Creation and Manipulation of Quantum States of

Light and Cold Atoms using Rydberg States

Thomas Henry Laycock, MPhys.

Thesis submitted to the University of Nottingham

for the degree of Doctor of Philosophy

December 2013



Abstract

Rydberg atoms are often proposed as the basis of quantum computing
and quantum information protocols. One of the central reasons for
this is that they provide a strong and long-ranged interaction that can
be coherently switched on and off. This thesis details two techniques
which use the exaggerated properties of Rydberg atoms to manipulate
both the quantum state of the atom itself and that of the external light
field.

The first proposal initially focuses on the creation of many-body
quantum states from two-level atoms trapped in a two-dimensional
lattice. This approach uses the van der Waals interaction present
between alkali metal atoms in highly excited Rydberg s-states. The
approximate solution of the corresponding Hamiltonian is detailed in
the regime where the laser driving is the largest energy scale of the
system. The states which are most likely achieved using an oscillating
laser detuning are then determined. These states are then taken as the
basis for the creation of deterministic single-photons, whose properties
are shown to rely on the interplay between interatomic spacing and
the geometry of the lattice.

The second technique described uses the coupling between a Ry-

dberg atom and a moving electron to manipulate the atomic state.
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In this system, the atom is initially excited to a Rydberg s-state and
trapped at a finite distance from an electron waveguide. Two analyti-
cal methods are used to show that the final state of the atom depends
strongly on the direction and modulus of the electron momentum. A
complementary numerical simulation shows that the atoms may be
left in a polarised state, suggesting the possibility of using this setup
to ‘switch on’ permanent electric dipoles in the atoms. This investiga-
tion leads naturally to a system where multiple interacting atoms are
trapped close to the waveguide, allowing various many-body states to

be accessed.
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Chapter 1

Introduction

In this thesis there are two main research chapters, each investigating distinctly
different problems. For this reason, this introduction covers only the topics which
are common to both problems, with a second more focused introduction given at

the start of each research chapter.

1.1 An Overview of Cold Atom Physics

Cold atom physics is one of the most diverse and active research fields today. It
provides us with a unique opportunity to study a wide range of many-body sys-
tems in clean and decoherence-free environments [1-3]. Advances in our ability
to trap and cool atoms [4,5] led to the first observation in 1995 of a Bose-Einstein
Condensate (BEC) [6,7], a new state of matter first predicted 70 years earlier [8,9].
These seminal experiments paved the way for a wealth of theoretical and experi-
mental studies of the phenomena associated with a macroscopic occupation of the
quantum ground state. A few examples of the subsequently undertaken studies
are the observation of interfering condensates [10, 11], the optical confinement
and formation of condensates [12,13], long-range phase coherence [14] and the

formation of quantised vortices [15,16]. In addition to these there have been nu-
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merous experiments that have achieved BEC with different atomic species. More
recently, there has been significant interest in the miniaturisation of the condens-
ing process with the use of atom chips [17-19], leading to a great advancement
in the fields of atom optics [20] and atom interferometry [21].

A key element of cold atom physics that has thus far been omitted in this
brief review is the optical lattice [22]. A simple description of this novel tech-
nique is the storage of cold atoms in artificial periodic potentials formed by the
superposition of counter-propagating laser beams. Trapping of the atoms relies
on the interaction between an induced atomic dipole moment and the external
electric field of the incident laser light, thus forming an optical dipole trap [23].
Using counter-propagating laser beams creates a standing wave in the associated
electric field, the detuning of the laser thus determining where the atoms are
trapped. For optical lattices created by red detuned lasers, it may be shown that
the atoms are attracted to the maxima in the electric field, whereas in the case
of blue detuned lattices the atoms are expelled from these maxima. Therefore,
creating a trap using blue detuned lattices is more complicated, requiring extra
potentials to be introduced to stop the atoms being completely expelled from the
laser field. However, it has been shown that it is possible to trap atoms using
blue detuned light [24,25]. Optical lattices are therefore an incredibly versatile
tool in the study of many cold atom systems in the fact that both the geometry
and strength of the confining potential are easily varied. In order to vary the ge-
ometry of the system, the associated laser beams need merely be interfered under
a different angle. The depth of the confining potential is even simpler to vary, as
it is simply altered by changing the intensity of the incident laser beams. This
powerful technique is central to both the topics detailed in this thesis, therefore
remainder of this section outlines many, but by no means all, of the fields in which

optical lattices have been instrumental.
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It was Richard Feynman who initially championed the idea that the simulation
of one complex quantum system required a different highly controllable quantum
system [26-28]. The problem being posed by the simulation of a quantum system
is the scaling of its Hilbert space. The size of this complex vector space, in which
the wavefunctions of the quantum system exist, increases exponentially with the
size of the system. A measure of the system size is the number of variables
required to completely describe it. This scaling of the Hilbert space renders even
the problem of recording the quantum state of the system intractable using a
classical computer, as it requires an exponential amount of memory. The insight
Feynmann gave was to question whether this exponential growth of resources
could be bypassed by having the simulator itself a quantum system, thus obeying
the same equations of motion as the simulated system. This is the fundamental
description of a quantum simulator. A variety of possible systems which may be
used as these simulators are outlined in [29].

The quantum simulator finds some of its most striking realisations to date in
the simulation of condensed matter systems using optical lattices [30,31]. The fa-
mous Hubbard model [32], where interacting particles on a lattice are described by
only two parameters - their on-site interaction energy and a site-hopping poten-
tial - has long been used as an approximate model for the extremely complicated
problem of interacting electrons in condensed matter systems. This is the perfect
model to describe interacting particles in a zero temperature optical lattice. In-
deed one of the key predictions of the Hubbard model; the superfluid (tunnelling
dominant) to Mott insulator (on-site interaction dominant) phase transition, was
observed in an optical lattice in 2002 [33]. Further to these initial studies, where
the lattice was loaded with bosonic atoms, has been the realisation of the Mott
insulating state of fermionic atoms [34]. This is an important step, as it brings

the field closer to the case of electrons in a solid, where proximity to the Mott
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insulating phase has been proposed as a possible origin of high temperature su-
perconductivity [35].

Further to the idea of using one quantum system to simulate another, the idea
that the laws of quantum mechanics could also be used to enhance or supersede
the capabilities of classical computers has also been developed [36]. The fact that
quantum mechanical states may exist in superpositions allows the classical ‘bit’
of information to be replaced in a quantum computer by a quantum bit, or qubit.
These qubits may be viewed as two-level systems whose possible states, |0) and
|1), may also form superpositions following the laws of quantum mechanics. The
basis for the quantum computer itself is a quantum register [37] formed by an
entangled string of qubits. A quantum computation is performed when a unitary
operation is made on the state of the register, which may be decomposed into a
sequence of single- and two-qubit operations, the former performing a rotation of
a specific qubit in the register, and the latter entangling the two involved qubits.
The role of quantum entanglement in quantum computation is considered in [38],
where one its main applications is to provide exponential speed up of algorithms
over classical computation [39]. This ability has been famously demonstrated
with the predicted efficiency gain in the factorisation of large numbers using an
algorithm only possible on a quantum computer [40]. There have been many pro-
posals using cold atoms in optical lattices as the foundation for such a quantum
computer [41-44]. One such example is based on the formation of a Mott insula-
tor state with precisely one atom per lattice site where only one specific internal
state of the atom is trapped [45]. Overlapping two lattices that trap different
internal atomic states, which must be carefully chosen, may form the basis of a
quantum register, where moving one lattice relative to the other can implement
computation operations. Complementing this method is the more recent devel-

opment of single-site addressability of the lattice [46], which allows the internal
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state of the atom at a specific site to be changed.

This brief review has only scratched the surface of the astounding variety of
proposals and experiments being carried out in the world of cold atoms. This
thesis details two further areas of research, both of which rely on the ability to
trap and store atoms in regular arrays or by themselves. The following section
introduces the reader to the current state of research into quantum interfaces be-
tween light and atomic ensembles, which is particularly important for the systems

described in chapter 2.

1.2 Interactions between Light and Atomic En-
sembles

As discussed briefly in the previous section, the interaction between an atom and
an electromagnetic field is governed primarily by the electric field inducing an
atomic dipole moment which subsequently interacts with the inducing field. In
optical lattices, the frequency of the field is far detuned from any of the atomic
transition frequencies, so as to trap the atom rather than induce state transi-
tions in it. The focus here will be on near-resonant fields, such that a single
atom undergoes Rabi oscillations when subject to them. As neatly derived and
explained in [47], the presence of a strong and near-resonant laser field means
that only two atomic states are relevant to the dynamics, the ground and close
to resonance excited state, with the dominant population oscillating between the
two. An example of a level scheme and applied laser in this regime can be seen
in Fig. 1.1, where it is clear that as the frequency of the laser becomes further
detuned from that of the atomic transition, the population transfer is reduced
whereas the frequency of the oscillation is increased.

Of course, the situation becomes more complicated when the single atom is
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Figure 1.1: (a) Simplified representation of the level scheme of an atom
where a laser of Rabi frequency 2 = — (e|d - Eg| g) is close
to resonance with the atomic transition |g) — |e). (b) The
resulting Rabi oscillations when the laser has three different
values of detuning; A = 0 (black, solid), A = 2.8Q (blue,
dashed) and A = 5.6 (red, dot-dash), where P, is the prob-
ability of finding the atom in the excited state.

replaced by an interacting atomic ensemble. In this case collective excitation
states of the atomic ensemble may be coupled to the light field [48]. One of the
initial proposals to couple light and atomic ensembles was to map a squeezed
light state onto the spin state of the atomic ensemble [49]. The experimental
verification of this proposal [50], demonstrated that the storage of a quantum
state of light in an atomic ensemble was indeed possible and motivated the devel-
opment of numerous further approaches. An example of these is based on using
electromagnetically induced transparency [51] to reduce the speed of light in the
atomic ensemble [52] to zero, thereby creating an atomic memory for light [53].
The following paragraphs outline just a few fledgling technologies in which these
quantum memories, where the quantum state of light is stored in an atomic state,
could play a central role.

Once again, the main implementations of this technology, but by no means
the only ones, are found in the field of quantum computation and communication.

Specifically, atoms and photons fulfil the three main requirements for a distributed
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quantum computer network, which are outlined succinctly in [48] as: mapping the
light state onto a memory, storage and computing operations on the memory and
efficient retrieval of the memory state back into light for transport and further
operations. In the quantum computing sense, such a network may be seen as a
step towards a quantum computer with a very high number of qubits. Such a
large qubit number quantum computer, which is currently technologically out of
reach, may be simulated using a number of low qubit number computers between
which the quantum information is transferred in various channels [54]. The initial
outline of a quantum computer network may be found in [55], where examples of
proposals for state transfer between the computational nodes are given in [56,57].
The following ideas are based on using photons to transfer the quantum state
between nodes which are comprised of atomic ensembles.

One of the challenges of this model of a quantum computer is the efficient
transport of a quantum state between different memories in the network, which
is hampered by the information photon being absorbed by or depolarised within
an optical fibre. A proposal to overcome this issue is the idea of a quantum re-
peater [58]', the building blocks of which are sources of entangled photons and
quantum measurement devices. It has been subsequently shown that a variation
on this scheme can be used to result in the entanglement of atomic ensembles
that are spatially separated [59]. A diagram representing how the necessary en-
tanglement between the ensembles is generated is provided in Fig. 1.3. This more

complicated scheme is capable of creating entanglement in collective excitation

'In general, a single quantum repeater has two sources each producing two entangled pho-
tons. The entangled state created from each source should be the same. After some distance
d, which is within the length over which entanglement is reliably conserved, one photon from
each source is measured. If the result of the measurement is the same for each photon then the
two remaining photons are entangled. An advantage here is that when the remaining photons
are counter-propagating, their entanglement now exists over a distance 2d. This scheme is
represented diagrammatically in Fig. 1.2. Adding another repeater and measuring one of the
resulting photons from each increases the entanglement distance to 4d and so on. This is a
simplified picture of a quantum repeater, but is intended to convey the main idea that such a
device may increase the distance over which quantum state transfer is reliable.
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Entanglement

Entanglement

Photon Photon

Source Source

Figure 1.2: A schematic representation of a quantum repeater. The mea-
surement of one photon each from the two sources of entan-
gled photons leaves the remaining two photons, one from
each source, entangled. This setup may be used to increase
the distance over which entanglement may be conserved.

states of atomic ensembles over distances greater than those possible with a sin-
gle photon and therefore may be used to copy the exact state of a system over
distance. The first steps towards the experimental achievement of this protocol
are documented in [60]. This initial paper shows how the write pulse generates a
photon which may subsequently be used for ensemble entanglement, with a later
read pulse transferring the ensemble state into a photon. Further studies focus
on the interpretation of the photon produced by the readout laser as retrieving
information from a quantum memory [61-64].

This section has introduced how the interactions between light and atomic
ensembles may be used in a number of applications in the field of quantum infor-
mation. A further use of this type of interaction is the generation of non-classical
states of light using ensembles of Rydberg atoms. This proposal, which is par-
ticularly relevant to the research presented in chapter 2, is presented in section

1.3.2, after the following section introduces Rydberg atoms and their properties.
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............................

Detectors

Splitter

Figure 1.3: (a) The atomic level scheme required for the ensemble quan-
tum repeater. A classical laser with Rabi frequency 2 cou-
ples the levels |g) and |e) off resonantly with a photon sub-
sequently emitted on the transition |e) — |[s). (b) Two en-
sembles are illuminated with the a pulse of the laser of Rabi
frequency 2 such that the transition |g) — |s) is achieved via
auxiliary level |e). With the initial pulse light filtered out
(not shown), the remaining light is interfered at a 50 — 50
beam splitter such that the ensembles are entangled when a
photon emitted with the |e) — |s) frequency and polarisation
is detected at either detector. The resulting entangled pairs
of atomic ensembles then act as the basis for an ensemble
quantum repeater. This image is an adapted version of that
found in [59].

1.3 Rydberg Atoms

The term ‘Rydberg atom’ refers to an atom whose valence electron is excited
to a very high principal quantum number, n > 1. In this section, some of the
exaggerated properties of these atoms will be introduced, which is followed by a
review of proposals and experiments where they play a central role. It will be
shown that many properties of Rydberg atoms scale with their principal quantum
number. The idea of the principal quantum number itself was initially encoun-
tered in Bohr’s model of the atom, where the requirement of the quantisation of

the angular momentum of the valence electron in units of & was first introduced.
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Following the later development of quantum mechanics, it has also been shown
that this quantisation follows naturally from solution of the Schrodinger equation.

The scaling of the orbital radius of a Rydberg atom will be introduced first.
A simple calculation of this property utilises the classical model of the motion of

the single bound electron in a hydrogen atom,

mev? e?

r Aregr?’

where m, is the mass of the electron, e is its charge, r is the radius of its circu-
lar motion and 1/(4meg) is the Coulomb constant. From Newton’s second law,
this equates the Coulomb interaction between the nucleus and electron with the
electron mass times the centripetal acceleration when the electron is in a circular
orbit with tangential velocity v. The requirement that the angular momentum of

the electron be quantised in units of A may be written as,

mevr = nh,

which may be rearranged into an expression for v. Substituting the tangential

velocity into Newton’s equation yields the expression for the radius of the orbit

2
- (4;2):1 n?,

which clearly scales as the square of the principal quantum number, with the

prefactor recognised as the Bohr radius, ag. Therefore, when the outer electron

of any atom is in a highly excited state, it may be found at great distances

from the core of the atom, which consists of the nucleus and the other orbiting

electrons. This qualitative result is confirmed by solving the quantum mechanical

problem of the electron moving in the attractive central potential of the hydrogen
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nucleus, where the actual result changes to [65]
(r) = 3 [3n” = 1+ 1)),

and has introduced [, the orbital angular momentum quantum number of the elec-
tron. This result becomes important in chapter 3, where the minimum possible
distance between two separate quantum systems needs to be fixed.

Further scaling laws for Rydberg atoms can be gleaned from the Bohr model.
One that will be important in this thesis is the energy difference between adjacent
n states. The energy, W of an atomic state is obtained by summing the kinetic

and potential energies of the electron [66]

Wo— mev? e? B e’me. 1 1 1
2 (4meo)r  2(4mweg)2n2h2 2 ag(dmeg) n?’

where the fact that these energies are negative indicates that they are bound
states. From this, it is possible to find the scaling of the energies between adjacent

principal quantum number states of a Rydberg atom,

W] 1 1 o 2n + 1
(s " 2a0(4mee) \n2 (n+1)2)  2a¢(4meg) nt + 2n3 + n?
n’>31 1 _3

" 2a0(4meg) "

Therefore the higher lying Rydberg states lie closer together in energy with in-
creasing n.

One further scaling law for the Rydberg atoms is that of the transition dipole
moments, which will repeatedly be referred to in the research chapters of this
thesis. Depending on whether a change in principal quantum number is involved
in the dipole transition (there are no selection rules to govern a change of n),

analytical expressions for these can be very difficult to calculate, for example see
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the expression for the radial part only given in [67]. However, there is a simple
analytical expression for the radial transition dipole moment when the principal
quantum number is conserved, the derivation of this result will not be given here,
but is laid out nicely in [68] and is quoted in [66] as being

SNy

<Rnl|T’Rnl+1> - 9

aop,

where R, is the radial wavefunction of the hydrogen atom with quantum numbers
n and [. The scaling of the dipole transition elements for atoms in Rydberg states
with low angular momentum is therefore proportional to n%. Due to the extremely
large size of Rydberg atoms, the resulting scaling of the transition dipole moments
means that they are very sensitive to electric fields, a fact which will specifically
utilised in chapter 3, with relevant experiments provided in section 1.3.2 of this
introduction.

This section has briefly outlined the main scaling laws for atoms in Rydberg
states. Provided in table 1.1 are all of the scalings that are used in this thesis,

where a further point to note is the scaling of the radiative lifetime, which shows

Property Scaling

Binding Energy n
Energy between adjacent n states || n
Orbital Radius n?
Transition Dipole Moment n
Radiative Lifetime n

Table 1.1: Scaling laws for some properties of Rydberg atoms. Those not
already examined are given in [66].

that these highly excited states are actually longer lived as the level of excitation
increases.
The following section of this introduction details the interaction between two

Rydberg atoms, which will be important in both research chapters of this thesis.
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1.3.1 Rydberg Atom Interactions

The interaction between two Rydberg atoms whose nuclei are separated by a

distance Ry, = ‘ﬁab which is much greater than the orbital radius of the specific

Rydberg state, (r) ~ 3/2 x n?, is given by the dipole-dipole interaction. The
labels that are used to describe this interaction are shown in the schematic in
Fig. 1.4. Viewing the nuclei as single positive charges fixed in position, the full

Ta
D r
a b

Figure 1.4: Diagram showing the labels used in characterising the dipole-
dipole interaction.

Coulomb interaction potential may be written as

1 1 1 1

V;id:R - = S, = S T = S o)
ab |Rab+rb| |Rab_ra| |Rab+rb_ra|

where 7, and 7, are the vectors describing the positions of the valence electrons of
atoms a and b respectively, with R, the displacement of the two nuclei. The four
terms all describe Coulomb interactions in atomic units; the first is that between
the two nuclei, the second and third are between each nucleus and the valence
electron of the other atom with the final term being that between the two valence
electrons. Under the assumption Ry, > 74,15, where r, = |7,| and 1, = |73|, this

expression may be Taylor expanded about r,,r, = 0 to yield
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To see the effect of this interaction, consider the example where two atoms are
initially laser excited to the same Rydberg state. As explained in [69], the dipole-
dipole interaction will cause dipole transitions to other states, of which there are
an infinite number. However, due to differing energy gaps and dipole transition
elements between these states, the interactions are dominated by the coupling
between only two of them [70]. The following characterisation of the strength of
this atomic interaction is based on the simple model described in [71].

For simplicity, the two atoms are initially excited to the state |ns), a situation
which will be expressed as |ss). A further simplification of the problem sees the
separation between the atoms be only in the z-direction, such that ﬁab = Ru2.
The dipole transition rules mean that the initial state only couples to those where
both atoms are in a p-state, but further approximations to the strength of these
transitions may be made. Using the spectrum of a rubidium atom, which may be
seen in Fig. 3.2(b), the p-states which are closest in energy to |ns) are |np) and
|(n — 1)p), therefore only the coupling to these states is considered, as illustrated

in Fig. 1.5, with E,, and E,_), their respective energies, and the energy of the

Enp |np>1 Enp —_— |np>2
00— ns); 00— 1Ins)y
E(n—l)p—|(n_ 1)p>1 E(n—l)p—‘(n_ 1)p>2

Figure 1.5: Simplified level scheme of the two atoms which will be used
to characterise the Rydberg-Rydberg interaction.

initial state is set to zero. Using these as the only relevant states of the atom,

there are only three possible states to which the initial state is coupled,

Inpp) = [np), |np),
[(n = 1)pp) = |(n —1)p), [(n —1)p), and

innpp) = % (I8}, 10— 1)p)y + [(n — 1)p), [np)y)
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, with |E,,| > 0 and

Furthermore, when considering that |E,,| =~ |E(n_1)p
}E(n,l)p’ < 0, the couplings to both |npp) and |(n — 1)pp) can be neglected
as these energy differences are much greater than that to [nnpp), Enp + E@q-1)p.

Including only these two states, the two atom Hamiltonian may be written as

Enp+E(n_1)p Rie’b - J Vv12
Riib 0 Vis 0

where v = (ss |7 - 7 — 3 (7 - 2) (7% - 2)| nnpp). The energies of the system are

found by diagonalisation of the Hamiltonian,

9 Vi \?| 6 (6 VP
By=g (1% ”(T) ”Ei(§+7 :

where the approximation considers the interaction energy smaller than the state
separation, V' < 6. The solution E_ corresponds to the situation where the
atoms are initially in the state |ns) and therefore the atoms have been shown to
interact according to the van der Waals potential

V2o G

Veaw (Ri2) = —— = —,
! 5 RS,

where C5 = v?/(E,, + E(,-1),) is the van der Waals coefficient and typically
scales as n'' [72,73]. A simple way to estimate the scaling of this coefficient is
to recognise that the numerator is essentially the square of the product of two
transition dipole elements and the denominator roughly the energy level spacing,
the individual scalings of which are seen in table 1.1. Due to this scaling of
the interaction with the principal quantum number of the state, Rydberg atoms
typically interact with a strength in the region of MegaHertz over micrometre

distances [73]. Having briefly outlined the derivation of the Rydberg interactions
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presented in [70], this section now provides a short explanation of the Rydberg
(dipole) blockade, which is central to many of the proposals and experiments
introduced in section 1.3.2.

The strength of the Rydberg-Rydberg interaction leads to a phenomenon
called the Rydberg blockade, the observation of which is documented in [74] and
is beautifully explained in [75]. To understand this effect, consider two atoms
initially in the ground state, |g) and separated by a distance r. Considering this
ground state is coupled resonantly to the Rydberg state, |r), by a laser with Rabi
frequency €, the state where both atoms are in the Rydberg state has energy
twice the atomic transition plus the energy of the interaction V(r) = Cg/ |r|°. A

schematic representation of this situation can be seen in Fig. 1.6. Thus for both

%
?g rr)
Q0
@ 0
Q_ %Ogr} + |rg>>
0
»99)
Ty r

Figure 1.6: A schematic showing how the energy level of the simultane-
ous excitation situation changes with atomic separation (red
curve) and how this is used to define the blockade radius, 4.
The blurred blue line represents the linewidth of the laser.

atoms to be excited simultaneously the interaction energy must be overcome by
the laser. The probability of simultaneous excitation thus rests on the linewidth
of the laser, which for strong laser driving is determined by the Rabi frequency.
Therefore, the atoms may not be simultaneously excited if the interaction energy

is larger than the Rabi frequency. This condition puts a limit on the separation
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below which the atoms may not be simultaneously in the Rydberg state as

Cg\
ry & | —
b Q() )

which is known as the blockade radius.

The large distances over which Rydberg atoms interact and their sensitivity to
electric fields [76-78] arising from the nucleus-valence electron separation may be
used to interface different types of quantum system. In this context, the Rydberg
atom forms one element of what is termed a hybrid quantum system. This is a
particularly active research field with one of its main applications being the field
of quantum computing, where with careful design these hybrid devices may com-
bine the features of two very different quantum systems. In particular, advances
in quantum computing place ever tighter requirements on the level of control of
the quantum state. Various studies of interfacing a myriad of different quantum
systems with various solid state devices may be found in [79-83]. One recent
proposal couples Rydberg atoms to superconducting qubits via a nanomechani-
cal resonator [84], which is shown to be a system suitable for both information
storage and processing. A further composite system coupling a Rydberg atom to
a superconducting transmission line is described in section 1.3.2, where a general
overview of Rydberg experiments is provided. The idea of these hybrid quantum
systems is employed in chapter 3 of this thesis, where a Rydberg atom is coupled
to a moving electron to achieve quantum state control.

Having introduced the origin of the strong Rydberg-Rydberg interaction and
one of its main consequences, this section concludes with a review of the very
varied proposals where Rydberg atoms are a key feature, along with experiments

which have been carried out.
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1.3.2 Summary of Proposals and Experiments

Delving into the diverse world of Rydberg atom proposals and experiments, one
finds many applications are in the field of quantum information, a comprehensive
overview of which may be found in [69]. Many of these proposals are based on
the idea of using the Rydberg blockade to create quantum gates [85] between two
atoms, each of which may act as a qubit for quantum computing. Shortly after
this initial proposal was made, it was also shown that the Rydberg blockade could
be used to create quantum gates where the qubits are ensembles of atoms [86].
This second proposal uses the Rydberg blockade to ensure that only a single atom
within the blockade radius is in the Rydberg state. The qubits are then the state
where all atoms are in the ground state and the state which is a superposition
of all possible combinations where only a single atom in the blockade radius is
excited. The building blocks for this second regime were subsequently shown to be
achievable when the Rydberg blockade was used to produce a collective excitation
between two atoms in 2009 [87]. Further to the idea of using the Rydberg blockade
as a tool to create quantum gates, the storage and manipulation of a large number
of Rydberg atoms in a large-spacing optical lattice has recently been suggested as
the basis for a quantum simulator [88], which would also make use of the single
site addressability previously discussed [46].

The field focused on the interaction of ensembles of Rydberg atoms with quan-
tum states of light is particularly active. One proposal taking such an approach
is based on the use of a ring lattice occupied by Rydberg atoms to generate col-
lective excitation states [89,90]. Following a mapping scheme detailed in [91,92],
such collective excitations are shown to produce exotic states of light [93], where
the photon is emitted into a superposition of different directions. It is shown that
the emission distribution is governed by the coupling of the collective excitation

to the readout laser field, and specifically the degree to which the collective spin
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wave acts as a single degree of freedom on the scale of the laser wavelength. This
work has clear applications in the field of quantum memories, showing not only
that a particular excitation may be stored within an ensemble of atoms but also
that the excitation may be retrieved deterministically, with the features of the
excitation actually mapped into the retrieved photonic state. This work is ex-
tended in chapter 2 of this thesis, where Rydberg atoms are trapped in various
two-dimensional geometries, with a detailed description of how the atomic states
may be created and subsequently mapped into photonic states is provided. Fur-
thermore, there have been two very encouraging experiments using this type of
idea. One of these [94] creates a collective excitation in an atomic ensemble and
subsequently retrieves only a single photon when the initial excitation is stored
using very high principal quantum number states. The other [95] uses electro-
magnetically induced transparency to slow a single photon through an atomic
ensemble, whilst ensuring that the shift of energy levels of the atoms due to
the Rydberg-Rydberg interaction does not allow the similar storage of multiple
photons.

Many proposals place Rydberg atoms in optical lattices as the ideal tool for
the study of quantum many-body systems [96-98]. Whilst having great value
in aiding our understanding of fundamental physics, advances in experimental
techniques in this area of research will undoubtedly aid in the development of
the many other proposals relying on the creation of collective excitation states.
Indeed, as is shown in chapter 2 of this thesis, schemes are available that allow
many body states to be created in such systems. Many proposals use lasers in
order to create the specific collective excitations in the system, as will be seen
to be the case in chapter 2. However, there have also been detailed studies into
the changing of Rydberg states using collisions with either charged or neutral

particles, for a very detailed review of this topic see [99]. As is shown in [100],
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collisions of low energy electrons with Rydberg atoms can lead to changes in
the orbital angular momentum state of the atom, and so this technique could
be seen as complementary to the laser fields initially used to bring the atom to
the Rydberg state. The research detailed in chapter 3, uses a similar method
to control the state of a Rydberg atom using its interaction with a travelling
electron, although in this scheme there is a fixed minimum distance between the
two objects as the electron is guided. Whilst focusing mainly on how the passing
electron changes the state of a single Rydberg atom, the chapter concludes with
the description of when the electron passes a chain of interacting atoms. It is
shown here that entanglement may be created between the atoms when a single
electron passes the interacting ensemble. This is a very simple way to produce
very interesting quantum many-body states. The fact that the electron passes
the atoms within a waveguide is unique within the field of collisions of electrons
with Rydberg atoms and as shown in chapter 3 may even allow the creation of

permanent electric dipoles of the atom.

1.4 Structure of this Thesis

In conclusion of this introductory chapter, this brief section provides an overview
of the research presented in the following chapters. A more detailed summary of
each chapter may be found in its own introductory section. Chapter 2 describes
how non-classical states of light may be produced from collective excitation states
formed using Rydberg atoms in two dimensional lattices. First of all, as the laser
driving of the lattice system is rather complex, the Hamiltonian is introduced and
an approximate solution method outlined. This is then followed by a scheme for
the preparation of the collective excitation states, detailing both the excitation
spectra for perfectly prepared lattices and those where uncertainty in the atomic

positions is present. Following the derivation of an exact diagonalisation method



1.4 Structure of this Thesis 21

for the Hamiltonian of this system, the focus moves to the generation of photons
from these excitations. The full derivation of the photonic angular distribution
is given, which is followed by distributions from the three lattice geometries con-
sidered, including once again those with finite uncertainty in the position of the
atoms. This chapter concludes with a section dedicated to summarising the main
results and suggesting some possible extensions.

In chapter 3, the research is distinctly different from that concerning Rydberg
atoms on a lattice. As alluded to previously, the research here focuses on the
interaction between a trapped Rydberg atom and a moving electron and how, by
tuning the momentum of the electron, it may be used to alter the initial atomic
state. Once again, this chapter starts with a detailed introduction of the Hamil-
tonian of the system and how the interaction part may be simplified under certain
conditions. An initial study of how the interaction affects the states of the sys-
tem is carried out using perturbation theory. Two more powerful techniques are
subsequently employed, approximate solution of the time-dependent Schrodinger
equation and Lippmann-Schwinger scattering theory, both of which are capable
of describing the changing state of the atom and yield identical results. Upon in-
troducing the real level structure of the atom, a numerical approach is employed
based on the Schrodinger equation method, the results of which for both rubidium
and lithium are detailed and compared. The analytical approach is then extended
to the case of multiple trapped interacting Rydberg atoms interacting with the
electron, and some preliminary results are given. Concluding this chapter is a
brief summary of the research presented along with a small number of possible

extensions and alternatives.



