytek and Jeziorski [122] suggests that the 3He*-4He* scattering
length should also be very large and positive (a34 = +28.8+3.9−3.3 nm) [123]. Such
a large heteronuclear scattering length leads us to expect that losses, in partic-
ular boson-boson-fermion (BBF) 3-body losses (which scale with a4), will have
a significant impact on the mixture. We can estimate (order of magnitude) the
BBF 3-body loss rate constant by using KBBF

3 = 120h̄a434
√

d + 2/d/(m4
√
3) [231],

where d is the 3He:4He mass ratio, m4 is the 4He mass and we assume the theo-
retical value of a34 given above. This gives KBBF

3 ≈ 1.4× 10−24 cm6/s, indicating
an atom loss rate that is 1-3 orders of magnitude larger than in the case of pure
4He*, and a condensate lifetime (τC) which is significantly shorter in the degen-
erate mixture than in the absence of 3He*. These estimates are in agreement with
initial observations that τ

(3+4)
C ∼ 0.01 s while τ

(4)
C ∼ 1 s [100]. Given the large

magnitude of a34 and having seen no evidence for a collapse of the mixture,
we may further suppose that a34 is positive. This is then the first Bose-Fermi
system to exhibit boson-fermion and boson-boson interactions which are both
strong and repulsive. A possible disadvantage, however, may be that the sys-
tem is only expected to be sufficiently stable against Penning ionisation when
the atoms are all in the fully stretched magnetic substates, hampering the ex-
ploitation of possible Feshbach or optical resonances.

7.4 Conclusion

In conclusion we have successfully produced a degenerate Fermi gas of meta-
stable 3He containing a large number of atoms with T/TF = 0.45 and have also
seen that we can produce a degenerate Bose-Fermi mixture of 3He* and 4He*.
This source of degenerate metastable fermions, bosons, or mixtures of the two,
could form the basis of many sensitive experiments in the area of quantum atom
optics and quantum gases. Of particular interest is the recently realised Han-
bury Brown and Twiss experiment on an ultracold gas of 4He* [195], demon-
strating two-body correlations (bunching) with neutral atoms (bosons); we now
have the ideal source to study anti-bunching in an ultracold Fermi gas of neutral
atoms. The extremely large and positive 3He*-4He* scattering length lends itself
to the hitherto unobserved phenomena of phase separation in a Bose-Fermimix-
ture [124] and, if the scattering lengths can be tuned only slightly, may allow a
study of p-wave Cooper pairing of identical fermions mediated by density fluc-
tuations in a bosonic component [232]. Given the naturally large and positive
scattering lengths, loading such a mixture into an optical lattice will provide
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a new playground for the study of exotic phases and phase transitions [233],
including supersolidity [67]. The possibility of ion detection as a real-time, non-
destructive density determination tool will be very helpful in observing these
and other phenomena. Finally, the ultralow temperatures to which we can now
cool both isotopes will allow unprecedented accuracy in high resolution spec-
troscopy of the helium atom. This could improve the accuracy to which the fine
structure constant is known and may allow, via isotope shift measurements, an
accurate measurement of the difference in charge radius of the 3He and 4He
nucleus [234], challenging nuclear physics calculations.





Chapter 8

Comparison of the Hanbury Brown-Twiss
effect for bosons and fermions

[This chapter has been adapted from: Nature 445, 402 (2007).]

8.1 The article

Fifty years ago, Hanbury Brown and Twiss (HBT) discovered photon bunching in light
emitted by a chaotic source [235], highlighting the importance of two-photon correla-
tions [236] and stimulating the development of modern quantum optics [237]. The
quantum interpretation of bunching relies upon the constructive interference between
amplitudes involving two indistinguishable photons, and its additive character is inti-
mately linked to the Bose nature of photons. Advances in atom cooling and detection
have led to the observation and full characterisation of the atomic analogue of the HBT
effect with bosonic atoms [195, 238, 239]. By contrast, fermions should reveal an anti-
bunching effect (a tendency to avoid each other). Anti-bunching of fermions is associated
with destructive two-particle interference, and is related to the Pauli principle, which
forbids more than one identical fermion from occupying the same quantum state. In this
chapter, an experimental comparison between the bosonic and fermionic HBT effects in

137
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the same apparatus using two different isotopes of helium, 3He (a fermion) and 4He (a
boson), is reported upon. 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 mea-
surements can be used to reveal details in the spatial density [240, 241] or momentum
correlations [242] 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 facilitate the
study of more exotic situations [243].

Two-particle correlation analysis is an increasingly important method for
studying complex quantum phases of ultracold atoms [240–246]. Its roots lie
in the discovery, by Hanbury Brown and Twiss [235], that photons emitted by
a chaotic (incoherent) light source tend to be bunched: the joint detection prob-
ability is enhanced, with respect to that of statistically independent particles,
when two detectors are close together. Although the effect is easily understood
in the context of classical wave optics [247], it took some time to find a clear
quantum interpretation [237, 248]. The explanation relies upon the interference
between the quantum amplitudes for two particles, emitted from two source
points S1 and S2, to be detected at two detection points D1 and D2 (see Fig. 8.1).
In the case of bosons, the two amplitudes 〈D1|S1〉〈D2|S2〉 and 〈D1|S2〉〈D2|S1〉
must be added, which yields a factor of 2 excess in the joint detection probabil-
ity if the two amplitudes have the same phase. The sum over all pairs (S1, S2)
of source points washes out the interference, unless the distance between the
detectors is small enough that the phase difference between the two amplitudes
is less than one radian, or equivalently, if the two detectors are separated by a
distance which is less than the coherence length of the system. Study of the
joint detection rates versus detector separation along the i direction then re-
veals a ’bump’ whose width li is the the same as the coherence length along that
axis [195, 235, 249–252]. For a source size si (defined as the half width at e−1/2
of a Gaussian density profile) along the i direction, the bump has a half width at
e−1 of li = ht/(2πmsi), where m is the mass of the particle, t is the time-of-flight
from the source to the detector, and h is Planck’s constant. This formula is the
analogue of the formula li = Lλ/(2πsi) for photons, if λ = h/(mv) is identified
with the de Broglie wavelength of particles travelling with a velocity v = L/t
from the source to the detector.

