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1INTRODUCTION

1 . 1 QUANTUM INFORMATION PROCESSING

In classical computers, structures in logic chips andmemory have become exponentially smaller
over the last 40 years, enabling an exponential increase in computing power, power e�ciency
and storage capacity. As this trend continues, quantum processes are expected to play an ever
more important role. While this is usually seen as a threat to the development of (classical)
computers, already in the early 1980s it was proposed to make use of quantum mechanical
e�ects for information science and computing purposes [1]. Since that time the �eld of quantum
information processing has rapidly expanded, and one can now distinguish between two distinct
strands:

quantum simulation which uses one well-controllable quantum mechanical system
to simulate the behaviour of another system in which it is much harder to directly
control or determine (microscopic) quantum states. ¿is is particularly useful as the
resources necessary to simulate quantum mechanical systems on classical computers
grow exponentially with the size of the system to be simulated.

quantum computation in which quantummechanical systems are used to solve certain
problems much more e�ciently than possible on classical computers. A number of
algorithms have been developed for such a quantum computer, the most famous being a
method of factoring large integer numbers [2] and for searching an unsorted database [3].

While a tremendous amount of e�ort has gone into realising physical implementations of a
universal quantum computer, success has been limited. David DiVincenzo identi�ed a number
of requirements for physical implementations of a universal quantum computer [4], which for
our purposes can be summarised as:

scalable qubits , i.e. the ability to de�ne and address a su�ciently large number of qubits,

initialisation of these qubits, i.e. the ability to put all qubits into a well-de�ned initial
state,

one-qubit operations, i.e. the ability to perform high-�delity rotations on each indi-
vidual qubit, and

1



2 introduction

two-qubit operations, i.e. the ability to manufacture and control strong interactions
between individual qubits,

coherence, i.e. gate operations based on the above capabilities need to be much faster than
the decoherence time of the qubit states.

readout �nally is the ability to accurately determine the quantum state of each qubit a er
performing a calculation.

While initialisation and one-qubit operations tend to be relatively simple to implement,
the other requirements are harder to ful�l. In particular, performing high-�delity two-qubit
operations in a scalable system, has proven to be very challenging. We propose to solve this
problem by combining neutral atoms trapped near the surface of a permanent magnetic atom
chip with Rydberg interactions between individual trap sites. Using such an atom chip we
are able to de�ne a lattice of hundreds of microtraps, each of which can act as a single qubit.
By exciting atoms in these traps to Rydberg states we can implement e�cient, controllable
two-qubit interactions between neighbouring lattice sites; furthermore, the logical qubit can be
encoded in the ground state of the atom, using Rydberg excitations only for gate operations,
which should drastically improve the coherence times of the system. ¿e relatively large lattice
periods in our system should allow optical addressing and readout of single qubits.

1 .2 ATOM CHIPS

Ultracold atoms on atom chips are key to new atom-based technologies such as interferometers
and precision sensors and provide access to fundamental aspects of many-body physics, atom-
surface interactions, quantum metrology and quantum information science [5, 6]. So far
experiments have dealt with atoms prepared in the electronic ground state, due to their intrinsic
stability. Despite their weak interactions, ground-state atoms on atom chips have been used to
sensitively probe the intrinsic thermal noise near surfaces [7–9], map magnetic and electric
�eld distributions [10–15], and investigate the Casimir-Polder potential in the micrometer
range [16–18].
While most atom chips employ current-carrying wires in order to create the magnetic

potential necessary for trapping neutral atoms, we use a layer of permanent-magnetic FePt
magnetised perpendicular to the plane of the chip. Using lithographic techniques we remove
parts of the magnetic material to form a pattern which can – in conjunction with an external
homogeneous magnetic �eld – be used to create a lattice of microtraps for neutral atoms. ¿e
lattice period in our system is currently 10 µm, a value which would lead to prohibitively high
current densities using current-carrying wires rather than permanent magnets. ¿is lattice
period allows us to populate hundreds of traps, i.e. to form hundreds of potential qubits while
retaining the ability to optically resolve individual trap sites.

1 .3 RYDBERG ATOMS

Rydberg atoms possess a number of properties making them interesting both from the perspec-
tive of fundamental research [19–21], but also as a tool for quantum information processing [22–
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24]. In particular, atoms excited to high-lying Rydberg states have extremely large transition
dipole moments (scaling with n2) resulting in long-range interactions and have large electric
polarisabilities (∝ n7) which can greatly enhance both atom-atom and atom-surface interac-
tions. Because atoms can be coherently brought from ground to Rydberg states and vice versa
they promise not only strong interactions, but controllable strong interactions. ¿is means
that atoms can be brie�y excited to a Rydberg state to perform e.g. a quantum gate operation,
but the quantum state can be encoded in the ground states of the atom, making it much more
robust to external perturbations.
Recent experiments with Rydberg atoms have largely been motivated by the excitation

blockade mechanism [25, 26]. ¿e research in ultracold Rydberg atoms has resulted in two
landmark experiments demonstrating dipole-blockade for two individual atoms [27, 28] as well
as c-NOT quantum gates between two atoms mediated by Rydberg interactions [29, 30], but
has also inspired further experiments on mesoscopic ensembles in the blockade regime [31].
Cold ensembles of Rydberg atoms have been used for electrometry [32–35]. Rydberg dipole
blockade has been observed in cold ensembles of atoms using Electromagnetically Induced
Transparency (EIT) [36–38] and it has been proposed to directly observe spatially resolved
dipole blockade through EIT [39, 40]. Interactions can be further enhanced and controlled
in the presence of modest electric �elds via Förster resonances [41] over distances of tens of
micrometers [42–44], making them very suitable for generating interactions in our atom chip
setup.

1 .4 THIS THESIS

In this thesis we explore the potential of combining ultracold atoms trapped on a permanent-
magnetic lattice atom chip with the excitation to strongly interacting Rydberg states. ¿e results
presented here are merely the �rst steps towards strongly interacting Rydberg atoms on an
atom chip.
We �rst discuss some of the theoretical background of Rydberg excitation in both room-

temperature and ultracold atomic vapours in chapter 2. We primarily concentrate on the
properties of individual Rydberg atoms as well as optical methods of Rydberg state detection.
As dipole-interacting Rydberg atoms do not play an important role in the experimental results
presented here, these are not discussed in detail. Furthermore, the theoretical background
necessary for the understanding of all of the common tools of ultracold atomic physics, such as
magneto-optical trapping and cooling, magnetic trapping and forced radio-frequency evapo-
ration is not discussed here in any more detail. For this the reader is referred to a number of
excellent theses, review articles and books [45–48] and references therein.
We describe the experimental apparatus used for our experiments in some detail in chapter 3.

¿is includes the laser- and vacuum systems, electronic components and computer control. In
chapter 4 the permanent magnetic lattice atom chip developed as part of this thesis is described
in detail. Here some background is given on optimising the magnetic pattern for di�erent
trapping geometries, including the basic theory necessary for understanding magnetic trapping
in z-wire traps as well as our microtrap arrays. ¿e magnetic patterns chosen in our setup are
discussed, as well as further technical aspects of the infrastructure surrounding the atom chip.
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Absorption imaging is used for the detection of atoms in our setup. ¿is has a number of
interesting properties if employed in a re�ecting double-pass geometry as is the case here. ¿e
merits of such an approach to absorption imaging are discussed in chapter 5, where detailed
simulations of the absorption signal of individual atoms in di�erent geometries are presented.
¿ese allow us to determine the optimum imaging parameters for our setup, as well as to
estimate the �delity of single-atom detection.
Chapter 6 �nally presents the �rst experimental results on Rydberg atoms. However, we

�rst investigate the rich level structure of Rydberg atoms in electric �elds in an independent
setup involving a room-temperature rubidium vapour in a glass cell. ¿is greatly simpli�es the
experimental setup, allowing us to investigate the e�ects of both static as well as time-dependent
electric �elds on Rydberg states in a rapid manner. It is particularly surprising to �nd that
even in a room-temperature vapour Rydberg spectroscopy can be performed with excellent
frequency resolution, allowing the investigation of Rydberg state hyper�ne splittings in addition
to (and combination with) Stark spectroscopy in electric �elds.
Chapter 7 combines Rydberg excitation with ultracold atoms trapped near the surface of our

atom chip. ¿is allows us to investigate the e�ects of the chip surface on Rydberg state energy
levels in a spatially resolved manner. ¿e results can be used to determine electric �elds near
the chip surface with very high accuracy.
Finally in chapter 8 we show the �rst results of loading neutral atoms in the magnetic lattices

presented in chapter 4. Here we present both hexagonal as well as square trap geometries with a
lattice period of 10 µm. ¿is should prove to be be an excellent starting point for demonstrating
strong dipole-interactions on our chip in the future.



2RYDBERG ATOMS

Most of the work described in this thesis involves Rydberg atoms. ¿is chapter
describes the theoretical background necessary for understanding the properties
and behaviour of such atoms. ¿is includes a number of useful scaling laws which
can be derived from simple classical considerations as well as a more quantitative
treatment of Rydberg atom wavefunctions and energy levels, both for hydrogen
and alkali metal atoms. In particular this part is concerned with the Stark e�ect,
i.e. the energy shi of Rydberg states in electric �elds. ¿e �nal part of the chapter
is dedicated to the optical detection of Rydberg atoms using Electromagnetically
Induced Transparency (EIT).