Chapter 2

Photon Emission from a Rydberg

Atom Lattice

2.1 Introduction and Background

The drive to understand the quantum interface between light and atomic ensem-
bles has been underway for well over a decade [48]. One of the initial studies of
this interface [49] showed that it was possible to map the squeezing of a light beam
onto the spin states of an atomic ensemble, and helped to show that proposals re-
lying on the coherent coupling between the two systems were feasible. Examples
of these proposals which will be relevant here are those of implementation of quan-
tum information processing protocols [86,101-104], quantum memories [61-64]
and the often closely related creation of deterministic and manipulable photon
sources [62,105-108]. Such photon sources rely on the ability to create entan-
gled atomic many-body states and map them efficiently onto the desired photon
states [91,93,109,110]. The current myriad of techniques available for the trap-
ping and manipulation of ultracold atoms [1] places them as one of the front

running candidates for the creation of these required atomic many-body states.
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Enhancing the already impressive range of systems available by the use of these
techniques is our ability to excite the trapped atoms to Rydberg states [66], which
have strong state-dependent interactions and thus allow atomic interactions over
distances of several micrometres [69, 88, 111].

An example of work emerging from the use of the strong interactions between
cold trapped Rydberg atoms is the observation of electromagnetically induced
transparency in such a system [112], which is the phenomenon best described
in [51] as occurring when ‘an opaque atomic transition is rendered transparent to
radiation at its resonance frequency’. A comprehensive review of the theory and
experiments on this topic may be found in [113], though specific knowledge in this
area is not required for the reader to follow the work presented in this thesis. This
study has not only lead to the advancement of the theoretical methods employed
to describe such a system [114], but also to proposals for their application in the
ever-growing field of quantum information [115]. However, as brilliant as this
work may be, it is not directly related to what will be considered here. Recent
work combining the features of cold atoms and Rydberg states which will be
relevant here is the proposal of a ring lattice occupied by Rydberg atoms for the
generation of collective excitations [89,90]. The subsequent mapping of these
collective excitations resulted in the creation of non-classical states of light [93]
when a single photon is emitted from the lattice. The properties of this photon
were shown to be dependent upon the interplay between the ring geometry and
nature of the specific atomic excitation initially realised.

This chapter details the extension of the work detailed in [89,90,93] to three
medium-scale complex two-dimensional lattice geometries: square, triangular and
hexagonal. Such geometries, which increase in complexity, may be realised with
the aid of microtrap array technology [116], which not only allows the creation

of complex lattices, but may also be reconfigured with relative ease. While there
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are many similarities between this work and the one-dimensional system, it will
become apparent that the Jordan-Wigner transformation used to solve the Hamil-
tonian of the one-dimensional system is not applicable in two-dimensions, and an
alternative is introduced. The solution of the Hamiltonian allows in a specific laser
regime defines collective atomic states in the system, the excitation properties of
of which are thoroughly investigated. Following from this, the aim is to map
these atomic states onto states of light, the procedure for which is described prior
to a detailing of the states which may be obtained. Numerical investigations on
the effect of atomic position uncertainty on both the atomic and photonic states
are also detailed, such that the results are related to effects that will undoubtedly
be encountered in an experimental situation.

The chapter is structured as follows. Section 2.2 introduces the system and its
Hamiltonian and shows that a two-level description is valid. Section 2.3 details
the solution of the Hamiltonian when it is limited to the regime where the laser
driving is dominant and describes the approximate spectrum resulting from this
parameter choice. Provided in section 2.4 is a description of how the initial state
of the system may be prepared, followed by a detailed analysis of the creation of
the many-body states and the associated excitation spectra for each of the three
lattice geometries. This section concludes with an explanation of the source of
the common features seen in each geometry and a brief analysis of how they are
affected by the introduction of atomic position uncertainty. Before making use of
these many-body states to create quantum states of light, section 2.5 describes
a numerical method for exact diagonalisation of the Hamiltonian, subsequently
comparing these exact results with those valid only in the strong laser driving
regime. Following from the comparison of these results, section 2.6 presents
the full derivation of how the atomic excitations may be mapped onto quantum

states of light, and culminates in an expression for the angular density matrix
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of the resulting photonic state. Concluding the research part of this chapter,
section 2.7 illustrates the photonic distributions expected from the most likely
excited states of the three lattice geometries before going on to describe their
robustness when atomic positional uncertainty is introduced. Finally, the chapter
concludes in section 2.8, where a brief summary of the results is provided, along

with suggestions for possible extensions.

2.2 System and Hamiltonian

The system and the its Hamiltonian are described in this opening section. Initially
the focus will be on the Hamiltonian describing the atoms in the lattice and how
this may be solved under certain conditions and how the resulting excited states
may be accessed. The work laid out here is then used in sections 2.6 and 2.7,
which show how photonic states may be produced from the atomic excitations
and provide an analysis of these, respectively. The main element of the system
is a gas of atoms trapped in a regular two-dimensional lattice with a total of N
sites. The lattice spacing a is of the order of a few micrometres and each site
is to be considered deep, such that the vibrational states within each site are
well approximated by the harmonic oscillator eigenstates and tunnelling between
the sites is absent. In this setup, the lattice is uniformly filled with a single
atom per site, the internal degrees of freedom of which are approximated by a
two-level system'. These two levels are the ground state, |g), and a Rydberg ns-
state, |r), where n is the principal quantum number and s refers to the angular
momentum quantum number [ being zero. This lattice system is subject to a laser
with Rabi frequency €y and detuning A which couples the two atomic states.

A diagram showing the lattice parameters and the internal level scheme of the

!This is a simplified picture of the atom as the Rydberg states are typically accessed via
two-photon absorption [117], where a third off-resonant state is used as an intermediate step in
the excitation process
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atoms can be seen in Fig. 2.1(a), where the aim to produce non-classical photons
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Figure 2.1: (a) A diagram showing the two dimensional square lattice
with lattice spacing a and the internal level structure of each
individual trapped atom. How the laser with Rabi frequency
Qo is used to write a specific collective excitation state onto
the lattice is described in section 2.4.1.(b) An illustration of
the intended photon production from a collective excitation
stored in the lattice. This process uses a second laser, with
the resulting photonic states shown in section 2.7.

from such a lattice is illustrated in part (b) of the figure. This figure shows the
specific example of a square lattice, though other geometries are considered in
the following sections.

The Hamiltonian of the non-interacting system may be written as

N N

Ho=0Y (Bm + fji)i) +A3 a, (2.1)

where b (b;) and 7! (7;) define the bosonic creation (annihilation) operators of a
ground state or Rydberg atom in the lowest vibrational eigenstate of lattice site

1, respectively, with n; the number operator for Rydberg atoms at site 7, defined
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as

It should be noted that atomic units are used throughout this chapter, the defini-
tions of these being given in appendix A. The atoms in the lattice interact when
in the Rydberg state via the van der Waals interaction. This scales as Cg/r® where
r is the distance between the two atoms, therefore being heavily dependent on
the lattice spacing a. The notation Cj in this interaction represents a polynomial
in the principal quantum number of the atom, having a leading power of n'! for
ns-states [73], thus illustrating one of the reasons why Rydberg atoms are such at-
tractive candidates for strongly interacting lattice systems. With the presence of
such a strong Rydberg-Rydberg interaction, ground-Rydberg and ground-ground
interactions may safely be neglected here. The interaction Hamiltonian may thus

be written as

Hip = E ‘/ijninja
i#j

where the interaction coeflicients are

Cs

Vi = ————,
2|R; — R,

(2.2)

with R; denoting the position of the atom at site i and the factor of 1/2 com-
pensating the double counting due to the summation over both ¢ and j.

As there are only two possible states in this regime it is possible to use spin-
1/2 algebra in order to analyse the system. The two possible atomic states may

therefore be represented as
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A set of ladder operators may subsequently be defined using the Pauli matrices

as

(%) (@)
. . 0 0
(&; — i&;) = ,
1 0

N —

&i:%(&w@'&i)z and o' =

such that 61 replaces a ground state atom by an excited atom at the site 7,
with 67 doing the opposite. The atom laser Hamiltonian (2.1) is subsequently

modified to include these ladder operators by performing the substitutions
b7 — 6 and #lh; — o'
to yield
N
Hyo=Y [Qoa; + Am}, (2.3)
i=1

where 6%, = ¢, + 6" swaps the atomic state at site <. The number operator may
also be conveniently written in terms of the Pauli matrices as
1~ .
m:§@+@y

where I’ represents a 2 x 2 identity matrix acting on site <. The total Hamiltonian

of the system may thus be written as

N

i=1 j#i

Before finding the solution of this Hamiltonian, it is important to note that the

ladder operators from which it is constructed obey neither bosonic or fermionic
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algebra. Instead they obey the standard spin commutation relations [118]

{6,6°} =1 and {6%,64.}=0

[6..67] =06 and [6%,6L] =0 Vi,j (2.5)
which obey anti-commutation and commutation relations whether they belong
to the same or different sites, respectively. This algebra makes a solution of the
system very difficult to find, as approximate procedures to solve these systems are
more readily available for those which are either wholly bosonic or fermionic. The
following section addresses this issue in two steps and within a certain parameter

regime.

2.3 Solution of the Hamiltonian

This section describes the method used to obtain the eigenstates and eigenener-
gies of the Hamiltonian (2.4), which is only approximate and must be carried out
in a specific parameter regime. The system is assumed to be in the strong driving
regime, where the laser driving () is its largest energy scale. This is represented
as Q> V™ |A|, with V™ = (C/a® being the maximum strength of the inter-
action, which occurs between atoms in neighbouring lattice sites. As alluded to
previously, the process of obtaining the approximate eigenvalues and eigenstates
of the system in this regime will be performed in two steps. The first step is to

make the dominant term diagonal, which is done by means of a unitary rotation

of the form .
N N o[ 1
Ur =] |ex [—i—az] = V2 V2 ,
R E p g P
V2 oooV2
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and performs the transformations 6, — —d, and 6, — .. Application of this

rotation to the Hamiltonian brings it into the form

N N
~1 A a ~7 1 i i ni ad
H — U;QLHOUR = QOEUZ + 521 (H—ax) + Z;‘/}j (a+03_ —l—a,aﬂr)
i= i= ]
1 o o 1 1
+7 Z#: Vi (646L +6'67) — 3 ; Vidht 5 ; Vi, (26)

where it is clear that the first term is now diagonal. However, the problem
remains that the ladder operators obey neither bosonic or fermionic algebra. The
second step of the process is to remove this issue. As explained in the following
section, this is achieved by application of the Holstein-Primakoff transformation,
which expresses the Hamiltonian in terms of operators which obey purely bosonic

algebra.

2.3.1 The Holstein-Primakoff Transformation

This section will detail how the Holstein-Primakoff transformation [119] is used
to convert the spin operators introduced in the previous sections into opera-
tors which obey purely bosonic algebra. The previous work on Rydberg atoms
trapped in a ring configuration [90] used the Jordan-Wigner transformation [120]
to convert the spin operators to those which obey canonical fermionic algebra.
Analogues for this transformation in two dimensions are very complex [121], and
so this alternative Holstein-Primakoff method is used. Following the notation

used in [122], the Holstein-Primakoff transformation makes the following substi-
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tutions

At A
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with S being the spin of each particle and dj (a;) bosonic operators creating
(annihilating) non-interacting bosonic excitations at the site i. These transformed
operators obey the original spin commutation relations (2.5), thus preserving the
physics of the system. As spin-1/2 algebra has been used to describe the system
up to this point, this transformation may be simplified by inserting S = 1/2 to

yield the final transformation,

& —\/1—ala; a

R At A A

ol —a; \/1—a;a

i AT 1

o, —2\aja; — 5) (2.7)

At this point, the transformed ladder operators may be inserted into the

Hamiltonian (2.6), which allows it to be rewritten as
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Up to this point this transformation is exact, though it has introduced square
roots of bosonic operators, which are difficult to treat in practical calculations.
For this reason, the approximation is made that the system will remain in a
subspace where the total number of bosonic excitations present is much smaller

than the number of sites. This may be expressed as

Ny =Y <aTa> < N,
such that the boson number expectation value <d;~r &Z-> < 1 for all sites z. This
allows what is referred to in [122] as the ‘1/S expansion’ to be performed, which is
a Taylor expansion of the square roots in the Hamiltonian (2.8) about <€L;rdi> = 0.

This yields

where the operators have been put in normal order [123]. The 1/S expansion
is further explained in [124]. Substituting this expansion into the Hamiltonian
and keeping only terms quadratic or lower in the bosonic operators yields the

approximate Hamiltonian of the system in the low excitation number subspace

_%ij(aj+ai)+z<%+}12%j>, (2.9)

the terms and eigenstates of which are analysed in the following section.
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2.3.2 Constrained Dynamics

The final bosonic Hamiltonian (2.9) shows that the two step diagonalisation pro-
cess applied has achieved the diagonalisation of the laser driving term such that

Op — 2&}6@ — 1. It is straightforward to show that the eigenstates of &\ are

|4, = % {g)s £ 1)}

such that 67 |+), = £ |£),. Using the diagonalised bosonic form of this operator
it can be shown that the equivalent bosonic states are |[—), = |0),, where the site ¢
is void of bosonic excitations, and |+), = |1), = al |0) ;» where a single excitation
is present at the site. Therefore each eigenstate of the dominant laser driving
term has a well defined number of bosonic excitations.

In further analysis, the system Hamiltonian (2.9) has four distinct terms, three
of which have different effects on the on the number of bosonic excitations in the
system. The Hamiltonian contains an overall energy offset, which does not change
the relative energy levels of the system and is formed from those terms which do

not contain any bosonic operators,
A 1
Ey=—-N (QO_E) +Z;‘fij. (2.10)
i#]

Following from this energy offset, there are those terms which will not change the

number of excitations in the system,
al 1
Hy =200y alai+ 7 3 Vs laa; +ala] . (2.11)
i=1 i#j

as they contain the same number of creation and annihilation operators. There

are also a number of terms which may change the number of bosonic excitations
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in the system by one, which may be gathered together to form

N

Hy = —% > (af +a) - %Zv;j (al +a:). (2.12)

i=1 ij

and contain unpaired creation and annihilation operators. Finally, there are those
terms which may change the number of bosonic excitations in the system by two

at a time,

These three distinet terms therefore form the full Hamiltonian as

and may be used to describe the dynamics of the system.

The excitation number conserving part of the Hamiltonian (2.11) contains
the dominant laser driving term. This defines a coarse energy structure of the
system where manifolds of quasi-degenerate states are separated by energy gaps of
approximately 2()5. These manifolds are formed by the states where the number
of bosonic excitations in the system, NV}, is the same. An illustration of this

energy structure is given in Fig. 2.2, where the actions of the different parts of

H{Z = 7 Np,=2
& [ 1w
H.{Z ¥ ! Np=1

Hos Hs ~2€)g
Ny, =0

Figure 2.2: An illustration of how the manifolds of the system are de-
fined by the number of bosonic excitations present, Ny,. Also
shown is how the three parts of the Hamiltonian can stimu-
late transitions between/within the manifolds.
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the Hamiltonian are also shown. The second term in H; does not change the
number of excitations in any given state of the system, thus it couples states
in the same manifold and can be seen to have a strength of the order of the
terms in V;;. The remaining parts of the full Hamiltonian, H, and Hj, create or
destroy one or two bosonic excitations in the system, respectively. As a result, the
states that they couple are separated in energy by 20, and 4€), respectively. The
associated transitions are therefore strongly suppressed and using second order
perturbation theory [125] may be shown to have rates proportional to A%/ and
(V)2 /Q), which are very small quantities in the strong driving regime.

As a result of the chosen parameter regime, it is clearly the Hamiltonian H;
(2.11) which governs the dynamics of the entire system. Therefore, to obtain
the form of the eigenexcitations of the system in this regime, H; requires diag-
onalisation. Since the first term of H; is already diagonal this amounts to the
diagonalisation of V;; as

> ULViiUjm = Dy,

ij
where Dy, is a diagonal matrix containing its eigenvalues. Using V;; = V};, this

diagonalisation process allows this part of the Hamiltonian to be written as
Hy =Y epbiby, (2.13)
k

where the operators IA)/,TC are defined as

N
bh =" _alUy, (2.14)

i=1

and the eigenvalues g, = 2y + Dj/2. Hence it can be seen that the operator
BL creates a collective excitation of energy ¢, in the system, as it is defined as a

superposition of all the single site excitation operators ELZT, where the coefficients
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are given by the eigenvectors of V;;.
It is now possible to write down the approximate eigenstates of the system
and their corresponding eigenenergies. The ground state of the system is that

which contains no bosonic excitations, such that it may be written as

|0> - H|0>Z’a (2.15)

where |0), is the state where there are no bosonic excitations present at site i.
This state has energy E, as defined in equation (2.10). There are N possible
states of the first excited manifold, as there are N different I;L creation operators.

These may then be written

|1,) = b} |0) (2.16)

and have eigenenergies given as Fy, = Ly + ¢;. Making sure not to repeat
any of the combinations of two excitations in the system (ensured by taking
j >i=1,2...N), the manifold with IV, = 2 has N(N + 1)/2 possible states,
which are written as

blb! |0) (2.17)

2::) = ———
26) =

and have energy Eo,, = Ey+¢&; +¢;. A state with any number IV, of bosonic
excitations may be created by application of NN, collective excitation creation op-
erators to the zero excitation state, |0). The limit on the number comes in the
form of the previously described 1/S expansion, which means that the Hamilto-
nian H; (2.11) is only valid in the limit where the number of bosonic excitations
is much smaller than the number of sites of the lattice.

This section has detailed how an approximate bosonic description of the sys-
tem may be formed in the strong laser driving regime. This allows the Hamil-
tonian to be split up into terms describing inter- and intra-manifold couplings,

where the manifolds themselves are denoted by the number of bosonic excita-
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tions present in the system. The following section details how the ground state
of the system may be formed experimentally and the transitions to the collective

excitation states stimulated.

2.4 Excitation of the Many-Particle States

This section describes how the many particle states of the system may be accessed
experimentally. The method detailed here follows the description in [126] that was
first proposed in [89,90]. The state in which the experiment is initially prepared

will be that where all atoms are in the ground state |g), which may be written as

|init) = H |9>z

The first step in the process aimed at generating the collective excitations is to
create from this experimental starting point the ground state of the Hamiltonian
H; (2.11), which is given in the previous section as equation (2.15). The process
described here will consist of two laser pulses, and requires that the atom has a
third available state, which will be labelled as |s),, and in practice may correspond
to an extra state of the hyperfine ground state manifold. This new level scheme
can be seen in Fig. 2.3, which also shows the Rabi frequencies of the lasers that
will be used to make the atoms undergo state transitions. Note that the two
lasers shown in this diagram are only to be used in this state preparation as a
sequence of pulses with a given duration, where the previously mentioned laser
of frequency €1y is turned off. This is also a simplified picture of the atom, as
accessing the Rydberg state |r) will often require multiple photon absorption.

The first laser pulse is of the laser with Rabi frequency €., which is on resonance

2s)

with the transition |g), — |s),, and has a duration of 71 = 7/(2€);). As described

in the context of the Rabi model of absorption and emission of radiation by atoms
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) 9)
Qs

Figure 2.3: The level scheme of the atom and the Rabi frequencies con-
necting them where a second stable state |s) has been intro-
duced. This stable state may in practice be an extra state of
the hyperfine ground state manifold.

in [47], a pulse of this duration relative to the transition frequency is known as

a 7/2-pulse, and leaves the atom in a coherent superposition state between the

two states involved. This first laser pulse thus produces the transition

Hmﬂﬂ%wmmm

The second pulse is of the laser with Rabi frequency €15, which is on resonance
with the atomic transition |s), — |r),. This pulse has duration 7, = 7/, which
constitutes a m-pulse and transfers the population of the state |s), to |r),. This

second laser may be represented as

[T 5o+ 1903 = T 5 (lah = I3 =10).

whose result is the state in which all atoms are in the state |—), and is the desired
ground state of the bosonic Hamiltonian. In order for this process to be efficient,
the laser with Rabi frequency 2, has to be strong enough to overcome the energy
shifts due to the interaction between Rydberg atoms, which are explained in
section 1.3.1. Thus to avoid reductions in efficiency of the second laser pulse due

to the Rydberg blockade the second laser must fulfill Q.3 > N, x V™" where N,
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is the number of nearest neighbours to each site for the particular two-dimensional
geometry.

Having explained how the ground state of H; (2.11) may be prepared exper-
imentally, the following will explain how varying the experimental parameters
allows the collective excitation states of the system to be accessed. This ex-
planation follows that for the one-dimensional Rydberg lattice described in [75].
The transitions induced will take the system from the ground state with N, =0
and energy FEj to those where a small number of collective bosonic excitations
are present. The transfer of the system between different N, manifolds may be

brought about in single steps by the use of the laser detuning term of Hy (2.12),

Ha=—

| >

> (&} + a) , (2.18)

=1

due to the fact that it may create or annihilate single bosonic excitations in
the system. A problem with using this parameter to induce transitions is the
suppression due to implementation of the strong laser driving regime, as explained
in section 2.3.2. However, what is particularly useful about this term is the fact

that the detuning is a controllable quantity, and by making it oscillate such that
A(t) = Agge cos(wat),

it is possible to couple the manifolds when the frequency wa matches the energy

between them. The details of this process are outlined in the next section.

2.4.1 Addressing the Many-Body States

The first part of this section details how the oscillating detuning will allow transi-
tions to be induced between the bosonic ground state |0) and those states where

a single bosonic excitation is present, |1,) = bl [0). This method is used exten-
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sively for the ring lattice in [75,89,90] and here a more detailed derivation will be
presented of the results obtained in [126]. Being interested only in the diagonal
part of the Hamiltonian, H; (2.13), which defines the energy levels of the states,
and the detuning term, the matrix elements of the Hamiltonian H = H; + Ha

may be shown to be

(1 |[H| 1) = &

AOSC
(1 |H|0) = — 5 ZU,chos(wAt)
q
AOSC
(0|H| 1) = — 5 Zqucos(wAt)
q

(0]H[0) = 0,

where the energy offset Ey has been set to zero. The first step to show that the
oscillating detuning may make the system undergo transitions is to move to a
frame of reference which rotates with the same frequency as the detuning. This

is achieved with a unitary rotation of the form

within which, as explained in appendix C, an effective Hamiltonian H’ may be

defined as
H' = UnHUL — iU, UL

which acts on the rotated states of the system, Ua |0) and Ua |1;). The matrix

form of the effective Hamiltonian after the rotating wave approximation [127]
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may be written as

H = Ek —Wa 0 . Aosc 0 Ul;rq
0 0 L\ o o

which shows that, in this frame, the ground and first excited manifolds are
brought closer together by an energy of wa. Thus, when the oscillation frequency
wa is tuned to match the energy gap between the manifolds, it effectively acts
an on resonance laser with a Rabi frequency proportional to Ay.. The effective
Rabi couplings between the states may be quantified by the intensity of this ef-
fective laser, which is calculated as the absolute value squared of the transition
(off-diagonal) matrix elements.

The first transition which has to occur is that from the ground state |0) to
one of the states in the first excited manifold. The intensity of these transitions
can be calculated as

2

|Aosc‘2
16

1(k) = [0 |H'| 1) = (2.19)

N
D> Uk
q=1

The validity of the rotating wave approximation as considered in [128,129], im-
plies that in this particular implementation the energy difference between the
manifolds (~ ) must be much larger than the detuning, i.e. |Ays| < o, which
is already ensured in this strong laser driving regime. Also, in defining the above
transition intensity, the assumption has been made that only the ground state
|0) and a single state in the first excited manifold |15) are involved, thus forming
a two-level description. Such an approximation is only valid if the separation
between the levels within a manifold is much larger than the Rabi frequency of
the inter-manifold transitions. In this system, the energy separation of the states

within a manifold is proportional to V" with the effective Rabi frequency being
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proportional to Aye. This requirement therefore refines further the inequality
describing the constrained dynamics, such that now |Ags| < V™ must also be
ensured.

The intensity of the transitions from the states of the first excited manifold to
those of the second excited manifold may be calculated using the same procedure
as those from the ground state. Perhaps the most important feature results from
the matrix elements of the Hamiltonian when the states |1;) (2.16) and [2;)

(2.17) are the involved states, which may be shown to be

1
(251 H|2i5) = 50, (i +¢5)
1 AOSC 'i‘ T
Z] q
1 AOSC
(1g [H]245)

Z (0k;Uqi + 05iUyj) cos (wat)
q

V1I+6; 2

The time-dependent part of these elements is once again removed using the pro-
cedure of moving to a rotating frame of reference and applying the rotating wave
approximation, as previously discussed. The intensity of the transition is then

calculated as the square of the coupling matrix elements as

(1 11(7) + 2080k
(k1) = | (1 ] 2, = I E DD T B0hlE) =, o
ij

Stemming from the matrix elements themselves, it is clear that this intensity of
the transition between these two manifolds will be zero unless at least one of the
excitations present in the double excitation state is the same as that in the initial
singly excited state. This fact appears in the delta functions in the numerator of
the expression, which all require either ¢ = k£ or j = k for the intensities to be

non-zero. This is the first of two selection rules for the allowed excitations of the
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system, the second stems from the geometry of the lattice and will be shown in
the next section to affect transitions from the ground state as well as those to

higher excitation states.

2.4.2 Excitation Properties

This section describes the properties of the states that are achievable using the
method of the oscillating detuning previously outlined. This is done for three
different lattice geometries: square, triangular and hexagonal. When the one-
dimensional analogue of this system was proposed [75], it was possible to justify
an approximation that only the nearest-neighbour interactions need be consid-
ered. This is due to the fact that the next-nearest-neighbour interaction is a
factor 1/2° = 1/64 weaker than that of the nearest-neighbour. In the three two-
dimensional setups considered here, an explanation is provided of the limits of
such an approximation. The collective states attainable will be described by the
probability of the bosonic excitation being found at a single lattice site, and as
this is common to all three geometries, is explained first.

A single excitation in the system created using the oscillating detuning may
be written as |1;) = b} |0) and has energy E), = Eo + 4. In order to picture the
distribution of this collective excitation among the lattice sites, the expectation

value

Nu(k) = (L [fru] 15)

may be evaluated, where n, = dL&u is the number operator for the bosonic
excitation on the u'" lattice site. Using the definition of the collective excitation

operators (2.14), this expectation value is shown to yield the simple result

N (k) = Ui
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This expression therefore describes the probability of finding a bosonic excitation
on site u of the lattice considering that it contains the collective excitation state
|1;). Examples of these excitations can be seen throughout the following sections.

This procedure may be repeated for any number of excitations present in the
system, although increasing complexity is encountered with increasing number of
collective excitations. The position expectation value for two excitations in the

system may be written as

where the double collective excitation states |2;;) are as given in (2.17). The full

expression for two excitations in the system follows from this as

T [0l + 10 + 65 (VL0 + UL )]

examples of which are given in the following sections. It should be noted that the
figures showing the transition intensities (Figs. 2.4-2.11) represent the various col-
lective excitation states by their energy eigenvalue Dy /2, as given in section 2.3.2.
The value of 20y subtracted from the detuning oscillation frequency represents

the energy separation between the excitation number manifolds.

Square Lattice

This section describes the achievable many-body states of the system when the
atoms are held in a square lattice, a pictorial example of which may be seen
in Fig. 2.1(a). In contrast to the one-dimensional case, in the square lattice
the next-nearest-neighbour is a distance v/2a away, instead of 2a, and there are
four of them, instead of two. Therefore, the nearest-neighbour approximation is

not valid for most sizes of square lattice. For the nearest-neighbour approxima-
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tion to be valid, the interaction strength when there are only two neighbouring
excited atoms in the system, V™, must be much greater than that where the
maximum possible number of next-nearest-neighbours are excited, V220, It may
be shown that, for all sizes of square lattice, described by Ly, = VN, there are
(Lsy — 1)? pairs of interacting atoms for those configurations where all possi-
ble next-nearest-neighbouring atoms are excited. As the distance between the

next-nearest-neighbours is v/2a, the previously given equality may be evaluated

as

Cs
(V2a)°

The solution of this inequality yields the limit below which the nearest neighbour

nn nnn 06
Vs V. — > (Lo — 1)?

max

approximation is comfortably valid to be Lyq < 44/2 41 ~ 6.7, which limits it to
only small lattice sizes. For this reason, the full interaction matrix V;; without
the nearest-neighbour approximation is calculated and diagonalised in order to
find the eigenvectors which appear in the expressions for the intensities I; (2.19)
and I (2.20) that are evaluated in this section.

The intensity profile for the transitions from the ground state to the first ex-
cited manifold in an Ly, = 10 square lattice are shown in Fig. 2.4, with insets
showing the excitation position probability for the three single collective excita-
tion states with the highest transition intensity. What is clear in the figure is
that out of the one hundred possible single collective excitation states, there are
less than ten states for which the transition intensity is finite. Furthermore, the
state with the highest transition intensity is that with the highest energy, which
in this notation is represented as |1y).

A description of the intensities to the double excitation manifold is now given,
making sure that the initial state is one which has a finite transition intensity
from the ground state. In this case, the choice is made to have the starting

single collective excitation state as the one with the highest transition intensity,
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Figure 2.4: Normalised intensity profile for the transitions |0) — |1;) for
the L¢q = 10 square lattice. Inset are the excitation proba-
bility distributions for the three most likely excited collective
excitation states. The energies are given in units of V™",

|1y), as shown in Fig. 2.4. The intensities of the transitions from |1y) — |2;x)
are shown in Fig. 2.5, which clearly shows that there are a limited number of
accessible states. The insets showing the bosonic probability distributions of the
three most likely excited double excitation states are very similar to those shown
for the single excitation states in Fig. 2.4. The reason for this is that with one
of the excitations being fixed as that which is already present in the system, the
second excitation is effectively produced from the ground state of the system.
Thus the most likely second excitations to be produced are those which are most

likely produced from the ground state.