For indistinguishable fermions, the two-body wavefunction is antisymmet-
ric, and the two amplitudes must be subtracted, yielding a null probability for
joint detection in the same coherence volume. In the language of particles,
this means that two fermions cannot have momenta and positions belonging
to the same elementary cell of phase space. As a result, for fermions the joint
detection rate versus detector separation is expected to exhibit a dip around
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Figure 8.1. Overview of experimental setup. A cold cloud of metastable helium atoms
is released at the switch-off of a magnetic trap. The cloud expands and falls under the
influence of gravity onto a time-resolved and position sensitive detector (micro-channel
plate and delay-line anode) that detects single atoms. The horizontal components of
the pair separation Δr are denoted Δx and Δy. The inset shows conceptually the two
2-particle amplitudes (in black or grey) that interfere to give bunching or anti-bunching:
S1 and S2 refer to the initial positions of two identical atoms jointly detected at D1 and
D2.
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the null separation. Such a dip for a fermion ensemble must not be confused
with the anti-bunching dip that one can observe with a single particle (boson
or fermion) quantum state—for example, resonance fluorescence photons emit-
ted by an individual quantum emitter [253]. In contrast to the HBT effect for
bosons, the fermion analogue cannot be interpreted by any classical model, ei-
ther wave or particle, and extensive efforts have been directed towards an ex-
perimental demonstration. Experiments have been performed with electrons in
solids [254, 255] and in a free beam [256], and with a beam of neutrons [257],
but none has allowed a detailed study of, and comparison between, the pure
fermionic and bosonic HBT effects in the case of an ideal gas. A recent experi-
ment involving fermions in a optical lattice [258], however, does permit such a
study, and is closely related to this work.

Here, an experiment is presented in which the fermionic HBT effect is stud-
ied using a sample of spin-polarised metastable 3He atoms (3He*), and com-
pared with the bosonic HBT effect for a sample of spin-polarised (but not Bose-
condensed) metastable 4He atoms (4He*) produced in the same experimental
apparatus at the same temperature. For this purpose, the position- and time-
resolved detector used previously [195, 259] in experiments on 4He*, has been
combined with the apparatus described in chapter 6, capable of producing ul-
tracold samples of both 4He* and 3He* [194]. Fermions or bosons at thermal
equilibrium in a magnetic trap are released onto the detector, which counts in-
dividual atoms (see Fig. 8.1) with an efficiency of approximately 10%. The detec-
tor allows the construction of the normalised correlation function g(2)(Δr), that
is, the probability of joint detection at two points separated by Δr, divided by
the product of the single atom detection probabilities at each point. Statistically
independent detection events result in a value of 1 for g(2)(Δr). A value larger
than 1 indicates bunching, while a value less than 1 is evidence of anti-bunching.

Gases of pure 3He* or pure 4He* are produced by a combination of evapora-
tive and sympathetic cooling in an anisotropic magnetic trap (see §8.2). Both
isotopes are in pure magnetic substates, with nearly identical magnetic mo-
ments and, therefore, nearly identical trapping potentials, so that trapped non-
degenerate and non-interacting samples have the same size at the same tem-
perature. The temperatures of the samples yielding the results of Fig. 8.2, as
measured by the spectrum of flight times to the detector, are 0.53± 0.03 μK and
0.52± 0.05 μK for 3He* and 4He*, respectively. The uncertainties correspond to
the standard deviation of each ensemble. In a single realisation, we typically
produce 7× 104 atoms of both 3He* and 4He*. The atom number permits an es-
timation of the Fermi and Bose-Einstein condensation temperatures of approx-
imately 0.9 μK and 0.4 μK, respectively. Consequently, Fermi pressure in the
trapped 3He* sample has a negligible (3%) effect on the trap size, and repulsive
interactions in the 4He* sample have a similarly small effect. The trapped sam-
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Figure 8.2. Normalised correlation functions for 4He* (bosons) in the upper plot, and
3He* in the lower plot. Both functions are measured at the same cloud temperature
(0.5 μK), and with identical trap parameters. Error bars correspond to the square root
of the number of pairs in each bin. The line is a fit to a Gaussian function. The bosons
show a bunching effect, and the fermions show anti-bunching. The correlation length
for 3He* is expected to be 33% larger than that for 4He* owing to the smaller mass. We
find 1/e values for the correlation lengths of 0.7± 0.07mm and 0.56± 0.08mm for the
fermions and bosons respectively.

ples are therefore approximately Gaussian ellipsoids elongated along the x-axis
with an r.m.s size of about 110× 12× 12 μm3. To release the atoms, we turn off
the currents in the trapping coils and the atoms fall under the influence of grav-
ity. The detector, placed 63 cm below the trap centre (see Fig. 8.1), then records
the x-y position and arrival time of each detected atom.

The normalised correlation functions g(2)(0, 0,Δz) along the z (vertical) axis,
for 3He* and 4He* gases at the same temperature, are shown in Fig. 8.2. Each
correlation function is obtained by analysing the data from about 1000 sepa-
rate clouds for each isotope (see §8.2). Results analogous to those of Fig. 8.2
are obtained for correlation functions along the y-axis, but the resolution of the
detector in the x-y plane (about 500 μm half width at e−1 for pair separation)
broadens the signals. Along the x-axis (the long axis of the trapped clouds), the
expected widths of the HBT structures are one order of magnitude smaller than
the resolution of the detector and are therefore not resolved.

Figure 8.2 shows clearly the contrasting behaviours of fermions and bosons.
In both cases a clear departure from statistical independence at small separa-
tions is observed. Around zero separation, the fermion signal is lower than
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unity (anti-bunching), while the boson signal is higher (bunching). Because the
sizes of the 3He* and 4He* clouds are the same at a given temperature, as are
the respective time-of-flights (pure free fall), the ratio of the correlation lengths
is expected to be equal to the inverse of the mass ratio, 4/3. The observed ra-
tio of the correlation lengths along the z-axis in the data shown is 1.3 ± 0.2.
The individual correlation lengths are also in good agreement with the formula
lz = ht/(2πmsz), where sz is the source size along z. Owing to the finite resolu-
tion, the contrast in the signal, which should ideally go to 0 or 2, is reduced by
a factor of order ten. The amount of contrast reduction is slightly different for
fermions and bosons, and the ratio should be about 1.5. The measured ratio is
2.4± 0.2. This discrepancy has several possible explanations. Firstly, the mag-
netic field switch-off is not instantaneous (timescale ∼ 1ms), and may effect the
fermions and bosons differently. Secondly, systematic errors may be present in
our estimate of the resolution function. The resolution, however, does not effect
the widths of the observed correlation functions along z, and thus this ratio is
emphasised as a test of our understanding of fermion and boson correlations in
an ideal gas. More information on uncertainties and systematic errors, as well as
a more complete summary of the data, are given in the supplementary material
(see §8.3).