5



6 rydberg atoms

2.1 RYDBERG STATES

Rydberg atoms are atoms excited to a high-lying electronic state, i.e. having a large principal
quantum number n. Here we only consider alkali metal atoms, having a single valence electron.
For a discussion of other systems, such as doubly-excited Rydberg atoms, or non-alkali atoms
the reader is referred to [49] and references therein. For many alkali metal atoms Rydberg
states can be thought of as hydrogen-like: ¿e ionic core, consisting of the nucleus and all
ground-state electrons essentially forms a particle of charge +e, which is orbited by the excited
electron, as shown in Figure 2.1. In a classical picture one can consider the electrons as moving
along Kepler orbits.

Rydberg Electron

Ionic Core

long axis

sh
o

rt
 a

xi
s

Figure 2.1: Schematic depiction of a Rydberg atom assuming a classical Kepler orbit. ¿e ionic core
contains the nucleus as well as all inner-shell electrons. As long as the electron does not
penetrate this region the ionic core can be considered as a single point charge.

It is instructive to �rst brie�y discuss the textbook case of the hydrogen atom. ¿e description
given here closely follows that of [50] but can also be found in many other textbooks such
as [51–53]. As this is a well-known problem only a very brief outline of the procedure is given
here.

2.1 . 1 HYDROGEN

To determine the eigenstates of the hydrogen atom we need to solve the time-independent
Schrödinger equation HΨ = EΨ for a central potential of the form V ∝ − 1/r, i.e. we need to
�nd the eigenstates of the Hamilton operator

H = −
∆
2
−
1
r

(2.1)

given here in atomic units (see Table 2.1). Here ∆ = ∇2 is the Laplace operator, or the divergence
of the gradient of a function. In Cartesian coordinates this would simply be given by ∆ =
∂2/∂x2 + ∂2/∂y2 + ∂2/∂z2. In spherical coordinates the expression is slightly more involved, but well
known, and leads directly to the Equations 2.3 and 2.4 below.
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Quantity Atomic Unit Numerical Value

Mass Electron mass 9.11 × 10−31 kg
Charge Elementary charge 1.60 × 10−19 C
Energy Twice the hydrogen ionisation potential 27.2 eV
Length Bohr radius a0 5.29 × 10−11m
Velocity Classical velocity of the �rst Bohr orbit 2.19 × 106ms−1

Electric Field Field at the �rst Bohr orbit 5.14 × 109 Vcm−1

Table 2.1: Equations can be greatly simpli�ed by expressing them in atomic units as given
in this table [54]

Finding the eigenstates of this Hamiltonian is possible by separation of variables in spherical
coordinates with an ansatz

Ψ(r) = R(r)Yℓm(θ , ϕ) =
uℓ(r)

r
Yℓm(θ , ϕ) (2.2)

for which one �nds equations

0 = (
d2

dr2
−
ℓ (ℓ + 1)

r2
+
2
r
+ 2 E)uℓ(r) (2.3)

0 = (
1

sin θ
∂

∂θ
sin θ

∂

∂θ
+

1
sin2 θ

∂2

∂ϕ2
+ ℓ (ℓ + 1))Yℓm (θ , ϕ) (2.4)

¿e solutions to (2.4) are well-known as solutions to the Laplace equation, called spherical har-
monics: Yℓm(θ , ϕ)∝ Pmℓ (cos θ) exp(imϕ) with associated Legendre polynomials Pmℓ (cos θ).
Taking the expected limiting behaviour for very large and very small r into account one can

also �nd analytic solutions to (2.3), given by

unℓ(r)

r
∝ rℓ L2ℓ+1n−ℓ−1 (r) e

−r/2 (2.5)

with Laguerre polynomials

L2ℓ+1n−ℓ−1 (x) =
n−ℓ−1
∑
k=0

(
n + ℓ

n − ℓ − 1 − k
)
(−1)k

k!
xk (2.6)

In addition one also �nds solutions for the energy E,

E = −
1

2 n2
= −Ry

1
n2

(2.7)

where the second equality transforms back to SI units with the Rydberg constant Ry = h c R∞ =
me c

2α2

2 de�ned by the Planck constant h, the speed of light c, the electron mass me and the
�ne-structure constant α.
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With this solution the (�eld-free, non-relativistic, static and spinless) hydrogen problem is
solved: both the eigenstates and the eigenenergies are known. Based on these solutions one
can continue to investigate e.g. transitions between eigenstates or the behaviour in electric or
magnetic �elds; for electric �elds this is done in some detail in section 2.2 below.

2.1 .2 ALKALI METAL ATOMS

For alkali-metal Rydberg atoms this procedure can easily be adopted [49]. For states of high
principal quantum number n and angular momentum ℓ the description given above is already
fairly accurate, as their wavefunctions never probe the region of the core in which the potential
is modi�ed by the presence of the inner-shell electrons. ¿e matter is slightly more involved for
low-ℓ states which penetrate the ionic core. Here two (closely related) methods of determining
alkali metal Rydberg state wavefunctions will be discussed. Both are semi-empirical methods
relying on spectroscopic information to determine the wavefunctions. We will further assume
a spherically symmetric, time-independent potential in both cases; this is justi�ed by the
spherical symmetry of the ionic core. ¿en the Schrödinger equation still separates into an
angular and a radial part, and the angular part remains unchanged. We are here therefore only
concerned with solving the radial part of the Schrödinger equation.

Coulomb Potential

¿e �rst method, described in [55] is based on the assumption that outside the ionic core the
potential seen by the electron is simply a Coulombic − 1/r potential. ¿is is justi�ed by the fact
that many of the properties of Rydberg atoms depend on the expectation values of positive
powers of r, ⟨rσ⟩ with σ > 0. ¿ese strongly weigh the region outside the ionic core¹, so an
accurate knowledge of the wavefunction in this region is in many cases su�cient.
To determine Rydberg state wavefunctions one needs to solve Equation 2.3. However, one

assumes the principal quantum number of each state to be modi�ed by a so-called quantum
defect δℓ , thus modifying the energy E of the state to conform with experimental observations.
¿e relevant quantity then becomes the e�ective quantum number n∗ = n − δℓ . ¿e quantum
defect depends weakly on the principal quantum number n and strongly on the orbital angular
momentum quantum number ℓ. Accurate values for δℓ can be found in [56, 57].
¿e e�ective quantum number modi�es the energy of each state in Equation 2.3. It now o en

proves practical to determine the radial wavefunctions by numerically integrating Equation 2.3,
taking the modi�ed energy into account. ¿is is simpli�ed by a set of transformations which
make it feasible to use an e�cient numerical method, developed by Boris Numerov [58, 59] to
e�ciently integrate numerical equations of the form

d2

dx2
f (x) = g(x) f (x) (2.8)

while only neglecting terms ofO(h6) and higher in the step size h.

¹In fact, as a �rst approximation one can assume their value to be determined by the location of the outer classical
turning point [49]. Accordingly ⟨rσ ⟩∝ n2σ (see Table 2.2).
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One can bring Equation 2.3 into the form of (2.8) by performing the substitutions x = ln(r)
and f (x) = r1/2 R(r) = r−1/2 u(r). ¿ese transformations not only bring (2.3) into a form suitable
for solving using the Numerov approach, but at the same time change the radial scale to keep
the number of points per oscillation of the wavefunction almost constant. Following [55] we
then �nd

g(x) = 2 e2x (V(x) − E) + (ℓ + 1/2)
2 (2.9)

To avoid problems associated with the unknown potential near the nucleus one starts the
integration outside the classically allowed region, r > 2n2, typically at a radius of rstart =
2 n (n + 15). Here the solution is expected to decay exponentially. Interestingly the resulting
wavefunction does not depend very sensitively on the choice of initial values in this region,
as long as they are small and decreasing for increasing r. ¿e second, non-physical solution
to (2.3) increases exponentially outside the classically allowed region and is therefore quickly
damped out as r is propagated inwards². ¿e wavefunction of the rubidium Rydberg state
30s derived in this manner is shown in Figure 2.2, and contrasted with the wavefunction of
hydrogen for the same state.

R
n

l(
r)

r1
/2

 (1
0

0
0

 /
a 0

)-1

radial position (r/a0)1/2

0 10 20 30 40 0 1 2 3 4 5
-8

-6

-4

-2

0

2

4

6

H, analytical
Rb, model potential
Rb, Coulomb potential 

Figure 2.2:Wavefunctions of Rydberg state 30s. ¿e �gure shows the analytically calculated hydrogen
wavefunction as well as rubidium wavefunctions calculated using both methods described in
the text. To the right of the �gure the behaviour at small r is visible, where the two methods
for rubidium yield di�erent results.