Triangular Lattice

This section gives details of the most likely excited states of a system where both
the internal and external geometries are equilateral triangles, as is illustrated in

Fig. 2.6. This figure shows a small triangular lattice with L; = 4 sites per side,
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Figure 2.5: The normalised intensity profile for the transitions |1y) —
|2in) for an L¢q = 10 square lattice. Inset are the excita-
tion probability distributions for the three most likely excited
double collective excitation states. The energies are given in
units of V™.

which is how the triangular lattices are characterised. For reference, the total
number of sites is given by the binomial coefficient
Ltri +1 (Ltri + 1)' o L2 -+ Ltri

Ntri — = tri
5 2Ly — 1)) 2

In the triangular lattice case, a central site (i.e. not near the edges of the lat-
tice) has six nearest-neighbours and three next-nearest-neighbours, which are
a distance v/3a away. Therefore, the expectation is that taking only nearest-
neighbours to describe the interaction would be slightly more robust in the tri-
angular case than for the square lattice, but will ultimately not hold for larger
lattices. It may be shown that the number of pairs of next-nearest-neighbours in
the triangular lattice is (1/2) (L — 2) (Lt — 1). Following the same approach as
detailed for the square lattice, the interaction energy when all the next-nearest-

neighbouring atoms are excited must be less than that when only two neighbour-
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Figure 2.6: The equilateral triangular lattice with lattice spacing a which
is considered in this section.

ing atoms are in the Rydberg state in order for the nearest-neighbour approxi-

mation to be valid. The inequality is thus formed as

LQ' —3L i 2
| me(tri) — % > 06( tri 3 tri T+ )

max ab 2(\/3@)6

which after rearrangement may be solved to find Li; < 8.87 in order for the
nearest-neighbour approximation to be valid. As expected, this is a slightly
greater number than that found for the square lattice, but ultimately is still
a very tight constraint. Therefore, the full interaction matrix V; is diagonalised
without using the nearest-neighbour approximation in order to find the transition
intensities and state distributions described in this section.

The intensity profile for the transitions from the ground state to the first
excited manifold in an L; = 10 triangular lattice are shown in Fig. 2.7, where
the insets show the bosonic probability distributions of the three single collective
excitation states with the highest transition intensities. As in the case of the
square lattice, there are very few states which have a finite transition intensity.
The state with the highest transition intensity in the triangular lattice is that
with the highest energy, |1x,,,), equivalent to the square lattice case. Also in line
with the square lattice case, it appears that this is a collective excitation state

where, upon repeated measurements, the bosonic excitation would most likely be
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Figure 2.7: Normalised intensity profile for the transitions [0) — |1;)
for the Lt;; = 10 triangular lattice. Inset are the excitation
probability distributions for the three most likely excited col-
lective excitation states. The energies are given in units of
v,

found at the centre of the lattice.

As previously described, the intensity of the transitions from the first excited
states to the double collective excitation states may be calculated. As Fig. 2.7
shows the highest energy state, |1y,,,), having the largest transition intensity, this
state is chosen as the initial state from which to calculate the second order tran-
sition intensities |1n,,,) — |2in,,). The results of this calculation are illustrated in
Fig. 2.8, which shows that the distributions of the accessible states are comprised

of that of the initial |1y,,,) state and those single collective excitation states which

have the highest transition intensities from the ground state.

Hexagonal Lattice

This section details the most complicated system geometry which will be de-

scribed; that of a hexagonal lattice where the external dimensions form a rhom-
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Figure 2.8: Normalised intensity profile for the transitions |[ln,.) —
|2in,,;) for the Ly = 10 triangular lattice. Inset are the
excitation probability distributions for the three most likely
excited double collective excitation states. The energies are
given in units of V™.

bus. Such a lattice with Ly, = 6 is illustrated in Fig. 2.9, where the sites are
Q O = 0 O
Q @ 9O I QO

Q O - 0 O

Q O = O O

Q I @ 9O QO
@ 0 = o9
Figure 2.9: An illustration of the hexagonal lattice whose external geom-

etry is a rhombus. Shown with dotted lines are the absent
or unoccupied sites.

chosen such that there is never an occupied site in the tighter corner of the rhom-
bus, thus making the analytic expressions (slightly) simpler to deal with. For
reference, the number of sites in the lattice for a rhombus with L., sites per

side (the characterising Lyex includes the dotted sites shown in Fig. 2.9) and the
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restriction on where the sites are, may be calculated as

2 2Lpex + 2
Nhex :thex(Lhex — [Lnexmod 3]) 4 (1, .mod 31,1 <hT)
4L yex — 2
+ 0[Lyexmod 3,2 <hT) )

where [a mod n] is the modulo operation and yields the remainder of a/n.

As shown for the previous geometries, first an analysis is presented showing
why it is not possible to use the nearest-neighbour approximation in the two
dimensional case. In this hexagonal case, each lattice site has three nearest-
neighbours and six next-nearest-neighbours, which are each a distance of v/3a
away. This is the opposite case to that of the triangular lattice, so it is expected
that the hexagonal lattice is much less likely suited to the nearest-neighbour
approximation. The number of pairs of next-nearest-neighbours in a hexagonal

lattice formed from a rhombus of side length L., can be calculated as

L ex L ex d3
NheX:(LheX—Q)LheX—< hex — [ Dhexthio ]+2). (2.21)

nnn 3

Thus, in order for the nearest-neighbour approximation to be valid, the case where
only two neighbouring atoms are excited must have a much higher energy than
that where all possible N next-nearest-neighbouring atoms are excited. This
is not as straightforward as in previous cases, as the expression for the number
of next-nearest-neighbours (2.21) clearly has the issue that there are effectively
three conditions which depend on the value of [Lpe,mod 3]. The choice is therefore

made to use the situation where [Lye,mod 3 = 2] as an example, as this is the

worst case for the nearest-neighbour approximation as it has the highest number
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of next-nearest-neighbour pairs. The inequality may then be written as

Cs Cs

> Lhex + 4
a® "~ (v3a)

)

and may be solved to find the condition L., < 6.62 in order for the nearest-

Vs VI (hex) =

max

(Lhex - 2)Lhex - <

neighbour approximation to be valid. This has shown that, as expected, the
nearest-neighbour approximation will only be valid for very small lattices, with a
limit smaller than that found in both the triangular and square cases. Therefore,
the following details the results gained using diagonalisation of the full interaction
matrix without application of the nearest-neighbour approximation.

The intensity profile for the transitions from the ground state to the first
excited state manifold of the Ly, = 11 hexagonal lattice is shown in Fig. 2.10,

where the insets show the three single excitation states to which the transition
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Figure 2.10: Normalised intensity profile for the transitions |0) — |1;) for
the Lpex = 11 hexagonal lattice. Inset are the excitation
probability distributions for the three most likely excited
collective excitation states. The energies are given in units

of V.

intensities are highest. Once again, the highest transition intensity corresponds

to the single collective excitation state with the highest energy, |1y, ), which, as
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precisely referred to in [126], is the closest state to a uniformly shared collective
excitation.

In aiming to conclude the section showing the collective excitation states which
are most likely generated, the final results presented here are those transition
intensities from the most likely excited single excitation state, |1y, ) to the ac-
cessible states of the doubly excited manifold |2;x, ). These results are shown in

Fig. 2.11, which shows that there is clearly one dominant peak, being that of the
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Figure 2.11: Normalised intensity profile for the transitions |1y, ) —
|2i N, ) fOr the Lpex = 11 hexagonal lattice. Inset are the
excitation probability distributions for the three most likely
excited collective excitation states. The energies are given
in units of V™",

transition intensity to the state containing two copies of the highest energy single
excitation state. The secondary peaks correspond to those states containing the
initial state and the second and third most likely excited single excitation states.
What should be noted in both diagrams relating to the hexagonal lattice is that
the second and third highest intensity peaks are very close to being of the same

order, whereas in the previously explained cases there was a more pronounced

gap in both the intensity and energy.
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It has clearly been the case in all the geometries considered that the highest
energy state always has the largest transition intensity. Increasing the system size
in all cases only acts to increase the number of secondary peaks. The following
section explains how, although belonging to different lattice geometries, these

states have very similar properties.

2.4.3 Selection Rules for Accessing the Many-Body States

The previous sections concerned with various geometries of the system have shown
that the majority of the transition intensities between the different excitation
manifolds are zero. As this section explains, the reason for this is rooted in the
symmetries of the various geometries, each of which will be considered here.
Each of the three geometries considered here belong to a different dihedral
symmetry group [130], the square lattice belonging to Dy, the triangular belonging
to D3 and the hexagonal (when constructed as described in section 2.4.2, with
no sites in the tighter corners of the rhombus) D,. These three groups consist of

the following transformations,
Square

e Cyclic group Cy: Rotations of 27n/4 about the centre with n =
1,2,3,4.

e [, F,: Flips about the horizontal and vertical axes.

e F,, F,: Flips about the two main diagonals.
Triangular

e Cyclic group C3: Rotations of 27n/3 about the centre with n = 1,2, 3.

o [, F,, F.: Flips about the three axes through the vertices.

Hezagonal
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e Cyclic group Cy: Rotations of 27n /2 about the centre with n = 1, 2.

e [ I};: Flips about the two axes running corner to corner.

which are illustrated in Fig. 2.12, where subfigure (c) makes clearer the require-
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Figure 2.12: The three system geometries and their symmetries. (a) The
square lattice showing the four symmetry axes. (b) The
triangular lattice showing the three symmetry axes. (c)
The hexagonal lattice showing the two axes of symmetry.

ment described in section 2.4.2, which ensures that the hexagonal lattice con-
tained within the dimensions of a rhombus will always fulfil the two symmetries
illustrated.

Upon inspection of both the full system Hamiltonian H, (2.4), and that de-
scribing the detuning in the bosonic system Ha, (2.18), it may be seen that they
conserve all symmetries relating to the geometry of the system. This is justified
by looking at the terms contained in each Hamiltonian: the full system Hamil-
tonian contains both a spin-flip term and two counting terms, with the detuning
Hamiltonian creating or annihilating bosonic excitations at each site. As all the
terms contained operate on each site independently and in the same way, both
conserve all symmetries of the system itself. Therefore, when the initial state is
an eigenstate of the previously quoted symmetry operators, the time evolution is
restricted to the subspace spanned by states with the same quantum number with
respect to these operators. The experimental initial state |init) describes when

the atom at each lattice site is in the ground state. Moreover, the bosonic ground
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state has each site void of bosonic excitations. Thus, these uniform states, be-
ing symmetric, are eigenstates of the all the operators which form the symmetry
groups with eigenvalue +1. Such states which have eigenvalue +1 with respect
to all symmetry operators of their geometry belong to the subspace Ay, which is
called totally symmetric. Therefore, only the collective excitation states which
belong to the totally symmetric subspace may be accessed when the time evolu-
tion under Hamiltonians H and H, is considered.

These symmetries explain why only a small number of the possible collective
states of the system have non-zero transition intensities, as seen in the previous
sections describing each of the three geometries. Furthermore, from the insets
of the figures in these sections, the bosonic densities at each site of the lattice
clearly show that the states with these finite transition intensities belong to the
subspace A;. Of course, this reasoning is not restricted to only transitions from
the ground state of the system. The previous section also detailed the transition
from the singly to doubly excited states. The single collective excitation state is
only accessible if it is a member of subspace A;, thus having eigenvalue +1 with
respect to all symmetry operators of the system. The subsequent transition to the
double collective excitation states once again uses the method of the oscillating
detuning, therefore the same selection rules must be followed. It has already been
documented that one of the collective states in the double excitation manifold
must be the same as that present in the initial single excitation state. Including
now these symmetry selection rules, there will only be the same number of possible
transitions from each single excitation state as there is from the ground state to

the single excitation manifold.



2.4 Excitation of the Many-Particle States 57

2.4.4 Transition Intensities to Imperfect Lattices

As detailed in the previous subsection, it is the geometry of the lattice which
governs the transition profiles seen where only a handful of the possible states
are likely to be excited. However, in an experimental setup the atoms are very
unlikely to be fixed perfectly to the centres of the lattice sites. This short subsec-
tion details how the transition intensities between the ground and singly excited
states are altered when uncertainty in the atomic position is introduced, as the
symmetries discussed in the previous section are lifted.

To quantify the effect of the uncertainty in position, each atom is distributed
at a random position about the centre of its respective lattice site with a fi-
nite standard deviation ¢ # 0, which is considered isotropic (see Fig. 2.1).

Shown in Fig. 2.13 is the normalised transition intensity profile for an Ly, = 10
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Figure 2.13: (a) Normalised intensity profile for the transition from the
ground state to those in the single excitation manifold for an
Lgq = 10 square lattice when the positions of the atoms are
randomly distributed about the centre of the lattice sites
with standard deviation o. The red vertical lines show the
position of the four most prominent transition intensities
seen in Fig. 2.4. The horizontal black line shows the cross
section of the profile seen in (b) for o/a = 0.025. (c) The
same cross section for o/a = 0.05.

square lattice averaged over 10* realisations each of a range of uncertainties up
to o/a = 0.05. For each realisation, the system is initialised with atoms ran-

domly distributed about the centre of each lattice site such that they fulfil the
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desired position uncertainty. The full interaction matrix is then calculated and
diagonalised followed by the calculation of the transition intensity to each single
collective excitation state. At the end of each realisation of the same position
uncertainty, the intensity results are summed to the previous ones and stored
within discrete bins referring to the energy of each transition. It is these results
for a range of different uncertainties which are normalised to the highest intensity
and combined to form Fig. 2.13.

In Fig. 2.13, it is clear that as the uncertainty in atomic position increases,
the initial sharp transition intensities become broader and shift towards higher
energies. Such a shift towards higher energy transitions may be attributed to
the lattice geometry, and may be explained by considering a shift in position of
just a single atom. Consider a perfect lattice (o = 0) where only a single atom
may be moved from the centre of its lattice site. This atom may move in six
possible directions, i.e. £%, £y or +z. If the atom moves in the xy-plane, it
will be closer to at least one of its neighbouring atoms (considering here a lattice
which is infinite in size). The atomic interaction thus increases, as it grows as
1/75. Conversely, if the atom moves in the z direction, it is definitely further
away from its neighbours than previously, and the interaction is reduced. In this
case of a single atom being allowed to move, four of the six possibilities give
rise to a larger interaction energy. This therefore explains the overall shift of
the transitions to higher energies observed in Fig. 2.13. Considering now a finite
lattice size, as the number lattice sites increases, the proportion of the sites on
its boundaries becomes smaller and therefore the shift to higher energies becomes
more pronounced. The broadening of the transition lines may be attributed to
the fact that the atoms are distributed randomly, meaning that the symmetry of
the system discussed in section 2.4.3 is removed. Therefore, there are small but

finite transition intensities to states that were not previously possible, and those



2.5 Exact Diagonalisation of the Holstein Primakoff Hamiltonian 59

states which most closely resemble the states of the perfect lattice have varying
energies depending on the particular atomic distribution.

The same analysis for an Lgq = 7 square lattice is produced in previous work
[126], which will allow the reader to analyse how these results are common for
varying lattice sizes. This same reasoning may be applied to either of the other
lattice geometries previously considered.

Before going on to show how the collective excitations may be mapped onto
quantum states of light, which is done in section 2.6, the following section details
the steps towards an exact numerical diagonalisation of the Holstein-Primakoff
transformed Hamiltonian (2.9). Such a diagonalisation procedure is subsequently
applied and used to test the validity of the eigenstates and eigenenergies found

in the strong laser driving regime.

2.5 Exact Diagonalisation of the Holstein Pri-
makoff Hamiltonian

It is possible to perform an exact diagonalisation of the Holstein-Primakoff trans-
formed Hamiltonian of this system (2.9) without being restricted to the strong
driving regime which is documented in the preceding sections. This section follows
the prescription detailed in [131] for the algorithm allowing such a diagonalisa-
tion, with necessary proofs reproduced and the conditions such that it is valid for
this specific lattice Hamiltonian outlined. After the procedure has been detailed,
it will be applied to the system Hamiltonian in order to provide a measure of the
validity of the eigenspectrum found in the strong laser driving regime.

The original paper [131] details the diagonalisation of the quadratic boson
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Hamiltonian, which may be written in the form

m
H=>" [@Lvmdr + 6, Dy & + G0 Dy Gy + G Dy 6| (2.22)

r/r=1

where & (a') are bosonic annihilation (creation) operators obeying the usual
commutation relations and D,,,, represents the element in the r’ B row and b
column of the n'" block of matrix D. For the procedure given, there are conditions
placed upon the block matrix D whereby its off-diagonal blocks, D, and D3, are
symmetric and the diagonal blocks, D; and Dy, are Hermitian. In the following,

a matrix fulfilling these requirements will be written as

A B
pred —

B* A*
Upon inspection of the Hamiltonian of the lattice system in question (2.9), it
is not quite in the form where its corresponding matrix M fulfils the above
requirement, as there are no terms didz that have a prefactor of €y, which would
fulfil the requirement of it being Hermitian. This is rectified using the bosonic

commutation relations such that the first term of (2.9) may be rewritten as
N

N
200y ala =Y (ajai n ajai)

i=1 =1

— — N+ 0y (ala +aal).

=1

This allows the specific form of the matrix D™ corresponding to the lattice
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system Hamiltonian to be defined as

Ml M2
M = )
ML M
where the blocks are given by
Vij Vi,
(M) ==+, and (M), = L.

The next step of the process groups together the creation and annihilation

operators into a single vector, which is written as
at — (a{, ab,.... a4k, a1, ag,..., aN>,
such that the quadratic part of the Hamiltonian (2.9) is now written as
Heyaa = —NQp + 4T Ma. (2.23)

The diagonalisation of this Hamiltonian is performed, using the terminology em-
ployed in [131], para-unitarily. Such a para-unitary diagonalisation is described
by a transformation of the bosonic operator vectors, a and af, to new vectors 4

and 4T of the form

5 =Ta

51 =aiT,

where 41 is of the same form as a' (containing both creation and annihilation

operators) with the entries the new operators 47 and 4. The 2N square para-
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unitary transformation matrix 7 thus transforms Hg,.q into a diagonal form as

where £ is the diagonal matrix given by
_ 1
(ﬁ) "MT l=¢= édiag(wl,wg,...,wN,wl,wg,...,wN). (2.24)

The special form of the diagonal eigenvalue matrix £ seen here, where the second
N entries are a repeat of the first NV, is reliant upon the specific block form of
D1 and the condition that 7 is para-unitary. For a proof of this statement, the

reader is referred to the original paper [131].

Aside: Para-Unitarity of 7 Before going on to describe the al-
gorithm proposed in [131], it is important that the main points of
the para-unitary matrix are explained. As with a unitary transforma-
tion, a para-unitary transformation must conserve the commutation
relations, which in the case of the vectors previously described, are

written as

-1 r> N.

Conservation of these bosonic operators through the transformation

is ensured by a para-unitary matrix of which fulfils the condition
TIT! =1,

where [ is the para-identity matrix which has first N diagonal elements
equal to 1 and second N diagonal elements equal to —1. With the

aid of this equation, it may also be shown that a para-unitary matrix
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and its inverse are related as

u w Ut vt
T = and T '= , (2.25)

V X Wt Xt

which is used in the diagonalisation algorithm.

The following subsection details how the algorithm given in [131] may be
applied to the lattice Hamiltonian, and the conditions under which it is valid. Said
conditions rely on the matrix M having the properties detailed in this section,

with the procedure itself using other concepts also introduced here.

2.5.1 Exact Diagonalisation Algorithm

The algorithm for exact diagonalisation of the bosonic Hamiltonian (2.22) pro-
posed in [131] relies on the matrix D" being positive-definite [132]. In general,
a Hermitian matrix A is positive definite if #9747 is real and positive for all non-
zero complex vectors 0. In the specific case of the quadratic part of the lattice
Hamiltonian (2.23), which is defined by the matrix M containing all positive
real entries, positive definiteness is ensured under the condition that the laser
driving elicits a diagonally dominant matrix [133]. This condition places a less
stringent condition on the strength of the laser driving than that of the strong
driving regime considered in section 2.3, but does require that the diagonal (Rabi
frequency elements) are larger than both the sum of the other elements in the
same row and the sum of the other elements in the same column. The numerical
verification of this condition comes in the first step of the procedure.

If and only if the matrix M is positive-definite, it may be decomposed as M =
KK, where the 2N square matrix K is formed by a Cholesky decomposition [134]
of M. The matrix I is a 2N square matrix which contains non-zero entries only in

the leading diagonal and the entries above it, which is known as upper-triangular.
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The next step is to unitarily diagonalise the matrix KIK using a unitary matrix
U whose columns are arranged such that the first N diagonal elements of the
resulting matrix £ are positive, and the second N negative. Assuming the as yet
unknown matrix 7, which para-unitarily diagonalises M, exists, the matrix U
may be defined as

U=KT €3, (2.26)

where the matrices ££2 are those with the entries of & (2.24) to the power :I:%.

This matrix may be proved to be unitary by the following calculation
Uu =3 (TH' KIKT e =3 (T ) MT et =g 5673 =1,

where I represents a 2N standard identity matrix. Using properties of the Her-
mitian conjugate found in [135], it may be shown that U diagonalises the matrix

KIKT according to the scheme

ot [;dyd] U =u-'uut [/CEICT] uut (U =u! [/CTUCT} @h™
= eTie KK (k)T e

= E2TITIE: = £20€2 = L,

where (TT)_1 = (7Y has been used, and overall shows that the resulting
diagonal matrix £ has the first N entries those of £ with the second N entries
the negative of those of £. The diagonal matrix £ resulting from the para-unitary
diagonalisation of M (2.24) is simply found as £ = L.

Before providing a procedure for finding the form of the para-unitary matrix
T, it is important to show that it is indeed of this particular form. The para-

unitarity of the matrix 7 may be proved using the form of U, which defines
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T-1 = K UEs, as
(TY)'I7 " = eaut (KN T ues = 3ut (K Ik 'Ues = g3£7'€7 =1,

where the fact that KIK is Hermitian was used to find the form of £, Also
using the form of 7 found from U, it may be shown that 7! diagonalises M

according to the scheme given in (2.24) as
(TH " MT = (T ) MT =20t (KN [KTK] K 'Ugs = €.

So far, it has been shown that this scheme of para-unitary diagonalisation is
possible. In what follows the meanings of the steps detailed above are considered.
The Cholesky decomposition of the matrix M may be performed numerically,
as may the subsequent unitary diagonalisation of the matrix KIKT. At this point,
it is likely that the eigenvectors which form the diagonalising matrix & need re-
ordering such that they form the matrix £. The form of the unitary matrix U
(2.26) may now be used to find the columns of 7! using the equation UEz =
JKCT L. This procedure may be simplified using the specific form of the matrix 7T,
which will now be investigated. In order for the form of the linear transformation
from operators a to 4 to be of the form 4 = Ta, the matrix 7 must transform
the A" creation operators such that their composition is the exact Hermitian
conjugate of the annihilation operators 4. In order for this to be the case, T
must have the block form,
PoQ
QO P

T =

The inverse of a matrix with this block form may be formed simply using the
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property of a para-unitary matrix given in (2.25), which yields

Pt = (@)
-t (P

T =

and shows that that only the first N columns of 7! require calculation using
UEr = KT, with the second N being found using the block form above.

The calculation of the para-unitary matrix detailed here thus completes the
para-unitary diagonalisation of the quadratic part of the lattice Hamiltonian,
which is now written as

! _NQO + »?Tgﬁ/,

quad =

and the focus now switches to removing the linear terms from the full Hamilto-

nian.

2.5.2 Removal of the Linear Terms

To obtain an exact diagonalisation of the system Hamiltonian (2.9), the linear
terms must be accounted for. The procedure detailed in this section follows that
originally proposed in [136], and will focus specifically on the lattice Hamilto-
nian. The linear part of the Hamiltonian must first be written in terms of the
a vectors containing both the creation and annihilation operators introduced in

the previous section

N

A 1 }
H{in:_EZ(deLdi) -5 Vi (&Hai) = Ja+alJt,

i=1 i#]
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where the elements of the row vector J may be written as

= —i (A + Zi\’;ﬁr Vrr’) r<N

r

(AN, Venp) N<r<2N.

It should be noted here that the external factor of 1/4 is included as both the

creation and annihilation operators appear in each of the vectors a and af.
Following such a re-writing of the linear part, the procedure detailed in the

previous section which diagonalises the quadratic part of the Hamiltonian may

be performed on all the terms. This performs the transformation

H' = Ey— NQo+alT (T MT'Ta+ JT 'Ta+alT (7)) J'

= Ey— N + 4165 + JT % + 41 (TH T T,

where, as before, (7'T)_1 MT 1 = &. The next step is to make an element-wise

shift of the 4 vectors,

~

Y=B+t and #'=p8"+t,

where the entries of t are complex numbers, which may be inserted into the full

Hamiltonian to yield

H' =B, — NQo + BB + 6 (St + (7)™ ﬁ)

+ (fT‘1 +tT£> Ftiet+ T o0 (T

and leaves the bosonic commutation relations unaffected. The choice of the vector
which shifts the bosonic operators may be made such that it removes the terms

linear in the bosonic operators from the Hamiltonian. This cancellation requires
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satisfying the condition

g+ (T7) ' =0

and may be achieved by defining the elements as

1 oo
t, = —[(TT)(S,—WJT]T and tf = -—

With this definition made, the linear shift of the operators completely removes

the linear terms from the full Hamiltonian, such that it may be written as
H' = Ey— NQy + B1€B+ tiet + JT 't + ¢ (717 J0. (2.27)

The final step of the procedure is to put the Hamiltonian into fully diagonal
form. The Hamiltonian where the linear terms have been removed (2.27) is in
terms of vectors containing both the creation and annihilation operators, such
that terms of the form BZBZT are still present. Taking into account that the second
N entries of the diagonal matrix £ are the same of the first N, an N x N matrix
& 1 whose diagonal entries are the first NV entries of £ is defined. This allows the

diagonal part of the Hamiltonian to be put into conventional form as

ples Ei {(55);& 5+ <55>a‘j Bj@]
7=1
N
:Zl {<gé)ﬂ A] Aj * <€é>ﬂ (1 +Bjﬁ]>]
j=
:i\f: (g;)]j + Zi <gé>]] B]TB]’
j=1 j=1

where the commutation relations have been used to put the relevant operators

into normal order. The final expression for the exactly diagonalised Hamiltonian
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may be written as

N

N
H' = Ey— NQy+tiét + JT 't +tf (ﬁ)_lﬁ—i-z<5%>H+22<g%>'ABTBj
e Jj = 3j

and may be used as a measure of the accuracy of the diagonalisation used in the

strong driving regime.

2.5.3 Validity of the Strong Driving Solutions

In this final section concerning the exact diagonalisation of the lattice Hamilto-
nian, the state energies found in the strong laser driving regime will be compared
with those found from the exact diagonalisation. A comparison of the energies
found using the two approaches for an Lgq = 10 square lattice with A = 0 may be
seen in Fig. 2.14. In this figure the energy offset Ej has been neglected in both
cases, which sets the zero excitation state to have energy zero and allows the
manifold separation of approximately 2€, predicted in the strong driving regime
to be seen. Qualitatively, this figure shows that the two spectra converge as the
ratio o/V™ increases, which is to be expected. For the smallest laser driving,
shown in Fig. 2.14(a), the whole of the strong laser driving regime spectrum is
shifted up in energy from that of the exact diagonalisation calculation by approx-
imately 3Qy. Of course, the strong laser driving calculation is not expected to
deal with a situation where the laser driving and atomic interactions are of the
same order, therefore such a difference is expected. Close inspection also shows
that the internal structure of the manifold is different in the two cases. Increasing
the ratio of {29/V™, as seen in Fig. 2.14(b) and (c) shows that this overall offset
reduces as the strong laser driving regime becomes more valid. What these two
figures also show is that the internal structures of the manifolds are almost iden-

tical once €y/V™ = 100. A final remark on this figure is that, as described in
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Figure 2.14: Figure showing how spectra of the singly excited manifold
compare for the strong laser driving regime (blue/left) and
exact diagonalisation (red/right) for an Le¢, = 10 square
lattice. The three values of the laser driving are: (a)
Qo/Vm =1, (b) Qo/V™ = 10 and (c) Qp/V™ = 100.
section 2.3.2, when the strong laser driving regime is valid both spectra suggest
quasi-degenerate manifolds separated by approximately 22y (as Ey=0 here).

In order to quantify the difference in the spectra given by the strong driving
regime and the exact diagonalisation scheme, the average percentage error of the
states in the single excitation manifold is calculated. The percentage error for
cach state of the manifold is carried out as (EEP — ETP) /EFP x 100 where ED
and SD refer to the exact diagonalisation and strong driving regimes respectively.
The resulting averages for various lattice sizes and laser driving strengths are given
in table 2.1, and clearly show a trend of increasing inaccuracy as the lattice size
increases. The values given in the table show that the laser driving ,/V™ > 10

in order for the strong driving regime calculation to be within 10% of the exact

diagonalisation regime for the lattice sizes considered here. Also, as is to be
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L
) 10 15 20 25
) 1.38 6.12 15.36 | 31.6 | 60.97
10 | 0.34 1.47 3.45 6.4 10.47
Soo 725 [0.054 | 0.23 | 0.549 | 0.975 | 1.546
50 | 0.014 | 0.058 | 0.134 | 0.243 | 0.383
100 | 0.0034 | 0.0145 | 0.0336 | 0.0606 | 0.0955

Table 2.1: Average percentage error of the strong laser driving single
excitation state energies for A = 0 and different values Qo /V™"
and lattice sizes L = v/ N.

expected, the strong laser driving regime becomes more accurate as the laser
driving becomes more dominant. The trend that the strong driving regime is
less accurate the larger the lattice size is also to be expected, as the sources of
error come from terms depending on the atomic interactions and laser detuning.
As in the results presented here the laser detuning A is set to zero, the error
comes purely from the atomic interactions, which are obviously greater for larger
lattices.

This section has detailed the numerical method which may be applied to
exactly diagonalise the lattice Hamiltonian (2.9), with a comparison of the results
from the two different methods provided. The low level of the errors given in table
2.1 justify confidence in the results detailed in the previous sections, which are
based on the strong laser driving calculation. Having shown this, the following
section details how to create quantum states of light using the collective excitation

states described in section 2.4.

2.6 Single Photon Sources

This section details how to create quantum states of light from the collective
excitation states which are thoroughly analysed in section 2.4. The description

given here is based on the schemes developed in [91] and explained for a one-
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dimensional Rydberg lattice in [93]. As the reader will discover, the states of light
generated are essentially mapped directly from the quantum collective excitation

state of the atoms in the lattice, therefore being quantum in nature themselves.

2.6.1 Mapping to a Stable State

The limited lifetime of the Rydberg atoms places time constraints on any further
manipulation of the collective state, which will be an issue for an experimental
setup. Therefore the collective excitations are mapped onto superpositions of the
two stable states |g) and |s) used previously in section 2.4 in order for tha atom
to photon mapping to be applied. This process is explained here.