Improved detector resolution would allow a more detailed study of the cor-
relation function, and is thus highly desirable. The effect of the resolution could
be circumvented by using a diverging atom lens to demagnify the source [238].
According to the formula l = ht/(2πms), a smaller effective source size gives a
larger correlation length. Such a scheme has been tried, using a blue-detuned,
vertically propagating, laser beam (which forces the atoms away from its axis)
to create an atomic lens (see §8.2). The laser waist was not large in compari-
son to the cloud size, and the ’lens’ therefore suffered from strong aberrations,
however, a crude estimate of the demagnification, (neglecting aberrations) gives
about 2 in the x-y plane. Fig. 8.3 shows a comparison of g(2)(Δz) for fermions
with and without the defocusing lens. A greater anti-bunching depth is clearly
seen, which is consistent with larger correlation lengths in the x-y plane (it has
been checked that ly has indeed increased) yielding a smaller reduction of the
contrast when convolved with the detector resolution function. As expected,
the correlation length along the z-axis is unaffected by the lens in the x-y plane.
Although our atomic lens was far from ideal, the experiment shows that it is
possible to modify the HBT signal by optical means.

To conclude, it is emphasised that samples of neutral atoms at moderate den-
sity in which interactions do not play any significant role have been used. Care
was taken to manipulate the fermions and bosons in conditions which were as
similar as possible. Thus the observed differences can be understood as a purely
quantum effect associated with the exchange symmetries of wavefunctions of
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Figure 8.3. Effect of demagnifying the source size. Normalised correlation functions
along the z (vertical) axis are shown for 3He*, with (black squares) and without (grey tri-
angles) a diverging atomic lens in the x-y plane. The dip is deeper with the lens present,
because the increase of the correlation lengths in the x-y plane leads to less reduction of
contrast when convolved with the resolution function in that plane.

indistinguishable particles.
The possibility of having access to the sign of phase factors in a many-body

wavefunction opens up fascinating perspectives for the investigation of intrigu-
ing analogues of condensed-matter systems, which can now be realised with
cold atoms. For example, one could compare the many-body state of cold ferm-
ions with that of ’fermionised’ bosons in a one-dimensional sample [260, 261].
The successful manipulation of the HBT signal by interaction with a laser sug-
gests that other lens configurations could allowmeasurements in position space
(by forming an image of the cloud in the plane of the detector) or in any combi-
nation of momentum and spatial coordinates.

8.2 Methods

8.2.1 Experimental sequence

Clouds of cold 4He* are produced by evaporative cooling of a pure 4He* sample,
loaded into a Ioffe-Pritchardmagnetic trap [100]. The trapped state is 2 3S1,mj =
1, and the trap frequency values are 47Hz and 440Hz for the axial and radial
confinement, respectively. The bias field is 0.75 G, corresponding to a frequency
of 2.1MHz for a transition between the mj = 1 and mj = 0 states at the bottom
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of the trap. After evaporative cooling, we keep the radio frequency evaporation
field (’r.f. knife’) on at a constant frequency for 500ms, then wait for 100ms
before switching of the trap. In contrast to the experiments of Ref. [195], atoms
are released in a magnetic-field-sensitive state.

To prepare 3He* clouds, we simultaneously load 3He* and 4He* atoms in the
magnetic trap [194]. The trapping state for 3He* is 2 3S1, F = 3/2,mF = 3/2, and
the axial and radial trap frequencies are 54Hz and 506Hz – the difference com-
pared to 4He* is only due to the mass. The two gases are in thermal equilibrium
in the trap, so that 3He* is sympathetically cooled with 4He* during the evap-
orative cooling stage. Once the desired temperature is reached, we selectively
eliminate 4He* atoms from the trap using the r.f. knife. The gyromagnetic ratios
for 4He* and 3He* are 2 and 4/3 respectively, so that the resonant frequency of
the m = 1 to m = 0 transition for 4He* is 3/2 times larger than the m = 3/2 to
m = 1/2 transition for 3He*. An r.f. ramp from 3MHz to 1.9MHz expels all the
4He* atoms from the trap without effecting the 3He* component. We then use
the same trap switch-off procedure to release the 3He* atoms (also in amagnetic-
filed-sensitive state) onto the detector. We can apply magnetic field gradients to
check the degree of spin polarisation of either species.

8.2.2 Correlation function

The detailed procedure leading to this correlation is given in Ref. [195]. Briefly,
we convert arrival times to z positions, and then use the three-dimensional posi-
tions of each atom to construct a histogram of pair separations Δr in a particular
cloud. We then sum the pair distribution histograms for 1000 successive runs at
the same temperature. For separations much larger than the correlation length,
this histogram reflects the Gaussian spatial distribution of the cloud. To remove
this large-scale shape and obtain the normalised correlation function, we divide
the histogram by the autoconvolution of the sum of the 1000 single particle dis-
tributions.

8.2.3 Atom lens experiment

A 300mW laser beam with an elliptical waist of approximately 100× 150 μm2
propagates vertically through the trap. The frequency of the light is detuned by
≈ 300 GHz from the 2 3S1-2 3P2 transition. After turning off the magnetic trap,
and waiting 500 μs for magnetic transients to die away, the defocusing laser is
turned on for 500 μs.
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Figure 8.4. Unnormalised pair histograms for bosons (light grey) and fermions (dark
grey). The black lines represent a fit to the sum of two Gaussian functions.

8.3 Supplementary information

8.3.1 Unnormalised pair histogram

In order to give the reader an idea of the ’raw’ data, a couple of unnormalised
pair histograms are shown in Fig. 8.4. The data correspond to the normalised
plots shown in Fig. 8.2. In addition to the bunching and anti-bunching feature
for separations below 1mm, the histograms also show a broad structure which
is due to the approximately Gaussian shape of the cloud. The broad structure is
eliminated by the normalisation procedure described in [195], and summarised
in §8.3.2 below.

