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Abstract
In this report I detail the continued construction of a dual species dipolar quantum gas experiment of erbium

and potassium. Currently an Er Bose Einstein condensate (BEC) has been achieved and work is ongoing in the
construction of the K setup to allow for the inclusion of a second species. After completion, this dual species
BEC will be transported to a second chamber known as the science cell. My work primarily focuses on the
design and construction of the optics and coils required to trap and manipulate the atoms within the science
cell. The trap will have a quasi 2D \pancake" shape which will allow for the investigation of the roton minimum
which is thought to be responsible for the formation of quantum droplets and supersolids. Additional work
has also been completed in calibration of Feshbach coils using RF spectroscopy. The group have completed a
signi�cant optimisation and stabilisation of the machine and have begun experimentation, on 3 body loss and
quantum droplet experiments. Once complete, the dual species experiment will be an ideal platform for studies
of impurity physics relevant for the study of condensed matter.
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1 Introduction
A Bose Einstein Condensate (BEC) is a state of matter which occurs when a dilute gas of bosonic atoms are
taken to temperatures just above absolute zero. In these conditions the atoms can reach quantum degeneracy
and macroscopically occupy the ground state. This phase transition was �rst predicted by Bose and Einstein
in 1925. However, it was not until 1995 that �rst experimental observation of a BEC was made by Cornell and
Wieman [1], using in a Rb gas (see �gure 1), and afterwards, in Na [2] by Ketterle; all three later shared the
Nobel Prize [3]. Currently 13 elements have been cooled to quantum degeneracy including Er [4] and K [5]
which are of speci�c interest to our group.

Figure 1: The �rst observation of a BEC in Rb in 1995 [6]. False color 3D plots after a time of 
ight measurement
in 3 atomic clouds. Both the height and colour indicate atomic density. The left most plot shows a thermal cloud
just before condensation. The middle plot is taken just after the formation of the BEC, containing a mixture
of BEC and thermal cloud. Finally the right most plot shows the BEC after further evaporation leaving a pure
BEC with no thermal cloud. The thermal cloud and BEC are characterised by their distributions. The non
condensate fraction is an isotropic enhanced Bose distribution. Whereas the BEC fraction is anisotropic, due
to the trapping geometry, and parabolic.

Some of the atoms that have been cooled to quantum degeneracy also exhibit a magnetic dipole-dipole
interaction (DDI), for example Cr [7], Er [4] and Dy [8], due to their large magnetic moment. Unlike the
standard contact interaction, the DDI is long range and anisotropic. It therefore provides a platform for
unusual behaviour associated with the the theoretically predicted roton excitation spectrum [9] which exhibits
at �nite momentum (see �gure 2) [10]. Tuning the depth of this roton minimum can lead to the formation of
quantum droplets [11, 12, 13, 14] and with speci�c parameters to a supersolid phase [15, 16, 17].
Another key area of interest for the group is in dual species BEC physics [18]. This is motivated by the
analogy to condensed matter systems in which one species can play the role of an impurity and the other the
interacting background. The resulting physics can then be separated into 2 categories depending on if the
background atoms are fermionic or bosonic. In the fermionic case, the system corresponds to a magnetic
impurity in a sea of electrons known as the Kondo problem [19]. If the background is bosonic, the system
instead corresponds to an electron in a background of phonons. It is thought that this system could help
explain high temperature superconductivity [20] or colossal magneto resistance [21]. These phenomena are
connected by the presence of a polaron, a quasi particle which represents an impurity with its interacting
background [22].
In our experiment, we plan to study these physical phenomena via the use of a dual species Er+K BEC
experiment. This transfer deals with elements of its construction as well as signi�cant scienti�c goals achieved
in the last year.