Recalling that, as explained in section 2.3.1, the single site bosonic states
0), and [1), = al|0), are equivalent to the single atom states |—), and |+),
respectively, using two laser pulses it is possible to perform the following mapping.
Inversion of the laser pulses given in the introductory part of section 2.4, such
that the m-pulse of the laser with Rabi frequency €2, is applied first followed by

the 7/2-pulse of the laser with Rabi frequency ), performs the sequences

0= |-); = % {gs = 7).} 2 % {ads —i1s)} 2 lo),

1), = |4); = % (o) + 1)} % {g)s +ils)} 2 ils),

such that the bosonic state |0), is mapped onto the atomic state |g), and [1), is
mapped onto ¢ |s),. This sequence of laser pulses maps the bosonic excitations
onto the two atomic hyperfine ground states, and therefore may be used to store
the single and double collective bosonic excitations studied in the previous sec-

tions. In terms of the many-body atomic states, the single excitation state given
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n (2.16) may be written as

=

‘\I’,(:)> Z |1n1t (2.28)

with the double excitation state (2.17) similarly expressed as

) > Z U,U, mjasg Sg ™) |init)

I,m=1

where the operator o) = |s) (gl

2.6.2 The Atom-Light Hamiltonian

The storage of the collective excitation in a stable configuration using two hyper-
fine ground states, |g), and |s),, is detailed in section 2.6.1. In order to produce
quantum states of light from such atomic states, a third level of the atom is re-

quired, |a),, which, as illustrated in Fig. 2.15, forms a lambda scheme with the

_______

Photon q

’
.
,
’
’
’
’
/
/
’
’
’
’

ag

l9) ——

Figure 2.15: Scheme for the mapping from a collective excitation state to
the photonic state. A laser with Rabi frequency €y, couples
the states |s) and |a) off resonantly. The photon is then
released on the decay of the atomic level |a) to |g).

two ground states. The state in which the collective excitation is stored, |s),, is
coupled off resonantly to the auxiliary state |a), by the application of a classical

laser field with Rabi frequency €1y, detuning A, and momentum k;. By care-

ful choice of the atomic levels used, the decay of the state |a), back to |s),

1

may

be neglected, such that photons with momentum q are emitted into the electro-
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magnetic field when the state |a), decays to the atomic ground state |g),. A level
scheme of this nature is described in [91], which uses a cycling transition provided
by the rubidium 87 D, line [137]. The basic idea of this scheme uses states where
a two-photon transition is required to take the atom from |s) to |a), such that a
single photon decay of the state |a) back to |s) is forbidden. However, the decay
of the atom from |a) to |g) is dipole allowed and thus photons may be emitted
on this transition. In $"Rb, suggested levels are |s) = |5%S1)2, F = 1,mp = 1),
lg) = |5281/2,F =2, mp = 2> and |a) = ‘52P3/2,F =3, mp = 3>, where F' rep-
resents the total angular momentum of the atom and mp is the total angular
momentum projection along z, which will allow the experimental procedures de-
tailed in [91] to be implemented.

For a single atom, the Hamiltonian of this system may be written as

H =w, |s) (| + wa |a) {a] + wy |9) {g] + ) warilpiian
qA

+ QL [e—i(kL-r—th) |S> <a| + ei(kL-r—th) |6L> <SH

+ (Qem + Q) (l9) (al +[a) (gl) , (2.29)

where the first three terms are the energies of the states |s), |a) and |g) respec-
tively. The operators &LA (Gqr) are the creation (annihilation) operators of the
q"" mode of the photonic field with energy wqy and unit polarization vector &gy,
(q - eqn = 0), such that the fourth term describes the energy of the photons
in the electromagnetic field. The photonic operators follow the usual bosonic

commutation relations, expressed as

- ot ]
[aqh o Oq,q/0x,\ -

The term on the second line describes the interaction of a two level atom with
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a linearly polarised classical laser field of Rabi frequency Q; = Epd.s/2 in the
rotating wave approximation, as derived in appendix B. The final term describes
the interaction of the atom with a quantized electromagnetic field, with effective

Rabi frequency to the mode wqy given by

Wa .
Qem = —ar d a8 " € ,\ezq'r& A
ZA 2l E1 M Ay
q

calculated from the quantized electric field derived in [129]. This expression
contains the normalisation volume V', the vacuum permittivity ¢, and the dipole
matrix element of the |g) — |a) transition, dg,.

The mapping to the photonic state takes place when the atoms undergo the
transition |a) — |s) with the emission of a photon. This process may be described
under a particular parameter regime, which is detailed here. The first step is the
application of a unitary transformation which reduces the energy of the auxiliary

state |a) by an amount wy. This unitary transformation is written as
Uy = ™" |a) {al +s) (s| + 1) (g]

and, as explained in appendix C, may be used to find an effective Hamiltonian
H’ for the system
H = U,HU! —iU,0,U!.

Application of this transformation to the initial Hamiltonian (2.29) yields the

transformed Hamiltonian

H' = (wo —wz) |a) {al +ws [s) (s] +wy |9) (9] + Qr (7547 [s) al + ™7 [a) (s])

+ (Qem + Qi) (647 [a) (9] + e [g) (al) + Y warilpaan, (2.30)
qA

which clearly shows the reduction in energy of the auxiliary state. The assump-
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tion is subsequently made that |Ap| > Qp, where Ay = w, — wy, is the detuning
of the laser frequency from the atomic transition frequency. Under this condition,
it may be assumed that the population of atoms in the auxiliary state is a con-
stant, allowing it to be adiabatically eliminated [127]. This process is detailed in
appendix D, where it can be seen to induce small shifts of the energies of the two
ground states (Hamiltonian (D.1)). Neglecting these small energy shifts, which
amounts to the approximation that the detuning is much greater than the Rabi

frequencies, the Hamiltonian may be approximated as

H' & w, |s) (s| 4wy 9) (9] + Y warilyaan
qA

8 ( ez + em) (e_z(kL.r—th) |S> <g| + ez(kL.r—th) |g> <5|> . (2,31)
L

where the auxiliary level has been removed.

The next step in the simplification of this Hamiltonian is a second unitary
transformation, which increases the energy of the state |s) by energy wy. The
unitary transformation which performs this increase in energy of |s) may be
written as

Us = e |s) (s| + lg) (g,

such that following the procedure for application of the transformation as in

appendix C, the Hamiltonian reads

QL (Qem + sz)
Ap

H” = Wy |S> <S| + quAqu)\&q)\ —
qA

(e7™ ™ |s) (g] + ™™ |g) (s])

where the bare energies of both the hyperfine ground states |g) and |s), w, and
wy respectively, have been set to zero.
To this point, the Hamiltonian has only described a single atom at position r

interacting with a laser. Extending to the case of multiple atoms, each at position
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r,, the atomic transition operator may be written as

A

o = 19) (5],

which may be shown to have the following commutation relations

[O’a,O'g } if a#p
{6a:00} =

such that they obey neither bosonic or fermionic algebra. These operators may

be inserted into the Hamiltonian, which is extended to an N atom system to yield

—sz~raa_(]; + esz-raa_a) )

Mz

a=1

N
it o Qp (Q m+Q
H' = ZWLULUQ+qu/\CLL)\CLq)\— °
_ aq\

Close inspection of this Hamiltonian reveals terms that do not conserve energy,
such as those where an atom becomes excited whilst emitting a photon and vice
versa, o), L)\ and ,aqx respectively. Upon insertion of time evolution of the free
field and free atom operators [47], these terms may be neglected in the rotating
wave approximation under the assumption that the laser detuning is small. Under
this condition, removal of these terms from the Hamiltonian leaves it written in

the beamsplitter form seen in [92],

N
_Z p Z ot
HBS = wLalaa + wq,\aq)\aq)\

a=1 qA

—ZZ( ek Tag 5t + Ke ia-ke)ra gl /\aa), (2.32)

a=1 g\
QL Wa
Koy = [ =L P, -
“A <AL> \/ 26, & T o

where
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which, as explained in [91,93], is essential for the atom photon mapping to be
calculated. This is referred to as a beam-splitter Hamiltonian as the atom-light
interaction (final) term describes the annihilation of an atomic excitation resulting
in the creation of a photonic excitation or vice-versa [48].

This section has detailed the steps and approximations made to form a beam-
splitter Hamiltonian, which describes the interaction of a three level system with

both a quantised and a classical field.

2.6.3 The Atom-Photon Mapping

This section provides an explanation of how the atom photon mapping comes
about and the approximations required for it to be valid. As in [126], the reader
is directed to the original work for the mathematical details of the derivation of
the operator determining the photonic modes into which light is emitted, [91,92].
The details provided here will give the reader sufficient knowledge to interpret
the results of when the mapping is applied to the two dimensional lattice systems
considered in this work.

The state of the system before the atom-photon mapping is applied may be

written as

[9(0)) = [9) 44 [0) g, »

where |0) , is the photon vacuum and the initial atomic state may be written as

“Ij>at = Z \Ijnlw-ynNa-’jh e &ILN ‘O>at )

N1y NN

where |0),, is the state where all atoms are in the ground state, [0),, =[], |g);, and
the coefficient ¥,  is the coefficient of the atomic operator 6:[%[, which performs the
transition |g), — [s), . These coefficients therefore define the initial collective

excitation state of the system. As detailed in the previous section, the classical
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laser with Rabi frequency €2, will transfer such an atomic state into a photonic
state after a period of time much greater than the lifetime of the auxiliary state.
The aim is thus to find an expression for the photonic state |(I>>p]r1 after the atomic

state has decayed
[(2)) = Upn(t) [1(0)) = [0)4 [®) 1,

where Uy, (t) = e~"5st is the time-evolution operator, with Hgg as given in (2.32).
Using the fact that this operator is unitary (UghUph = II) and that it does not
affect the vacuum state (Upy(t) |vac) = |vac)), which is that void of both atomic
and photonic excitations, [vac) = [0) ; 10) ;, the state of the system at time ¢

may be written explicitly as

[4(t)) =Upn(t) [1(0))

= Y Wy (Uph(t)6ngh(t)>...(Uph(t)frnNUgh(t)> vac). (2.33)

The explicit expression for the state at time ¢ (2.33) shows that it is defined

by the form of the transformed atomic operators, which may be written as
Upn()6aUL(8) = D Gaar(D)idy + D has(t)6],
qA B

where gaqa(t) and has(t) are the coefficients of the photonic and atomic parts,
respectively. These coefficients are found by multiplying the expression from the
left by aqx and 64 respectively and taking the vacuum expectation value, which

yields

<V&C‘ e Upn (1) 67 Ugh(t) ’vac> = Z Gaq' (1) <Vac &qA(t)de‘ Vac>
hf—/ bv_/ q/)\/

:qu (t) =|vac>

+ Z has(t) (vac ‘&qAUbW vac) = gaqn(t)
g
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and

vac >

+ Z ha (t) (vac |&567T‘ vac) = hag(t),

<V&C‘ 65Upn(t) 67, UT lvac Zgaq,\ <Vac ’05(25) L/\
—— ﬁ,—/

=63(t) =|vac)

where the fact that states of differing excitation number are orthogonal has also
been used. For times much greater than the atomic decay time, t > 7 = 1/T',,
(where I'yg is the decay rate of the atom from |a) to |g)) the state will be purely
photonic and therefore the atomic coefficient hag(t > 7) = 0. The atom-photon
mapping may therefore, in the limit of long times, be expressed as the unitary

transformation

t>>7'
U ( )O-aUgh Z gaq)\ q)\a

such that the resulting state relies on the coefficients
Gagr(t) = <Vac ‘dq,\(t)&u vac> , (2.34)

which in turn depend on the time evolution of the photonic annihilation operator.
The first step to find the time dependency of the photonic annihilation oper-
ator is to find its equation of motion in the Heisenberg picture, the starting point

of which is [92]

aa(t) = i [Hps(t), aqr ()],

as the annihilation operator has no explicit time dependence. Calculation of this
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result may be written as

N
i [Hps, dqp] = i 51 G0 lip] + RN
BS; Qgx] = 1 WL |0q0a; Qg Wq' N aq,)\,aqw,aq)\
—_——

=1 I\ ~ _
« -0 q’A

:—G/ql)\/éq,q/(S)\y)\/

N
_ Z Z (Kq/)\ei(q’ka)'ra [dq//\/a_j;’ dq)\:|
——

a=1 q'N 0
* _—i(q'=kp)re [ AT A~ 2
+ Kq/)\e ( L) [e3 |:aq,)\,0-a, aq

——

=—0Galgq,q/0x \/

(g (1) = — iwqliqn(t) +1 > Kine O 5,(1), (2.35)
B

where in the second step the position index has been changed to  such that there
are no duplicate indices when the expression is later substituted into that for the
Gaq coefficients, (2.34). The choice was also made in the first step to neglect the
notation showing that the operators are functions of time, for aesthetic reasons,
though they are re-inserted in the final step. Solution of this differential equation

yields

t
(g (1) = €740 agy (0) + iKY emiaTke)ms / dr e W=7 54 (7),
ﬁ 0

which may be substituted into the expression for the photon state coefficients

(2.34) to yield

t
Jagr(t) = 1K, Z e~iake) s / dr e (=) (vac |65(7)6] | vac).  (2.36)
ﬁ 0

Therefore, the coefficients describing the generation of the photonic state from
the collective excitation have a dependence on the time evolution of the atomic

annihilation operator.
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Atomic Operator Evolution in the Low Excitation Limit

This section outlines how the time evolution of the atomic operators may be
derived in the low excitation number limit in which the initial system will be. Such
a derivation is provided in [91, 93], which also give details of the full derivation
which is not in this limit [92, 138].

As discussed thoroughly in section 2.4, the excitation regime detailed here is
reliable only for those states where the number of excitations in the system is
low. Using the matrix form of the atomic transition operators, the commutation

relations may be shown to be

[&a, (3;] = G pF. = —0up (ﬁ . 2ﬁ§5>) ,

where 7% is the number of atoms in the state |s) at site a. Now, under the

approximation that the system is limited to the subspace where the excitation
number is much lower than the number of sites of the lattice, the expectation
- (s)

value <na > < 1. The commutation relations may therefore be approximated as

those of bosons

[a-om OA-;] ~ 5&,,6’7

such that the atomic transition operators may be replaced by bosonic operators

60 el and 6, — é,.

« «

Under this approximation, the coefficients describing the creation of photons from

the atomic state (2.36) may be written as

t
Jaqr(t) = 1K, Z eilake)ry / dre war(t=7) (vac ‘67(7')@:&‘ vac) (2.37)
0
ol
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such that it is the time correlation function of the bosonic operators that defines
the photonic state created.

The time correlation function of the bosonic operator is calculated from the
time evolution of the operator itself. This is governed by the master equation

92, 138]

Co(t) =) [ ™m0 Jog (E6405 — E4eles) + €m0 Ty (86465 — Eleae, )]
a,B
where all operators on the right hand side are taken to be at time ¢, r,3 = r, —rg
and the matrix J, defined and explained in [93], contains details of multiple scat-
tering events. In short, this matrix defines an operator that accounts for light
scattering at multiple atoms as well as the interatomic dipole-dipole interactions
and depends mainly on the relative orientation of the atomic transition dipole
moments and the ratio between the interparticle separation and the wavelength
of the laser, a/Ar [92]. The master equation is vastly simplified by the recog-
nition that it only contains one term which is not in normal order [123], the

rearrangement of which leads to

W _ Zef’ikL-T"yﬁ Js (Cs(t)),

B

the equation of motion for the bosonic annihilation operator. To simplify the fol-
lowing steps the phase defined by the exponential is absorbed into the operators,

which yields

d{e (t
% = —§Jwﬁ (&),

where ¢ () = e™™¢,(t). In order to solve this equation of motion, which allows

evaluation of the time correlation function seen in (2.37), the non-Hermitian
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matrix J is written in terms of its eigenvalues k and the eigenvector matrix y as

nyﬁ - Z X'yn’fn5mnX;Llﬁ

mn

Defining the eigenmodes of J as

(1) =3 xk (& (e,

the quantum regression theorem for the time correlation function of a bosonic

operator [139,140]

d<é/— ZLM )ert) (2.38)

may be used to find their equation of motion as

(o)
d<CZT( ) T

The solution of this simple equation,

(e = e {c(0),

is related to the time correlation function seen in (2.37), in such a way that it

may be used to find

(@) =D xu (O > > e (C(0)
_vake T 0)el,



2.6 Single Photon Sources 85

such that

eikL'r’va <é'7(7—>éiu> = Z Xvke—RkTX];lleikL.rza <élég>

(e (r)et) = e men 3 e i,
k

This result may thus replace the time correlation in the definition of guqx(t) (2.37)

such that it becomes

t
Jag (t) = Z'Kq)ﬁii(wq)‘tikbra) Z G_iq.r'Yka:/ €(iwq>‘7ﬂk)7d7'xlzi
vk 0

(iwq,\fﬁk>t -1

. —i(wgrt—kr 1 § : —iq-r
— ZKq)\e ( g L a) X’yke q Ty

vk

X;;;- (2.39)

tWg\ — Rk

The final step in the derivation is to apply the fact that the interesting regime is
that where ¢t > 1/I,,, and since the eigenvalues k o I'ng, the exponential e~ "
may be approximated as zero. In the limit of long times the final expression for
the light generation coefficients may be written
—1
Goap () 2 —iK e (eart=kuma) 7 oy _XokXba (2.40)

ok iwq,\ — Kk

which may now be used to find the angular photon distribution.

2.6.4 The Angular Density Matrix of the Single Photon

State

This section concerns the description of the angular distribution of the emitted
photon when only a single atomic excitation is present in the system. Using the

bosonic operators given in the last section, the atomic state containing a single
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collective excitation may be written as

[¥(0)) = ¥ at|0ph—z¢g 10Dt [0

where the coefficient 1); describes the particular collective excitation. The corre-
sponding photonic state resulting after a large enough time may then be written

as

(8> 7)) = 10),, B}y, = Y ¥ ()il [0),,, 10}, (2.41)

5

The angular distribution of the state of the emitted photon is governed by the

angular density matrix per solid angle, which is defined as [91]

V - At 2
KD = G & [ s Dibaalves e e

where |q] = ¢ = wqy/c, is the modulus of the wavevector of the emitted pho-
tonic state. The expectation value of the final photonic state |0),, [®) , may be

evaluated by insertion of its explicit expression (2.41) to yield

ak/)\/agyaqyak/\’ w(t > 7')>

(@hpia) = D etga g () (vt > 7)

VASVVIR Y

— Z ij;/gjqu(t>g;’qu (t) :

Insertion of this expression for the expectation value and that of the photon
creation coefficients (2.40) into the density matrix per solid angle allows it to be

expressed as

2

O\’ 1 & ko )
)= L) e k(X550 ) )y oAb, 1.
00 =(52) 2 05 5 ()

XY XmXomy (n)" () Tympm (),

ym

Bn
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with

Lo (92 ¥ et 3 d 2.43
npm i) — - - W AWqu .
B ( q) /0 (’%Z I Zun)(’@n _ quy) q q ( )

where in these expressions the dipole matrix elements have been expanded as
d,, = dgaczga under the assumption that the laser is linearly polarised and the
transition matrix element is real, such that Jga is the unit vector in the direction
of the dipole transition.

The integral 7,5, (€24) (2.43) is evaluated in [91] and as explained within is
justified in the limit where the time it takes for the collective excitation to decay
is much shorter than the time taken for light to pass through the extent of the
system. In [91], this condition is represented as I',/c < 1/L, where T',, is the
collective decay rate of the atomic state, ¢ is the speed of light and L is the length
of the system. The worst case for the collective decay rate for the small systems
investigated here may be estimated from the descriptions given in this reference,
where it can be seen to be comfortably valid. Note also that in this limit the
dependence of the photon distribution on the wavelength of the atomic transition

is removed. The integral thus takes the form

2mws o
Lynpm($2q) = ﬁ(”kmq(rw—rﬁ)

)

such that the full expression for the angular density matrix is found to be

p(2) == Ty 3 (G- )

J.J’
-1 % —1\*
P Ky + Km
Bn

This expression, though close to completion, may be further simplified by the
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introduction of the matrix

N

ij (Qq) — X;L; Z e_i|kL‘(i'r’YX7m,

=1

yielding

| ) Boi (29) B0 (4
,O(Qq) _ % Zesz.(rj—r]./)ij;/ Z <dga ' eqy>2 Z J (ﬁ*q:_ l{;( !1).

5’ m,n

Converting this into matrix form simplifies the notation somewhat

p(Q4) = %:g > <Aga ' eq,,)Q Z@ (B (%) AB Q)] ;¥

v

T, . ) ~
N i_wg 2. ( g’ e“‘”)zwgT (24) AB (Q4) ¢, (2.45)

v

where 9); = 2 i¢); and the elements of the matrix A are defined as

1

Ky + Km

Anm =

Finally, using the fact that the unit vector in the direction of the transition dipole
moment can be composed into three directions defined by the polarisation and

propagation vectors of the emitted photon (eq1, €4 and §) as
. 2 . 2 L N2
(dga ' eql> + (dga ' eq2) + (dga : Q> = 17

the sum over the polarisation may be found as

3 (dn- ) = [1 ~ (d- 4)2} |

v

Substitution of this representation of the sum yields the final expression for the
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angular density matrix per solid angle as

p(60) = 22 [ 1= (dn-0) | 918 ) AB (92, (2.16)

which describes the probability of the photon being emitted into each direction
around the atomic ensemble and will be used in the following sections to calculate

the spatial distribution of the emitted photons.

2.7 The Emitted Photons

This section gives details of the single photon states that are produced from
the collective atomic excitations using the mapping described in the previous
section. The results for all three geometries are presented in this section, where
the systems have been set up such that there are many common features. Firstly,
it is considered that the lattices are in the xy-plane, with the atoms fixed perfectly
at the centre of each lattice site. Secondly, as can be ensured by appropriate
choice of the atomic levels, the dipoles of the atomic transition |g), — |a), are
aligned and perpendicular to the plane of the lattice, Elga | z. The third and
final parameter to be set is that of the laser momentum kj, which is also set
perpendicular to the plane of the lattice, ky, || z. The fixing of these parameters
leaves the form of the photon distribution resting purely on the ratio between
the lattice spacing a and the laser wavelength A;. The following sections detail
the photonic distributions from each of the three lattice geometries when the

collective atomic excitation present is that with the highest transition intensity.

2.7.1 Square Lattice Emission

This section describes the angular photon distribution for four different ratios

a/Ar. The initial atomic state and the resulting photonic states for an Ly, = 7
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square lattice are illustrated in Fig. 2.16, which shows that the ratio a/\; has

() (d) (e)

Figure 2.16: (a) Bosonic position expectation for the state |1y). (b-e)
The angular photon distributions for Lyq = 7 square lattices
with: (b) a/Ar, = 0.1, (¢) a/ArL = 0.25, (d) a/Ar, = 0.95, (e)
a/Ap = 1.2. The red arrow represents the direction of the
photon mapping laser, which is perpendicular to the lattice
plane in the top row and out of the page in the bottom row.

a dramatic impact on the photonic state produced. The smallest illustrated ra-
tio a/Ar = 0.1, shown in 2.16(a), produces a slightly perturbed dipole emission
pattern. This is due to the fact that the atoms couple to the field as almost
a single degree of freedom, as indeed the whole lattice will actually fit within
a single wavelength of the laser. However, the ratio and size of the lattice are
clearly sufficient to alter the dipole emission pattern such that the lattice geom-
etry leaves its mark, making the distribution square in appearance. When the
ratio is reduced to a/\;, = 0.05 a standard circular dipole emission pattern is
seen, therefore the lattice geometry has no effect. Increasing the ratio of inter-
particle spacing to wavelength to a/A;, = 0.25, the distribution for which is seen
in Fig. 2.16(c), changes the photon emission profile into that where the photon
is emitted into a superposition of directions that form two cone-shaped beams.
Here the information about the geometry of the lattice is mapped into the shape
of the two conical distributions, which, upon closer inspection, have square bases.

There is a relatively large gap in the ratio a/A; to the next distribution shown,
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a/A; = 0.95. This choice was made as the majority of the intermediate ratios
merely show a crossover between the two regimes, the low ratio cones gradually
reducing in intensity while the four perpendicular beams seen in 2.16(d) gain in
prominence. The result shown in Fig. 2.16(d) once again shows that the lattice
geometry is imprinted on the photonic state, with the four beams emitted perpen-
dicular to the sides of the lattice. Furthermore, the beams are also perpendicular
to the incident photon mapping laser, which will avoid problems with noise in
the photon detection process. The final panel of the figure, Fig. 2.16(e), shows
the photonic angular distribution when the minimum interparticle separation is
greater than the mapping laser wavelength. This shows a similar distribution to
that where a/\;, = 0.95, though the four emitted beams are now split in two. In
this case, the distribution will be given by the interference of the emission from
a regular array of dipoles, which are coupled independently to the laser.

This section has detailed the results for photon emission from a square lattice
with the highest energy collective bosonic excitation initially present. The follow-
ing section details how the features seen here are also present in the triangular

lattice case.

2.7.2 Triangular Lattice Emission

The angular photon distributions for the Li; = 7 triangular lattice with four
different ratios a/\; are shown in Fig. 2.17, along with the bosonic excitation
position expectation value of the initial atomic state, which has been chosen to
be that with the highest transition intensity, |1y,.). The result for the smallest
ratio of interparticle spacing to mapping laser wavelength, a/A; = 0.1, shown in
Fig. 2.17(b), shows once again a slightly altered dipole emission pattern. In this
triangular case, the shape of this near-dipole emission pattern includes features

related to both the external geometry of the system and the shaped formed by
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Figure 2.17: (a) Bosonic position expectation for the state |1x,,,). (b-e)
The angular photon distributions for Ly = 7 triangular
lattices with: (b) a/Ar = 0.1, (¢) a/ArL = 04, (d) a/N, =
0.9, (e) a/Ar, = 1.25. The red arrow represents the direction
of the photon mapping laser, which is perpendicular to the
lattice plane in the top row and out of the page in the
bottom row.

its neighbouring atoms. The internal triangular geometry of the system means
that the central sites have six neighbours, thus being surrounded by a regular
hexagon, as may be seen in 2.17(a). The emission pattern is an irregular hexagon
with three symmetry axes, which are oriented in line with those of the lattice
from which it is produced. An increase of the interparticle spacing to wavelength
ratio to a/A;, = 0.4, as shown in Fig. 2.17(c), yields the emission pattern of
two pyramidal shaped beams which have a triangular base. As with the square
lattice, information about the geometry of the system is mapped into the emitted
photon. For ratios 0.4 < a/A; < 0.95, the emission pattern shows a mixture of
those shown in Fig. 2.17(c) and (d), with the two cones gradually decreasing in
amplitude while the three beams gain intensity. As seen in 2.17(d), there are very
small remnants of the conical beams visible, but the distribution is dominated
by three beams emitted perpendicular to both the sides of the lattice and the
mapping laser itself. What is also clear in this emission pattern is the emergence
of three further beams, which, although at this point are much lower in intensity

than the three main beams, appear to be emitted from the corners of the lattice.
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Indeed, in between a/Ar, = 0.95 and that seen in the final subfigure, 2.17(e), these
secondary peaks grow to an intensity equal to that of those which are emitted
from the sides of the lattice. Increasing the ratio to a/\;, = 1.25 the peaks begin
to split in the z-direction. Further increase of the a/A; ratio (not shown) sees
the beams in Fig. 2.17(e) split into two separate beams that eventually become
perpendicular to each other, one 45° above the lattice plane and one 45° below
it. This final image suggests that the emission pattern becomes dominated by
the interference of individual dipole emissions arranged in a triangular lattice.
This section has shown that the emission patterns for the triangular lattice
rely on both its external geometry and how the atoms are arranged within. This
was not apparent in the square case as the central lattice sites always have neigh-
bours arranged in a geometry which is the same as the overall lattice shape. This
interplay is further highlighted in the following section, which details the emis-
sion from the lattice with the external geometry of a rhombus and a honeycomb

internal structure.

2.7.3 Hexagonal Lattice Emission

The final set of photon distributions presented are those from the hexagonal
lattice. The results for an Ly, = 11 hexagonal lattice are shown in Fig. 2.18,
where the first subfigure is the bosonic position expectation value of the single
excitation state with the highest energy. Once again, for very small ratios of
the interparticle spacing to the mapping laser wavelength, an emission pattern
closely resembling that of a single dipole is found. In this case it is the external
geometry of the lattice which dominates, such that the dipole emission pattern is
distorted to the shape of a rhombus. Increasing the interparticle separation in the
hexagonal lattice case does not yield the emission pattern of two cones that was

seen in both the previous cases. Instead, Fig. 2.18(c) shows four clearly defined
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Figure 2.18: (a) Bosonic position expectation for the state |1y, ). (b-e)
The angular photon distributions for Ly., = 11 hexago-
nal lattices with: (b) a/Ap = 0.05, (¢) a/A\r = 0.3, (d)
a/Ar, = 0.65, (e) a/Ar = 1.05. The red arrow represents
the direction of the photon mapping laser, which is perpen-
dicular to the lattice plane in the top row and out of the
page in the bottom row.
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peaks, two from each face of the lattice. Further increase of the interparticle
spacing relative to the mapping laser wavelength such that a/A\;, = 0.65 produces
another interesting result, as seen in Fig. 2.18(d). In this case, there are six
highly focused beams emitted perpendicular to the mapping laser, each one in a
direction parallel to those along which nearest-neighbours of each lattice site lie.
This is in contrary to the beams previously seen emitted perpendicular to the
sides of the lattice, and is likely a result of the interplay between internal and
external geometries. The final subfigure, Fig. 2.18(e), shows a transition to where
the distribution appears as a number of interacting dipole emission patterns, as
was seen for the previous lattice geometries, and occurs when the atoms in the
lattice couple to the laser independently.

This section in particular has highlighted the complicated nature of the in-
terplay between the internal and external geometries of the lattice when the
collective excitations are used to generate single photons. It should be noted that

these emission patterns are the same as those that can be calculated for arrays
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of classical dipoles with the corresponding dimensions. Thus, there is nothing
inherently quantum about the emission patterns themselves, although the singly
occupied lattice system with a very small number of collective excitations present

is a quantum system and may be mapped onto quantum states of the light field.

2.7.4 Uncertainty in Atomic Position

Unfortunately, due to the finite strength of the atomic confinement and finite
temperature of any experiment, it is inevitable that perfect lattices are impos-
sible to achieve in practice. This section shows how taking into account the
uncertainty in the atomic positions affects the photonic state produced. To per-
form this calculation, the atoms are randomly distributed around the centres of
the lattice sites with a finite isotropic standard deviation, o # 0. As a result,
the initial assumption that the width of the external atomic wavefunction was
negligible compared to the interparticle separation, o/a — 0, breaks down. Ex-
amples of the results obtained when the atoms are randomly distributed about
the centres of an Ly, = 7 square lattice of a/A;, = 0.95 can be seen in Fig. 2.19,
which shows the possible differences to those of the perfect trapping case seen in
Fig. 2.16(b). The lowest standard deviation of the atoms about the centre of the
lattice sites, seen in Fig. 2.19(a), shows that the atomic state is very close to that
of the perfect trapping case (2.16(b)) and therefore the photonic state varies very
little. In the second figure, 2.19(b), the standard deviation of the distribution
is doubled to o/a = 0.05, and is seen to greatly affect the collective excitation
state. However, the photonic state produced by this distribution retains the qual-
itative features of the perfect distribution in that it still shows four perpendicular
emitted beams. The examples of atomic distributions provided in 2.19(c) and
(d), showing o/a = 0.075 and o/a = 0.1 respectively, show that the distribution

of the emitted photonic state steadily diverges from that of the perfect trapping
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Figure 2.19: Examples of the atomic distributions and resulting photonic
states when the atoms are randomly distributed about the
centre of the sites of an Lyy = 7 square lattice with a/A\f, =
0.95 and (a) o/a = 0.025 (b) o/a = 0.05 (c) o/a = 0.075
and (d) o/a = 0.1. The red arrow represents the direction
of the photon mapping laser, which is perpendicular to the
lattice plane.

case. Whilst the perpendicular beams are retained up to this level of uncertainty,
they become increasingly noisy and asymmetric, which is to be expected.