8.3.2 Fit results

If one neglects the finite resolution of the detector used, the normalised correla-
tion function should be well described by a Gaussian function:

g(2)(Δx,Δy,Δz) = 1± e
−
[
( Δx

lx
)2+( Δy

ly
)2+( Δz

lz
)2
]
, (8.1)

where the + sign applies to bosons and the − sign to fermions. We denote the
correlation lengths in the 3 different spatial directions i, by li. In practise this
function is determined by the method discussed in Ref. [259]. The resolution
along the z direction is approximately 3 nm, and is neglected. The convolution
in the x-y plane is described in Ref. [252] for the case of a Gaussian resolution
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Figure 8.5. Summary of data taken for 3He* clouds at three different temperatures
(0.5 μK, 1.0 μK, and 1.4 μK). The measured correlation length along the z-axis (left) and
contrast (right) are plotted together with their expected behaviour (solid lines).

function. Careful measurements have revealed that the wings of the resolution
function are broader than those of a Gaussian, and we thus use an empirically
determined analytical function to approximate the pair resolution function. Its
1/e half-width is about 500 μm. Since the correlation length in the x direction is
more than an order of magnitude smaller than the resolution, we set lx = 0. The
convolution also effects the height of the signal so that g(2)(0, 0, 0) = 1± η. The
parameter η is referred to as the contrast. The fit parameters are thus: ly, lz, and
η.
Data were taken for fermions (3He*) at 0.5 μK, 1.0 μK, and 1.4 μK. The cor-

responding fit results for lz and η are plotted in Fig. 8.5. In addition, we have
data for two other situations, one using 4He* at 0.5 μK, and another using 3He*
at 0.5 μK and a diverging lens. All 5 runs are summarised in Table 8.1. In the
graphs, we have plotted the formula lz = ht/2πmsz, extracting the size sz from
the measured temperature, trap oscillation frequency, and assuming the cloud
is an ideal gas. For the contrast η, we plot the expected variation based on the
measured resolution function.

Generally the data are in good agreement with the predictions of the ideal
gas model. In the run with the lens, we have made no quantitative compari-
son with a calculation because it would involve taking into account the severe
aberrations of the lens. Qualitatively however, we see that, as expected, the cor-
relation length along z is unchanged, while that along y, as well as the contrast,
are increased. The fitted values of η do not correspond to those one would de-
duce from the data in Figs. 8.2 and 8.3. This is because, as in Ref. [195], we
computed the correlation function along the z axis over an area slightly larger
than the width of the resolution function. This procedure improves the signal
to noise ratio and preserves the form and the width of the correlation function,
but slightly modifies its height.
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Table 8.1. Summary of fit results for all data sets.

Run lz ( μm) ly ( μm) η

3He*, 0.5 μK 750± 70 570± 50 0.078± 0.003
3He*, 1 μK 440± 90 360± 90 0.054± 0.004
3He*, 1.4 μK 500± 110 0† 0.040± 0.003
4He*, 0.5 μK 560± 80 570± 100 0.033± 0.003
3He*, 0.5 μK, with lens 750± 80 810± 40 0.108± 0.003
† For this run, the fitted width of the correlation function along y is actually
smaller than the resolution of the detector, thus, no reasonable value can be
extracted for ly.

We observe three small anomalies: first, the contrast η for both bosons and
fermions at 0.5 μK is below the prediction and the ratio, after correction for the
resolution, is 2.4± 0.2 instead of the expected value of 1.5. Second, the correla-
tion length ly for fermions at 0.5 μK seems quite low, resulting in a ratio of ferm-
ions to bosons of 1.0± 0.2 instead of 1.3. Third, the width of the anti-bunching
dip in the normalised pair separation histogram along y for fermions at 1.4 μK
is smaller than the width of the measured resolution function, meaning that the
fitted value of ly is consistent with 0.

A systematic error may be present in the estimation of the detector resolu-
tion. After moving the detector from Orsay to Amsterdam, we noticed that the
detector resolution differed by up to 30% from day to day. A systematic error
in the resolution has approximately the same relative effect on the value of η.
It would also have an effect on the value of ly. Uncontrolled variations in the
resolution may thus account for the above anomalies. The knowledge of the
resolution in the z-y plane. The good agreement we find with our expectations
along this axis is the strongest argument that the correlations we observe are
consistent with the ideal gas model.

A second possible source of systematic error is related to the switch-off of
the magnetic trap. Eddy currents cause a typical time-scale of 1ms in the turn-
off [100]. As, unlike in Ref. [195], the released atoms are in a magnetic field sen-
sitive state, partially adiabatic effects or focusing by residual curvatures could
affect our measurement of the temperature or of the effective source size viewed
from the detector. We have no independent estimate of the magnitude of these
effects and can simply conclude that the reasonable agreement with our model
means that these effects are not very large.
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[144] M. Pieksma, M. Čížek, J. W. Thomsen, P. van der Straten, and
A. Niehaus, Energy distributions of He+ and He2+ ions formed in ultra-
cold He(23S1)+He(23P2) collisions, Phys. Rev. A 66, 022703 (2002).

[145] A. Browaeys, J. Poupard, A. Robert, S. Nowak, W. Rooijakkers, E. Ari-
mondo, L. Marcassa, D. Boiron, C. I. Westbrook, and A. Aspect, Two body
loss rate in a magneto-optical trap of metastable He, Eur. Phys. J. D 8, 199–
203 (2000).



160 BIBLIOGRAPHY

[146] F. P. Dos Santos, F. Perales, J. Léonard, A. Sinatra, J. Wang, F. S. Pavone,
E. Rasel, C. S. Unnikrishnan, and M. Leduc, Penning collisions of laser-
cooled metastable helium atoms, Eur. Phys. J. D 14, 15–22 (2001).

[147] J. Weiner, Cold and Ultracold Collisions in Quantum Microscopic and Meso-
scopic Systems (Cambridge University Press, Cambridge, 2003).

[148] C. E. Hecht, The Possible Superfluid Behaviour of Hydrogen Atom Gases
and Liquids, Physica 25, 1159–1161 (1959).

[149] W. C. Stwalley and L. H. Nosanow, Possible "New" Quantum Systems,
Phys. Rev. Lett. 36, 910–913 (1976).

[150] I. F. Silvera and J. T. M. Walraven, Stabilization of Atomic Hydrogen at
Low Temperature, Phys. Rev. Lett. 44, 164–168 (1980).

[151] H. F. Hess, G. P. Kochanski, J. M. Doyle, T. J. Greytak, and D. Kleppner,
Spin-polarized hydrogen maser, Phys. Rev. A 34, 1602–1604 (1986).

[152] M. D. Hürlimann, W. N. Hardy, A. J. Berlinsky, and R. W. Cline, Recircu-
lating cryogenic hydrogen maser, Phys. Rev. A 34, 1605–1608 (1986).