²In fact almost any combination of initial values yields the correct result in practice.
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Modi�ed Potential

A second approach utilises the samemethods as described above. However, instead of assuming
a Coulombic − 1/r potential a model potential of the form

Vℓ(r) = −
Zℓ(r)

r
−
αc

2 r4
(1 − e−(r/rc)

6
) (2.10)

is introduced. Here the radial charge Zℓ(r) accounting for core penetration is parametrised by

Zℓ(r) = 1 + (Z − 1) e−a1 r − r (a3 + a4 r) e
−a2 r (2.11)

and the parameters a i again have to be derived by �tting to known spectral lines [60]. Here αc
is the static dipole polarisability of the core and rc is a cuto� radius introduced to remove the
contribution of the core potential at the origin. ¿en one can numerically solve the Schrödinger
equation with this model potential in the samemanner as described above. ¿is method should
therefore yield wavefunctions which are better near the core, but indistinguishable from those
derived above further away. ¿e resulting wavefunctions are shown in Figure 2.2 where the
expected behaviour is indeed observed.
¿e most striking di�erence between the hydrogen and the rubidium wavefunctions is the

phase-shi between the two. ¿is is due to an increase in the frequency of the wavefunction
close to the core, where the potential is deeper for rubidium and the kinetic energy of the
electron is higher. Outside the core region, where the potential is purely − 1/r this leads to a
phase-shi of the wavefunctions.
While the rubidium wavefunction derived from a pure Coulomb potential does show this

phase shi (dashed line in Figure 2.2), only the wavefunction derived from the model potential
discussed above (solid line in Figure 2.2) will reproduce the reduced wavelength near the core.

Scaling Laws

Based on the wavefunctions calculated above one can give a �rst approximation to the scaling
properties of expectation values of powers of r which can be useful as a guide for further scaling
behaviour. For positive powers of r the expectation value is determined mostly by the location
of the outer turning point rout = 2 n2. Accordingly these expectation values scale as ⟨rσ⟩∝ n2σ

for σ > 0.
For negative powers of r the behaviour is not so obvious, as it strongly depends on the

wavefunction close to the ionic core. However, if the angular momentum is small compared
to the principal quantum number the only dependence of the wavefunction on n is in the
normalisation [49], and ⟨rσ⟩∝ n−3 for σ < −1.
Based on the scaling of the expectation values of r it is particularly instructive to consider a

number of further scaling laws for Rydberg states, listed in Table 2.2. While the origin of most
of these is quite obvious, and o en related to the simple properties of a classical orbit, the last
two entries will be discussed here brie�y: both the radiative lifetime and the �ne-structure
interval depend on the presence of the Rydberg state wavefunction near or at the core. In the
case of the radiative lifetime this is due to the overlap with the ground-state wavefunction
while the �ne-structure interval in alkali atoms is due to an interaction of the valence electron
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Property scaling

Binding energy n−2

Energy between adjacent n statesa n−3

Orbital radiusb n2

Geometric cross section n4

Dipole momentc ⟨nd∣er∣n f ⟩ n2

Polarisabilityd n7

Radiative lifetimee n3

Fine-structure intervale n−3

a based on (n + 1)−2 − n−2
b outer classical turning point, proportional to inverse binding energy
c as orbital radius
d squared dipole moment, divided by energy separation
e see text

Table 2.2: Table of Rydberg atom scaling laws based on [54]. ¿e origin of the scaling
laws is either given in the table notes or described in the text. For atoms
other than hydrogen n has to be replaced by n∗ in the above equations.

with the ionic core³, and in particular is thought to be due to the polarisation of the core
electrons [54]. As was discussed above, all negative powers of r greater 1 exhibit a scaling
proportional to n−3, independent of the actual power r is raised to. Accordingly the decay rate
as well as the �ne-structure interval scale with n−3. ¿e same e�ect can be expected for the
hyper�ne splitting, as this e�ect also depends on the presence of the wavefunction in the ionic
core.

2.2 RYDBERG STATES IN EXTERNAL FIELDS

In this section we will discuss the behaviour of Rydberg states in external electric �elds based
on the wavefunctions calculated above. As can be deduced from the scaling laws of Table 2.2
Rydberg atoms are particularly sensitive to electric �elds, as their dipole moment scales as n2
and their polarisability scales as n7. ¿is has important consequences e.g. in the interaction of
pairs or ensembles of Rydberg atoms.

2.2 . 1 HYDROGEN

Again it is instructive to �rst brie�y discuss the case of hydrogen. In an electric �eld the
Hamiltonian is modi�ed by a term F ⋅ r, so with an appropriate choice of coordinates the

³¿e hydrogenic L ⋅ S term also depends on the orbital radius as r−3 .
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potential becomes

V = −
1
r
+ F z (2.12)

¿is Hamiltonian remains separable in parabolic coordinates (ξ, η, ϕ) where ξ = r + z, η = r − z
and ϕ is the same as in spherical coordinates due to the cylindrical symmetry remaining
in the problem. Solving the zero-�eld Schrödinger equation in these coordinates one �nds
wavefunctions

ψ(ξ, η, ϕ) = u1(ξ)u2(η) e imϕ (2.13)

where the (non-normalised) u i are given by

u1,2(ζ)∝
1

√
ζ
M

n1,2+
∣m∣+1
2 , ∣m∣2

(ζ/n) (2.14)

and therefore proportional to the Whittaker functionMκ ,µ (z). ¿e resulting electronic charge
distribution based on these wavefunctions is shown in Figure 2.3 in the x-z-plane4 with the
core located at the origin. In the �gure the dipole moment inherent in these wavefunctions
immediately becomes obvious.
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0-150 150 0-150 150 0-150 150

z/
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r/a0

n1 = 8 n1 = 4 n1 = 0

Figure 2.3:Hydrogen charge distribution ∣ψ∣2 in the x-z-plane for n = 9 and m = 0. ¿e panels shown
n1 = 8, 4 and 0 from le to right. ¿e nucleus is always located in the center of the image. ¿e
dipole character of the wavefunctions is evident. In the middle panel one can also clearly see
how nodes and anti-nodes of the wavefunction lie on parabolas.

In the process of determining these solutions one can �nd quantum numbers n, m, n1 and
n2 with n and m as usual and where n1 and n2 are non-negative integers determining the
number of nodes in the wavefunctions of the parabolic coordinates u1 and u2 respectively. One
furthermore �nds the relation n = n1 + n2 + ∣m∣ + 1. It should be noted that ℓ is not a good
quantum number in these coordinates [49].

4As we are plotting states with m = 0 these are actually symmetric with respect to ϕ.
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While the Hamiltonian is separable in parabolic coordinates even with the �eld-term present,
the resulting di�erential equations can not be integrated analytically except in zero �eld, for
which the solution is given in (2.14). Accordingly, in the presence of an electric �eld one still
has to resort to perturbation-theory methods for calculating the energy of hydrogen Rydberg
states in an electric �eld.
One �nds that the zero-�eld degeneracy is li ed, and amanifold of n−∣m∣ states fans out from

each n level for each m. In �rst order these levels shi linearly with a slope of 3/2 × n (n1 − n2),
i.e. with a maximum slope of approximately 3/2 × n2 for the extreme states ∣m∣ = 0 of each
manifold. All m-levels of the same parity remain degenerate, while states of di�erent parity
are interleaved. For ∣m∣ = n − 1 only one state remains, which does not shi in the �eld as
n1 − n2 = 0. Neighbouring manifolds cross at a �eld of F = 1/3 n−5, the so-called Inglis-Teller
limit. In hydrogen these crossings are real crossings, as even states of the same m do not
couple. ¿is is only the case in a true − 1/r-potential in which the Laplace-Runge-Lenz vector is
a conserved quantity commuting with the Hamiltonian5, and in particular will not be the case
in our treatment of alkali atoms below [63].
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Figure 2.4: Stark map for hydrogen Rydberg states at n = 10 and n = 11 for m = 0 . . . 2 based on second-
order perturbation theory [49]. Energies are given relative to the n = 10 manifold. Both the
linear, as well as the quadratic Stark shi are visible. ¿e interleaving of states of di�erent m-
parity is also clear. Furthermore one can see how the second-order term breaks the degeneracy
between m = 0 and m = 2 states in high �elds.

One can also calculate higher-order corrections to these energy levels, although in hydrogen
the linear Stark shi is already quite accurate for low �elds. Furthermore, the series does not
necessarily converge. More details on this procedure can be found in e.g. [64].

5¿is is related to a hidden, dynamical symmetry of hydrogen. ¿e full symmetry of the system is SO(4), whereas
one might expect only SO(3) symmetry. For details on this see e.g. [61, 62].
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2.2 .2 ALKALI METAL ATOMS

To determine the behaviour of alkali metal Rydberg states in electric �elds we again have to
resort to numerical techniques as no analytical solution is possible. For this it is easier to work
in the usual spherical coordinates, rather than the parabolic coordinates useful in solving the
hydrogen case, making use of the wavefunctions calculated in 2.1.2.
In a spherical basis the Stark term in the Hamiltonian becomes F z = F r cos θ. A simple

method to determine the energy of alkali metal Rydberg states in an electric �eld is the direct
diagonalisation of theHamiltonian for a su�ciently large basis set. ¿e treatment described here
will not consider �ne-structure for ease of notation; one can easily follow the same procedure
in the �ne-structure basis, as was indeed done for the data presented in Figure 2.5.
We need to evaluate matrix elements of the form ⟨nℓm ∣H∣ n′ℓ′m′⟩ where the angular part of

the wavefunction is given by spherical harmonics just as in hydrogen, and the radial part of the
wavefunction is determined using the Numerov method as described above. ¿e solutions to
the angular part are well known and immediately lead to selection rules ∆ℓ = ±1 and ∆m = 0
for the Stark term. Accordingly states of di�erent m never couple and can be treated entirely
independently.
¿e Hamiltonian will have diagonal entries trivially determined by the zero-�eld energy of

the states

⟨nℓm ∣H0∣ nℓm⟩ =
1

2(n − δℓ)2
(2.15)

since the terms ⟨nℓm ∣z∣ nℓm⟩ are zero due to the selection rules. ¿e o�-diagonal entries
⟨nℓm ∣F z∣ n′ℓ ± 1m⟩ need to be determined numerically. ¿is requires the evaluation of radial
integrals

∞

∫
0

u∗ℓ (r)

r
r
uℓ(r)

r
r2 dr =

∞

∫
0

u∗ℓ (r) r uℓ(r)dr (2.16)

with the radial wavefunctions for alkali atoms uℓ determined by the Numerov method as
described above. Once the wavefunctions are known this turns into a simple summation, in
which one only needs to take care to use the highest lying wavefunction in determining the
outer starting point for the calculation of all wavefunctions in the basis set.
¿e result of carrying out this calculation and diagonalising the resulting matrix (including

�ne-structure) for di�erent values of the electric �eld can be seen in Figure 2.5 for the n = 25
and n = 26 manifolds6. ¿e �gure shows a number of notable features:

low-ℓ s, p and d-states are o�set from their respective manifolds in zero-�eld. ¿is is an
e�ect of the lower potential near the core a�ecting states of low ℓmuch more strongly
than those of high ℓ, and is parametrised by the quantum defect δℓ discussed earlier.
¿ese states show only a quadratic Stark shi as they are non-degenerate in zero �eld.