The results for the square lattice are qualitatively representative of the other
lattices that have been considered, both of which retain their qualitative features
over this range of o/a, but with increasing noise. Therefore this final section
shows a degree of robustness of the photonic states when certain elements of the
experimental uncertainty are introduced. It should be noted that the emission
pattern is expected to retain its qualitative features in the case where a small

number of lattice sites are completely unoccupied, though this case has not been

investigated.

2.8 Summary and Outlook

This chapter has shown how quantum states of light may be produced from col-
lective excitations stored in an atomic ensemble. Focus was at first placed upon
the situation where the laser driving is the dominant energy scale of the system.

Such a regime allows the atomic operators to be converted to bosonic operators
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via application of the Holstein-Primakoff approximation, such that the system
has a coarse energy spectrum formed of quasi-degenerate manifolds defined by
the number of bosonic excitations present. Following a description of how these
manifolds may be coupled by the application of an oscillating laser detuning, it is
shown that the excitation spectra are governed by conservation of the symmetry
properties of the initial state, which is in turn dependent on the lattice geome-
try. The validity of the solutions obtained in the strong laser driving regime are
then evaluated using a numerical exact diagonalisation technique, the derivation
of which is detailed. This shows that the two methods clearly converge when
the laser driving becomes dominant in the numerical approach, such that the
reliability of the results is confirmed. Attention then turns to the generation of
non-classical states of light from the obtainable collective excitation states, where,
after an extensive derivation, the angular photonic distributions are illustrated
for each of the three lattice geometries. A common theme to these distributions
is that the lattice geometry is essentially mapped into the photonic angular dis-
tribution. Furthermore, for certain parameter regimes the photonic distributions
are seen to be in directions strictly perpendicular to the lasers applied to the
system.

This work has shown that it is possible to map an atomic ensemble in a collec-
tive excitation state onto the state of a single photon, thus creating a determin-
istic source of single photons. One example where this ability to convert between
atomic and photonic states is a quantum network where the atomic states act
as quantum memories with photons transferring information between them [141].
Especially, this is a possible method to achieve one of the three requirements for
a distributed quantum computer networks outlined in [48], namely the retrieval
of a quantum state from an atomic memory.

There are a number of conceivable ways in which the work detailed here
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may be extended or taken in a different direction. Section 2.7 was concerned
only with the case where both the incident laser and the atomic dipoles are
aligned in a direction perpendicular to the lattice. Simple extensions to this
case may be envisaged as having the dipoles all aligned in one direction, but
not necessarily aligned with the readout laser and either or both not aligned
perpendicular to the lattice plane. These situations are all accounted for in the
equations given in section 2.6, but have not been considered here. One obvious
extension is to further increase the dimensions of the system to atoms trapped in
a three dimensional lattice, where the Holstein-Primakoff transformation allowing
solution of the Hamiltonian will still be valid. A completely separate extension to
this work would be the case of a lattice small enough such that only a single site
may be in the Rydberg state at any one time due to the Rydberg blockade [74].
This situation may guarantee that only a single collective excitation is present in

the lattice, though the relevant energy scales still require investigation.



Chapter 3

Rydberg State Control using

Electrons

3.1 Introduction and Background

The relentless drive to understand quantum many-body systems continually stim-
ulates research aiming to increase the accuracy and diversity of quantum state
control. One particular area where this is apparent is in those many-body sys-
tems made possible by high accuracy trapping and manipulation of ultracold
atoms [1]. Aiming to utilise these high degrees of control, ultracold atoms in
optical lattices [22] have formed the basis for a number of quantum computing
proposals [41-44]. These require two internal states of the atom being used to
form a quantum bit, which is the basis for storage, retrieval and processing of
quantum information [142]. Such proposals place stringent demands upon ones
ability to create and manipulate the quantum state of the system, this fact being
one of the driving forces behind the study of interfacing quantum systems with
solid state devices [79-83].

Atoms in Rydberg states [66] are frequently proposed as suitable candidates
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for quantum computation [69,85,143-145] and have proved exceptionally useful in
the study of the complex dynamics of many-body systems [74,87,96-98]. This is
down to the techniques that have been developed to precisely control the internal
state of the atom. The extreme sensitivity of these atoms to electromagnetic fields
is well documented [76-78] and their typical level spacings allow microwave fields
to be used to induce transitions between neighbouring Rydberg states [146, 147].

While the use of microwave fields to alter the state of Rydberg atoms is a
very powerful technique, it has also been recognised that collisions between the
atom and various other particles may change the atomic state. A very detailed
report on theoretical descriptions of collisions between Rydberg atoms and both
charged and neutral particles may be found in [99]. Part of this report expands
upon previous work [100] detailing how collisions between Rydberg atoms and low
energy electrons may lead to changes in the orbital angular momentum state of
the atom. Whilst the problem of collisions between Rydberg atoms and electrons
has long been treated using classical Monte Carlo methods [148-150], with some
of the earlier results being used to produce analytic formulae for ionisation and
populations rates [151], it has not been until relatively recently that they have
been treated quantum mechanically [152]. Further to these theoretical descrip-
tions, Rydberg state changes have been observed experimentally in cold Rydberg
gases [153-155] where they are attributed to collisions with electrons which have
been released when a small proportion of the atoms ionise. This mechanism for
the formation of such an ultracold plasma is explained in the first of these three
references, [153]. The route which will be explored here is closely related to these
collisional ideas, but aims to actively control the state of the Rydberg atom. This
chapter thus describes how this control may be achieved using the interaction of
the Rydberg atom with a passing guided electron [156]. It will be shown that

this relatively simple technique may be used to excite the atom to a quantum
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state which has a permanent electric dipole, and that the required parameters
are achievable using current technology.

This chapter is structured as follows. Section 3.2 introduces the system and
the full form of its Hamiltonian. Section 3.3 gives a detailed description of a
preliminary investigation of the interaction inherent in the system, which is based
upon perturbation theory. This method is then superseded in section 3.4 by two
analytic techniques which, under certain assumptions, are capable of describing
the changing state of the atom with the passage of the electron. This section
concludes with an analysis of the results from these two methods. Inevitably with
such a complex system, a numerical analysis is required and this is described in
section 3.5, where a comprehensive analysis of the results for both rubidium and
lithium is provided. The final aspect of this research is found in section 3.6, which
describes how the analysis may be extended to a system of multiple trapped and
interacting Rydberg atoms, and concludes with the results for a two atom system.
The chapter concludes with a brief summary of the research presented, along with

a small number of possible extensions. This may be found in section 3.7.

3.2 System and Hamiltonian

The system considered here, shown in Fig. 3.1, is composed of two elements
and will serve as the basis for all the methods described in this chapter, with
any variations being described when necessary. The first element is an electron
confined to move in a single dimension, which defines the x-axis of the system.
The quantum state of such an electron can be written as a linear combination of
either the continuum of states in the position basis |z) or the continuum (when
the wire is considered infinite in length) of states in the momentum basis |k).
The second element of the system is an alkali atom trapped at a perpendicular

distance Y from the wire and initially in a |ns) Rydberg state (n > 1) [66],
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Figure 3.1: A schematic of the system considered. A Rydberg atom is
trapped a distance Y from a quantum wire which directs a
single electron moving with momentum k;. This depiction
of the atom represents the fact that the atom may change
state on the passage of the atom, as detailed throughout this
chapter.

where n is the principal quantum number of the state and s represents that the
orbital angular momentum quantum number [ = 0. Introducing also the magnetic
quantum number, m, with the quantisation in the z-direction, the set of atomic

states will be written as

) = [nlm) = Rou(r)Y;" (6, ¢)

where R,,; are the radial wavefunctions specific to the atomic species in question
and Y, are the spherical harmonic functions. Note that in writing the atomic
states in this form, the fine structure splitting brought about by the spin orbit
interaction [157] has been neglected, which is justified towards the end of section
3.3.2. In writing the atomic states in this hydrogenic form a simplified model
of the Rydberg atom is assumed, where it consists of a single valence electron
and a positive core formed by the atomic nucleus and the other bound electrons.
The distance between the free electron and the centre of mass of the atom is

—

R = (z,Y,0) and the relative coordinate of the valence electron and the nucleus

1S 7= (Za, Ya, Za)-



3.2 System and Hamiltonian 103

The Hamiltonian of the system has three terms,
H = Hg + Hp + Hiyg, (3.1)

and it should be noted that atomic units are to be used throughout this section,
the definitions of which can be seen in appendix A. In the momentum basis, the

Hamiltonian describing the one-dimensionally confined electron is written as
/{2
Hg = /dk 5 k) (k| ®@ 14, (3.2)

where k?/2 is the kinetic energy of the electron and Iy = Y |a)(af is the
identity operator on the atomic Hilbert space. The Hamiltonian of the atom can

be written as

Hy=Ip® ) Ela){al, (3.3)

where Iy = (L/27) [ dk |k) (k| is the identity operator represented in the contin-
uum of 1D electron momentum states, L is the length of the wire within which
the electron is confined and &, is the energy of the atomic state |a). The eigen-
states of the composite system before the interaction is introduced are written as
|k, a) = |k) ®|a) and have an associated energy Ey . = E,+ % The Hamiltonian
describing the interaction between the two elements of the system is a Coulomb

potential, written as
1 1

"= k| |R]|

int —

This contains both the repulsive interaction between the electron in the wire
and the valence electron (first term) and the attractive interaction between the
electron in the wire and the atomic core (second term).

It is considered that the atomic trapping distance Y be on the order of mi-

crometres. Thus, when considering that the orbital radius of the valence electron
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may be estimated as (r) & 3/2 x n? [66], it can be approximated that for the
experimentally accessible Rydberg states (n = 90 demonstrated in [74]), Y > |7]
and a Taylor expansion of the interaction about |7] = 0 may be performed. The
zeroth order term in the Taylor expansion of the first term in Hj, (3.4) can be
shown to be 1/|R|, and therefore to zeroth order Hiy ~ 0. Therefore the first
order expansion is performed and found to be

T —1Y T+1Y

i + Y :
(32 +Y?)s (32 +Y?):

(‘%a + Zga) + (ia - @'ya)

1
(@2 +Y2)3 2

R ~
int ~~

], (3.5)

which approximately describes the interaction between the two systems. In this
expression,  is the position operator of the one-dimensionally confined electron
with z, and 7, being the position operators of the valence electron relative to the
nucleus. The final form separates the wire electron position operators from those

of the valence electron and allows this interaction to be written in the atomic

basis,
1
Hi [aa,f—n/ )] + i (@ + Y| (al |, (3.6
T 2 et~ V) b+ Ve el ], (20
where

Hao! = <O“ia + Z@a|0/>

are the dipole matrix elements of the transition |a) — |o).

3.3 Preliminary Investigation

The investigation of this system begins under the assumption that the energy scale
of the interaction is much less than the energy scales of the individual systems.
This section details how perturbation theory [158] can be used to assess how the

energy levels of the system are changed with the introduction of the interaction.
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The first order corrections to the energy levels of the system are defined as
EY = (k, a|H| k, )
ko ) int P 5

where Hj, is defined in (3.6). These first order corrections may be shown to be
zero using the form of the dipole matrix elements provided in appendix E, which
show that in order for a dipole matrix element to be non-zero both the orbital
angular momentum and magnetic quantum numbers of the states involved must
be different by 1. Obviously this cannot be the case for the diagonal elements
seen in the first order correction expression.

The second order corrections to the energy levels are worked out using

2 (K, o | Hin| K, )
25

)
Ek,a - Ek’,a’

k' #k
o' #a

where, given that the interaction can indeed be taken as a perturbation, we are
interested only in the shift of the state |ns), in which the atom is initially prepared.
Therefore, the only states |a@’) which contribute to this energy shift are those
where a transition from |ns) is allowed by Hj,. As the interaction Hamiltonian
only allows dipole transitions, it may be written in the basis containing only
the initial atomic state, |ns), and the two p-states, |[n'p,) (m = +1) and |n'p_)
(m = —1), to which dipole transitions are allowed. There are no selection rules to
govern a change in principal quantum number, n. Taking this into account, the
interaction Hamiltonian may be written using the basis {|n’s) , |n'py) , [n'p-) }Vn’
as

g3 —

int

]- A - / 2 2 /
ST 2 e (@ =) (1'8) - | = [0 o's])

2
n/7n//

(& +3Y) (In"p-) (n's| = [n's) (n"py]) |, (3.7)
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where

P = £ (0|20 £ iy n"px) = £ (0'px |20 F iya|n's)

are the transition dipole matrix elements between the |n's) and |n”p) states.
The electron is assumed to be confined to a wire of length L, such that the

states which it may occupy are written as

1 .
(x|k) = —=e**  with k=%

VL

and j an integer. Taking the limit L. — oo means that the possible values
of momentum which the electron may take become a continuum, therefore the
difference between them dk = 27 /L — 0, and the sum over &’ may be turned into
an integral >°,, — L/2m [ dk’ [159]. In this limit, the expression for the second

order correction to the energy levels is written as

2
2
o L - (¥, || ko) »
k,a_%Z/ Eka_Ek:’o/ . ()
a'#a o0 ’ ’
Expressions for the matrix elements <k:’ o Hi(ft) k, a> may also be found ana-
lytically
</f/ n'p ‘H-(Q) k n3> = Lo /°° dg @b—*e LT (AT F(k—k)
) + int ’ 27, e (1'2 + Y2>% L
o @ e oo ih—ke T Y iy Y
<k:,np_‘Hmt k,ns>— 5T /_Ooda:e (x2+y2)%— 7 Gk —K),
where
Flk—K)=(k—-K)Ko(Y |k —FK|) — |k — K| K (Y |k — K (3.9)

Gk — k') = (k — K)Eo(Y |k — k) + |k — K| KL (Y [k — &']) (3.10)
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and K, is the n™ modified Bessel function of the second kind. The functions
F(k — k') and G(k — k') are momentum space coupling functions between the
two states of the system, as the integral amounts to a Fourier transform of the
position space coupling found in Hijy.

These expressions highlight a problem with such a perturbative approach.
There is the possibility that the second order correction (3.8) could diverge at the
point where £}, = Ej s provided that the momentum space coupling functions
F and G are non-zero for these momentum differences. This amounts to the
kinetic energy difference between the states of the electron being equal to the
energy difference between the atomic states which are coupled by the interaction.
Therefore, the validity of such a perturbative approach is questionable. However,
before abandoning this method, an investigation is carried out which limits the
kinetic energy to being much lower than the atomic energy level differences. This

is detailed in the following section.

3.3.1 The Born Oppenheimer Approximation

In this section the Born Oppenheimer approximation [160] is applied to the sys-
tem. In this context, it is assumed that the electron is travelling slowly enough
that the atomic energy shifts may be calculated as if it was fixed in position.
Therefore the energy shifts found are Stark shifts dependent upon the strength
of the electric field experienced by the atom due to the electron. Quantifying
this, the kinetic energy of the electron is restricted to being much less than the
energy gap between the initial state [ns) and any of the possible |np) states,
|AEp| = |Ewp — Ens|, which avoids the points at which the second order pertur-
bation predicts a divergence. The position of the electron x is thus a quasi-static
variable which parameterises the effective interaction between the confined elec-

tron and the atom. The validity of this approximation rests on the assumption
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that the kinetic energy of the electron in the wire can be completely neglected.
To enforce this, Hg is neglected from the Hamiltonian, resulting in an effective
Hamiltonian written as Hpo = H{)(z) + Hy, where H)(z) = H) with the
operator status of £ removed. The system then remains limited to the s- and
p-state subspace.

Assuming the atom is initially prepared in the state |ns), the second order

correction to its energy level may be written in the Born Oppenheimer approxi-

mation as

int

H(Q)(x)‘ ns> ’

EQ(@) =) )<n’pvgm — &y

n' v==+
The number of states that need to be included in the summation in order to reach
convergence depends upon the choice of atomic species. Rubidium is taken here,

the spectrum and transition dipole moments of which can be seen in Fig. 3.2. The

o~ x10-° Rubidium
2500 a  156p
i3 53f
2000 S 565 oo
~ s 05
51500 £ 55p
= E 52f
1000 < Uoos 52d
54
500 £—05 " -
0 A 54s f
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n

(a) Absolute value of the radial transition  (b) Spectrum of rubidium around the state
dipole elements ps5,,/ for a rubidium atom.  |55s).

Figure 3.2: Radial transition dipole elements |55,/ | and energy spectrum
for rubidium.

plot of the transition dipole moments, Fig. 3.2(a), is dominated by pis5 (finn = fin)
and 5554, which combined with the spectrum, Fig. 3.2(b), shows that only the
states |55p,) and [54py) are going to contribute significantly to the shift of the
energy of |55s). Having also verified that the spectrum and form of the transition

dipole elements maintain a similar form for a wide range of principal quantum
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numbers (omitted), the important principal quantum number manifolds in these
energy shifts will be those of the initial n along with those of n—1. The expression

is then written as

1 [LQ /’L?2’L (n—1)
E®(z) ~ L + ’ ,
ns ( ) 2(1.2 + Y2)2 (gns _ gnp gns _ g(nfl)p

the maximum magnitude of which will clearly be found when x = 0, and will be

written as

1 % 1 (n—1)
J— n : , 311
2Y4 <5ns - 8np * gns - g(n—l)p ( )

the sign of this being evaluated in the following paragraph.

Turning once more to the properties shown in Fig. 3.2, it is clear that u, >
fnn—1 and |Enp| > |En—1p|, With &, > 0 and &,_1, < 0 when offset such that
Ens = 0. This means F,,., is actually a minimum when the atom is prepared in
the state |ns), which opens up the possibility of bound states of the atom and
electron system forming. Expanding about the minimum of E? to second order

we may write

1

£ Lo V2 < o Fon, (n 1) >2
2 ’ Y3\ & —Ep  Ens — Em—1yp
and assume that the lowest energy bound states are roughly one-dimensional
harmonic oscillator states with energy E,,,., = (nno+1/2)w [161]. Using quantum
defect calculations [162] and numerically generated rubidium wavefunctions, the
scalings of the quantities in the large brackets are estimated as follows; u, ~
0.97%, fiy, (n—1) = 0.8n%, Ay = Enp—Ens ~ 0.5n73 and A1)y = En—1)p—Ens =
—0.6n73. These allow the maximum value of the energy shift, Fy,., (3.11), to be
estimated as

4 n’

J - .
15Y4
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An estimate of the harmonic trapping frequency w can thus be found in the same

way, yielding
4 ns
W ——,
V15Y3

which allows a rough estimate of the number of bound states possible as

Bl 1 ne 1

nboundNT—§%W—§-

Using this approximation with principal quantum number n = 55 and Y = 2.5um
the number of bound states may be estimated as npoung &~ 6. Although this is
a low number, it acts only as an order estimate as the harmonic approximation
assumes the spectrum of bound states to be linear. These bound states can
be seen using numerical diagonalisation of the full problem when the electron
kinetic energy is very small. This simulation of the system shows 12 bound
states, double that predicted by the analytics. The six lowest energy numerically
calculated bound states along the z-direction, 1, (z), can be seen in Fig. 3.3.
Also included in this figure are the energy levels for a harmonic potential (dashed
lines) of the same depth, calculated using the energy difference between the two
lowest energy numerical bound states as the harmonic frequency w. This shows
why more bound states are found than are predicted. The harmonic spectrum is
linear in its energy spacing, which gives the six equally spaced predicted bound
states seen in the figure. As the harmonic approximation breaks down, the bound
state energies become closer together and therefore more are possible.

The harmonic approximation appears to be valid for the low energy bound
states, which allows an estimate to be made for the characteristic timescale of
the trapped electron as

2T

™_ — —.
w

For the electron and atom to form a bound state this timescale must be much
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Figure 3.3: The six lowest energy bound states possible, ¥, (x), and the
potential for a |55s) rubidium atom trapped Y = 2.5um from
the electron wire. Dashed lines represent the energies for a
harmonic potential of this depth.
shorter than the lifetime of the Rydberg atom. An electron trapped by a |55s)
rubidium atom at Y = 2.5um has a characteristic timescale of 75 ~ 25ns, very
short considering that the lifetime of this atomic state is 191us at zero tempera-
ture [163].
Having shown that it is possible to gain some understanding of the system

in the limit where the electron momentum is very small, the following section

details an analysis aimed at going beyond this approximation.

3.3.2 Beyond Perturbation Theory

It is expected that the passage of the electron could change the internal state of
the atom if its momentum were to change in order to conserve energy. In this
case, the kinetic energy of the electron cannot be neglected as it is a process

of this type which could cause the divergence in the second order perturbative
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energy correction. This section describes the solution of the time-independent
Schrodinger equation using the full system Hamiltonian, H (3.1), an approach
that has recently been used to determine the fraction of atoms transferred to
higher angular momentum states in an interacting cold Rydberg gas [155]. The

state of the system will be written as

W) = Z /_00 dr Yo (z) |z, n' Q) ,

where the position basis |z) is chosen as a convenient basis in which to express the
interaction and ,,(x) is a continuous function describing the coefficients of the
component states |r,na). The Schrodinger equation for such a state is written

as
EZ/ dr Yo (z) |z, n'a) = Z/ dr Yo (x)H |z, n'a),

where the eigen-equations for the coefficients may be obtained by multiplying
from the left by (2/,n"¢’|. The assumption is made that the atom is allowed to
make only a single transition from its initial state, |ns), thus limiting the basis
to only this initial state and the |n’pL) states. The eigenvalue equations are then

written as

EZ/d:U Vo) (2 |2) (n"py |0/ a) = Z/dx Ypo(z) (20" py |H| x,n'a)

Y / A Ya() (@' J2) (Wp_ ') = 3 / 4z () (', 0"p_ |H|,0'a)

n',« n',«

EZ/dI Ypo(x) (' |2) (ns|n'a) = Z/dx Upo(x) (2 ns|H|z,n'a) ,

where the integrals are over all z and in the third equation the fact that the only
possible s-state is the initial state (|ns)) has been used. With knowledge of the

truncated basis interaction Hamiltonian provided previously (3.7), these three
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equations may now be written

62 Hom?
By, (0) = (~F + Dby ) iy o)~ 5 A )

82 n n”
Ewn”p_ (l’) - (__ + A(C/‘n”p) wn”p M wn s( )

2

E¢ns(x) = ¢ns Zunn <A* )wnp ( ) A($)¢n/p+($)),

where the initial state [ns) has been taken to have energy zero and A(z) represents

the position space coupling function

T+ 1Y

Ax) = m

The first two equations may be simplified using the fact that the only s-state in the
basis is that with principal quantum number n when using the single transition
approximation. Therefore, n’ in the first two equations may be replaced with
n. Converting to the basis |k, n'a), which diagonalises Hy + Hg, corresponds to

making the substitution

wna chna

of discrete coefficients in the momentum space plane wave basis, yielding

P o eik:c B ag Ag o eik:r: L " o 6ikx
Z k,n’p.;,.ﬁ - _? + n'p Z k,n’p+ﬁ - 9 (SC) Z k,ns\/z
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where n” has been replaced by n’ as the principal quantum number associated
with the p-states. Multiplying these equations by f_Lﬁz dr e ™' / VL and con-
verting the sum over k into an integral (as explained in the introduction part of

section 3.3) transforms these equations to

K - N
ECwy. (K) = <_ + A&y p) Crrp (k') 'u

; /dk/dxA* )elk=Ke (k)
k' ,u
EC,, (K) = (— +Agnp) Crip_ ! / dk /

2

>1

drA(x)e'*=F2C (k)

>1

B () = Xl 4 / ik / 4z (A*(@)Corp_ (k) — A@)Cop ()

where the wire has been taken to be infinite in length and so the momentum
space coefficients have become continuous functions, and all integrals are over all

space or momentum. The integrals over z are now carried out to finally yield

k/Q ) nn’ !
EC,,, (K) = (7 + Ay p) Crup () — “;W / dk F(k — k&')Cos(k)

12

ECyy. (') = (’“— T Asnfp) Cup (k) 4 52 [ a9k = )Coulh)

2 T

]{7/2 Z,U, ’
EC, (k) = —C,(K dald
(K) = 5 Cush') + L2

[ i (F = Gy (0) = GGk~ K)Cop (1),

where the definitions of F and G are given in equations (3.9) and (3.10), respec-
tively.

In order to find an analytic solution to these equations, it is important to
know the form of the momentum space coupling functions F and G. These can
be seen in Fig. 3.4, where it is clear that the peak value of F(k — k') is found

t (k — k') = —drg whereas that of G(k — k') is found at (k — k') = dzg. It
has not been possible to find an analytic expression for drg, though it is clear
that it changes with the value of Y. The assumption is now made that the

coefficients C,,5(k'), Crrp, (K') and Crp,_(K') vary very slowly over the width of
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Figure 3.4: A plot showing the form of F(k — k') and G(k — k') whose
peak values both occur at |k — k'| = |d£g|. ¥ =1 here for a
clear scale. Atomic units are used here.
F(k—FE') and G(k — k). The interpretation of such an approximation is that the
|k, ns) state is only coupled to those states where the atom is in a p-state and
the electron momentum varies by exactly +07g. The coupling functions are thus

approximated as the value of their integral in momentum space multiplied by a

delta function, written as

where 0[k] is the Dirac delta function. This leads to

/ K49 2 / (U, /
Ec’n,p+ (k + 5]_.g) ~ <% + Agn’p) Cn/er(k? + 6]:g) + %Cns(kﬁ )

/ k' —o 2 / Ulpp /
ECn’p, (k‘ — 5_7:g) ~ <% + Agn’p) Cn’p, (k - 5.7:9) + %Ons(k: )

]{?/2 z,u /
E N~ — ny — It
CuaK) = - Co () — B

(Cn'p— (k/ - 5.7:g) + Cn’p+ (k/ + 5]-‘9))

where the momentum has been shifted from the previous equation such that C,,
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is always described as having the momentum &’. Final simplifications to be made

to this equation are the introduction of an effective detuning
1 2 2

and an effective coupling Qg = finn/(2Y?), which allows the final form to be

found as

12

/ k / - /
Ecn/er (k’ —+ 5]:9') =~ (Ak+ + 7) Cn/p+(kf + (S].‘g) + ZQeﬁ‘Cns(kf )

/ k/Q / . /
ECn/p_ (k — 5]:g) ~ (Ak + 7) Cn/p_ (k — 5]:g) + ZQeffcnS(k )

kf/2 / . / /
— Cns(K') — iQegt (Cn'pf (K" = d7g) + Curp, (K + 5?9))-

EC, (k') ~ 5

The points at which each detuning goes to zero (Ax+ — 0) signify the points
at which the coupling to the respective state is expected to be maximum. The
results are intriguing, as the solution for the coupling to the state |n'py), ki, is

found to be
5‘2}-g + QAgn/p

L. —
" 20rg

whereas that for the state [n'p_), k_, is

k_
20Fg

This shows that the incident direction of the electron effectively selects which
magnetic sublevel is most likely populated.

This system of equations may be solved analytically to find the eigenener-
gies and eigenstates of the system. This is done using Mathematica and so the
expressions are not easily presentable and are omitted here. A plot of how the

eigenenergies vary with the momentum of the electron can be seen in Fig. 3.5,



3.3 Preliminary Investigation 117

where the basis has been limited to those states with the initial principal quantum

Eigenenergies (x107°)

10}

Figure 3.5: A plot showing how the energy eigenvalues of the system vary
with the electron momentum k. The quadratic dispersion
has been removed such that the avoided crossings are clearly
seen. This is for a |55s) rubidium atom trapped Y = 2.5um
from the electron wire. Both the momentum and energies
are in atomic units.

number and the quadratic dispersion relation of the electron removed. The plot
shows avoided crossings (rather than divergences) around k4 plus a third one at
k = 0. This indicates that atomic state mixing occurs around these points. The
third avoided crossing at & = 0 is also easily accounted for as both the p-states
have the same energy. Another point which can be gained from this analysis is
a measure of the strength of the coupling, which is calculated as the separation
of the energy levels at their closest point. For this system the strength of the
coupling is found to be 2Qcg = finn /Y.

So far, it has been assumed that the fine structure splitting of the p-states
may be neglected as the electron couples the two fine structure states equally.
This figure for the coupling strength may be used to evaluate this approximation.

Clearly a real atom has fine structuring of its atomic levels brought about by
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spin-orbit coupling. The spin-orbit interaction leads to an increase in the energy
level of the p-states if the spin of the valence electron is ms; = 1/2, whereas it
leads to a reduction in their energy if the valence electron has spin my, = —1/2.
The energies of each p-state shift by the same amount for a given spin of the
valence electron, which is due to the coupling of the electron spin coupling to the
orbital angular momentum /.

In order for the fine structure of the atom to be neglected, i.e. the coupling
is to that of the two fine structure states equally, it must be the case that the
coupling must be large compared to the energy spacing between the states. As
previously shown, the coupling between the s- and p-states is approximately 2€.g.

The fine structure splitting is found using the corrected result quoted in [164],

v = (86935.7(7)(n*) ™ — 233.5(5)(n*) ") GHz

which reproduces the results given in [165]. Here n* is the effective principal
quantum number, defined as n* = n — ¢, ;, where 9,,; ; is the quantum defect of
the atomic species. The simple inequality which governs when the fine structure
may be neglected is thus given as 2Q.s > 1. Using the expression previously
quoted for €., the condition upon the initial principal quantum number for
rubidium may be shown to be n 2 33.

This analysis has shown that there are specific values of electron momentum
for which the coupling to the atom changes its dispersion relation. Qualitatively
this signifies that at these points the electron and atom form a composite quantum
system, where a measurement of electron momentum could allow the state of the
atom to be inferred. Unfortunately, a numerical approach of the same form of that
which was successful for the bound states fails in the case of unbounded states.
Such a problem was encountered in a similar approach detailed in [166], and is due

to the fact that there are a continuum of possible states into which the system
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may be scattered. It is therefore troublesome to evaluate the approximation
that the coupling function is narrow compared to the scale on which the state
coefficients change. At this point this analysis is abandoned in favour of two
further analytical techniques, both of which are capable of predicting the final
state of the atom for a given momentum of the electron. What will become clear
is that both of the following procedures corroborate the prediction that incident

direction selects the preferred atomic magnetic sublevel.