[153] R. L. Walsworth, Jr., I. F. Silvera, H. P. Godfried, C. C. Agosta, R. F. C.
Vessot, and E. M. Mattison, Hydrogen maser at temperatures below 1K,
Phys. Rev. A 34, 2550–2553 (1986).

[154] R. W. Cline, T. J. Greytak, and D. Kleppner, Nuclear Polarization of Spin-
Polarized Hydrogen, Phys. Rev. Lett. 47, 1195–1198 (1981).

[155] R. M. C. Ahn, J. P. H. W. v.d. Eijnde, and B. J. Verhaar, Calculation of
nuclear-spin-relaxation rate for spin-polarized atomic hydrogen, Phys.
Rev. B 27, 5424–5432 (1983).

[156] R. Sprik, J. T. M. Walraven, G. H. van Yperen, and I. F. Silvera, State-
Dependant Recombination and Suppressed Nuclear Relaxation in Atomic
Hydrogen, Phys. Rev. Lett. 49, 153–157 (1982).

[157] R. van Roijen, J. J. Berkhout, S. Jaakkola, and J. T. M. Walraven, Exper-
iments with Atomic Hydrogen in a Magnetic Trapping Field, Phys. Rev.
Lett. 61, 931–934 (1988).

[158] S. B. Crampton and H. T. M. Wang, Duration of hydrogen-atom spin-
exchange collisions, Phys. Rev. A 12, 1305–1312 (1975).

[159] B. J. Verhaar, J. M. V. A. Koelman, H. T. C. Stoof, and O. J. Luiten, Hyper-
fine contribution to spin-exchange frequency shifts in the hydrogenmaser,
Phys. Rev. A 35, 3825–3831 (1987).

[160] J. M. V. A. Koelman, S. B. Crampton, H. T. C. Stoof, O. J. Luiten, and
B. J. Verhaar, Spin-exchange frequency shifts in cryogenic and room-



BIBLIOGRAPHY 161

temperature hydrogen masers, Phys. Rev. A 38, 3535–3547 (1988).

[161] P. L. Gould, P. D. Lett, P. S. Julienne, W. D. Phillips, H. R. Torsheim, and
J.Weiner, Observation of Associative Ionization of Ultrcold Laser-Trapped
Sodium Atoms, Phys. Rev. Lett. 60, 788–791 (1988).

[162] M. Prentiss, A. Cable, J. E. Bjorkholm, S. Chu, E. I. Raab, and D. E.
Pritchard, Atomic-density-dependent losses in an optical trap, Opt. Lett.
13, 452–454 (1988).

[163] D. Sesko, T. Walker, C. Monroe, A. Gallagher, and C. Wieman, Collisional
losses from a light-force atom trap, Phys. Rev. Lett. 63, 961–964 (1989).

[164] C. D. Wallace, T. P. Dinneen, K.-Y. N. Tan, T. T. Grove, and P. L. Gould, Iso-
topic Difference in Trap Loss Collisions of Laser Cooled Rubidium, Phys.
Rev. Lett. 69, 897–900 (1992).

[165] L. Marcassa, V. Bagnato, Y. Wang, C.Tsao, J. Weiner, O. Dulieu, Y. B.
Band, and P. S. Julienne, Collisional loss rate in a magneto-optical trap for
sodium atoms: Light-intensity dependance, Phys. Rev. A 47, R4563–R4566
(1993).

[166] J. Kawanaka, K. Shimizu, H. Takuma, and F. Shimizu, Quadratic colli-
sional loss rate of a 7Li trap, Phys. Rev. A 48, R883–R885 (1993).

[167] H. Katori and F. Shimizu, Laser-Induced Iionizing Collision of Ultracold
Krypton Gas in the 1s5 Metastable State, Phys. Rev. Lett. 73, 2555–2558
(1994).

[168] M. Walhout, U. Sterr, C. Orzel, M. Hoogerland, and S. L. Rolston, Optical
Control of Ultracold Collisions in Metastable Xenon, Phys. Rev. Lett. 74,
506–509 (1995).

[169] N. W. M. Ritchie, E. R. I. Abraham, Y. Y. Xiao, C. C. Bradley, R. G. Hulet,
and P. S. Julienne, Trap-loss collisions of ultracold lithium atoms, Phys.
Rev. A 51, R890–R893 (1995).

[170] R. S. Williamson and T. Walker, Magneto-optical trapping and ultracold
collisions of pottasium atoms, J. Opt. Soc. Amer. B 12, 1393–1397 (1995).

[171] H. Katori, H. Kunugita, and T. Ido, Quantum statistical effect on ioniz-
ing collisions of ultracold metastable Kr isotopes, Phys. Rev. A 52, R4324–
R4327 (1995).

[172] R. J. W. Stas, J. M. McNamara, W. Hogervorst, and W. Vassen, Simultane-
ous Magneto-Optical Trapping of a Boson-Fermion Mixture of Metastable
Helium Atoms, Phys. Rev. Lett. 93, 053001 (2004).

[173] M. Prevedelli, F. S. Cataliotti, E. A. Cornell, J. R. Ensher, C. Fort, L. Ricci,



162 BIBLIOGRAPHY

G. M. Tino, and M. Inguscio, Trapping and cooling of potassium iso-
topes in a double-magneto-optical-trap apparatus, Phys. Rev. A 59, 886–
888 (1999).

[174] K.-A. Suominen, Theories for cold atomic collisions in light fields, J. Phys.
B 29, 5981–6007 (1996).

[175] H. C.Mastwijk, J. W. Thomsen, P. van der Straten, and A. Niehaus, Optical
Collisions of Cold Metastable Helium Atoms, Phys. Rev. Lett. 80, 5516–
5519 (1998).

[176] H. C. Mastwijk, M. van Rijnbach, J. W. Thomsen, P. van der Straten, and
A. Niehaus, Photo induced collision with laser cooled He∗ atoms, Eur.
Phys. J. D 4, 131–137‘ (1998).

[177] C. Orzel, M. Walhout, U. Sterr, P. S. Julienne, and S. L. Rolston, Spin po-
larization and quantum-statistical effects in ultracold ionizing collisions,
Phys. Rev. A 59, 1926–1935 (1999).

[178] V. Venturi, I. B. Whittingham, P. J. Leo, and G. Peach, Close-coupled calcu-
lation of collisions of magnetostatically trapped metastable helium atoms,
Phys. Rev. A 60, 4635–4646 (1999).

[179] V. Venturi and I. B. Whittingham, Close-coupled calculation of field-free
collisions of cold metastable helium atoms, Phys. Rev. A 61, 060703 (2000).