6¿e number of basis states involved in the calculation needs to be far greater than just these two manifolds to obtain
reliable results. In this case states from n = 20 to n = 34 were part of the basis set.
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Figure 2.5: Plot of the Stark shi of Rydberg states between the n = 25 and n = 26 manifolds, with
energies given relative to the n = 26 manifold. All states with ∣m j ∣ =

1/2 are shown in red,
states with ∣m j ∣ =

3/2 in green and with ∣m j ∣ =
5/2 in blue. States of low angular momentum are

o�set from their respective manifolds by the quantum defect δℓ . ¿e hydrogen-like structure
of the manifold states exhibiting linear Stark shi s as well as the quadratic shi of low-ℓ states
can be seen. On the right-hand side the behaviour of those states is shown enlarged.

hydrogenic manifolds show linear Stark shi s as they are formed bymany states which
are degenerate in zero �eld. ¿ey exhibit a behaviour very similar to true hydrogen states,
although states of di�erent m parity are not interleaved as in hydrogen (cf. Figure 2.4)

crossings are only possible between states of di�erent ∣m∣. States of identical ∣m∣ (i.e. the
same colour in the �gure) never cross. ¿is is hard to make out in the main �gure, but
should be discernible in the right-hand-side magni�cation of the s-state. In particular at
high �elds (e.g. the avoided crossing at approximately 70V cm−1) this shows how the
red ∣m j ∣ = 1/2 states never cross. States of di�erent m j , i.e. di�erent colour are however
allowed to cross; ¿is is particularly clear in the d-state magni�cation in the crossing of
27d3/2,1/2 and 27d5/2,5/2. Also compare the �gures in chapter 6.

At �rst glance the Stark map looks — except for scaling — very similar at di�erent values of
n, and one might easily assume that indeed all properties simply scale with n. ¿is is however
not quite true in all details, and one example of this is shown in Figure 2.6. Here the relative
shi of d5/2,1/2 states is shown for di�erent n in the range 22 . . . 28. In this range the low-�eld
polarisability of these states changes sign. States with n ≤ 24 have a positive polarisability at
low �elds while states of higher n have a negative polarisability in low �elds and have positive
polarisability only for �elds above approximately 30V cm−1. A similar e�ect occurs in d3/2,1/2
states at n = 46, and also in all f -states at lower n around n = 10 . . . 15.
Furthermore it should be noted that the assumption of accurately describing a state by its

polarisability is only true for quite small �elds. ¿e states shown in Figure 2.6 obviously do not
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Figure 2.6: Stark shi of Rydberg states nd5/2,1/2 in the range n = 22 . . . 28 relative to their respective
zero-�eld energy. ¿is clearly shows how the low-�eld polarisability reverses sign between
n = 24 and n = 25, while the high-�eld polarisability always remains positive. A similar �gure
can also be produced for nd3/2,1/2 states, where the change of sign occurs between n = 45 and
n = 46.

follow a parabolic dependence of the shi on the �eld, but also e.g. d-states of higher ∣m j ∣ are
not very well described by a parabola. ¿is can also be seen quite clearly in the data presented
in Figure 6.6. For s-states the assumption of quadratic Stark shi s is however valid for a much
larger range of �elds, at least neglecting manifold crossings (see also Figure 6.3). ¿ese e�ects
will be discussed in more detail in chapter 6.

2.3 ELECTROMAGNETICALLY INDUCED TRANSPARENCY

While Rydberg atoms are o en detected by ionisation in electric �elds and subsequent ob-
servation of the charged fragments it is also possible to detect Rydberg atoms using optical
techniques. One commonly used technique employs the optical properties of three-level sys-
tems, as a two-step excitation scheme is o en more practical to address the high-lying Rydberg
states in the �rst place. ¿is is the only method of detecting Rydberg atoms used in this thesis.
¿e method has been pioneered in the group of Charles Adams in Durham [65] and has later
also been used in a spatially resolved manner, described in chapter 7 and also discussed in [32,
35]. While in these works the creation and detection of Rydberg atoms was inextricably linked,
i.e. the same laser pulse was used for the creation and detection of the Rydberg states, it has also
been proposed [39, 40] to use this technique to probe the presence of Rydberg atoms created
independently.
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Figure 2.7: Electromagnetically Induced Transparency: a) shows a schematic of the ladder-type EIT level
scheme on the le , and the same level scheme in the dressed state picture on the right. b)
shows a typical absorption spectrum measured on the 5s → 5p transition, either under EIT
conditions with the coupling laser present (blue line) or with the coupling laser absent (red
line).

2.3 . 1 OPTICAL BLOCH EQUATIONS

¿e optical response of a (closed) three-level system with levels ∣g⟩, ∣e⟩ and ∣r⟩ can be calculated
by solving the Optical Bloch Equations (OBE)

ρ̇ = −
i

h̷
[H, ρ] +L(ρ) (2.17)

with a Hamiltonian of the form

H =

⎛
⎜
⎜
⎜
⎝

0 Ωp/2 0
Ωp/2 −δp Ωc/2

0 Ωc/2 −δp − δc

⎞
⎟
⎟
⎟
⎠

(2.18)

where the ground-state ∣g⟩ is weakly coupled to the excited state ∣e⟩ by a probe laser with Rabi
frequency h̷Ωp = −Ep ⋅de g and the excited state ∣e⟩ is relatively strongly coupled to the Rydberg
state ∣r⟩ by a coupling laser with Rabi frequency h̷Ωc = −Ec ⋅ dre with transition dipole matrix
elements de g and dre respectively. ¿e natural linewidth of the excited states can be taken into
account through a Lindblad operator which for such a three-level system takes the form

L(ρ) =

⎛
⎜
⎜
⎜
⎝

Γe ρ22 −1/2 Γe ρ12 −1/2 Γr ρ13
−1/2 Γe ρ12 −Γe ρ22 + Γr ρ33 −1/2 (Γe + Γr) ρ23
−1/2 Γr ρ31 −1/2 (Γe + Γr) ρ32 −Γr ρ33

⎞
⎟
⎟
⎟
⎠

(2.19)
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where Γe is the natural linewidth of the excited state and Γr that of the Rydberg state. ¿e �nite
laser linewidth can be taken into account through a phenomenological Lindblad operator [66]
of the form

LLaser(ρ) =

⎛
⎜
⎜
⎜
⎝

0 γp ρ12 −γ2 ρ13

−γp ρ21 0 −γc ρ23

−γ2 ρ31 −γc ρ32 0

⎞
⎟
⎟
⎟
⎠

(2.20)

where γp is the linewidth of the probe, and γc that of the coupling laser. ¿e two-photon
linewidth γ2 can be smaller than the quadrature of the individual laser linewidths in the case of
anti-correlated laser noise.
If one is now interested in the optical response of this three-level system one needs to solve

(2.17) for the optical coherence one is interested in. For the optical detection method discussed
here this is ρ12. In general this is a set of coupled di�erential equations that can only be solved
numerically. However, if one is only interested in the steady-state solutions it reduces to a set of
algebraic equations with ρ̇ = 0. ¿ese can be solved analytically even for the most general case
described above, but as the solution is quite unwieldy and does not add any physical insight it
is not shown here. It is also possible to �nd an approximate solution in the limit of weak probe
laser intensity, as will be discussed below.
¿e susceptibility χ is proportional to this coherence, χ = n d2e g

є0 h̷ Ωp
ρ12 where n is the atomic

density. ¿e absorption of a probe laser is determined by I/I0 = exp [−kp ℓ Im (χ)] where kp is
the wave-vector of the probe light and ℓ is the length of the sample.