3.4 Analytic Analysis

The aim of this work is to calculate how an electron travelling with a given initial
momentum k; can change the internal state of the atom. This section provides the
details of two analytical approaches, solution of the time-dependent Schrédinger
equation and a solution of the Lippmann-Schwinger scattering equation, which
are aimed at achieving this goal in the weak coupling limit. It will become clear
that the results of these two methods support each other, while both confirming

properties predicted in the preliminary investigation.

3.4.1 Time-Dependent Schrodinger Equation

The first approach detailed is not only analytically solvable under certain condi-
tions but will go on to form the basis of a numerical exploration of the system,
detailed in section 3.5. Here the solution of the time dependent Schrodinger
equation is detailed, the implications of which are represented once the result is
confirmed by the Lippmann-Schwinger scattering method. Taking the full Hamil-

tonian of the system H, the Schrédinger equation governing the dynamics of the
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system may be written as

i&ﬂp(% t) = H¢($7 t),

where t(z, t) represents the composite wavefunction of the system. This function

can be written as

@Zj(x’t) = f(xat)eikxv

where f(z,t) is a spinor containing the envelope function corresponding to each
atomic state for the plane wave with momentum k. Upon application of the

system Hamiltonian, the Schrédinger equation becomes

0 f (z,t) = —%aif(x, t) —ikO. f(x,t) + {V(w) + —] f(z, 1),

in which the plane wave is a common factor to both sides, so has been removed,
and V(z) = Hx + Hiy with Hiy as given in (3.6), such that the approximation
Y > |r] is taken. The appearance of k?/2 in the final term of the expression
may be neglected as it merely describes a universal shift of the system energies,
not depending on either x or t. The first term describes the dispersion of the
electron wavepacket, which may be neglected under certain conditions. Assuming
that the envelope function varies slowly with z, i.e. |02f| < |k, f|, the highest
order derivative in the previous expression may be neglected. This is the slowly
varying envelope approximation [167]. With the spreading term thus neglected,

the equation is finally written as
10 f(x,t) = —ikO, f(x,t) + V(x) f(x,t). (3.12)

It is now possible to move to a frame of reference where the electron is at

kt

rest, which is achieved by means of the unitary transformation U = e~*_ Upon
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application of this transformation, the Schrédinger equation becomes
i0hg(x,t) = UV (2)Ug(x,1),

where g(z,t) = Ut f(z,t). Using the fact that 9] = —0,, the Baker-Campbell-
Hausdorff formula [168] is used to work out how V'(z) is written in this frame.

The result is
1
UV (2)U =V (x) + ktd,V (z) + §k2t2a§V(x) +...

which one recognises a Taylor expansion of the potential V (x + kt). The problem
has thus been reduced to that of a stationary electron subject to a time dependent
potential,

i0ig(x,t) = V(x + kt)g(x,t). (3.13)

To further simplify this problem, contrary to the Lippmann-Schwinger ap-
proach (to be detailed in section 3.4.2), the assumption is made that the state
change of the atom does not change the momentum distribution of the electron.
This is equivalent to stating that the energy equivalent of the variance in mo-
mentum space of the electron wavepacket is much greater than the atomic state
energy difference A&,y = &, — E,s. Thus the electron is insensitive to momen-
tum changes ~ v/2&, and so there is no back-action caused by the changes it
induces in the atomic state. This condition means that the state of the electron

is the same regardless of the state of the atom, allowing the separation

g(x, 1) = 9(z)p(t)

to be made, where J(x) describes the time-independent shape of the electron

wavepacket and () describes the position-independent state of the atom. The
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electronic degree of freedom may now be traced out, leaving an equation for the
time evolution of the atomic state. This is performed as a multiplication by ¥*(z)

and an integral over position, yielding

iDh(t) = / dx p(z)V(z + kt)p(t),

where p(z) = |[0(z)|® such that [dx p(r) = 1 for any normalised electronic
wavepacket. A final simplification to this equation is the assumption that the
trapping distance, Y, is much greater than the spatial width of the wavepacket,
Ax. This allows the electron to be treated as a point charge and the substitution
p(x) = §[x] to be made, where the atom is assumed to be trapped at x = 0. The
equation governing the dynamics of the atomic part of the system may thus be

written as

W0p(t) =V (kt)p(t), (3.14)

and forms the basis of an analytical expression for the first order transition am-

plitudes in the weak coupling limit, explained in the following subsection.

The Weak Coupling Regime

The weak coupling regime is that where it can be assumed that the atom will only
undergo a single state transition. Once again, this means that the only possible
final states of the atom are |ns) and |n'py). The interaction Hamiltonian (3.7),
where kt takes the place of z, therefore replaces V(kt) in (3.14). The atomic

spinor may be written for the coupling to a single n’ manifold as

Cn’P+(t)
()= Cop_(t) | 5
Cns(t)
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with Cyrp. (t), Crrp_ (t) and C,4(t) representing the coefficients of the atomic states
In'py), [n'p_) and |ns) at time ¢, respectively. This allows the Schrédinger equa-

tion for an electron travelling with momentum k; to be written as

, _M klt/Y—’L
; _ J— kit/Y +i
iOp(t) = 0 A&y +Wm p(t),
_ Hant _ kit/Y+i Hppt _ kit/Y —i 0
it/ Y2412 2 [t/ Y)241)2

where a common factor of Y has been extracted from the position space coupling

functions. This equation is now written in terms of the unitless momentum

k=k;/(Y |A&y,|) and time 7 = |AE,,| t,

)\n’ 0 _nnn’g(T)
i0-(7) = 0 A i §H (1) | (7), (3.15)
_nnn’g* (T) +nnn’g(7—) 0
where
KT — 1
S0 = ey

is the position space coupling function,

Hnn!

Thnn' = 2Y2| A&,

is a measure of the coupling strength and
A = D&y [ | A&y

is the sign of AE,,. The weak coupling regime is now clearly defined as the region

where 7,y < 1.
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A set of coupled differential equations may be formed from (3.15),

iCrpy = A Crry (T) = (1) Con(7)
Z'Cn’zh = )‘H’Cn’Pf <T> + nnn’3*<7>cn8(7_)

iOns - nnn’{i”v(T)On’p, (T) - nnn’g*<7—>0n’p+ (7)7

which may be solved approximately in the weak coupling limit using the knowl-
edge that the atom is initially in the state |ns) and most likely remains there.
This is equivalent to the assumption C,4(7) = 1 such that the first two of the

previous equations may be approximated as

iOn/p+ = )\n/C'n/pJr (T) — nnn/{S‘v(T)

Z.Cn’p, = )\n’ Cn’p, (T) —f- T]Tm/g* (T)
Using the knowledge that C,,, (—00) = 0, the solutions of these equations are

]
Crupy (7) = il / 3
—00

-
Cn’p, (7_) — _Znn'n/ eikn/ﬂ' / g* (T/)ei)\n/r/
—00

respectively. The transition amplitude is found by taking the absolute value

squared of these coefficients when 7 — oo, the result of which yields

1 1
) ()
|| || ||

Before detailing the implications of this result, a different derivation of it will

2

. (3.16)

9 2

On/py = |On/Pi<Oo)‘ =4 At

K2

be performed as a confirmation, which uses the Lippmann-Schwinger scattering

equation and is detailed in the following section.
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3.4.2 Scattering Solution

The second of the two approaches treats the changing state of the system as
a scattering problem. As described in this section, this applies the Lippmann-
Schwinger equation [169], which will be shown to replicate the expression for the
transition amplitude (3.16) gained in the Schrédinger equation analysis. Due to
conservation of energy, on the event that the atomic state changes it is expected
that the kinetic energy of the electron changes accordingly, a situation which this
method treats very well (demonstrated in [170]). This method therefore treats
this as a scattering problem where the state of the scattering centre is changed
during the interaction.

First of all a general overview of this powerful approach is provided, such
that the reader has a template for the specific case to which it is subsequently
applied. It is required that both the non-interacting and interacting systems

share a continuous spectrum of eigenvalues, thus being written as

Hyl¢) =E|¢) and (Ho+V)|¢)=E),

respectively. Assuming that this condition on the eigenvalues is satisfied, it must
also be ensured that the eigenstates of the interacting system [¢) reduce to those
of the non-interacting system |¢) as the interaction strength V' is reduced to zero.

The solution of this problem may be written

) = o) + —V |y, (3.17)

where an infinitesimal imaginary quantity may be added to the denominator of
the second term in order to avoid divergences when operating on eigenstates of

H,. With this inclusion, this solution is the Lippmann-Schwinger equation and
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may be written as

W) = |¢) + GoV |¥), (3.18)

where

A 1
G():hmA—
=0 B — Hy + e

is the Green’s function or single particle propagator, which ensures that the scat-
tered particle propagates away from the scattering centre [171]. Equation (3.18)
is solved approximately using an iterative method to yield the Born series. The
zeroth order approximation of this series is 1)) = |¢), the first order approxi-
mation subsequently obtained when this is inserted into the right hand side of
(3.18). Inserting the result of the previous iteration as [¢)) in (3.18) an infinite
number of times yields the Born series

0 =3 (G 16).

n=0

The Born approximation truncates this series at n = 1, yielding

[0) = 1) + GoV |9) (3.19)

and is valid when £ is very large and/or the scattering is very weak, such that the
scattered wave can be considered a plane wave. Using the Born approximation
describes only first order scattering events, application of the next term in the
Born series allows the description of second order scattering and so on. This
current analysis focuses only on results gained using the Born approximation.
The result found when truncating the series at n = 2 for this system is given in
appendix F, where interpretations of each resulting term are provided.

This Lippmann-Schwinger scattering approach subject to the Born approx-

imation may now be applied to the current system. For this to be valid it is
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assumed that the channel which confines the electron is infinite in length, mean-
ing that both the non-interacting and interacting systems will have the same
eigenvalue spectrum provided by the continuum of possible electron kinetic ener-
gies. The non-interacting Hamiltonian in the general case may be identified here
as Hy = Ha + Hgy and thus the interaction V = H,,,. The normalised initial state

of the system, where the electron is far from the atom is

L
|¢> - \/;|ki7n8>7

where L is the length of the confining electron wire and the identity in momentum
space is as previously defined (Section 3.2). In order to find the wavefunction of
the final state of the system [¢)) in the position basis, the Lippmann-Schwinger

equation (3.19) is multiplied from the left by (x| such that it may be written as

(@[¢) = (2¢) + (& [GoHin| D) -

Evaluation of this expression requires inserting both the position basis electron
Hilbert space identity, Iy = [°_dx|z) (x|, and a decomposed version of the
atomic Hilbert space identity, [x = > ;[n8) (nf|, twice. The result of this is

written

@) = @le) + Y / dx’/ da" (2 Gol 2/, 1)
G
% <x/’ n/ﬁ/ |Hlnt’ :E”’ n///B//) <x//’ n///B// ‘¢> ’ (3.20)

where the Born approximation now provides a means to reduce the size of the
Hilbert space. The first step towards such a reduction is the calculation of

the overlap (z”,n”p" |¢) using both the orthogonality of the atomic states and
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(w|k) = \/1/Le’**. This reveals

]_ : 1"
<J}//, n"ﬁ" |¢> — = ezki:p 511"7”55”’8’

which allows the removal of the sums over 5" and n” from (3.20), leaving

(x]) = (x|p) —I—Z/ dm/ dz” (z|Go| 2,0/ B') (&, 0/ B | Hing| 2", ns) eFi®”
" (3.21)
It has already been shown that only dipole transitions are allowed under the
action of Hi, and therefore once again the interaction Hamiltonian in the basis
of only s and p states may be used (3.7).
Evaluation of the interaction Hamiltonian matrix element seen in (3.21) is

now carried out, where & [2”) = 2" |2”) and (x|2") = [z — 2'] are used to reduce

the full form of the Lippmann-Schwinger equation to

(w|9) =(zl6) + Zﬂm/ (e |Gol o', ')

/ ﬁ/ — 0
5 ' +iY — iY

eikiiﬂ/ ,

where the integral over " has also been evaluated. Here the procedure outlined
in [172] for calculating matrix elements of the Green’s function is detailed for
the case of the system concerned. Applying a plane wave expansion the element
instantly becomes

74 xk///
( |Gol ', n'B) = / dk’/ WK 55z ¥,

where F; has been inserted to signify the energy of the initial state. The fact
that |k”,n/f’) is an eigenstate of Hy with eigenenergy Eyr g = Evp + k" /2

can now be used along with the overlap of the momentum eigenstates, (k |k’) =
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(2m)/L x §[k — k'], to reduce this expression to

folGolan'f) = o [k i),
2T — 0o E,L — % — gn/,g/ =+ 1€

The final form of this matrix element must therefore be found using contour

integration, which starts by identifying the points at which the integrand diverges,

k' = £, where in this case v = \/ 2F; — 2&, 5 + 2ie. The matrix element is thus

re-written as

) 1 00 6ik’(a:fx’)
(2 Gol 2/, ' B) = _;/ W s ). (3.22)

By definition, ¢ is an infinitesimal quantity, therefore a Taylor expansion of ~

using this fact yields

1€

V2E; — 28,

within which the second step is a renormalisation of . Extension of k£’ into the

v =/2E; — 2E5 + 2ie ~ \/2E; — 265 + ~ \/2E; — 285 + ie,

complex plane, k' = kj + k], means that the exponential in the numerator of the
matrix element becomes e*r(#==#)eh(#'=2) 3]lowing the contours to be identified.
The probability of a scattering event occurring must approach zero as |k'| — oo,
as in this limit the time for such an event becomes infinitesimal. Such a condition
can be seen to rest on the imaginary part of £’. Considering z > 2’ (x < /),
then (z|Go|z',n'8) — 0 for ky — oo (kj — —o0) and thus we must close the
contour on the upper (lower) half plane of the Argand diagram, thus encircling
only the pole at k' = /2F; — 2eE, 5 +ic (k’ = —\/m - 2'5). The real
part of the integral must be in the positive direction, and so for x > z’ (x < z’)
this is achieved by an anti-clockwise (clockwise) contour. This integral may be

evaluated using Cauchy’s integral formula [173] and the Residue theorem [174],
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which are combined to form

éf(z)dz = 27i Z I(¢, ar) lim (z — ag) f(2),

z—ag

where ay, is the £ pole of the function f(2), ¢ is the contour to be integrated
over and I((, ay) is the winding number of the contour about the pole, where the
anti-clockwise contours are defined positive. Application of this theorem to the

integral defined in (3.22) yields

ie’i‘ /2Ei72gn/6/ (wfz’)
V2E; — 2E.5
and
iefiw /2Ei72£n/,8/(xf:v’)
(e]Gy| ', n'B) = -
V2E; —2E,4

(w]Ggla'n'8) = - [n'8")

')

for the positive and negative poles respectively. Knowing the regions where these
two solutions are valid, x > 2’ (z < 2') for the positive (negative) poles, a single

expression for the matrix element may be expressed as

Z-ei, [2E;—2E 15/ |lz—2'
V2E; — 28,5

(@|Go| 2", n'B) = —

In'p'), (3.23)

which ensures that the propagation of the particle after the scattering event is
from 2’ to x, as is required for a physically viable result.

With the realisation that in (3.23), the condition x > 2’/ (z < /) amounts
to an electron scattered in the positive (negative) z-direction, it is important
to note the direction in which it is initially travelling. With this in mind, the
modification is made that the initial momentum is written as A |k;|, where A =
sign(k;) and A = +1(—1) signifies an electron initially moving in the positive

(negative) z-direction. This makes it necessary that the reflection (transmission)
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of the electron be included in the expression using the index o = —1 (o = +1).
With these inclusions, the full expression of the Lippmann-Schwinger equation

may be written

(z|y) =(x]g) — Z/.— Z e 1 /OO dr e kil=okys)a!
2 27’(’ kf

n’,,B’ —00
P '+ =Y
Flp- (22 + YQ)% A+ (2 + y2)% '

where ky = \/m , whose physical interpretation will be explained shortly.
The integral over 2’ thus amounts to a Fourier transform of the coupling in real
space, leading to its momentum space equivalent. Such integrals have already
been carried out in section 3.3, the change here being the argument of the expo-
nential has changed to ¢A(|k;| — oky)z’. These integrals just yield the twice the
imaginary unit multiplied by the familiar F and G functions ((3.9) and (3.10))
with the argument (k—&’) replaced by (A(|k;| —oky)). This completes the deriva-
tion of the scattered part of the equation.

The unscattered part of the equation (the simple (z|¢)) now using |¢p) =
VL/27 |\ |ki| ,ns) is straightforward to evaluate, yielding

1 7 il
(x]g) = Nor Z L N o
n/,ﬁ/

which confirms that both the momentum of the electron and state of the atom

remain unchanged. The final state of the system may thus be written as

1 ik ei()\okf)x
<£L’ |¢> :m E € 6n’,n 55’,5 + Mnn’k—f 65’7p—g</\(|ki| - ka))
n/’B/
Ao==%1

— 0. F (MK = k) H g, (3:24)
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where the scattered part shows that the electron is left with momentum £y if the
state of the atom is changed as it passes by, which is easily shown to conserve
energy. Using this equation, it is possible to find the probability that the atom
will make a transition from the initial state to one of the p-states. This transition
amplitude is calculated as the square of the scattering amplitude, which is the
amplitude of the outgoing wave relative to the ingoing wave. The transition

amplitude to any state |n'p) is thus written as

2

_ [{znp )

o = e s |4)

Calculating the transition amplitudes to the p - and p_-states of the atom yields

‘ (A(Ki| = okp)) Ko [Y [AM|Ki| = oky)]]

o - Hnn/
n'pr — |77
P k

= (k| — o) K [Y Ak — o)l | (3.25)

where it is clear that the only difference between the amplitudes to the different
magnetic states is the sign of one of the Bessel functions.

First of all, it is prudent to note that upon investigation of this result, the
probability for a an electron to be reflected upon its interaction with the atom
is nothing more than infinitesimal. This is most likely due to the fact that the
Lippmann-Schwinger equation deals only with situations in which the momentum
of the scattered particle is high, such that the potential is smooth on the scale of
its associated wavelength. The index representing transmission and reflection, o,
is hereafter set such that the reflection is neglected.

There is one final approximation that can be made to (3.25), which will make
it more general. The assumption A&, = Eyp — Ens <K k? is made such that
a Taylor expansion of kf yields ky ~ |k;| — A&,/ |ki| to first order. This is a

clearly valid assumption, as when considering a |55s) rubidium atom the energy
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gap AFss, ~ 3.415 x 107%Ey, equates to an electron kinetic energy of a mere
0.09meV. Typical energies of the guided electrons described in [156] are 1 to 10
eV, but the authors describe a goal of reducing the lower limit of this range. Then

using k = k; /(YA |E,,]) the expression can be written

2
N ( 1 ) ( 1 >
[ |AE " \ 5| k]

which takes into account the two possible incident directions along with the fact

2

Hon , (3.26)

O'n/ ~
Px ‘ Y2AE, K2

that A&, can change sign for changing n/. This result then describes the final
population of the |n/py) states. The prefactor is recognised as 4 x 72, x 1/ |r[*,
which remarkably makes the result exactly the same as that found using the
Schrodinger equation method (3.16). The analytic results of these two very dif-

ferent yet complementary methods are briefly analysed in the following section.

3.4.3 Interpretation of the Transition Amplitude Result

This section briefly describes the results of the two analytic solutions of the
system, which predicted the same result for the transition amplitude (3.26). This
result predicts a decrease in transition amplitude with an increase in either the
trapping distance or the energy difference between the states concerned. The
expression also makes possible an estimate of the maximum transition amplitude,
which is ~ 5 x 72, and occurs at k &~ +0.7. Taking the example of a |55s)
rubidium atom trapped 2.5um from the wire this will equate to an electron kinetic
energy of Fi, ~ 0.172eV.

The results of this analysis are profound, as seen in Fig. 3.6 for the case of a
|55s) rubidium atom. First the situation where the principal quantum number
is conserved is considered, which can be seen in Fig. 3.6(a). The first point

to note is that the direction of incidence of the free electron selects which of
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Figure 3.6: (a): Transition amplitudes for transitions from |55s) to both
|55p4+) and [55p_) as a function of the scaled momentum
k of the electron for a rubidium atom trapped Y = 2.5um
from the electron wire. (b): Transition amplitudes for tran-
sitions [55s) to [55py) (solid/red), |54py) (dashed/purple)
and |56p4) (dotted/green).
the two magnetic sublevels are populated with higher probability. This remains
qualitatively the same for other values of the initial principal quantum number
and trapping distance Y. These results predict the possibility of selecting the
magnetic state of the atom using only the direction of the incident electron, as
was seen in the preliminary investigation in section 3.3.

The situation is not so clear when a change of principal quantum number of
the atom is considered, which is illustrated in Fig. 3.6(b). Here, the results are
given for a rubidium atom initially in the |55s) state for transitions to |n'p,)
states with n” = n — 1, n and n + 1. It then becomes clear that a change in
principal quantum number defines the incident electron direction that makes the
corresponding transition amplitude largest. The explanation of this phenomenon
becomes clearer when investigating the form of the transition amplitude (3.26).
In this expression, the sign of the K, component depends clearly on the sign of
both the initial momentum and the sign of the energy difference between the two

states. As this particular subset of Bessel functions are positive for all positive

arguments, it is therefore the case that the transition amplitudes will be maximum
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when the two Bessel functions included are of the same sign. For the p,-state
illustrated in Fig. 3.6(b), this is therefore the case when k and AE,, are of the
opposite sign. Conversely, for the p_-state, the maximum transition amplitude
occurs when k and AE,,, are of the same sign.

It is clear that the shape of the transition amplitude is consistent whether
considering a change of principal quantum number or not, and there appear to
be three distinct regions. The first is the very low || region, where the transition
probability remains zero. The reason for this is likely the fact that the interaction
changes the atomic energy levels adiabatically, thus after the electron has passed
there is very little chance of the atom having changed state. The intermediate
region is that range of |k| around which the transition amplitude is maximum,
which is the result of the energy levels being changed quickly enough that state
changes may occur, but also for long enough that they actually have time to do
so. The third region is the tail off of the transition amplitude occurring at high
||, which may be reasoned as the states being changed quickly enough to allow
population changes, but the change of the levels happens for an increasingly short
time as the momentum increases. Note that x = 0 is not a case considered here
and, whilst not clear in the figure, transition amplitudes for this zero momentum
case are not given.

A final parameter which may be of interest experimentally is the total tran-
sition amplitude, which is calculated as the sum of all the possible single state
transition amplitudes and is thus a measure of the probability that the atom

undergoes a transition at all. The total transition amplitude is expressed as

e () e ()]

This shows that for momenta of the same magnitude but different direction, the

total probability of a transition occurring is the same, but as previously shown the
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magnetic sublevels contributing to the probability are different for the different
directions.

The results presented here are only valid in the weak coupling limit, thus the
following section details a numerical simulation of the system, which is capable

of going beyond this limit.

3.5 Numerical Analysis

It is clear that to investigate beyond the weak coupling limit a numerical simu-
lation of the system is required. A numerical simulation of the dynamics given
by (3.14) for a real, multi-level atom is therefore carried out, with the electron
treated as a point charge as previously described. These simulations use numeri-
cally generated wavefunctions for the atomic species and energy levels calculated
using quantum defect theory. The aim of the simulation is to determine the state
of the atom after the electron has reached a point where the interaction between
the two systems has become negligible. This section will present a comprehen-
sive analysis of the results for two different atomic species, rubidium and lithium,
which have considerably different spectra (Fig. 3.7), and will then go on to present
a brief comparison of the species.

In the following sections, the simulations are carried out using the details
for atoms initially in the |55s) state, but in such a way that the results can be
generalised to other initial principal quantum numbers. The scaled momentum
k= k;/(Y|AE,,|) is used such that for any value of n the species scalings of 1,
and A&, may be used to calculate the trapping distance Y required to generate

Nn = Nan, Which defines the coupling strength of the simulation.
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Figure 3.7: Comparison of the spectra of rubidium (blue) and lithium
(red) around the |55s) state. The thick lines for lithium
represent the energies of the states with [ > 2, where those
of [ > 3 are degenerate.

3.5.1 Rubidium

Previously, the assumption was made that Y must be large enough that the
electron may be considered a point like particle. Therefore, the value of 1, when
the atom is trapped at a distance Y = 10(r) from the electron wire will be
referred to as its reference value. Thus for a rubidium atom in the state |55s)
trapped at this distance, the reference coupling value 75 & 0.18. An estimate
of the highest attainable coupling strength at such a trapping distance is found
to be ni2 ~ 0.5, thus this will be the limit on the coupling strength set in the
simulations.

In these simulations the electron will always travel to the right, starting at a
distance of 15Y to the left of the atom where the results are presented once it has
reached 40Y to the right of it. The extended region to the right accounts for the
fact that the atom will have reached a higher angular momentum state during
the interaction, and these more highly excited states are more easily coupled to

each other.
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Shown in Fig. 3.8 are the probabilities for the atom to remain in the initial

state and undergo transitions of first, second or greater than second order, where
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Figure 3.8: How the probabilities of the various states of the rubidium
atom vary with  and k. The insets show cross sections of
n =0.25, n =0.375 and n = 0.5.

the insets show cross sections for fixed n and varying x, with oy = > , 0,y. The
first subfigure shows the probability of the atom remaining in the initial state,
and shows the electron has to be moving very slowly and the system has to be
set up such that n > 0.1 for there to be any significant population transfer. The
second subfigure, Fig. 3.8(b), shows the probability that the atom has made a
transition to any of the p-states in the system, thus meaning it has undergone
a first order transition. The shape appears to mimic that of the void of initial
state probability in Fig. 3.8(a), although the maximum transition amplitude here

is only o, ~ 0.5, where the initial state probability actually falls to near zero.
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The probability of the atom to be in any d-state is shown in Fig. 3.8(c), where
the shape of the probability distribution for the d-states is very similar to that
for the p-states but is restricted to higher n and lower x, which is expected as
more time is required for this second order transition and a higher coupling will
make the transition faster. The overlap of these two regions thus suggests that
the atom is likely to be found in a superposition state composed mostly of p- and
d-states for a large proportion of the region where it is very unlikely to be found
in its initial state. Shown in the final subfigure, Fig. 3.8(d), is the probability
that the atom is found in some state other than an s-, p- or d-state. The region
where these higher order transitions have occurred is quite clearly limited to the
region where k < 2 and n > 0.3 for reasons outlined previously. The maximum
transition amplitude here is ;=4 =~ 0.5, which shows that using a low momentum
electron and choosing a setup to yield a high n value may create an atom whose
valence electron is in a high angular momentum state.

It is possible to calculate the expectation values of the orbital angular mo-
mentum and magnetic quantum numbers of the final state of the atom. How
far from their initial values of zero these expectation values are found to be may
be taken as a measure of how effective the setup is at achieving atomic state
manipulation. These expectation values are calculated from the final state of the
atom using (1| L2[¢s) = (L?) = (I(I41)) and (| L.|[vos) = (m), where [¢)})
is the final state of the atom which is a superposition of the free space atomic
states. The expectation value of the orbital angular momentum quantum number
will therefore be estimated as m . These expectation values can be seen in
Fig. 3.9, which is another way of illustrating that a higher coupling strength aids
the transition from the initial s-state. The expectation value of the orbital angu-
lar momentum quantum number seen in Fig. 3.9(a), is clearly greater than zero

for all values of x for each of the three values of 7 illustrated. It also shows that



3.5 Numerical Analysis 140

(a) 14¢
12|
10 f
% 8
6 £
A

2

0 _1gt

8 ; ; ; ; ;
05 1 15 2 25 3
JR

Figure 3.9: Plots showing the variation with s of the expectation values
of (a) the orbital angular momentum quantum number (1) ~
(L?) and (b) the magnetic quantum number (m) for three

values of 7.

the highest attainable values are found when x < 2, with the value approach-
ing zero as k increases. Moving to Fig. 3.9(b), it is clear that (m) < 0 for the
majority of the x range, which was expected from the analytics as the transition
amplitude to the state |np_), o,, , tends to be the largest for this electron di-
rection. The small region where (m) > 0 is likely due to complicated dynamics
where in the final state n’ > n, such that the preferred transition is to a state
whose average magnetic quantum number is positive. This figure also confirms
that the preferred final state is the initial one as x increases, as both m and
(m) approach zero.

The polarisation of the atom after the passage of the electron may also be cal-
culated, which will be a measure of whether the passage of the electron switches
on a state of the atom which may act as a permanent dipole (for the lifetime of
the final atomic state). The a- and y-direction polarisations of the atom will be
quantified as (x) and (y) respectively. No polarisation is seen in the z-direction as
there is no component of the electron-atom interaction Hamiltonian in this direc-

tion for this system geometry. Also, the magnetic quantum number is a measure
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of the projection of the angular momentum of the valence electron onto the quan-
tisation axis, which in this case is the z-axis, as shown in Fig. 3.1. Therefore, a
relationship between the polarisations (x) and (y) and the expectation value (m)
shown in Fig. 3.9 is not easily visualised. Shown in Fig. 3.10 are the direction

and magnitude of the polarisation for selected values of x when 1 = 0.5, where
(a) (b) 2000
1000

0

-1000
-2000
107

Figure 3.10: (a) Diagram showing the magnitude and direction of the
polarisation for twelve selected x values for n = 0.5. (b)
Full profile of the same polarisation in (x) and (y) and (c)
Three dimensional plot of the same data with a colour code
corresponding to the values seen in (a).

an intriguing result is observed. Despite the atom being most likely found in a
state with high angular and magnetic quantum numbers at low values of x (see
Fig. 3.9), the highest values of the polarisation are actually seen around x ~ 1.
This maximum polarisation is of the order of u,. What is also clear is that at
their maximum values (y) > (z), which accounts for the elliptical spiral seen in
the inset showing the three-dimensional plot of how polarisation varies with .
This section has shown that the passage of an electron may be used to alter the
state of a rubidium atom such that it is left with some degree of polarisation. The

following section details a similar analysis applied to a lithium atom. This section
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is followed by one which compares the two species and explores results found
using parameters which may be realised with currently available experimental

techniques.

3.5.2 Lithium

Referring once again to the reference value of the coupling as that where the atom
is trapped at a distance Y = 10 (r) from the electron wire, it may be shown to

be i ~ 0.36 for a lithium atom initially in the state |55s). This reference limit

may be increased to nji, &~ 1 when the atom is initially in the state [150s), thus
this will be the limit set in these calculations.