[180] P. J. Leo, V. Venturi, I. B. Whittingham, and J. F. Babb, Ultracold collisions
of metastable helium atoms, Phys. Rev. A 64, 042710 (2001).

[181] A. J. Yencha, Penning ionization and related processes, in Electron spec-
troscopy: Theory, techniques and applications, edited by C. R. Brundle and
A. D. Baker, volume 5, pp. 197–373 (Academic Press, 1984).

[182] A. Niehaus, Spontaneous ionization in slow collisions, Adv. Chem. Phys.
45, 399–486 (1981).

[183] H. S. W. Massey, E. H. S. Burhop, and H. B. Gilbody, Electronic and ionic
impact phenomena, volume 3 (Oxford University Press, 1971).

[184] P. O. Fedichev, M. W. Reynolds, U. M. Rahmanov, and G. V. Shlyapnikov,
Inelastic decay processes in a gas of spin-polarized triplet helium, Phys.
Rev. A 53, 1447–1453 (1996).

[185] F. P. Dos Santos, J. Léonard, J. Wang, C. J. Barrelet, F. Perales, E. Rasel,
C. S. Unnikrishnan, M. Leduc, and C. Cohen-Tannoudji, Production of a
Bose Einstein condensate of metastable helium atoms, Eur. Phys. J. D 19,
103–109 (2002).

[186] O. Sirjean, S. Seidelin, J. V. Gomes, D. Boiron, C. I. Westbrook, A. Aspect,



BIBLIOGRAPHY 163

and G. V. Shlyapnikov, Ionization Rates in a Bose-Einstein Condensate of
Metastable Helium, Phys. Rev. Lett. 89, 220406 (2002).

[187] S. Seidelin, O. Sirjean, J. V. Gomes, D. Boiron, and C. I. Westbrook, Us-
ing ion production to monitor the birth and death of a metastable helium
Bose-Einstein condensate, J. Opt. B: Quantum Semiclass. Opt. 5, S112–S118
(2003).

[188] M. S. Child, Molecular collision theory (Dover Publications, New York,
1996).

[189] C. Cohen-Tanoudji, B. Diu, and F. Laloë, Quantum Mechanics (John Wiley
& Sons, New York, 1977).

[190] E. P. Wigner, On the Behaviour of Cross Sections Near Thresholds, Phys.
Rev. 73, 1002–1009 (1948).

[191] P. S. Julienne and F. H. Mies, Collisions of ultracold trapped atoms, J. Opt.
Soc. Amer. B 6, 2257–2269 (1989).

[192] P. S. Julienne, A. M. Smith, and K. Burnett, Theory of collisions between
laser cooled atoms, in Advances in Atomic, Molecular, and Optical Physics,
volume 30, pp. 141–198 (Academic Press, 1993).

[193] F. H. Mies andM. Raoult, Analysis of threshold effects in ultracold atomic
collisions, Phys. Rev. A 62, 012708 (2000).

[194] J. M. McNamara, T. Jeltes, A. S. Tychkov, W. Hogervorst, and W. Vassen,
Degenerate Bose-Fermi Mixture of Metastable Atoms, Phys. Rev. Lett. 97,
080404 (2006).

[195] M. Schellekens, R. Hoppeler, A. Perrin, J. V. Gomes, D. Boiron, A. Aspect,
and C. I. Westbrook, Hanbury Brown Twiss Effect for Ultracold Quantum
Gases, Science 310, 648–651 (2005).

[196] S. Seidelin, J. V. Gomes, R. Hoppeler, O. Sirjean, D. Boiron, A. Aspect,
and C. I. Westbrook, Getting the Elastic Scattering Length by Observing
Inelastic Collisions in UltracoldMetastable HeliumAtoms, Phys. Rev. Lett.
93, 090409 (2004).

[197] T. Jeltes, J. M. McNamara, W. Hogervorst, W. Vassen, V. Krachmalnicoff,
M. Schellekens, A. Perrin, H. Chang, D. Boiron, A. Aspect, and C. I. West-
brook, Comparison of the Hanbury Brown-Twiss effect for bosons and
fermions, Nature 445, 402–405 (2007).

[198] M. W. Müller, A. Merz, M.-W. Ruf, H. Hotop, W. Meyer, and M. Movre,
Experimental and theoretical studies of the Bi-excited collision systems
He∗(23S) +He∗(23S, 21S) at thermal and subthermal kinetic energies, Z.
Physik D 21, 89–112 (1991).



164 BIBLIOGRAPHY

[199] L. D. Landau and E.M. Lifshitz,Quantum mechanics–Non-relativistic theory,
second edition (Pergamon Press, 1965).

[200] Z.-C. Yan and J. F. Babb, Long-range interactions of metastable helium
atoms, Phys. Rev. A 58, 1247–1252 (1998).

[201] J.-Y. Zhang, Z.-C. Yan, D. Vrinceanu, J. F. Babb, and H. R. Sadeghpour,
Long-range interactions for He(nS)–He(n′S) and He(nS)–He(n′P), Phys.
Rev. A 74, 014704 (2006).

[202] A. S. Davydov, Quantum Mechanics (Pergamon Press, London, 1965).

[203] J. P. Burke, Jr., Theoretical Investigation of Cold Alkali Atom Collisions, Ph.D.
thesis, University of Colorado (1999).

[204] E. E. Nikitin and S. Y. Umanski, Theory of Slow Atomic Collisions (Springer-
Verlag, Berlin, 1984).

[205] S. V. Nguyen, S. C. Doret, C. B. Connolly, R. A. Michniak, W. Ketterle, and
J. M. Doyle, Evaporative cooling of metastable helium in themulti-partial-
wave regime, Phys. Rev. A 72, 060703(R) (2005).

[206] S. V. Nguyen, Buffer gas loading and evaporative cooling in the multi-partial-
wave regime, Ph.D. thesis, Harvard University, Cambridge, Massachusetts
(2006).

[207] A. S. Dickinson, Quantum reflection model for ionization rate coefficients
in cold metastable helium collisions, J. Phys. B 40, F237–F240 (2007).

[208] H. Friedrich and J. Trost, Working withWKBwaves far from the semiclas-
sical limit, Phys. Rep. 397, 359–449 (2004).

[209] P. E. Siska, Molecular-beam studies of Penning ionization, Rev. Mod. Phys.
65 (1993).