Weak Probe Limit

It is useful to consider here the optical response of this system for a weak probe laser such that
Ωp ≪ Γe , Ωc . A �rst intuition of the behaviour of the system in this case can be formed by
diagonalising the Hamiltonian of (2.18) for vanishing Ωp . ¿is yields new (non-normalised)
eigenstates

∣±⟩ =
δc ±

√
δ2c +Ω2

c

Ωc

∣e⟩ + ∣r⟩ (2.21)

with energies

E± = −
1
2
(δc + 2 δp ∓

√
δ2c +Ω2

c) (2.22)

in addition to the unperturbed ground state (see Figure 2.7). When both lasers are on resonance
with the initial states, i.e. δp = 0 and δc = 0 the probe laser is now o�-resonant with the new
dressed states ∣±⟩ by Ωc/2. For large Ωc one can therefore expect the population to remain
mostly in the ground state, and reduced absorption of the probe laser in steady state, whereas in
the absence of the dressing the absorption of the probe laser would be maximal for δp = 0. ¿e
most drastic changes in the probe absorption as well as the population dynamics of the three
levels can be expected when the probe laser is resonant with either of the new dressed states
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Figure 2.8:¿is �gure shows the absorption I/I0 of the probe beam for di�erent probe Rabi frequencies.
¿e grey dashed line shows the absorption pro�le in the absence of the coupling laser for a
weak probe; the green dashed line shows the EIT pro�le in the weak probe limit from (2.23),
whereas solid lines show the numerical solution of the Optical Bloch Equations (2.17) for
di�erent probe Rabi frequencies. In all cases the coupling Rabi frequency is 2MHz and the
Rydberg state natural linewidth is 100 kHz.

∣±⟩. ¿is can be understood as (unresolved) Autler-Townes splitting [67] of the excited state
into the dressed states ∣±⟩ in combination with Fano-Interference due to the opposite phase of
states ∣+⟩ and ∣−⟩. ¿is can lead to not only a reduction of absorption for δp = 0, but almost
perfect transparency (reduced only by e�ects due to �nite laser linewidth and Rydberg state
lifetime, but not by the excited state lifetime) [68–70].
If one is interested in a more quantitative description of the optical response of the system

there is a well-known solution to the steady-state OBE in this limit, given as

ρ
(ss)
12 =

i Ωp/2

γe − i δp +
Ω2
c/4

γr − i (δp + δc)

(2.23)

were γe = Γe/2 and γr = Γr/2 + γ2, i.e. the two-photon linewidth can be taken into account
through γr .
A plot of the spectra obtained by the full solution to the OBE for di�erent probe Rabi fre-

quencies is shown in Figure 2.8. For a probe Rabi frequency of 100 kHz (saturation parameter
s ≈ 0.2) the full solution of the OBE and the weak probe approximation agree extremely well.
At higher probe Rabi frequencies the probe transition saturates and the overall absorption is
reduced. In addition, the EIT resonance is signi�cantly broadened in this case. In the low-probe
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limit one can see the e�ect of the Autler-Townes splitting [67] due to the 2MHz coupling Rabi
frequency, leading to an increased absorption at ±1MHz, the location of the eigenstates ∣±⟩ of
Equation 2.21.

2.3 .2 EIT IN ROOM TEMPERATURE VAPOUR CELLS

All of the above discussion is assuming stationary atoms, or in other words a cloud of atoms
cold enough to ignore all Doppler shi s. ¿is is the case for the results discussed in chapter 7,
but not for the vapour-cell experiments discussed in chapter 6. Here EIT e�ects in a medium
exhibiting signi�cant Doppler broadening will be discussed.
If one is interested in EIT under these conditions the linewidth of the observed feature is

signi�cantly reduced by counter-propagating the probe and coupling laser beams through the
medium. ¿erefore the discussion below will always assume this to be the case. ¿en an atom
moving with a speed v along the beam axis will see opposite Doppler shi s for the two beams,
resulting in an e�ective detuning

δp = δ
0
p − kpv

δc = δ
0
c + kcv

(2.24)

where kp and kc are the probe and coupling wave vectors respectively, kx = 2π/λx . As these
clearly depend on the wavelength of the lasers the e�ects of the Doppler-shi s never cancel
exactly for the two-photon transition. In the case of the Rydberg ladder system in rubidium
discussed here the two wavelengths are λp = 780nm and λc ≈ 480nm, the latter depending on
the exact Rydberg state being addressed.
¿e observed optical signal is now averaged over atoms belonging to many di�erent velocity

classes, the distribution of which is determined by the temperature of the vapour through the
Maxwell-Boltzmann distribution:

N(v)dv =
N0

u
√
π
e−(

v
u
)
2
dv (2.25)

where u =
√

2 kBT
mRb

=
√
2 vRMS is related to the root-mean-square (RMS) velocity of atoms in

the vapour in the direction of the laser with kB the Boltzmann constant, T the temperature
of the gas, and mRb the mass of a rubidium atom. It should be noted here that in our case the
frequency of the probe laser is �xed, selecting a much more narrow velocity class to take part
in the EIT process. However, due to the thermal distribution it is possible to also observe EIT on
o�-resonant hyper�ne levels in the excited state, as is discussed in detail in chapter 6.
¿e e�ect of this averaging can be calculated in a straightforward manner by numerical

integration of
∞

∫
−∞

χ(v)N(v)dv (2.26)

where χ(v) is based on the solution to the OBE discussed above a er replacing the detunings by
those of (2.24) which take the Doppler shi s into account. ¿e resulting spectra are shown in
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Figure 2.9:Doppler-broadened EIT signal as function of the probe laser detuning. ¿e dashed lines are
based on the weak-probe limit (2.27) either without (grey, dashed) or with (green, dashed)
coupling to the Rydberg state. Solid lines are based on the full solution of the OBE a er
numerical integration as discussed in the text. ¿e inset shows the part of the spectrum in
which the EIT signal is visible on a highly magni�ed frequency scale.

the two Figures 2.9 and 2.10 as a function of probe and coupling laser frequencies respectively.
Both �gures again show these results for a range of di�erent probe Rabi frequencies similar to
the results presented in 2.8. In the traces presented in Figure 2.10 the ‘AC-coupled’ EIT signal is
shown: the o�set each trace would have at large coupling laser detunings due to the di�erent
probe Rabi frequencies has been subtracted from the data presented here. ¿is makes the graph
clearer while at the same time being similar to the experimental methods applied in chapter 6,
making a direct comparison possible. In addition the inset of Figure 2.10 shows the absorption
pro�les observed for di�erent velocity classes, illustrating how the typical shape of the traces
presented in the main �gure arises.
Alternatively to the numerical integration outlined above it is possible to �nd an closed

analytic solution for this integration in the weak probe limit, i.e. a solution to (2.26) where
χ(v) is based on (2.23) with the same substitution for the detuning as in the case of the OBE
solution. ¿is solution is calculated in [71] using functional analysis methods. Here we only
give the results,

χ ∝ (1 − d) [1 − s+erf (iz+)] s+ e−z
2
++

(1 + d) [1 − s−erf (iz−)] s− e−z
2
−

(2.27)
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Figure 2.10:Doppler-broadened EIT signal as function of the coupling laser detuning. In all traces the
o�set that the curves would show at large detuning has been subtracted (see text). ¿e dashed
line is based on the weak-probe limit (2.27). Solid lines are based on the full solution of the
OBE a er numerical integration as discussed in the text. ¿e inset shows traces for di�erent
velocity classes to illustrate how the typical form of the observed spectra arises.

where z± is de�ned as

z± = −
i

2

⎡
⎢
⎢
⎢
⎢
⎣

γe − i δ
0
p

2 π u/λp
+

γr − i (δ
0
p + δ

0
c )

2 π u (1/λp − 1/λc)

⎤
⎥
⎥
⎥
⎥
⎦

±
i

2

⎧⎪⎪⎪
⎨
⎪⎪⎪⎩

⎡
⎢
⎢
⎢
⎢
⎣

γe − i δ
0
p

2 π u/λp
−

γr − i (δ
0
p + δ

0
c )

2 π u (1/λp − 1/λc)

⎤
⎥
⎥
⎥
⎥
⎦

2

−
Ω2
c

(2 π u)2 1/λp (1/λp − 1/λc)

⎫⎪⎪⎪
⎬
⎪⎪⎪⎭

1/2 (2.28)

with s± = −sgn [Im (z±)] and

d =
i

z+ − z−

⎡
⎢
⎢
⎢
⎢
⎣

γe − i δ
0
p

2 π u/λp
−

γr − i (δ
0
p + δ

0
c )

2 π u (1/λp − 1/λc)

⎤
⎥
⎥
⎥
⎥
⎦

(2.29)

¿is solution is also shown in the Figures 2.9 and 2.10 and contrasted there with the full solution
of the OBE for various probe Rabi frequencies. As evident from the excellent agreement with
the full calculation for Rabi frequencies of 100 kHz no further approximations beyond the weak
probe limit have been made in this calculation.
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Finally we show the e�ect of �nite laser linewidths on the EIT signal. ¿e main part of
Figure 2.11 shows the e�ect of increasing two-photon linewidth γ2 on the EIT signal obtained
in a vapour cell, and is presented in a similar way to the data of Figure 2.10. ¿e increasing
two-photon linewidth can be caused by an increase in either the probe- or the coupling laser
linewidths. Both cases are presented in the �gure. As can be seen the e�ect is quite similar,
although the detrimental e�ect of an increased probe laser linewidth is somewhat larger than
that of the coupling laser. ¿is is due to the fact that the increasing probe laser linewidth, unlike
an increase in the coupling laser linewidth also changes the fundamental absorption pro�le of
the transition from the ground to the excited state.
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Figure 2.11:Doppler-broadened EIT signal as function of the two-photon linewidth γ2. In all traces the
o�set that the curves would show at large detuning has been subtracted to make the graph
more clear, as in Figure 2.10. Dashed (solid) lines assume the two-photon linewidth is caused
only by the linewidth of the probe (coupling) laser. ¿e inset shows this for a cold sample
while scanning the probe laser detuning.