The orbital angular momentum states of lithium become degenerate when
[ > 3 [175] and are thus subject to the linear Stark effect [176]. Thus what
appear to be well separated principal quantum number manifolds in the bare
energy spectrum (Fig. 3.7) may become much closer when subject to an electric
field [177]. This is useful when assessing how many principal quantum number
manifolds need to be included in the simulation such that it converges. As the
quantum defects of the degenerate states are zero, it is possible to analyse the
effect of the electric field due to the electron by using the effect of an electric
field on the states of a hydrogen atom [66]. In hydrogen, adjacent principal
quantum number manifold energy levels cross at the Inglis-Teller limit of the
electric field [178], which is given as Frr ~ 1/(3n”). The strongest electric field
experienced by the atom due to the electron is when they are closest to each other,
i.e. when z = 0, and at this point is calculated as 1/Y?2. Taking the reference
value Nt the maximum experienced field for this set up is Fq = 4.7 x 10719,
which is slightly smaller than the Inglis-Teller field Err = 6.6 x 1071°, where both
are in atomic units. Thus in the following analysis, which uses values for a lithium

|555s) state, two lower and one higher principal quantum number manifolds were
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taken, such that the problem converged.

Once again the simulations always describe an electron travelling to the right,
where this time the electron travels the extended distance of 80Y to the right of
the atom. This choice is made as an attempt to counteract the fact that lithium
has many degenerate energy levels that will be coupled by any magnitude of
electric field, and tests of the numerics showed that for the smallest value of Y
chosen, the change of atomic levels at this extended distance is negligible. Shown
in Fig. 3.11 are the probabilities for the lithium atom to remain in its initial state

and undergo transitions of first, second and higher than second orders. The first

1 - 1

0.8 0.8 0.8 0.4
0.6 — 0.6 0.6 0.3
= 05| /7 =

o4 N 0.4 i Ho.2
0.2 0.22 i 0-2 0.2 0.1

oy

5
K

(a) The probability that the atom remains  (b) The probability that the final atomic

in the initial 55s-state. state is a p-state.
1 1
04
0.8 0.8 0.8
0.3
0.6 - 0.6 0.6
= Ll 0.2 =
0.4 0.4 04
=01
0.2 0.9 0.2
- 0

(¢) The probability that the final atomic  (d) The probability that the final atomic
state is a d-state. state has [ > 2.

Figure 3.11: How the probabilities of the various states of the lithium
atom vary with n and k. The insets show cross sections of
n=04,n=0.6and n =0.8.

subfigure, Fig. 3.11(a), shows the same trends as for the rubidium atom, where

it appears that n > 0.15 before any transition is expected and then for high
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values of the coupling the probability of finding the atom in the initial state may
fall to zero. Looking at the very small s region, subfigure 3.11(b) shows that
for all n the smallest value of x when p-states will be populated is consistenly
higher than in the case of rubidium. This is likely due to the fact that the
|np) and |nd) states are considerably closer together in energy in lithium than
they are in rubidium and thus the time required for a second order transition
is much shorter. Therefore, in the case of lithium, the higher order transitions
may occur at higher electron momentum. This trend is again the case for the
transition amplitudes of the d-states, due to the fact that the f-state quantum
defect in lithium is extremely small such that the d- and f-states are almost
degenerate. The higher order transition times between these states are therefore
very small. These observations are confirmed by what is seen in Fig. 3.11(d),
where the transitions to states with [ > 2 are limited to the region where x < 2
and 1 > 0.25. Once again, it is high 7 setups and low momentum electrons which
will yield the highest order transitions.

It is also informative to calculate the expectation values of orbital angular
momentum and magnetic quantum numbers of the final state of the lithium
atom, as was performed for rubidium. These are illustrated in Fig. 3.12, where it is
clear that for certain setups it is possible to reach very highly excited states of the
lithium atom. These states are populated by using a high coupling strength setup,
as seen in Fig. 3.12(a), where even for relatively low coupling strength (n = 0.4)
it is possible to achieve \/(L_2> > 5 for low electron momentum. Once again the
prediction that an electron travelling to the right will most likely populate states
of the atom with m < 0 is confirmed in Fig. 3.12(b). Both figures combined
confirm that as the electron momentum increases it is more likely that the atom
does not change state.

The polarisation of the lithium atom after the passage of the atom has been
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Figure 3.12: Plots showing the variation with x of the expectation val-
ues of (a) the orbital angular momentum quantum number
(Iy = /(L?) and (b) the magnetic quantum number (m)
for three values of 7.
calculated such that, as with rubidium, it is quantified using the expectation
values (z) and (y) of the final atomic state. The polarisation for a setup where
the coupling n = 1 can be seen in Fig. 3.13, where the arrows on the main
part of the diagram show the magnitude and direction of the polarisation colour
coded to coincide with the spiral representation of the full range inset. This
result contrasts quite strikingly with that for rubidium in the fact that for low
values of momentum the lithium atom shows clear positive x-polarisation and
negative y-polarisation compared to the small negative x- and y-polarisations
seen previously. The maximum values once again appear to be around the region
k =~ 1, beyond which they steadily approach zero, when the probability of the
atomic state changing begins to become very small. Similar to the rubidium case,
for the higher values of x the polarisation takes an elliptical form as (y) > (x),
which is most likely due to the geometry of the system being the same in both
cases.
This and the previous section have detailed how the numerical simulation

was carried out for both lithium and rubidium, and it has been shown that
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(a)

Figure 3.13: (a) Diagram showing the magnitude and direction of the
polarisation for twelve selected k values for n = 1. (b) (b)
Full profile of the same polarisation in (z) and (y) and (c)
Three dimensional plot of the same data with a colour code
corresponding to the values seen in (a).

the states which are most likely excited draw parallels to the analytics detailed
in section 3.4. As previously noted, the results for both atomic species were
achieved taking values of yu, and AE,, for an atom initially in the state |55s),
varying the trapping distance to change 1. Therefore, when values of n greater
than the quoted reference values are used, the trapping distance Y < 10 (r) and
the presented results should only be taken as a guide for using higher n atoms
to achieve the same coupling. The following section directly compares results for
rubidium and lithium with the trapping distance fixed at Y = 10 (r), and also

compares the results directly with the low coupling regime analytics.

3.5.3 Species Comparison

This section focuses on the similarities and differences between the final states

of the two atomic species, how the numerics compare to the analytics and the
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implications these results have on experimental setups. Here, the atom will always
be trapped at the distance Y = 10(r) from the electron wire, and thus the
coupling strengths will be those referred to as the reference values. The chosen
initial states for rubidium are |55s), whose orbital radius (r) ~ 0.24um gives the
reference coupling value 755 = 0.18, and |72s), which has an orbital radius of
(ry = 0.41pm and yields a reference coupling of 1,2 = 0.25. The chosen initial
states for lithium are |38s), whose orbital radius (r) ~ 0.11um gives the reference
coupling value n3g = 0.25, and |[55s) whose reference coupling is 155 = 0.36 (orbital
radius being approximately the same as that for rubidium). The compositions of

the final states for these chosen systems can be seen in Fig. 3.14, which clearly

1 1
0.5¢ 0.5¢

0¢ 0

1 1
0.5} 0.5

0 0=
(a) Initial state probabilities and transi-  (b) Initial state probabilities and transi-
tion amplitudes for a rubidium atom ini-  tion amplitudes for a lithium atom initially
tially in the: |55s) state (top) and |72s) in the: |38s) state (top) and |55s) state
state (bottom). (bottom).

Figure 3.14: Initial state probabilities (o), transition amplitudes (o,
oq and 0j~2) and analytic approximation of the p-state oc-
cupation (A,) for two different states of: (a) A rubidium
atom and (b) a lithium atom.

shows the results that have already been commented upon: the probability of
the atom remaining in the initial state is lower for higher values of coupling and
the lower values of k are where the highest order transitions are likely to occur.

These features are common to the four examples given here.
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The result for rubidium, Fig. 3.14(a), shows good agreement with the analytic
result (3.16) when the coupling is low and, as expected, breaks down when the
coupling is increased. This is due to the fact that the analytic result only takes
into account first order scattering events, not those of higher order that are present
in the numerics, which also accounts for the fact that the analytics over-estimate
op in all cases. The numerical and analytic results do not show as strong an
agreement in the case of lithium, seen in Fig. 3.14(b). It is clear in both cases that
A, is significantly greater than the numerical value, while the peak value occurs
at a lower k. To account for the varying success of the analytic approximation,
one refers back to the differences between the atomic spectra of these two species,
Fig. 3.7. The analytic results take into account only the initial s-state of the atom
and the neighbouring p-states. The spectrum of rubidium shows that the smallest
energy differences between the p- and d-states are of the order of those between
the closest s- and p-states, thus this is a good approximation. In contrast, the
principal quantum number manifolds of lithium are well separated, with the p-
states being very close in energy to the higher [-states, which make higher order
transitions in lithium much more likely than in rubidium, as can be seen in
Fig. 3.14(b). Transitions higher than second order in rubidium are omitted from
Fig. 3.14(a), as they have very small transition amplitudes.

Specific examples are now given of the transition probabilities for different
values of the kinetic energy. In each set up, the minimum probability for the
atom to be found in its initial state consistently occurs at a very low momentum.
For example, a rubidium atom with initial state |55s) has a minimum initial
state probability of 055, = 0.73 occurring at an electron kinetic energy of 0.18eV,
the highest energy of the four configurations considered here. Taking this into
consideration, provided here are kinetic energy values for each setup considered

which fall within an achievable range with existing electron waveguide technology
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[156] and yield 0.8 < o, < 0.9. For a |55s) rubidium atom this energy range
is 0.39 < Ein < 1.28eV, which rises slightly to 0.65 < Ey;, < 1.55eV for an
initial |72s) state. The ranges and values are slightly greater when looking at the
lithium atom cases: a |38s) initial state yields the kinetic energy range 0.54 <
Fiin < 1.56eV, which again rises slightly to 0.74 < Fy;, < 1.56eV for an initial
|55s) state. For all four cases the population in the p-state ranges from o, ~ 0.18
at the low end of this energy range to 0.1 at the high end.

In the previous sections it was shown that the atom will be left in a polarised
state after the passage of the electron. A direct comparison of these four chosen

setups is now given, illustrated in Fig. 3.15. In the case of rubidium, the po-
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(a) Polarisation of the final atomic state of  (b) Polarisation of the final atomic state of
a rubidium atom of initial state |55s) state  a lithium atom of initial state |38s) state
(top) and |72s) (bottom). (top) and [55s) (bottom).

Figure 3.15: Polarisations of the final state of the atom for (a) rubidium
and (b) lithium for varying x.

larisation looks very similar for both initial states. For the entire range of x it
appears that both the (x) and (y) oscillations are centred around zero, having
an overall envelope function determining their maximum value. The maximum
value of (x) is approximately 2uRP/5 and is first obtained at a value k ~ 0.45,
being obtained once more in the higher £ maximum of the envelope function. The
case is slightly different for (y), whose maximum value is approximately 3u2P /5

obtained at xk ~ 1.1. For the higher values of x the polarisation approaches zero,
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as the atomic state is very unlikely to change in the high momentum limit. The
fact that these results are qualitatively the same for varying 7, implies that both
chosen values are still in the weak coupling regime, which is not the case for those
previously provided in Fig. 3.10.

Clearly the final polarisation of the lithium atom, 3.15(b), is different to that of
the rubidium atom. In this case the distribution is also rapidly oscillating, though
these oscillations show a smaller and more consistent amplitude than those for
rubidium and the values around which they oscillate also vary as a function of
k. As was the case in rubidium, the rapid oscillations also reduce in frequency
for increasing k, but their amplitude increases very little in the intermediate x
region and is also slower in reducing to zero as k increases further. For low k, the
mean value of the oscillations is small and positive for (z) and slightly larger but
negative for (y). This separation increases with 7, as can be seen in Fig. 3.13,
which is well outside the weak coupling regime, as is illustrated for the higher x

region.

3.5.4 Comparison with Previous Work

The unique feature of the work detailed here is the fact that the electron is con-
fined to move along a set path where only its momentum is allowed to vary.
Therefore it is very difficult to provide accurate comparisons with previous work.
For instance, the work reviewed in [66] is concerned with the case where the free
electron has an impact parameter smaller than the radius of the valence electron,
such that the state of the atom may be changed along with both the momen-
tum and direction of the electron. The quantum analysis considered in [152]
presents results that are the most closely related to those detailed in the previous
sections, as it considers only very low energy electrons. Although this study is

concerned with direct collisions between the electron and a sodium atom, which
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introduces the possibility of atomic ionisation, it also considers those collisions
that change state of the atom. Though the results presented are for sodium, they
are qualitatively similar to those given here in the fact that the final principal
quantum number of the atom is most likely the initial one n along with n — 1,
n — 2 or n+ 1 with energy conservation also being observed. Hopefully the work
presented here will stimulate further studies concerned with the electron having
a fixed trajectory, which may be used to enhance these results.

This section has thoroughly detailed the numerical investigation of the system
for both lithium and rubidium atoms trapped close to the electron wire. Before
providing an analytic description of a multiple trapped atom system, a brief
description is given which validates that the lifetime of the initial state is great

enough that it will not decay during the passage of the electron.

3.5.5 Lifetime Considerations

It must be ensured that the internal atomic dynamics take place on a timescale
much shorter than the lifetimes of the initial atomic state, such that the chance
of an atomic state decaying during the interaction is negligible. The electron
travels a distance of d x Y during the simulation, where d = 55 for rubidium and
d = 95 for lithium, and the time it takes to traverse this distance is calculated as
tg = dY/vg, where vg is the speed of the electron. In atomic units vg = k and
thus vg = KY A&, in the scaled units used here. The condition which must be
satisfied is thus

K >

A& pta’

where t, is the lifetime of the initial state, where values quoted are from [163].
Focusing first on rubidium, an analysis is given of the system that was used

to give the results detailed in section 3.5.1, which used an atom initially in the

state |55s) and varied Y to generate a wide range of n. Using AE,, calculated
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using quantum defect theory, dg, = 55 and t8® ~ 191us, the inequality yields
k> 2 x 1075, approximately four orders of magnitude smaller than that used
in the simulation. It is thus the case that the atomic lifetime is much greater
than the simulation time in the results presented for rubidium. Moving on to
lithium, once again the results given for varying 7, section 3.5.2, use the state
|55s) and varying Y. These simulations use a slightly greater dp; = 95, which
when inserting the lifetime t§' = 133.6us yields the slightly larger £ > 8.1 x 107¢,
still approximately four order of magnitude smaller than any values used in the
simulations.

The calculation detailed here may be performed for any setup being considered
numerically or experimentally to test its feasibility, where d need only be the
length of the region where the interaction is considered significant, as estimated
here. Furthermore, this analysis may also come to use when considering the
electron interacting with a chain of interacting Rydberg atoms, which is the case

considered in the following section.

3.6 Extension to a Chain of Atoms

This section details how to use the Lippmann-Schwinger technique to describe the
situation where there are multiple identical atoms trapped a distance Y from, and
uniformly distributed along, a length of the electron wire. Two atoms labelled a
and b will thus be separated by a distance R,, = ((a —b)Rs, 0,0), as illustrated in
Fig. 3.16, where R; is the distance between neighbouring atoms. The interaction

between the atoms is of the dipole-dipole form, written in general for two atoms

Ry, (o ) (7 )

as [179]
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Figure 3.16: An illustration of the geometry and labels of the multiple
atom system.

where 7, and 77, are the positions of the valence electrons of atoms a and b respec-
tively. As here the atom separation only has a component in the z-direction, the
dipole-dipole interaction of the many-atom system in question may be written

explicitly as
dd R3 Z a — bl 7_’27 — 3l’a$b), (327)

where the sum accounts for the interaction between all the atoms in the system.

The focus of this investigation is how the passage of the electron affects the
chain of interacting atoms, thus the interaction between the atoms themselves
should be included in Hy of the Lippmann-Schwinger equation (3.18). However,
this is contrary to the fact that Hy goes on to form the free-particle propagator
in this approach, as the interaction between the atoms is not diagonal. In order
to apply this approach, one must take the basis where Vyq is diagonal. The
transformation which diagonalises Vgq will also be applied to the electron atom
interaction, thus treating the atoms as an ensemble rather than individually.
This diagonalisation of Vyq and transformation of the interaction will be detailed
here before gaining an analytic scattering result using the Lippmann-Schwinger
equation.

Once again, it is assumed that the atoms are trapped at a distance much fur-
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ther from the electron wire then their valence electron orbital radii, (r). Taking
the Born approximation, as in the single atom case, the transition amplitudes
from the initial state (all atoms in the |ns) state) to those where one scattering
event has taken place (one atom in the |np) state) will be calculated. As pre-
viously shown, the electron only couples the |ns) state to the |n'p,) and |n'p_)

states, thus the z,z, term of (3.27) may be eliminated as it only acts on atomic

3

states where the pg-state is present. Also, as Vg o< 1/R2,,

only the nearest neigh-
bour interaction will be considered. Defining the ensemble atomic excited state
as [n'py), = [nsW ns® ... npe™ ,ns(N)> such that the u™ atom in the

chain is the one in the state |n'p), the dipole-dipole interaction may be written

as

2 N
A H
V:j(f )= AR3 Z Honn/ fonn? Z [3 |n"p+>u+1 u(n,p_| - |n”p_>u+1 u(n’p_|

S n/ '’ u=1

— 0"pi) i D 3]0 D)y (P4 Hhic].

The first step is to diagonalise the spin part of the dipole-dipole interaction,
which allows a more compact version of it to be written down, as the atomic
states present are then written as superpositions. The spin diagonalised basis is
written as [n’y),, where the excited (u'") atom is now in the state x = & with +
representing it being in the symmetric superposition state |[+) = (|p4)+[p_))/v2
and — representing it being in the anti-symmetric superposition state |—) =

(Ip4) — |p-))/v/2. The dipole-dipole interaction is written in this new basis as

N
sd 1
VY = 2= D sttt Y [2( 107y Wl H + ), (07 )

S/ u=1

— (1Y Wl ==Yy 1) ],

which is split into parts describing the atoms in either the |+) or |—) state, which
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have different prefactors due to the diagonalisation. The position dependent part

of this interaction, which may be separated as

Hpos=2[|u> (w4 1)+ Ju+ 1) (],

u=1

needs now to be diagonalised. There are no periodic boundary conditions to this

system, so the ansatz is made that the v*® positional eigenstate is of the form

N
[u,n'x) = > coslauv + 8] |n'x),
u=1

First ignoring the boundary terms, the eigenvalue problem for the bulk of the

system,
cos|a(u + 1)v + 8] + cos|a(u — 1)v + ] = & cos|auv + ],

may be solved to find £ = 2 cos[av]|. Turning now to the boundaries, u = 1 can
be used to find

cos[2av + ] = 2 cos|aw] cos[av + f]

and obtain § = —1/2. Solving the equivalent equation for u = N it is possible to

find o = w/(N + 1) such that the normalised eigenstates take the form

N
2 uvT
o, VX)) =) —— i ! 3.28
) = g s[5 v (3.28)
which have the energy eigenvalues
Evmin = AE fa ot
vy = Ay — (LF 3) 2R3 cos | = 1l (3.29)

From the eigenstates, the unitary matrix that will diagonalise Vy4q can be defined



3.6 Extension to a Chain of Atoms 156

2 . UVT
qu_”]\/—i—lsm{]\f+1}’ (3.30)

where the next required step is to apply this unitary transformation to the

as

electron-atom interaction matrix.

As an analogue to the single atom case, the initial state of the atomic system
is chosen to be that where all the atoms are in the state |ns). In this many-body
basis such a state will be written as |s). Thus referring back to the single atom
calculation, only terms of the electron-atom interaction Hamiltonian concerning
excitation from the state |s) are required. In the [n'p), basis, the electron-atomic

ensemble interaction for excitation from the |s) state can be written as

fnn | (T — Ry)+1Y
Hi = In'p_), (s
22 ~ R)?+Y??

B (:f;—Ru)—z'Y
(2 — R,)? + Y]

7P+ ), (5]

which is the part relevant to the Lippmann-Schwinger equation under the ap-
proximations taken here. To write this in the basis where Vyq is diagonal,

o, X)) = S0 Ui |0'X),,, the coefficient of [n'p_),, (s| above is written as

(T — R,) +1Y
(@ — B2+ Y22

A, =

such that the matrix element for use in the Lippmann-Schwinger equation can be

written as

(o, WX [ Hing| 8) = [t Z )0+ — Re(Ay)8, ). (3.31)

This matrix element may be used in the Lippmann-Schwinger equation written in

the form given in (3.20), where now n’ and n” represent the many body eigenstate
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label (v) and £’ and " represent the spin degree of freedom (y). Taking |¢) =
|k;, ) and knowing the form of the interaction matrix elements (3.31), the Green’s
function matrix element can be gained from that in the single atom case (3.23),
where once again n’ may be replaced by the many-body eigenstate label and /'
is taken to represent the spin degree of freedom. For the multiple atom system,

the Lippmann-Schwinger equation is thus written as

iXokpx ) ,
< |\I/ |¢ + Z Honn <_€ - )/dl‘, x ezA(|ki\—akf)x

n' v,x f
oA

X Z (zIm W(2)0y 4 — Re(Au($/))5x,—> 7'X).,

where A, () is the coefficient A, with the operator status of x removed, o = +(—)
represents a transmitted (reflected) electron and A signifies the initial direction
of travel. A final simplification to this expression is found by evaluation of the

integral over 2/, which can be shown to be

/dm’ei‘w,Re(Aj (2')) =" 2ia K, [Y |a]

/dﬂei”/Im(Aj (z')) =eFi2i |a| K1 [Y |al],

and provide us with everything required to calculate the scattering amplitudes.
The transition amplitude o, to the state |¢,,n'x) is found by taking the
absolute value squared of the scattering amplitude from the Lippmann-Schwinger
equation. This will be done here for the electron initially travelling in the positive
direction and transmitted past the atom, as once again it can be shown that the

transition amplitude for a reflected electron is effectively zero. The full expression
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is given as

2:unn’
O =5 s = oy KRV [kt = g ) + (s — k) K3V [k = g )0

X i ek (p—a)Rs Ui Up
p,q=1
where ky = \/m, with &, 7, the energy of the many-body eigenstate
|1y, n'X) as given in (3.29) and U, are the elements of the unitary matrix (3.30),
which digonalises Vgq. This may be cast into a much simpler form using knowledge
of the variables in the system. First of all, u*/R? appears in &,,/,, where in
atomic units p ~ 10% and Ry ~ 10° for atoms trapped micrometres apart, thus
w?/ R < A&, and so &,y = A&y,. The previously used assumption that
the electron kinetic energy is much greater than the atomic energy level splitting
(A&, < k?) is used, allowing the Taylor expansion of \/k? — 2AE,, about
A&, = 0. Introducing, as in the single atom case, the scaled momentum s =
ki/(YA|Ewp]) and coupling s = pinn /(2Y? |AE,,|), the transition amplitude

may be written as

81> 1 1 al
Ovniy = I{’ZL [Kf <E) Oy + + Kg (;) 5)@—} X Z elkf(p_Q)RsU;‘quv'

p,g=1

This may be simplified by performing the sum over the unitaries, which may be

shown to be

N : N - MY\ 2
—— 1 sin (av—) sin (ﬁv—)

2 iky(p q)RSU* U .= 2 -1 n+1 2 7

p7q:1€ vaTPY (N + 1) ( sin (%) (=D sin (%“)

where
T R, VT R,

’U: d q): .
Sy v S L O N B
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The transition amplitude is then finally written as

4 D' \2 | ;0 (1 5 (1
O vy [Kl (‘) Ot + Ko (z) ‘5]

sin (@, §) _1n+1M)2 3.32
(R o) (')

whose magnitude depends on the coupling strength 7,,,, multiplied by a function
whose form depends on the multi-atom state and the ratio of the atomic separa-
tion to the trapping distance. As in the single atom case, this result will only be
valid in the weak coupling limit, where 7,,, < 1.

It is also possible to calculate the total transition amplitude, which may be
taken as a measure of the probability that the atom undergoes any of the possible

transitions. This is shown to be proportional to the number of atoms N, and is

nn’ 2 1 1
Oy = 8N <77K2 ) {Kf (E) + K2 (E)] .

Limiting the transitions to those where the principal quantum number remains

written as

the same, the previous analysis may be used to find the states of a two atom
system and their energies (before approximations are made). The possible states

of the system may be shown to be

[, 55+) = %(’55p+, 55s) + |55p_, 558) + |55, 55p..) + |55, 55p_>>
1, 55—) = §<y55p+, 55s) — |55p_, 555) + |55, 55p..) — \553,55p_>>
|12, 554) = %(!55p+, 55s) + |55p_, 5bs) — |55s, 55p) — |55s, 55p,>>
49, 55—) = %( 155p,., 555) — |55p_, 558) — |58, 55p4) + |55, 55p7>>,

which have energies 81755+ = A555p — M§5/2R§, 51755, = A(c:55p + /L§5/R§, 52755+ =
Assp + 125 /2R3 and &y 55— = A&ssp — pis/ R2 respectively. Before showing the

transition amplitudes associated with these states, it is important to note that
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these states are entangled, as it is not possible to separate the state of the first
atom from that of the second. The transition amplitudes for these four possible

states of the system are shown in Fig. 3.17(a). It is clear that the form of the
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(b) Total first order transition amplitude
for the double atom system.

(a) First order transition amplitudes for
the four states of the double atom system.

Figure 3.17: Single state (a) and total (b) transition amplitudes for the
two atom case. The values are for a rubidium atom initially
in the |55s) state with Y = 2.5um and R, = 2Y.

amplitude for varying x depends on the form of the entangled state, where those
with |¢2) show one dominant peak with the |¢) form showing two much smaller
peaks. Fig. 3.17(b) shows that the total transition amplitude yields a result
reminiscent of that for the single atom case. It has been shown that by interacting
with a passing electron the atomic ensemble may undergo transitions to entangled
states. Selecting the momentum of the atom will therefore allow one of the states
to be produced, which will have applications in the fields of quantum information
and computing.

This section has presented the general multi atom case and a brief analysis
of the two atom system, which shows that the results are clearly related to those
of the single atom case. The following section gives a description of two possible

regimes for the multiple atom system, and evaluates their feasibility.
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3.6.1 Interatomic Interaction Dominated and Electron-

Atom Interaction Dominated Regimes

There will be two distinct regions to the multiple atom case: that where the
atomic dipole-dipole interaction dominates and that where the electron-atom in-
teraction dominates. This short section is dedicated to an analysis of whether
these two regions are realistically achievable with this type of approach. In order
to find an estimate of where the boundary between the two lies, the maximum
strength of the electron-atom interaction (where the electron is closest to one of
the atoms) is equated with the dipole-dipole interaction. Taking the form of the
electron-atom interaction after the Taylor expansion (3.5) and inserting z = 0, its
strength may be estimated using the expectation value (y) after the interaction as
(y) /Y?. Using also the expectation values (z) and (y) from the appropriate sin-
gle atom calculation in the numerator of the dipole-dipole interaction (3.27) and

writing it as D = (y,) (yp) — 2 (x4) (xp), the inequality which yields the boundary,

o |DY?
B =7 (3.33)

This does highlight a problem with using the dipole-dipole interaction to produce

RY, may be solved as

novel results in the multiple atom case: it is comparatively weak. For example,
taking values which should be achievable for a |55s) rubidium atom and are ex-
pected to give a high polarisation, o = 0.225 and Fy;, ~ 0.87eV, the above
equation gives that RY ~ 0.35um, which is only slightly greater than the atomic
orbital radius. Thus the dipole-dipole approximation will break down before the
separation distance is small enough for it to become dominant. Obviously the
atoms still interact strongly at shorter distances, but it becomes a much more dif-
ficult problem to treat. However, what has been shown analytically in this section

is that even well into the region where the electron-atom interaction is dominant,
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the dipole-dipole interaction still has an effect on the possibly achievable states,

as seen in Fig. 3.17.

3.7 Summary and Outlook

The various sections in this chapter have shown how controlling the momentum of
an electron may be used to manipulate the internal state of a Rydberg atom. An
analytic approximation for the changing of the atomic state in the weak coupling
limit was found via two different methods, which predicted that the incident
direction of the electron selects which magnetic sublevel is most likely populated.
The time-dependent Schrodinger equation was subsequently used as the basis of
a numerical exploration of the system, allowing the validity of the analytics to
be analysed for two different atomic species. It is shown that the analytics and
numerics compare very well in the case of rubidium, and not so well in the case of
lithium. This difference is attributed to the two species having distinctly different
spectra. The number of dipole transitions the atom is likely to have made during
the passage of the electron is quantified by the average orbital angular momentum
and magnetic quantum numbers of the final state, and it is shown that the final
state may be very far from the initial s-state. The final state of the atom was also
used to calculate its final polarisation, which shows that it is possible to use the
electron to create a permanent dipole moment of the atom, though this would only
have the lifetime of the final atomic state itself. If the lifetime of these states is
sufficiently long, this may allow proposals based around polar molecules [180,181]
to be realised with these switchable atomic dipole moments. The final section
detailed the extension of the analytic approach to a chain of NV interacting atoms,
and gives a brief description of the possible regimes achievable.

It is clear throughout this analysis that more exotic states of the atom are

reached when the coupling strength 7, is high. There are two main reasons
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why this coupling strength may not be made arbitrarily high. The first is the
difficulty in reaching Rydberg states with high principal quantum numbers, where
usually multi-photon resonances are required. The second is the requirement
of a minimum distance between the electron and the atom. Such a minimum
distance has already been used such that in the theoretical sense the electron
may be treated as a point charge. An even clearer reason is apparent from the
experimental side, where it must be ensured that the effects of the electron guiding
field on the atom are minimal. One possible alternative which would allow the
interaction strength to be increased would be to replace the electron by a highly
charged ion. The description of such a system would be very similar to that given
here, though the energy scales would be very different and could therefore yield

further interesting results.
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Appendix A

Atomic Units

The following table provides the conversion factors between atomic and SI units.

Quantity Atomic Units SI Units (3.s.f)
Mass me = 9.11 x 10~%kg
Charge le| = 1.60 x 1071°C
Angular Momentum | i =1 1.05 x 10734J.s
Coulomb Constant | k, = 1/(4mweg) = 1 8.99 x 10°N.m2.C 2
Length ap = h%/(kemee?) =1 | 529 x 107 ' m
Energy Ey = kee*/ag =1 27.2eV

Time 13/ (k*meet) = 1 2.42 x 107175
Electric Field kee/a? =1 5.14 x 10"V.m ™!

Table A.1: Table showing the definition of the atomic units and their
values in SI units.