[210] J. C. J. Koelemeij, A. S. Tychkov, T. Jeltes, W. Hogervorst, and W. Vassen,
High densities and optical collisions in a two-colour magneto-optical trap
for metastable helium, J. Phys. B 37, 3501–3520 (2004).

[211] J. L. Roberts, N. R. Claussen, S. L. Cornish, E. A. Donley, E. A. Cornell, and
C. E. Wieman, Controlled Collapse of a Bose-Einstein Condensate, Phys.
Rev. Lett. 86, 4211–4214 (2001).

[212] E. A. Donley, N. R. Claussen, S. L. Cornish, J. L. Roberts, E. A. Cornell,
and C. E. Wieman, Dynamics of collapsing and exploding Bose-Einstein
condensates, Nature 412, 295–299 (2001).

[213] E. W. Streed, A. P. Chikkatur, T. L. Gustavson, M. Boyd, Y. Torii,
D. Schneble, G. K. Campbell, D. E. Pritchard, and W. Ketterle, Large
atom number Bose-Einstein condensate machines, Rev. Sci. Inst. 77, 023106



BIBLIOGRAPHY 165

(2006).

[214] M. Schellekens, The Hanbury Brown and Twiss Effect for cold atoms, Ph.D.
thesis, Université Paris XI, Paris (2007).

[215] W. H. Wing, On neutral particle trapping in quasistatic electromagnetic
fields, Prog. Quantum Electronics 8, 181–199 (1984).

[216] M. O. Mewes, M. R. Andrews, N. J. van Druten, D. M. Kurn, D. S. Durfee,
and W. Ketterle, Bose-Einstein Condensation in a Tightly Confining dc
Magnetic Trap, Phys. Rev. Lett. 77, 416–419 (1996).

[217] T. Bergeman, G. Erez, and H. J. Metcalf, Magnetostatic trapping fields for
neutral atoms, Phys. Rev. A 35, 1535–1546 (1987).

[218] P. J. J. Tol, W. Hogervorst, and W. Vassen, Theory of evaporative cooling
with energy-dependant elastic scattering cross section and application to
metastable helium, Phys. Rev. A 70, 013404 (2004).

[219] P. O. Schmidt, S. Hensler, J. Werner, T. Binhammer, A. Görlitz, and T. Pfau,
Doppler cooling of an optically dense cloud of magnetically trapped
atoms, J. Opt. Soc. Amer. B 20, 960–967 (2003).

[220] W. Ketterle and n. J. van Druten, Evaporative Cooling of Trapped Atoms,
Adv. Atom Mol. Opt. Phys 37, 181–236 (1996).

[221] F. Dalfovo, S. Giorgini, L. P. Pitaevskii, and S. Stringari, Theory of Bose-
Einstein condensation in trapped gases, Rev. Mod. Phys. 71, 463–512 (1999).

[222] Y. Castin and R. Dum, Bose-Einstein Condensates in Time Dependent
Traps, Phys. Rev. Lett. 77, 5315–5319 (1996).

[223] M. J. Holland, D. S. Jin, M. L. Chiofalo, and J. Cooper, Emergence of Inter-
action Effects in Bose-Einstein Condensation, Phys. Rev. Lett. 78, 3801–3805
(1997).
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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 50m/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 ≈ 1mK. 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.



Samenvatting

Gedurende de laatste eeuw heeft de atoom-, molecuul- en optische (AMO) fysi-
ca zich sterk gericht op een steeds betere controle over atomaire en moleculaire
systemen. AMO fysici hebben daarbij geleerd hoe ze zowel de interne als de ex-
terne vrijheidsgraden van deze systemen kunnen manipuleren door toepassing
van externe velden. Dit kan nu zo goed gedaan worden dat we in staat zijn ex-
perimenten te ontwerpen die een atomaire configuratie realiseren waarvan de
eigenschappen kunnen worden gestuurd en gecontroleerd. In deze experimen-
ten kunnen we bijna ideale systemen exploiteren, i.e. systemen die vrij zijn van
ongewenste invloeden van buitenaf en waarvan we alle relevante parameters
kunnen instellen. Zo kunnen experimenten uitgevoerd worden met ongekende
nauwkeurigheid en kunnen nieuwe fysische fenomenen worden ontdekt. Het
belang van deze mogelijkheden was al snel duidelijk en veroorzaakte een revo-
lutie in de AMO fysica. Deze revolutie is nu nog steeds aan de gang en heeft
impact niet alleen in andere delen van de natuurkunde, maar ook in de schei-
kunde en biologie, en de commerciële sector.

Dit proefschrift beschrijft experimenten aan helium in de metastabiele 2 3S1
toestand (He*), uitgevoerd in het Laser centrum van de Vrije Universiteit in Am-
sterdam tussen November 2002 en November 2006. Helium heeft twee stabiele
isotopen, 3He (een fermion) en 4He (een boson), met verschillende quantumsta-
tistiek. Doel van het onderzoek was een mengsel van beide isotopen te maken
in het quantum ontaarde regime, dat dan als platform gebruikt kan worden
voor verdere studies aan deze quantummechanische systemen. Het onderzoek
is uitgevoerd in twee vergelijkbare opstellingen, en het proefschrift is daarom
onderverdeeld in twee delen. Deel I is gewijd aan het magneto-optisch opslui-
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ten van 3He* en 4He*, terwijl deel II zich richt op de realisatie en studie van
ultrakoude 3He∗ en 4He* gassen, en mengsels daarvan.

Als introductie geeft Hoofdstuk 1 de motivatie voor het onderzoek dat in
de latere hoofdstukken wordt besprroken. Dit hoofdstuk plaatst het werk in
een breder perspectief ten aanzien van zowel de geschiedenis van koude en
ultrakoude gassen als van gerelateerd werk aan metastabiel helium.

Hoofdstuk 2 beschrijft de opstelling die gebruikt is voor de experimenten uit
deel I van dit proefschrift. Helium in de grondtoestand stroomt uit een reservoir
door een met vloeibaar stikstof (LN2) gekoelde ontlading waar botsingen met
electronen een kleine (doch voldoende grote) fractie van de atomen in de lang-
levende metastabiele 2 3S1toestand brengt. Een bundel He* atomen stroomt uit
de ontlading en wordt, om de helderheid te verhogen, gecollimeerd met de ge-
kromde golffronten techniek, voordat een Zeeman afremmer de atomen afremt
tot een gemiddelde snelheid van ongeveer 50m/s. Deze intense bundel lang-
zame He* atomen wordt gebruikt om een magneto-optische val (MOT) te laden,
die op zijn beurt de atomen opsluit en verder koelt tot een temperatuur van
ongeveer 1mK. Twee lasers (één voor elk isotoop) leveren het licht voor alle be-
nodigde frequenties ten behoeve van collimatie, afremmen en magneto-optisch
opsluiten van de atomen. Als de atomem eenmaal opgesloten zijn kunnen ze
bestudeerd worden met één (of meerdere) diagnostische technieken: afbeelden
van de fluorescentie dan wel absorptie van een probe bundel, vluchttijd (time-
of-flight, TOF) analyse, of door het detecteren van ionen, geproduceerd tijdens
ioniserende botsingen van koude atomen.