¿is e�ect is shown in the inset, which presents similar data to the main �gure but for a cold
sample of atoms, and for changing the probe- rather than the coupling laser frequency. As
is clear from the �gure for an increase in γ2 caused by an increase in γc the EIT feature loses
contrast until it disappears, but the underlying absorption pro�le remains unchanged as can be
seen in the wings of the absorption line. In the case of the increasing γ2 being caused by an
increase in γp clearly the overall absorption pro�le drastically broadens as well.





3EXPERIMENTAL SETUP

In this chapter the main experimental setup will be described as it exists at the end
of the project. Some results, in particular those discussed in chapter 6 are based
on a modi�ed sub-set of the setup which will be discussed in that chapter. ¿e
results presented in chapter 7 are based on an older version of the atom chip, but
most of the experimental environment does not diverge signi�cantly from what
is described here. Any relevant di�erences will be mentioned in the respective
chapters.
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3.1 LASER SYSTEM

In this section the laser system used in the experiments will be described. ¿is includes the
two lasers used for cooling, the laser system used for imaging the atoms and the laser used
for Rydberg excitation. As most of the techniques used are very well established only a brief
outline of those techniques will be given. For further details references to the relevant literature
are provided.
All lasers used in the experiment are commercial Extended Cavity Diode Lasers (ECDLs) in

the Littrow con�guration [72]. ¿ey are stabilised to atomic reference spectra obtained from Rb
vapour cells. Using saturated absorption spectroscopy [73] one can obtain sub-Doppler features
for the necessary high-precision frequency references. From the absorptive spectroscopy signal
one can generate a dispersive signal for top-of-fringe locking using frequency modulation (fm)
spectroscopy [74]. A good summary of the methods employed can be found in [73, 75–77]

3.1 . 1 MOT LASER
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Figure 3.1: 87Rb level scheme showing the hyper�ne splitting of the 5 2S1/2 ground state and the 5 2P3/2
excited state. All laser beams used for cooling and detection are indicated in the �gure with
the transitions they address. ¿e Rydberg laser system and level scheme are treated separately
below.

Two lasers are necessary for magneto-optical trapping and cooling in 87Rb: one on the actual
cooling transition F = 2 to F′ = 3, the other for repumping atoms that have spontaneously
decayed to the wrong hyper�ne ground state F = 1, as indicated in Figure 3.1. ¿e schematic
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of the setup for the cooling laser is depicted in Figure 3.2. It is based on a Toptica TA-100
Master Oscillator/Power Ampli�er (MOPA) unit operating at 780 nm. A saturated absorption
spectroscopy setup as shown in the �gure is used to stabilise the laser to the F = 2 to F′ = (1, 3)
crossover, 212MHz below the F = 2 to F′ = 3 transition. A double-pass Acousto-Optic
Modulator (AOM) is then used to shi the laser up by 200MHz for a total detuning of −13MHz.
During polarisation-gradient cooling the AOM frequency is shi ed such that the beam is red
detuned by up to 55MHz from resonance.
A single-mode polarisation-maintaining �bre is used to bring the light to the experiment

and produce a well-de�ned Gaussian beam pro�le. ¿e maximum power obtainable in the
cooling beams a er the optical �bre is ≈80mW.
Finally it is also possible to generate an optical pumping beam from the same source during

the experimental cycle. For this purpose the Electro-Optic Modulator (EOM) is used to rotate
the polarisation of the beam by π⁄2 such that it is diverted into a dedicated beam path at a
polarising beam splitter cube. Using a separate AOM it is then shi ed to be resonant with the
F = 2 to F′ = 2 transition. Passing the beam through an independent optical �bre it can be used
to spin-polarise the atoms if an appropriate quantisation �eld is applied. ¿is is an important
step before loading the initial magnetic trap, as otherwise a large fraction of the atoms will not
be in a magnetically trappable state.

3.1 .2 REPUMP LASER

A further laser is used during the Magneto-Optical Trap (MOT) stage to bring atoms which
have decayed to the F = 1 ground state back into the cooling cycle. ¿is repumping laser system
is based on a Toptica DL-100 diode laser at 780 nm. It is frequency stabilised to the F = 1 to
F′ = 2 transition in a saturated absorption spectroscopy essentially identical to that depicted in
Figure 3.2. It is passed through an EOM used only as a fast on-o� switch and a shutter before
being guided to the experiment through another single-mode polarisation-maintaining �bre.
A er the �bre we reach a maximum power of approximately 15mW in the repumping beam.

3.1 .3 PROBE LASER

To detect the atoms we require a further laser stabilised to the F = 2 to F′ = 3 transition.
¿is laser system is also based on a Toptica DL-100 diode laser at 780 nm and stabilised to a
saturated absorption signal derived from a setup such as the one shown in Figure 3.2. ¿is
laser is stabilised to the F = 2 to F′ = 3 transition directly. ¿is way it can be used in the
frequency stabilisation of the Rydberg excitation laser as will be discussed below. However, this
requires the use of two double-pass AOMs to allow for frequency tuning of the laser necessary
for measuring absorption spectra in our setup. Furthermore, magnetic �elds present in the
setup can make it necessary to tune the probe laser in order to resonantly address a certain
transition. ¿is arrangement can be seen in Figure 3.3. To achieve the necessary tunability the
�rst AOM is �xed at −80MHz for a total double-pass detuning of the beam of −160MHz. ¿e
second AOM is connected to a Voltage-Controlled Oscillator (VCO) frequency source (Mini-
Circuits ZOS-100+), thus shi ing the beam by +50. . .+100MHz per pass and giving a total
frequency tuning range of −60. . .+40MHz around resonance in double pass. ¿e VCO signal is
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Figure 3.2: Schematic of the MOT laser setup. In the lower part of the picture the saturated absorption
spectroscopy setup is shown. ¿is is present in a similar form also in the other laser setups.
¿e greater fraction of the beam is passed through an AOM for frequency control. An EOM is
used to switch between two di�erent beam paths, for cooling and optical pumping respectively.
Both paths are passed through single-mode polarisation-maintaining optical �bres to the
experiment.

passed through a fast switch (Mini-Circuits ZYSWA-2-50DR) and ampli�er (Mini-Circuits
ZHL-2) before reaching the AOM, allowing well-de�ned pulse switching with a rise-time of
approximately 30 ns. ¿e AOM con�guration is shown in Figure 3.3.

3.1 .4 RYDBERG LASER

For Rydberg excitation in a three-level 5s − 5p − nℓ scheme we use a commercial frequency-
doubled Toptica TA-SHG system at 479. . . 488 nm in combination with the probe laser already
described above. ¿e Rydberg excitation laser contains a MOPA unit operating at 958. . . 976 nm
and a resonant cavity frequency-doubling stage employing a temperature-stabilised non-linear
crystal achieving a maximum output power of approximately 300mW in the blue. ¿e wave-
length range of this laser allows us to address any Rydberg state with e�ective principal quantum
number n∗ ≥ 17. States of very high n can in principal be addressed up to the ionisation limit,
but for n > 100 this becomes impractical due to the greatly reduced coupling strengths. Fur-
thermore the d-state �ne-structure splitting starts to approach the spectral resolution of our
laser system at very high n. Only transitions to states where ℓ = 0 or ℓ = 2 are dipole-allowed in
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Figure 3.3: Schematic of the probe and Rydberg laser setup. In the upper part of the �gure one can see
the spectroscopy setup to generate EIT signals in a vapour cell, which are used for frequency-
stabilisation of the coupling laser. In the lower half the two double-pass AOMs necessary for
frequency tuning of the probe are depicted.

the absence of an external electric �eld. In the presence of an electric �eld also other states,
such as ℓ = 1 states or manifold states can be addressed. ¿ese e�ects will be discussed further
in chapter 6.
To frequency-stabilise this laser we use fm-spectroscopy on an EIT signal obtained in a vapour

cell, similar to the setup discussed in [78]. To obtain an EIT signal the probe and coupling beam
are counter-propagated through a rubidium vapour cell. ¿e probe beam, which is stabilised to
an independent saturated absorption spectroscopy setup, is observed on a fast photo-diode a er
passing through the vapour cell. If one now scans the frequency of the coupling beam across a
Rydberg resonance one can observe an induced transparency peak in the probe transmission.
A schematic view of this is shown in Figure 3.3
To generate a dispersive error signal we modulate the probe laser current at 20MHz using a

dual-channel Toptica Pound-Drever-Hall (PDH) module. ¿e �rst channel of the PDHmodule
is used for demodulation of the saturated absorption spectroscopy used to frequency-stabilise
the probe laser. ¿e second channel is used in the EIT setup to generate an error signal for
stabilising the coupling laser. ¿e modulation of the coupling laser used for stabilizing the
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Figure 3.4:Design drawing of the central part of the vacuum system. On the le the chip mounting
structure (see Figure 4.9 for a detailed view of this part) and the copper tube (in white)
connecting it to the 6-way chamber. On the back of the chamber the 20-pin feed-through;
electrical connections can be seen in parts of the �gure as multi-colored wires. ¿e four
remaining ports of the 6-way cross are connected to a four-pin feed-through, vacuum gauge,
rough pump and main pumping system respectively (clockwise, starting at the top).

doubling cavity is strongly suppressed in the doubling stage, and can therefore not be used
directly for frequency stabilization.

