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One PhD position and one postdoctoral position is
available in the group of Dr David Carty in the field of
cold and ultracold molecules experiments, specifically
on a project entitled Cooling Molecules to MicroKelvin
Temperatures: Deceleration, Trapping and Sympathetic
Cooling for Quantum Simulation. The position is
associated with a large new EPSRC grant entitled
MMQA: MicroKelvin Molecules in a Quantum Array,
joint with other experimental groups at Durham (led by
Dr Simon Cornish and Dr Eckart Wrede) and Imperial
College London (led by Prof. Ed Hinds, FRS and Dr
Mike Tarbutt) and the theory group of Prof. Jeremy
Hutson, FRS in Durham.

David Carty is a member of both the Physics and
Chemistry Departments at Durham University. Before
starting his current position of lecturer in Durham in late
2007, David Carty was a postdoc in the group of Prof.
Tim Softley in Oxford and previously was a postdoc in
the group of Prof. Gerard Meijer at the FHI in Berlin.
During his postdoc years, he worked on Stark decelera-
tion and storage of ND3 in a molecular synchrotron [1].
In the last couple of years he has been developing the
Photostop technique in collaboration with Dr Eckart
Wrede of the Department of Chemistry in Durham [2, 3].

The postdoctoral position will be associated with the
Atomic and Molecular Physics (At Mol) group in the
Physics Department. The At Mol group currently con-
sists of nine members of staff, ten postdocs and twenty-six
PhD students and the research activities of the group can
be viewed at http://massey.dur.ac.uk/index.html.

Background

The study of cold molecules (below 1 K) and ultracold
molecules (below 1 mK and as low as 100 nK) is a “hot
topic” in contemporary physics and chemistry [4]. The
potential applications of such molecules include:

• Quantum simulators – polar molecules in optical
lattices can be used to create “designer Hamilto-
nians” to solve problems in quantum condensed
matter physics that are completely unapproachable
with conventional computers;

• Precision measurements – e.g. detecting the elec-
tric dipole moment of the electron (a measurement
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that will test physics beyond the Standard Model)
and detecting time-variations of fundamental “con-
stants” (such as the fine-structure constant or the
electron-to-proton mass ratio);

• Quantum information processing – manipulation
and storage of qubits, i.e. “quantum computing”;

• Controlled cold and ultracold chemistry – chemical
transformations are controlled using external fields
and, at ultracold temperatures, control is coherent
and of the complete ensemble of molecules.

The quantum simulation application in the list above
is the one that is most important to the MMQA
programme. Understanding the complex behaviour of
many-body quantum systems is one of the greatest
challenges in modern physics. Strongly interacting
quantum systems are particularly challenging because,
when every particle interacts appreciably with every
other particle, the behaviour of the bulk cannot easily
be understood from that of the constituents. From
such strongly interacting quantum systems emerge
extraordinary and fascinating phenomena such as
the fractional quantum Hall effect, high-temperature
superconductivity and exotic forms of magnetism.
Many of these phenomena are poorly understood. In
condensed matter physics, these complicated physical
systems are often approximated by simplified models
of interacting spins on a lattice. Even for these very
simple spin lattices, the ground states are often unknown.

Modelling a strongly interacting quantum system on a
computer is often an impossible task. In an early work
on quantum computation, Feynman proposed using
instead a quantum simulator – a system of interacting
quantum particles whose interactions can be controlled
and tuned [5]. This futuristic idea is now set to become
reality. Polar molecules have a strong long-range dipolar
interaction, which is crucial for the quantum simulator
to achieve its full potential. A quantum gas of polar
molecules on an optical lattice would have a very
rich phase diagram [6]. It would allow a wide variety
of many-body quantum phases to be engineered and
simulated [7], including those with emergent topological
order [8, 9], where the long-range order is in non-local
quantum entanglement, as in the fractional quantum
Hall effect.

Ultracold molecules may turn out to be a transforma-
tional technology for the middle of the 21st century. It
is not inconceivable that your iPhone will contain arrays
of ultracold molecules in 25 years time, and even if it

http://www.dur.ac.uk/physics/staff/profiles/?id=5513
http://massey.dur.ac.uk/slc/index.html
http://www.dur.ac.uk/eckart.wrede/
http://www3.imperial.ac.uk/ccm/
http://www3.imperial.ac.uk/ccm/
http://www.dur.ac.uk/j.m.hutson/
http://www.dur.ac.uk/j.m.hutson/
http://softley.chem.ox.ac.uk/
http://softley.chem.ox.ac.uk/
http://www.fhi-berlin.mpg.de/mp/
http://massey.dur.ac.uk/index.html
mailto:david.carty@durham.ac.uk


does not then we will have learned a great deal of new
physics and explored new phases of matter using the
quantum playground that ultracold molecules provide.

There are two main approaches that are currently being
developed to produce ultracold molecules:

• Indirect approaches, in which atoms are first cooled
to ultracold temperatures and then paired up to
form molecules by magnetoassociation and coher-
ent transfer to the absolute ground state;

• Direct approaches, in which the molecules them-
selves are cooled from room temperature to the ul-
tracold regime.