Appendix B

Interaction of a Two-Level Atom

with a Classical Field

This appendix details the derivation of the interaction of a two-level atom with
a classical laser field, which is included in the Hamiltonian of the lambda system
(2.29). This forms part of the basis of the generation of quantum states of light
from the collective bosonic excitations of the lattice system. The derivation pre-
sented here follows closely that presented in [182]. As a simple case here, which
is also taken at a later point in the main derivation, the laser is assumed to be
linearly polarised. In this example, such polarisation is along the z-axis, such

that the electric field at position r may be written as
E(r,t) = E(r,t) cos(ky, - v — wyt),

where &(r, t) is a slowly varying envelope function, with wy, the optical frequency
and kj the wavevector. The atom may be assumed to have only two levels if the
transition is dipole allowed and far detuned from all other atomic transitions.
Thus, in this case, the two levels involved are |s) and |a), whose transition fre-

quency is w, (for simplicity setting ws; = 0). The envelope function may be
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approximated as constant so long as it varies on a length scale much longer than
the optical wavelength, 27/ |kg,|, and a timescale much slower than the optical
frequency, wy. Under these conditions, the envelope function may be approxi-
mated as £ (r,t) = £ é,, where €, is the unit vector in the z-direction and &y, is
the (real) amplitude. Using the definition given in [47], the interaction between

an atom and electric field is given by
Hipy = —d - E(r, ),

where d = —ef is the dipole moment operator. Using the fact that the atom does
not have a permanent electric dipole when in either the state |a) or |s) and the
electric field is polarised in the z-direction, the dipole operator may be written
as

d = —(du |a) (s] + d, |s) {al),

where d,s = di, = (a|z| s) &, due to the choice of polarisation direction.
The Hamiltonian describing the interaction between the atom and classical

electric field is thus given as
Hiny =y, (e'ereet)  emiter=eit)) (la) (s] + |s) (al),

where the cosine term has been decomposed into exponentials and the Rabi fre-
quency is thus written as Q = d.s€./2 with d,s = das€, . To simplify this
Hamiltonian, it is first transformed to the interaction picture, such that rapidly
oscillating terms may be identified and neglected when applying the rotating
wave approximation [127]. To express the Hamiltonian in the interaction picture,

a unitary transformation of the form

UI — ezHot
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is performed, where Hy = w, |a) (a]. The matrix form of this operator can be
shown to be Ur = |s) (s| + ¢! |a) (a|, such that, in the interaction picture, the

Hamiltonian is expressed as

int

Y = UpHigg U] =0 [ (060 nmn)t) il x—(entuad) |g) (s]

I (ez’(kL-rf(wLera)t) X efi(kL-r+(wa7wL)t)) 1) (al ] (B.1)

The rotating wave approximation neglects the rapidly oscillating terms, which in
this case are those of frequency wr,+w,, and the Hamiltonian is thus approximated
as

HY ~ Q [eem+ea—en)d) |y (5] 4 eilkerteawn)t) |6y (q)]

nt

Transforming back to the Schrodinger picture by the inverse of this transformation
yields the interaction Hamiltonian in the rotating wave approximation, which is
valid so long as the detuning A;, = wy —w, < wr+w,. Omitting the intermediate
steps, this inverse transformation yields

Hy = UTHOU; = Q [e®em=20 |q) (5] 4 emiler=ort) |5y (q]] |

int

which describes the interaction of the atom with a linearly polarised electric field
in the rotating wave approximation. This transformation can be easily shown to

leave the atomic part of the Hamiltonian unaffected.



Appendix C

Transformation to a Rotating

Frame

In sections 2.4.1 and 2.6.2 the relevant Hamiltonian is transformed such that it
describes the system in a rotating frame. This brief appendix details how such a
unitary rotation is performed. Such a transformation allows the time dependence
to be removed from the Hamiltonian when the rotating wave approximation is
applied. Introducing the general unitary rotation matrix U, an effective Hamilto-
nian must be defined which acts on the rotated states of the system and obeys the
time-dependent Schrodinger equation. With the original Hamiltonian represented

as H, this process is carried out as

iho, W) = H )
TRUOUTU o) = UHUTU )
iU |¢) = UHU |¢)
iU + i, (U ¢)) = UHU' |¢)

ihd; o) = UHU —irUdU") |6) |
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where |¢) = UT 1)) is the state of the system in the rotating frame. The final line

of the derivation defines the effective Hamiltonian in the rotating frame as

H' =UHU — ikddUT,

as this line is the time-dependent Schrodinger equation for the state in the rotating
frame. Note here that A as been included to make the Schrodinger equation easier
to identify, where atomic units are more commonly used in the rest of this text.

The main body of text refers to altering the energy of one of the atomic states
by a certain frequency using a transformation of this type. Taking the simple
case of a two level atom of Rabi frequency 2¢2 and electric field frequency wy,, the

Hamiltonian may be written as

we 0 01
H = + 20 cos(wrt),

0 0 10

where w, is the energy difference between the two states, and atomic units are
used. The matrix used to move to a frame rotating with the frequency of the

laser may be written as

which can easily be shown to be unitary. Upon application of the process to

transform to a rotating frame, the effective Hamiltonian may be shown to be

we —wr 0 0 1 + ePiwrt
H = +Q ,
0 0 Lo 2ont g

where the cosine term describing the oscillating electric field has been split into

exponentials. This clearly shows that the energy of the excited state has been
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reduced in energy by the frequency of the laser. It is also the point at which
the rotating wave approximation [127] may be applied to remove the rapidly
oscillating terms in each off-diagonal element, which is valid when the laser is
near resonant with the atomic transition, w; ~ w,. As is also encountered in
the text, it is sometimes necessary to increase the energy of one of the states of
the system. This may be done by changing the sign of the exponential in ¢/ and

applying the same procedure.



Appendix D

Adiabatic Elimination of the

Auxiliary State

The effective Hamiltonian of the lambda system where the energy of the auxiliary
state |s) has been reduced by an amount wy, (2.30) may be simplified under the
assumption that the laser detuning is far from resonant. This assumption leads
to the approximation that the population of the auxiliary state is approximately
constant. This appendix details how this approximation may be used to adia-
batically eliminate the auxiliary level from the lambda system. Using the time
dependent Schrodinger equation, i0; [¢)) = H' 1), with the effective Hamiltonian
(2.30) and each of the three atomic levels of the system yields the three coupled

differential equations

ia = H'|a) = (wo —wp) |a) + €™ |s) + (Qem + Q) € |g)
i5=H'|s) = w,|s) 4+ ™7 |a)

ig =H'lg) = wy|g) + (Qem + Qi) € |a)

where the dot represents the first temporal derivative. The assumptions previ-

ously mentioned amount to the statement a ~ 0, which allows an expression for
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the state |a) in terms of the other two states to be gained from the first of these
equations, yielding

Q , Qe +
_Le—sz'r ‘S> o +

—~ em _jurt
|a) A, A, © l9)

where A = w,—wy. Inserting this expression and that of its Hermitian conjugate
into the Hamiltonian (2.30) allows the removal of the auxiliary state, such that

it may be simplified to

Q7 (Qem + 26)° ot
H ~ (ws — A—i) |s) (s| + (wg - A—L) 9) (9] + quAaLAan

qA
QL(Qem + QZm)

- A, (et s) (g| + eterrt |g) (s]) . (D.1)

This completes the adiabatic elimination of the auxiliary state, a final step being
to neglect the corrections to the ground state energies, which yields the Hamil-

tonian given in the main body of the text as equation (2.31).



Appendix E

Atomic Transition Dipole

Elements

Using the spherical harmonics, the atomic transition dipole matrix elements can
be shown to be

AN B (l—m+2)(l—m+1)
<77Dnlm |$a + Zyal wn’l’m’> - <\/ (2[ + )(2[ —+ 3) 51',l+1
)

(l+m—1)1+m)
\/ (204 1)(20 — 1) Ov =1 | O 1Rt v

and

. ( Ja=ma—m-1
<wnlm |$a — Zya| wn’l’m’> == (\/ <2l — 12 T 1) (5[’,171

[
)
(I+m+1)(+m+2)
B 6/ 5’ i
\/ Q)@ gg) vt |omm Rt

where R, v = (R, |r| R ) are the radial transition dipole matrix elements,

which may be estimated analytically using [67].



Appendix F

Lippmann-Schwinger Scattering

Beyond the Born Approximation

This appendix gives the result of the Lippmann-Schwinger equation for the single
trapped atom system for the first order beyond the Born approximation. This
result is gained by using the result of the Born approximation case (3.24) (where
an electron travelling to the right and transmitted is subsequently assumed) and
inserting it as the state |¢) in the Lippmann-Schwinger equation for this system

(3.20). The result is

(o) - [ TS S L
\/_ n1,01 { J(C
X (6517P+g<k' - k(l ) - 5,317P+‘F(ki - kj(‘l))> ’nla 51)
zk<2)
ﬂnl ni ) )
+ Z [ k(l) k(g (5511) G (ki ){552,sﬂn2,n1f(k}1 —k](?)

n2,B2
+ Hnafann By [6ﬁ2,dof(k§rl) — kD) 4 85,.0,G (kp(1) — kf))} }

1 1 2
- 5517P+‘F(ki - k; )){ - 5,3275Mn27n1g(k](” ) - k](” )) t Hnopa,na by

X |04 (K = k) + 05, 0, F R = K] 1)] e, 52>]
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where k'}(cl) = /k? —2A&,, 5, is the electron momentum after the first scattering
event, k:;Q) = /k? —2AE&,, 5, is the electron momentum after the second scat-
tering event, n; is the initial principal quantum number of the atom, n; and ny
are the principal quantum numbers of the atom after one and two scattering
events respectively, i can represent the states |p+), whereas [, may represent
the states |s) and |dp 1o2). The transition dipole moments fi,, », are of the form

given in section 3.3, whereas those written as (i, 3, n,3, need to be calculated from

g By mape = (M151 |Ta + 1Ya| n2B2) + (n151 |x0 — 1ya| n2fa)

using the forms of the matrix elements given in appendix E.

Despite the complicated form of this expression, the interpretation is straight-
forward. The first term (that preceding the state |n;s)) describes the state where
no scattering event has occurred, thus the atomic state and electron momentum
remain the same. The two terms preceding the state |n;f;) describes the state
of the system when only a single order scattering event has taken place, in which
case the atomic state will be |n;py), with the electron changing momentum to
k;l) to conserve energy. The terms which follow those describing first order and
precede the state |no/33), describe the state after the various possibilities for sec-
ond order scattering have occurred. These terms therefore describe the final state
of the system when the atom undergoes a first order transition to |ni, ;) and
then undergoes a second order scattering event leaving it in the state |ng, 32).
The electron is thus left with the energy conserving momentum k}z). Although
not shown here, it is possible to rewrite the beyond Born approximation expres-
sion in terms of the unitless momentum x as was done in section 3.4. Doing this
shows that the terms describing second order scattering events are of the order
n?, which can be seen in this form as roughly u?/ (k](cl)k;?)), and thus makes them

less likely to occur than the first order scattering, as is expected.
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In principle it is possible to gain an expression describing the third order
scattering events using this method, though it is expected that the result will be

extremely complex and perhaps not so informative.



Bibliography

Bloch I, Dalibard J and Zwerger W 2008 Rev. Mod. Phys. 80 885
Jaksch D and Zoller P 2005 Ann. of Phys. 315 52
Ghosh P N 2001 Physics with cold atoms (Allied Publ. Ltd.)

Metcalf H J and der Straten P V 1999 Laser cooling and trapping (Springer-
Verlag GmbH)

Balykin V I, Minogin V G and Letokhov V S 2000 Rep. Prog. Phys. 63
1429

Anderson M H, Ensher J R, Matthews M R, Wieman C E and Cornell E A
1995 Science 269 198

Davis K B, Mewes M O, Andrews M R, van Druten N J, Durfee D S, Kurn
D M and Ketterle W 1995 Phys. Rev. Lett. 75 3969

Bose S N 1924 Z. Phys. 26 178
Einstein A 1925 Sitzungsber. Kgl. Preuss. Akad. Wiss. 1 3

Andrews M R, Townsend C G, Miesner H J, Durfee D S, Kurn D M and
Ketterle W 1997 Science 275 637

Cirac J I, Gardiner C W, Naraschewski M and Zoller P 1996 Phys. Rev. A
54 R3714



Bibliography 179

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]
[22]

23]

[24]

[25]

2]

Stamper-Kurn D M, Andrews M R, Chikkatur A P, Inouye S, Miesner H J,
Stenger J and Ketterle W 1998 Phys. Rev. Lett. 80 2027

Barrett M D, Sauer J A and Chapman M S 2001 Phys. Rev. Lett. 87 010404
Bloch I, Hansch T'W and Esslinger T 2000 Nature 403 166

Madison K W, Chevy F, Wohlleben W and Dalibard J 2000 Phys. Rev.
Lett. 84 806

Matthews M R, Anderson B P, Haljan P C, Hall D S, Wieman C E and
Cornell E A 1999 Phys. Rev. Lett. 83 2498

Feenstra L, Andersson L M and Schmiedmayer J 2004 Gen. Relat. Gravit.

36 2317
Hénsel W, Hommelhoff P, Hansch T W and Reichel J 2001 Nature 413 498

Folman R, Kriiger P, Schmiedmayer J, Denschlag J and Henkel C 2002 Adwv.
At., Mol., Opt. Phys. 48 263

Adams C S 1994 Contemp. Phys. 35 1
Berman P R 1997 Atom Interferometry (Academic press)
Bloch I 2005 Nature Phys. 1 23

Grimm R, Weidemiiller M and Ovchinnikov Y B 2000 Adv. At., Mol., Opt.
Phys. 42 95

Grynberg G and Courtois J Y 1994 Europhys. Lett. 27 41

Hemmerich A, Weidmiiller M, Esslinger T, Zimmerman C and Hénsch T
1995 Phys. Rev. Lett. 75 37

Feynman R P 1982 Int. J. Theor. Phys. 21 467



Bibliography 180

[27]
[28]
[29]

[30]

[35]
[36]

[37]

Feynman R P 1985 Opt. News 11 1

Feynman R P 1986 Found. Phys. 16 507

Lloyd S 1996 Science 1073

Lewenstein M, Sanpera A, Ahufinger V, Damski B, Sen A and Sen U 2007
Adv. Phys. 56 243

Greiner M and Folling S 2008 Nature 453 736

Hubbard J 1964 Proc. R. Soc. London, Ser. A. 281 401

Greiner M, Mandel O, Esslinger T, Hansch T W and Bloch I 2002 Nature
415 39

Jordens R, Strohmaier N, Glinter K, Moritz H and Esslinger T 2008 Nature
455 204

Lee P A, Nagaosa N and Wen X G 2006 Rev. Mod. Phys. 78 17

DiVincenzo D P 1995 Science 270 255

Garcia-Ripoll J J, Zoller P and Cirac J I 2005 J. Phys. B: At., Mol., Opt.
Phys. 38 S567

Penrose R 1998 Phil. Trans. R. Soc. A 356 1927

Jozsa R and Linden N 2003 Proc. R. Soc. Lond. A 459 2011

Shor P W 1997 SIAM J. Comput. 26 1484

Deutsch I H and Brennen G K 2000 Fortschr. Phys. 48 925

Negretti A, Treutlein P and Calarco T 2011 Quantum Inf. Process. 10 721

Jaksch D 2004 Contemp. Phys. 45 367



Bibliography 181

[44]

[45]

[46]

[47]

[51]
[52]
[53]

[54]

Brennen G K, Caves C M, Jessen P S and Deutsch I H 1999 Phys. Rev.
Lett. 82 1060

Jaksch D, Briegel H J, Cirac J I, Gardiner C W and Zoller P 1999 Phys.
Rev. Lett. 82 1975

Weitenberg C, Endres M, Sherson J F, Cheneau M, Schaufl P, Fukuhara T,
Bloch I and Kuhr S 2011 Nature 471 319

Gerry C C and Knight P L 2005 Introductory Quantum Optics (Cambridge

University Press)
Hammerer K, Sgrensen A S and Polzik E S 2010 Rev. Mod. Phys. 82 1041
Kuzmich A, Mglmer K and Polzik E S 1997 Phys. Rev Lett. 79 4782

Hald J, Sgrensen J L, Schori C and Polzik E S 1999 Phys. Rev. Lett. 83
1319

Boller K J, Imamoglu A and Harris S E 1991 Phys. Rev. Lett. 66 2593
Hau L V, Harris S E, Dutton Z and Behroozi C H 1999 Nature 397 594
Fleischhauer M and Lukin M D 2000 Phys. Rev. Lett. 84 5094

Yimsiriwattana A and Lomonaco Jr S J 2004 arXiv preprint quant-

ph/0402148
Deutsch D 1989 Proc. R. Soc. A. 425 73
Kuhn A, Hennrich M and Rempe G 2002 Phys. Rev. Lett. 89 067901

Cirac J I, Zoller P, Kimble H J and Mabuchi H 1997 Phys. Rev. Lett. 78
3221

Briegel H J, Diir W, Cirac J I and Zoller P 1998 Phys. Rev. Lett. 81 5932



Bibliography 182

[59]

[60]

[61]

[62]

[72]

Duan L M, Lukin M D, Cirac J I and Zoller P 2001 Nature 414 413

Kuzmich A, Bowen W P, Boozer A D, Boca A, Chou C W, Duan L M and
Kimble H J 2003 Nature 423 731

van der Wal C H, Eisaman M D, André A, Walsworth R L, Phillips D F,
Zibrov A S and Lukin M D 2003 Science 301 196

Chou C W, Polyakov S V, Kuzmich A and Kimble H J 2004 Phys. Rew.
Lett. 92 213601

Matsukevich D N and Kuzmich A 2004 Science 306 663

Chen S, Chen Y A, Strassel T, Yuan Z S, Zhao B, Schmiedmayer J and
Pan J W 2006 Phys. Rev. Lett. 97 173004

Bethe H A and Salpeter E A 1957 Quantum Mechanics of One and Two

FElectron Atoms (Academic Press, New York)

Gallagher T F 1994 Rydberg Atoms (Cambridge University Press)
Guseinov I I and Mamedov B A 2011 Astropart. Phys. 34 649

Bates D R and Damgaard A 1949 Phil. Trans. R. Soc. Lond. A 242 101
Saffman M, Walker T and Mglmer K 2010 Rev. Mod. Phys. 82 23132363
Walker T G and Saffman M 2008 Phys. Rev. A 77 032723

Olmos B 2010 Information measures of quantum systems *** Collective
Rydberg excitations of an atomic gas confined in a ring lattice Ph.D. thesis

Universidad de Granada

Boisseau C, Simbotin I and Coté R 2002 Phys. Rev. Lett. 88 133004



Bibliography 183

[73]

[74]

[79]

[80]

[81]

[82]

[83]

Singer K, Stanojevic J, Weidemiiller M and Coté R 2005 J. Phy. B: At.
Mol. Opt. Phys. 38 S295

Urban E, Johnson T A, Henage T, Isenhower L, Yavuz D D, Walker T G
and Saffman M 2009 Nature Phys. 5 110

Olmos B and Lesanovsky I 2011 Phys. Chem. Chem. Phys. 13 4208

Carter J D, Cherry O and Martin J D D 2012 Phys. Rev. A 86 053401

Sgrensen A S, Van Der Wal C H, Childress L [ and Lukin M D 2004 Phys.
Rev. Lett. 92 63601

Tauschinsky A, Thijssen R M T, Whitlock S, van Linden van den Heuvell

H and Spreeuw R J C 2010 Phys. Rev. A 81 063411

Cetina M et al. 2011 Hybrid approaches to quantum information using ions,

atoms and photons Ph.D. thesis Massachusetts Institute of Technology

Wimberger S 2011 Fur. Phys. J. D 63

Daniilidis N, Haffner H, Stillinger F, Debenedetti P, Nozieres P, Sachdev
S, Castelnovo C, Moessner R and Sondhi S 2013 Annu. Rev. Cond. Matt.
Phys. 4

Wallquist M, Hammerer K, Rabl P, Lukin M and Zoller P 2009 Phys. Scr.
T137 014001

Petrosyan D, Bensky G, Kurizki G, Mazets I, Majer J and Schmiedmayer
J 2009 Phys. Rev. A 79 040304

Gao M, Liu Y X and Wang X B 2011 Phys. Rev. A 83 022309

Jaksch D, Cirac J I, Zoller P, Rolston S L, C6té R and Lukin M D 2000
Phys. Rev. Lett. 85 2208



Bibliography 184

[30]

[87]

8]

[89]

[98]

[99]

[100]

Lukin M D, Fleischhauer M, Cote R, Duan L, Jaksch D, Cirac J I and
Zoller P 2001 Phys. Rev. Lett. 87 037901

Gaétan A, Miroshnychenko Y, Wilk T, Chotia A, Viteau M, Comparat D,
Pillet P, Browaeys A and Grangier P 2009 Nature Phys. 5 115

Weimer H, Miiller M, Lesanovsky I, Zoller P and Biichler H P 2010 Nature
Phys. 6 382

Olmos B, Gonzilez-Férez R and Lesanovsky 1 2009 Phys. Rev. Lett. 103
185302

Olmos B, Gonzalez-Férez R and Lesanovsky I 2010 Phys. Rev. A 81 023604
Porras D and Cirac J I 2008 Phys. Rev. A 78 053816

Lehmberg R H 1970 Phys. Rev. A 2 883

Olmos B and Lesanovsky 1 2010 Phys. Rev. A 82 063404

Dudin Y O and Kuzmich A 2012 Science 336 887

Peyronel T, Firstenberg O, Liang Q Y, Hofferberth S, Gorshkov A V, Pohl
T, Lukin M D and Vuleti¢ V 2012 Nature 488 57

Pohl T, Demler E and Lukin M D 2010 Phys. Rev. Lett. 104 43002

Schachenmayer J, Lesanovsky I, Micheli A and Daley A J 2010 New J.
Phys. 12 103044

Mourachko I, Comparat D, Tomasi F D, Fioretti A, Nosbaum P, Akulin

V M and Pillet P 1998 Phys. Rev. Lett. 80 253
Beigman I L and Lebedev V' S 1995 Phys. Rep. 250 95

Hickman A P 1979 Phys. Rev. A 19 994



Bibliography 185

101]
102]

103]

[104]

[105]
[106]
107]

[108]

[109]

[110]

111

[112]

[113]

[114]

Lukin M 2003 Rev. Mod. Phys. 75 457
Pedersen L H and Mglmer K 2009 Phys. Rev. A 79 012320

Chaneliere T, Matsukevich D N, Jenkins S D, Lan S Y, Kennedy T A B
and Kuzmich A 2005 Nature 438 833

Julsgaard B, Sherson J, Cirac J I, Fiurasek J and Polzik E S 2004 Nature
432 482

Choi K S, Deng H, Laurat J and Kimble H J 2008 Nature 452 67
Nielsen A E B and Mglmer K 2010 Phys. Rev. A 81 043822
Saffman M and Walker T 2002 arXiv preprint quant-ph/0203080

Simon J, Tanji H, Thompson J K and Vuleti¢ V 2007 Phys. Rev. Lett. 98
183601

Scully M O, Fry E S, Ooi C H R and Wédkiewicz K 2006 Phys. Rev. Lett.
96 010501

Mazets I I and Kurizki G 2007 J. Phys. B: At. Mol. Opt. Phys. 40 F105

Wilk T, Gaétan A, Evellin C, Wolters J, Miroshnychenko Y, Grangier P
and Browaeys A 2010 Phys. Rev. Lett. 104 010502

Weatherill K J, Pritchard J D, Abel R P, Bason M G, Mohapatra A K and
Adams C S 2008 J. Phys. B: At. Mol. Opt. Phys. 41 201002

Fleischhauer M, Imamoglu A and Marangos J P 2005 Rev. Mod. Phys. 77
633

Ates C, Sevingli S and Pohl T 2011 Phys. Rev. A 83 041802



Bibliography 186

[115]

[116]

[117)

[118]

[119]
[120]
[121]

[122]

[123]

[124]
[125]

[126]

[127]

[128]

Miiller M, Lesanovsky I, Weimer H, Biichler H P and Zoller P 2009 Phys.
Rev. Lett. 102 170502

Kruse J, Gierl C, Schlosser M and Birkl G 2010 Physical Review A 81
060308

Goppert-Mayer M 1931 Ann. Phys. 401 273

Suzuki S, Inoue J I and Chakrabarti B K 1996 Quantum Ising Phases and

Transitions in Transverse Ising Models (Springer)
Holstein T and Primakoff H 1940 Phys. Rev. 58 1098
Jordan P and Wigner E 1928 Z. Physik 47 631
Derzhko O 2001 arXiv preprint cond-mat/0101188

Hauke P 2009 Classical and Quantum Simulations of Frustrated Spin Mod-

els Master’s thesis Technische Universitat Munchen

Blasiak P, Horzela A, Penson K A, Solomon A I and Duchamp D H E 2007
Am. J. Phys. 75 639

Castilla G E and Chakravarty S 1991 Phys. Rev. B 43 13687
Dirac P A M 1927 Proc. R. Soc. Lond. A 114 243

Laycock T, Olmos B and Lesanovsky [ 2011 J. Phys. B: At. Mol. Opt. Phys.
44 184017

Fewell M P 2005 Opt. Commun. 253 125

Walls D F and Milburn G J 2008 Quantum Opics 2nd ed (Springer-Verlag)



Bibliography 187

129

[130]

[131]
[132]

[133]

[134]

[135]

[136]

[137]

[138]
[139)]

[140]

[141]

[142]

Lukin M D 2009 Modern atomic and optical physics ii: Course notes har-
vard university Lecture Notes URL http://lukin.physics.harvard.edu/

teaching.htm

Dummit D S and Foote R M 2003 Abstract Algebra 3rd ed (John Wiley &
Sons)

Colpa J H P 1978 Physica 93A 327
Bhatia R 2007 Positive Definite Matrices (Princeton University Press)

Horn R A and Johnson C R 1985 Matriz Analysis 1st ed (Cambridge Uni-

versity Press)

Golub G H and Loan C F V 1996 Matriz Computations 3rd ed (Johns

Hopkins University Press)

Hazewinkel M 1995 Encyclopaedia of Mathematics vol 1 (Kluwer Academic

Publishers)
Colpa J H P 1979 J. Phys. A: Math. Gen. 12 469

Steck D A 2001 Rubidium 87 d line data URL http://www.steck.us/

alkalidata/rubidium87numbers.pdf
Argawal G S 1970 Phys. Rev. A 2 2038
Gardiner C W and Zoller P 2004 Quantum Noise (Springer-Verlag)

Breuer H P and Petruccione F 2006 The Theory of Open Quantum Systems
(Clarendon Press)

DiVincenzo D P 2000 Fortschr. Phys 48 771

Nielsen M A and Chuang I L 2010 Quantum computation and quantum

information (Cambridge university press)



Bibliography 188

143

[144]

[145]

[146)

[147]

148
[149]

[150]

[151]
[152]

[153]

[154]

[155]

[156]

Reetz-Lamour M, Amthor T, Deiglmayr J, Westermann S, Singer K,
de Oliveira A L, Marcassa L. G and Weidemiiller M 2006 Fortschr. Phys.
54 776

Younge K C 2010 Rydberg atoms for quantum information Ph.D. thesis

The University of Michigan

Weimer H, Miiller M, Lesanovsky I, Zoller P and Biichler H P 2010 Nature
Phys. 6 382

Hogan S D, Agner J A and Merkt F 2012 Phys. Rev. Lett. 108 063004

Bohlouli-Zanjani P, Petrus J A and Martin J D D 2007 Phys. Rev. Lett. 98
203005

Mansbach P and Keck J 1969 Phys. Rev. 181 275
Percival I C 1973 Comput. Phys. Commun 6 347

abd D Vrinceanu T P and Sadeghpour H R 2008 Phys. Rev. Lett. 100
223201

Vriens L and Smeets A H M 1980 Phys. Rev. A 22 940
Hu S X 2006 Phys. Rev. A 74 062716

Dutta S K, Feldbaum D, Walz-Flannigan A, Guest J R and Raithel G 2001
Phys. Rev. Lett. 86 3993

Walz-Flannigan A, Guest J R, Choi J H and Raithel G 2004 Phys. Rev. A
69 063405

Millen J, Lochead G and Jones M P A 2010 Phys. Rev. Lett. 105 213004

Hoffrogge J, Frolich R, Kasevich M A and Hommelhoff P 2011 Phys. Rewv.
Lett. 106 193001



Bibliography 189

[157]

[158]

[159]

[160]

[161]

[162)

163

[164]

[165]
[166]

[167]

[168]
[169]

[170]

Ewart P Atomic physics. university of Oxford Atomic Physics Lecture Notes

Landau L D and Lifshitz E M 1977 Quantum Mechanics (Non-Relativistic

Theory) 3rd ed vol Three (Butterworth-Heinemann)

Vvedensky I Chapter 3: The renormalization group in momentum space.
lorentz Center Presentation from 2010 URL http://www.lorentzcenter.

nl/1lc/web/2010/404/presentations/VvedenskyI_4.pdf
Born M and Oppenheimer J R 1927 Ann. Physik 84 457

Zettili N 2009 Quantum Mechanics: Concepts and Applications 2nd ed

(John Wiley & Sons, Ltd)
Seaton M J 1983 Rep. Prog. Phys. 46 167

Beterov I I, Ryabtsev I I, Tretyakov D B and Entin V M 2009 Phys. Rev.
A 79 052504

Li W, Mourachko I, Noel M W and Gallagher T F 2003 Phys. Rev. A 67
052502

Liberman S and Pinard J 1979 Phys. Rev. A 20 507
Karr W A, Jamell C R and Joglekar Y N 2010 Am. J. Phys. 78 407

Butcher P N and Cotter D 1991 The elements of nonlinear optics (Cam-

bridge University Press)
Hausdorft F 1906 Ber. Ver. Sdchs. Akad. Wiss. Leipzig 58 19
Lippmann B A and Schwinger J 1950 Phys. Rev. 79 469

Hubac I, Masarik J and Wilson S 2011 J. Phys. B 44 205201



Bibliography 190

171]

[172]

[173]

[174]

[175]
[176]

[177]

[178]

[179]

[180)]
[181]

[182]

Economou E N 2006 Green’s Functions in Quantum Physics 3rd ed

(Springer)

Moore M G 2008 Introduction to scattering theory Tech. rep.
Michigan State University URL http://www.pa.msu.edu/~mmoore/

852scattering.pdf

Cauchy A L 1831 On the celestial mechanics and on a new calculus that
can be applied to a great number of diverse questions Presented to the

Academy of Sciences, Turin

Cauchy A L 1831 Memorandum on the connections that exist between the
residue calculus and the limit calculus, and on the advantages that these
two calculi offer in solving algebraic and transcendental equations Presented

to the Academy of Sciences, Turin
Jaffe C and Reinhardt W P 1977 J. Chem. Phys. 66 1285
Stark J 1914 Ann. Phys. (Berlin) 43 965

Zimmerman M L, Littman M G, Kash M M and Kleppner D 1979 Phys.
Rev. A 20 2251

Inglis D R and Teller E 1939 Astrophys. J. 90 439

van Ditzhuijzen C S E 2009 Dipole-dipole interaction between cold Rydberg

atoms Ph.D. thesis Universiteit van Amsterdam
DeMille D 2002 Phys. Rev. Lett. 88 067901
Micheli A, Brennen G K and Zoller P 2006 Nature Phys. 2 341

Scully M O and Zubairy M S 1997 Quantum Optics (Cambridge University
Press)