3.2 VACUUM SYSTEM

We use a fairly simple and compact vacuum system for our experiments. At the heart of the
system is an all-quartz square-cuboid cuvette angled at 45° to the normal containing the atom
chip proper. All operations, including preparation of the initial MOT are done here. ¿e cuvette
is connected to a spherical square 6-way CF-63 vacuum chamber made of 304 stainless steel.
¿e port opposite the cuvette holds a 20-pin feed-through supporting at most 10A per pin used
for connecting chip wires and dispensers. We use enriched 87Rb Dispensers (Alvatec s-type)
as the source of rubidium. A 4-pin feed-through used for connecting the lens (see chapter 4)
and a thermocouple occupies a further port. A Varian UHV-24p ion gauge is mounted in the
spherical square chamber through a fourth port to monitor pressure in the system. ¿e �nal
two ports are connected to valves. One of these valves is only used during the initial bake-out
to connect a turbo-pump to the system. ¿e second valve connects to the pumping section
of the vacuum system, containing a Varian 916-0061 titanium sublimator and a Vacion Plus
75 Starcell ion-pump. ¿e titanium sublimator is pulsed on at irregular intervals, while the
ion-pump is the main system pump and is running continuously. By closing the gate-valve
the pumping section can be disconnected from the main vacuum chamber, to keep the pumps
under vacuum e.g. while changing the chip. A er bake-out at 140 ○C for one week we achieve a
base-pressure of 1 × 10−11mbar.
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3.2 . 1 MAGNETIC FIELD COILS

¿e glass cuvette is surrounded by three pairs of water-cooled magnetic �eld coils. Two of the
pairs are connected to a single Kepco BOP 36-12M bi-polar current supply each, and con�gured
to produce homogeneous �elds between each coil in the pair. Of the �nal pair each coil is
individually connected to identical current sources, also Kepco BOP 36-12M. ¿is pair can
hence be used with either parallel or antiparallel currents running in the coils. ¿e latter is
used in the initial MOT stage, while homogeneous �elds are necessary for the bias �eld in later
stages of the experimental cycle. A more detailed description of the coils is given in [79].

3.2 .2 THE ATOM CHIP

¿e latest generation atom chip design is discussed in great detail in a later chapter. At this point
only information about the instrumentation surrounding the chip is provided. For further
details on the chip the reader is referred to chapter 4.
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Figure 3.5:Wires de�ned in the silver foil layer of the chip. ¿ere are two independent h-wires which
can be used in either u- or z-con�guration, two small u-wires inside each h-wire, and two
pinch-wires along the sides of the h-wire.

Our chip design features two layers, a permanent magnetic FePt layer, as well as a 250 µm
thick silver foil layer on which wires are de�ned using spark erosion. A total of 6 wires are
de�ned as shown in Figure 3.5. Each h-wire is connected to two feed-through-pins in parallel
for each connection of the z, allowing a maximum current of 20A to �ow for the z-wire
con�guration. All other wires are limited to 10A by the feed-through. In a normal sequence
we use one h for both u- and z-wire. ¿e u-wire part is connected to a Kepco BOP 20-10M
and the z-wire part to a Kepco BOP 20-20M current source with a common ground for both
sources on the upper bar of the h. ¿e pinch-wires are connected to a single Delta Electronics
ES 015-10 current source. ¿e second h-wire as well as the inner u-wires are not in use during
normal operations.
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3.3 RADIO-FREQUENCY EVAPORATION

To cool the atoms below the temperatures achievable using optical cooling techniques we
use forced radio-frequency evaporation in a magnetic trap [46]. To generate the necessary
frequencies we use an Analog Devices AD9959 Direct Digital Synthesis (DDS) evaluation board
capable of generating frequencies up to 40MHz. ¿e DDS is programmed using the Viewpoint
DIO64 digital Input/Output (I/O) card (see below) at 2MHz programming clock frequency
and (a er an initial, serial setup-phase) with 4 bits in parallel. ¿is allows a frequency to be
programmed in 20 µs. Linear frequency ramps can be programmed directly in the device,
requiring 56 µs for programming. Non-linear ramps are not directly supported by the device
and have to be programmed step-wise. ¿e maximum update rate is then given by the 20 µs
required for programming each step.
¿e DDS output is connected to a Mini-Circuits ZFL-500HLN pre-ampli�er which in turn

feeds an Analog Devices AD835 voltage multiplier to adjust the rf amplitude level. A switch
(Mini-Circuits ZYSWA-2-50DR) allows us to quickly switch the radio-frequency �eld on and
o� before the �nal stage Ampli�er. ¿is can either be a 25W Ampli�er Research 25A250A
or a Mini-Circuits ZHL-32A with a maximum output power of approximately 800mW. ¿e
resulting �eld drives a small two-winding coil of 2mm thick stranded, isolated copper wire
with a radius of 1.6 cm. If this coil is driven at 10W it produces a �eld of approximately 50mG
at a distance of 2.5 cm for frequencies below 50MHz, su�cient for e�cient rf evaporation. ¿e
coil is positioned on the y-axis as close as possible to the chip and at the height of the chip
surface.

3.4 IMAGING

All data collection on the atoms is done using resonant absorption imaging [48, 80, 81]. We use
absorption imaging in two di�erent geometries:

parallel imaging in which the probe beam is propagating parallel to the chip plane.
While it is not possible to resolve individual micro-traps with this method, it does allow
us to observe e�ects which depend on the distance to the chip surface, such as described
in chapter 7. In a variation of this, commonly referred to as grazing-incidence imaging,
the probe beam is propagating under a shallow angle to the surface. If it is then re�ected
o� the surface one obtains two images of the atoms, particularly well suited to accurately
determine the distance of the atoms from the surface.

perpendicular imaging in which the probe beam is propagating perpendicular to the
chip surface. In this way the beam also passes through the atoms twice, but the two
images come to lie atop each other. In this con�guration we can observe each individual
trap site in the array of micro-traps created by the magnetic layer on the chip. ¿is
method is used in the experiments described in chapter 8. ¿e theoretical limits of this
method in our setup are also discussed in chapter 5

For an excellent review of imaging techniques used in atom-chip experiments, also see [80].
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¿e imaging beam is observed using an Andor iKon-M 934 back-illuminated deep-depletion
CCD camera. ¿is camera provides 1024 × 1024 pixels of 13 × 13 µm2 in size and can be cooled to
−80 ○C to reduce dark counts. ¿e quantum e�ciency is above 90%, and each pixel is digitised
with 16 bit accuracy. Readout time is about 300ms for a full frame in the fastest acquisition
mode. A Fast Kineticsmode is available for a drastic improvement of readout speed if only part
of the sensor is illuminated while the other part is used as temporary storage for the acquired
data.

3.5 COMPUTER CONTROL

¿e experiment is controlled by an Amplicon Ventrix 4020 PC providing 7 PCI as well as 4 PCI
Express x1 and one PCI Express x16 slots. On this computer we run labalyzer, a so ware package
for controlling the experiment written in python¹.
¿e so ware controls two National Instruments 6713 PCI cards each providing 8 12-bit analog

output channels with ±10V maximum output range. It also controls a Viewpoint DIO64 digital
I/O card providing 64 digital lines in four banks. One bank of 16 lines is used directly in the
experiment. A second bank is used to programme the DDS as described in section 3.3. ¿e
timing of the entire experimental cycle is hardware-controlled by the DIO64 card. In addition
to directly triggering various devices it also triggers all updates on the National Instruments
cards. ¿e camera used for absorption imaging (see 3.4) is connected to the computer using
USB. A National Instruments 6014 PCI card is available in the computer for analog input, but is
not routinely used in the experiment, with the exception of the measurements discussed in
chapter 6. Our so ware is also able to control Virtual Instrument So ware Architecture (VISA)
devices such as oscilloscopes, function generators or voltage sources as necessary.
Each experimental cycle is de�ned in a tab-separated text �le, called a timeframe. A brief

excerpt of such a timeframe is shown in Table 3.1.
¿e �rst column of the timeframe is reserved for comments, to help the user orient himself

in the �le. ¿e second column can either contain the keyword External for such things as
camera settings or variable de�nitions. In the case of variable de�nitions the third columnmust
contain the keyword parameter followed by a value for the variable in the fourth column and
the name of the variable in the last column. Any variable names that are legal in python are legal
in the timeframe. Recursive variables are possible with a maximum depth of 128 recursions,
independent of the order in the timeframe. In the case of name collisions the last de�nition of
the variable is used throughout the timeframe, but a warning is generated notifying the user
of this fact. Camera settings such as region of interest or binning are possible with further
keywords in the third column.
Regular commands in the timeframe contain a relative timestamp (given in ms but evaluated

with µs resolution) in column 2 and a device identi�er in column 3. Column 4 de�nes the �nal
value for this device. ¿is value, as any numerical value in the timeframe can be calculated
using any python operations, including those of numpy as long as they return a single value,
and may use any of the variables de�ned at any place in the timeframe. ¿e 6th column
determines whether this �nal value should be programmed immediately, indicated by the