The two approaches each have their strengths and
weaknesses. The indirect methods are currently better
developed, and two species (Cs2 and KRb) have now
been produced in their absolute ground states at high
densities and at ultracold temperatures (below 1 µK).
However, the indirect methods are limited to molecules
produced from atoms that themselves can be laser-
cooled, which is a very small part of the Periodic Table
(alkali metals, alkaline earths, and a few others). The
big challenges for the indirect methods are to extend
them to the production of species beyond Cs2 and KRb,
and to understand their quantum properties.

Direct methods are, in principle, far more general, but
at present the experiments are stuck at temperatures
between 10 mK and 100 mK, which is too high for many
applications, and in low numbers and low densities. The
big challenges for the direct methods are to find a way
of making the cold molecules produced ultracold, and
to produce them in large quantities and at high densities.

Both indirect and direct approaches will be followed
experimentally under the MMQA programme. David
Carty’s specific project is detailed in the following sec-
tion.

Project

The key barrier to be surmounted in order to build
the quantum simulator will be the cooling of more
than 107 molecules to µK temperatures, which has
never been achieved before. David Carty’s project
within the MMQA programme will begin by building
a magnetic conveyor decelerator (MCD). The MCD is
a new innovation in molecule cooling/deceleration that
promises to produce a diverse range of cold (tens of
mK) paramagnetic molecules (and atoms) in high num-
bers [10]. Once cooled into the mK regime by the MCD,
the molecules will then be loaded into a microwave trap
and overlapped with magnetically trapped atoms that
will subsequently be laser cooled thus sympathetically
cooling the molecules into the µK regime.

In the MCD, the species of interest is first cooled to a
temperature of ca. 1 K by supersonic expansion1 thus
forming a fast moving, unidirectional beam of a few
hundred m s−1. The fast-moving atoms (or molecules)
are then loaded into a magnetic trap at one end of
the decelerator (see Figure 1, modified with permission
from [11]). This trap can be moved controllably along
the length of the decelerator using smoothly varying
fields created by a set of current-carrying coils (see
Figure 2). If the trap is moved at the same speed as
the atoms, it simply guides them from one end of the
decelerator to the other, preventing them from spreading
out in any direction. If this moving trap is decelerated
as it propagates, the trapped atoms will be decelerated
too, so that at the end of the machine they are trapped
at rest. This idea is based on previous deceleration
experiments but eliminates an inherent instability in
those decelerators, thus providing a massive increase in
efficiency (up to efficiencies of ca. 30%).
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FIG. 1: Schematic setup of the magnetic conveyor decelerator
(MCD) including supersonic molecular beam source.

Trapping the molecules in a Fabry-Perot microwave
trap is a very important part of the sympathetic cooling
process as the molecules can be trapped in their absolute
ground states in one of the anti-nodes of the microwave
field. If the molecules are not in their absolute ground
state, they can undergo inelastic collisions with the
laser cooled atoms during the sympathetic cooling
process and be ejected from the trap. On the other
hand, molecules in their absolute ground states can only
undergo elastic collisions and will thus remain trapped.
However, Jeremy Hutson is pursuing the identification
of a suitable system where the absolute ground state
condition is not necessary, but so far, only the NH + Mg
system [12] and the NH + N system [13] has been found
to have any promise. Unfortunately, they are unsuitable
on practical grounds, e.g. Mg is hard to cool to very low
temperatures.

There is a lot to explore and a lot of exciting challenges
ahead...

1 Later to be replaced by a more intense buffer gas cooled source.
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FIG. 2: A moving magnetic quadrupole trap, at snapshots (i)–(iv) in time, created by sets of current carrying coils. The white
cross marks a single trap as it moves. (i) The top set of coils is a mirror image of the bottom set of coils and each set winds
in and out of the page. Each set of coils consists of two intertwined double helices, one consisting of coils A and B and the
other consisting of coils C and D, that have been pressed flat. (ii) At any given time t, the current in the coils is given by the
expressions in the labels. The velocity of the trap is given by v = ωλ/2π, where ω is the angular frequency of the oscillating
current and λ is the periodicity of the magnetic field. (iii) A quadrupole running down the length of the decelerator provides
transverse confinement of the molecules or atoms in the moving trap. (iv) An indication of the potential scale of the decelerator,
λ = 11.2 mm. The decelerator design shown here is that of Dr Nicolas Vanhaecke, LAC, Paris, and is potentially the one that
we will follow in this project. See [10] for another potential design.

• What is the maximum number of molecules that
can be trapped by deceleration?

• Can the molecules be transferred in high numbers
into a microwave trap in their absolute ground
state?

• What are the elastic and inelastic cross-sections for
very low energy atom-molecule collisions and can
the cross-sections be controlled using externally ap-
plied electric and magnetic fields?

• Can we sympathetically cool molecules to µK tem-
peratures?

• Can we load the molecules in large numbers into
an optical lattice?

...and these are all before we start the quantum simula-
tions themselves and the new physics that will be uncov-
ered.
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