Het gelijktijdig opsluiten van zowel 3He* als 4He* in een MOT is voor het
eerst gedemonstreerd in het werk beschreven in Hoofdstuk 3. De opgesloten
wolken atomen, met daarin tot 1.5× 108 atomen van elk isotoop, zijn gekarak-
teriseerd door het detecteren van metastabielen en ionen die aan de val ont-
snappen. Optisch pompen van 3He atomen naar een hyperfijntoestand waarin
de atomen niet kunnen worden opgesloten, is onderzocht en het bleek dat grote
aantallen atomen kunnen worden opgesloten zonder extra laserlicht voor te-
rugpompen naar de juiste hyperfijntoestand. Eerder zijn vergelijkbare aantallen
4He* atomen in een MOT opgesloten, maar de resultaten voor 3He* zijn drie or-
des van grootte beter dan in eerdere studies. De resultaten van dit onderzoek
bleken een ideaal startpunt voor experimenten die tot doel hadden quantum
ontaarde mengsels van spin-gepolariseerde 3He* en 4He* te realiseren.

Een theoretische studie van ioniserende botsingen tussen twee atomen in
een verdund, laser-gekoeld en opgesloten mengsel van 3He* en 4He* atomen
wordt beschreven in Hoofdstuk 4. Startend met de relevante moleculaire poten-
tialen wordt een eenvoudig, één-kanaals model afgeleid dat binaire ioniserende
botsingen tussen He* atomen beschrijft. Dit model wordt gebruikt om de re-
actiesnelheid voor ioniserende botsingsprocessen in onze twee-isotopen MOT
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(TIMOT) te berekenen. Het blijkt dat verschillende reactiesnelheden verwacht
worden voor verschilleende isotopencombinaties, en dat deze verschillen toe-
geschreven kunnen worden aan het verschil in quantumstatistiek voor beide
heliumisotopen (in combinatie met de aanwezigheid van een kernspin in het
geval van 3He).

De experimentele bepaling van bovengenoemde reactiesnelheden wordt ge-
presenteerd in Hoofdstuk 5. Ionisatiesnelheden worden bepaald uit metingen
van verliezen in de MOT als gevolg van botsingen in aanwezigheid van resonant
licht in combinatie met vergelijkende metingen van de productiesnelheid van
ionen in aanwezigheid en afwezigheid van MOT-licht. De resultaten zijn gecor-
rigeerd voor polarisatie-effecten in de MOT en komen zeer goed overeen met de
berekeningen uit Hoofdstuk 4. Deze resultaten representeren daarom een goed
begrip van de belangrijkste verliesprocessen in ongepolariseerde mengsels van
verschillende isotopen van He* en, daarom, een goed begrip van fysische pro-
cessen die plaatsvinden in (TI)MOTs van He*.

Hoofdstuk 6 beschrijft de experimentele opstelling voor het produceren van
een Bose-Einstein condensaat (BEC) van 4He*. Verschillen tussen deze opstel-
ling en die uit deel I van dit proefschrift worden benadrukt, en het productie-
proces van het condensaat wordt uiteengezet. Tenslotte wordt het BEC zelf be-
schreven. Een BEC met meer dan 1.5× 107 atomen is gerealiseerd, hetgeen een
factor 25 meer is dan in eerdere studies gehaald was. Dit grote aantal is een di-
rect gevolg van de verbeterde startcondities voor verdampingskoeling, die we
hebben kunnen realiseren door één-dimensionale Dopplerkoeling in de mag-
neetval. Dezelfde Dopplerkoelingtechniek is ook succesvol toegepast om het
spin-gepolariseerde fermionische isotoop (3He*) te koelen, waarvoor thermali-
serende botsingen sterk onderdrukt zijn. Detectietechnieken hier zijn afbeelden
van absorptie, TOF metingen op een microchannel plate (MCP) detector, en io-
nendetectie (op een tweede MCP) om de groei en het verval van het condensaat
te meten.

Doordat grote aantallen atomen in een condensaat konden worden geladen
kon sympathetisch koelen van helium-3 (een fermion) door helium-4 (een bo-
son), beide in de laagste triplet toestand, worden gerealiseerd met als resultaat
mengsels die meer dan 106 atomen bevatten van elk isotoop bij een temperatuur
onder 1 μK. Een fermionische ontaardingparameter T/TF = 0.45 kon worden
bereikt. De resultaten van dit werk worden beschreven in Hoofdstuk 7. Als
gevolg van hun hoge interne energie is detectie van individuele metastabiele
atomen mogelijk met nanoseconde resolutie. Dit biedt de mogelijkheid boso-
nische en fermionische quantumgassen met grote precisie te bestuderen. Deze
bron van quantum-ontaarde fermionen, bosonen, en mengsels van de twee, kan
de basis vormen van vele gevoelige experimenten op het gebied van de quan-
tumoptica en quantumgassen.



178 SAMENVATTING

Tot slot wordt in Hoofdstuk 8 een experimentele vergelijking gemaakt van
het Hanbury Brown en Twiss effect voor 4He* (boson) een 3He* (fermion) ato-
men. Gewone aantrekkende of afstotende krachten zijn hier verwaarloosbaar en
daarom kan het contrasterende gedrag dat voor beide isotopen is waargenomen,
bunching voor de bosonen en antibunching voor de fermionen, volledig worden
toegeschreven aan het verschil in quantumstatistiek van beide isotopen. Deze
resultaten demonstreren hoe atoom-atoom correlatiemetingen gebruikt kunnen
worden om details van de ruimtelijke dichtheidsverdeling of impulscorrelaties
tussen atomen in een koudewolk atomen temeten. Verder maken ze ook directe
observatie van fase-effecten gerelateerd aan de quantumstatistiek van een veel-
deeltjes systeem mogelijk, hetgeen perspectieven biedt voor studies van meer
exotische situaties.