2 Laser Cooling of Er
Laser cooling techniques are a key ingredient needed for reaching the temperatures required for BEC
[23, 24, 25]. In our experiment, we �rst slow a beam of atoms using a Zeeman slower before trapping and
further laser cooling them in a Magneto-optical trap (MOT). Both of these techniques rely on the scattering
force which results from a photon’s momentum being absorbed by an atom so that it receives a momentum
kick. If this momentum kick opposes the motion of the atom it results in slowing and thus often cooling.
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Figure 2: Energy dispersion relation of a 2D dipolar quantum gas containing a roton minimum. The repulsive
and attractive interactions of the dipole are shown as well as how excitations at certain k can lead to a displace-
ment of dipoles from the transverse plane to the vertical direction at which point there interaction becomes
attractive leading to the roton minimum. [26]

2.1 Zeeman Slower

In a Zeeman slower, a laser beam is set up in opposition to a beam of atoms (typically coming from an oven)
and so the scattering force leads to slowing of the atomic beam.
As the velocity of the atoms are reduced the incoming photons are Doppler shifted by a di�erent amount and
so the laser light shifts o� resonance of the atomic transition. This is compensated for using the Zeeman
e�ect: a tapered solenoid is set up along the atomic beam such that a position dependent magnetic �eld is
produced (see �gure 3) which can be used to shift the energy levels of the atoms using the Zeeman e�ect in
such a way that it cancels the changing Doppler shift.
In order to capture high velocity atoms a broad linewidth transition is required (We use the Er 401 nm
transition which has a linewidth of 30 MHz).

Figure 3: Graphic showing the solenoid coil along the beam path of the Zeeman slower [28]. Also shown is the
transverse cooling (TC) beams used to reduced velocity in the transverse plane of the beam direction. Inset
graph shows the velocity distribution with (blue) and without (dotted) the e�ect of the Zeeman slower.
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Figure 4: The Magneto Optical Trap which is created by a combination of a quadrupole �eld generated by the
pair of coils shown, as well as the 6 counter propagating beams along 3 orthogonal directions. The counter
propagating beams have opposite polarisation such that when combined with atomic selection rules the atoms
only absorb oncoming photons and are therefore slowed [27].

Figure 5: Energy level diagram created by the MOT. The counter propagating beams have opposite polarisations
such that they only excited atoms opposing their direction due to atomic transition selection rules. This leads
to a position dependent trap in which atoms can be cooled [27].
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Figure 6: The Optical Dipole Trap set up [28]. Shown are the two cross beams along with the tunable lenses
which will be used to transport the BEC to the science cell. Energy potentials show the e�ect of evaporation
as high energy atoms are lost such that the average temperature of those that remain decreases.

2.2 Magneto-Optical Trap

To perform the next stage of cooling, a MOT is used which, in addition to cooling the atoms, will generate a
spatial trap [27]. In this case, light is now directed at the atoms in all 6 orthogonal directions as seen in �gure
5. If the atoms were to absorb photons in all directions there would be no cooling e�ect but using red-detuned
light means that photons are only absorbed if they interact with a counter propagating atom.
Additionally a quadrupole magnetic �eld is applied which splits the degeneracy of the excited state. This also
produces a position dependent Zeeman shift similar to the Zeeman slower. This, together with carefully
choosing the polarisation of the light results in trapping as well as cooling (see �gure 4)
Our MOT uses a narrower linewidth transition (190 kHz) than the Zeeman slower which allows for a lower
cooling limit, that is set by the so-called Doppler limit which is proportional to linewidth. This does result in
a smaller capture velocity but as the Zeeman slower has already reduced the velocity of the incoming atoms
this is now acceptable.

3 Creating a Bose Einstein Condensate of Er
3.1 ODT and Evaporation

It is not usally possible via the use of laser cooling to achieve the temperatures required for BEC due to the
recoil limit. Instead another cooling method known as evaporative cooling is used. In our experiment this
works via the use of an optical dipole trap (ODT) [28] however it is also possible to evaporate in a magnetic
trap [1]. The ODT is generated by polarising atoms via the application of a high intensity laser beam. These
polarised atoms are then attracted to higher intensity regions of a red detuned beam. If a small beam waist is
set up, the atoms can be trapped within the beam waist. This can also be assisted by the addition of a second
cross beam which increases con�nement further. Our experimental setup for this is shown in �gure 6.
By slowly lowering the intensity of the laser used for trapping and therefore lowering e�ective depth of the
trap, the atoms with the highest energy will escape. After allowing the atoms to re-thermalise the average
energy of the atoms (and therefore the temperature) is reduced at the expense of reduced atom number. It is
this process which allows us to reach the temperatures required for BEC.
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