¹A detailed description of the di�erent programme modules is given in Appendix A.
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comment keyword keyword value name

params External parameter -0.2 x2
External parameter 19 y2
External parameter 0 z2
External parameter 12 w2

params External parameter -4.0 x3
External parameter 30 y3
External parameter -0.25 z3
External parameter 16 w3
External parameter 0.5 pinch3
External parameter 100 t3

comment time device value unita rf b rpc

initial MT -5*0 Big coils 0.0637*y2-0.0637*z2 A step
0 MOT coil 0.0744*y2+0.0744*z2 A step
0 MC 0.0744*y2+0.0744*z2 A step
0 Small coil -0.08333*x2 A ramp 1
0.6 z-wire w2 A step
0 pinch wires 5 A step

�elddelay z-wire w2 A step

comp. MT -�elddelay Small coil -0.08333*x3 A ramp t3
0 Big coils 0.0637*y3-0.0637*z3 A ramp t3
0 MOT coil 0.0744*y3+0.0744*z3 A ramp t3
0 MC 0.0744*y3+0.0744*z3 A ramp t3
0 z-wire w3 A ramp t3

a Typically one of A (Ampere), V (Volts) or TTL (for digital lines)
b ramp function, see text for possible values
c ramp parameters, usually ramp time

Table 3.1: Excerpt of a timeframe showing some of the commands used in loading the initial magnetic
trap. Text in italics is not part of the timeframe.
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keyword step, or through any of a number of prede�ned ramps, indicated by keywords such as
ramp, ramp_square, ramp_exp or ramp_log. In the case of a ramp the last column holds the
ramp-time as well as any other parameters necessary to de�ne the ramp.
At the beginning of each experimental cycle our control so ware programmes all devices

with the necessary commands to execute during this timeframe, and then hands over to the
DIO64 card for hardware triggering of the experimental cycle. During the cycle the so ware
recompiles the timeframe as necessary and then polls the camera for images. Once the camera
has acquired images the so ware calculates an optical density image, displays all images,
performs automatic Gaussian �ts in two dimensions and saves raw images as well as �t results
to disk if requested. It is furthermore capable of scanning any timeframe values automatically
in up to three dimensions and provides a live view of the history of �t results, both for the
overall runs and for individual scans.

3.6 THE EXPERIMENTAL CYCLE

Each experimental cycle starts by pulsing the dispenser with about 6A current for a given time.
At the same time the MOT beams as well as the repumper beam are turned on, the AOM for the
MOT beam is tuned to −12MHz below resonance and the external coils are set to produce the
quadrupole �eld required for theMOT. A er a short hold-time in theMOT to reduce background
pressure a er the dispenser pulse, the u-wire current is ramped on, while at the same time
the external coil currents are changed to produce a homogeneous bias-�eld in the y-direction.
¿ereby we shi the position of the cloud to approximately 2mm from the chip, creating a
so-called u-wire MOT (uMOT). Subsequently the u-wire current is reduced and the MOT lasers
are detuned to −55MHz for polarisation gradient cooling. A er 3ms we apply a quantisation
�eld along the x-axis and turn on the optical pumping beam by applying a voltage to the MOT
EOM as well as appropriate tuning of the optical pumping AOM. Finally we turn o� all laser
light, ramp on the z-wire current and again change the external coils to produce a bias-�eld in
y-direction, capturing the atoms in an initial magnetic trap. ¿is is the starting point for all
further experiments.
In the case of the experiments described in chapter 7 we release the atoms from this initial

magnetic trap, and a er a short time-of-�ight image from the side in the presence of a laser
coupling to a Rydberg state. In the case of the experiments described in chapter 8 we gradually
ramp down the z-wire current to bring the atoms closer to the surface, until they eventually
can be transferred to the micro-traps formed by the magnetic pattern on the chip. In this case
we image in a re�ective geometry from below, perpendicular to the chip surface. All these
procedures are described in more detail in the appropriate chapters. ¿e limits of re�ective
absorption imaging in this system are explored in chapter 5.





4NEXT GENERATION ATOM CHIP

In this chapter the design of our atom chip based on patterned permanent mag-
netic materials is presented. ¿e permanent magnetic layer allows the creation of
lattices of hundreds of optically resolvable traps. We �rst describe the design of
the magnetic structures in section 4.1. We will in particular discuss a systematic
approach to optimize the magnetic pattern for various trap geometries. ¿e im-
plementation of this design using optical lithography is discussed in section 4.2.
In addition to this permanent magnetic layer our atom chip contains a second
layer on which current-carrying wires are de�ned which are important in loading
the permanent magnetic lattices. In section 4.3 we describe this layer as well as
further auxilliary components of our chip design.

Part of this chapter closely follow the description given in Permanent Magnetic Lattices for Atom Trapping and
Imaging on the Micro-scale, V. Leung, Atreju Tauschinsky et. al, in preparation
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4.1 LATTICE DESIGN

Permanent magnetic lattice atom chips have been in use in Amsterdam since before 2004,
based �rst on in-plane magnetised materials [82–84], and later also employing out-of-plane
designs [85]. In particular, thin FePt �lms magnetised out of plane were used to generate
lattices of Io�e-Pritchard type microtraps [86, 87]. Using these atom chips it was possible to
trap up to 1000 atoms per trap in hundreds of traps spaced by approximately 22 µm and 36 µm
respectively in an oblique lattice. In designing a new magnetic lattice atom chip as successor to
these experiments several targets were identi�ed in which signi�cant improvements to prior
designs should be made:

scale: ¿emain goal of developing a new atom chip was scaling down the linear dimensions
of the lattice, in order to reach a regime in which strong Rydberg-Rydberg interactions
between di�erent trap-sites would be possible. A trap period of 5 µm was targeted.

geometry: Di�erent lattice geometries, such as square, hexagonal or Kagome lattices were to
be investigated. To facilitate equal Rydberg interactions along two axes it was important
to have a true square geometry, rather than the parallelogram-like pattern used in earlier
works. Furthermore there was interest in arranging di�erent geometries next to each
other along a common boundary to investigate transitions from one geometry to a
di�erent one.

tapers: In addition, the possibility of adding tapers to the lattice was to be investigated.
¿ese tapers would be regions in which the period would gradually be decreased; atoms
could be loaded at a large lattice period and shi ed to a smaller period by rotations of
the external bias �eld.

To reach the design targets discussed above a linear programming algorithm was used to
determine the optimal magnetisation pattern [88]. ¿is method, as well as the resulting patterns
and the �nal implementation of the lattices will be discussed below.

4.1 . 1 MAGNETIC TRAPPING

In a weak magnetic �eld, (i.e. as long as spin-orbit coupling is not disrupted), atoms in a
well-de�ned Zeeman-substate mF experience an energy shi of

U = −µ ⋅ B(r) = mF gF µB ∣B(r)∣ (4.1)

¿is assumes that the atom moves through the magnetic �eld B(r) = ∣B(r)∣ su�ciently slowly
for the spin to follow the local direction of the magnetic �eld adiabatically; the magnetic
quantum number mF is then a conserved quantity. ¿e force on an atom due to this potential
energy can be written as F = −∇U such that if one can arrange for the magnetic �eld to have a
minimum at a given point in space, and prepares the atom in a low-�eld seeking statemF gF > 0
the atom will be trapped in this region of space. Clearly, one can only hope to trap the atom if
its energy does not exceed the energy necessary to escape the trap. ¿is energy is characterised
by the trap depth, the energy di�erence between the potential at the bottom of the trap and
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the energy of a particle at in�nity. In addition to the trap depth, important parameters are
the trap frequencies at which the atom moves back and forth around the potential minimum.
¿ese can in general be di�erent for all axes of a coordinate system. Here we typically have
(almost) cylindrical symmetry, such that the trap frequencies can be grouped into an axial trap
frequency ω∥ and a radial trap frequency ω⊥. Furthermore the trap frequencies only provide an
accurate description of the dynamics as long as the potential is well approximated by a parabola.
¿e remainder of this section will be concerned with constructing (arrays of) traps based on

such minima of the magnetic �eld.

4.1 .2 z-WIRE TRAPS

In our lattice atoms are trapped in magnetic �eld minima created by essentially Io�e-Pritchard
type traps [89, 90]. It is therefore useful to brie�y discuss the properties of this kind of magnetic
trap. In particular, we will focus on z-wire type atom-chip traps [91, 92], both because they
are relevant in an earlier stage of the experiment, and because their basic principles closely
resemble those of the microtrap arrays.

Trap Center
Wire

|B
|

y

z

BBias

Figure 4.1:Magnetic �eld generated by a wire perpendicular to the page and a homogeneous bias �eld
along the y-axis. ¿e upper part of the �gure shows the magnitude of the magnetic �eld as a
function of z, while the lower part shows both the amplitude and direction of the �eld as a
function of the coordinates z and y with the position of the wire indicated at the center. Dark
colors indicate low absolute value of the �eld, light colors indicate high �elds.

Even before turning to a z-wire trap, it is illuminating to consider amagnetic guide, formed by
a single wire and a bias �eld applied perpendicular to the direction of the wire. ¿is combination
results in a line of magnetic-�eld zeros, at that height above the wire where the �eld due to the
wire has the same magnitude as the bias �eld. ¿ey are located in a plane containing the wire
and perpendicular to the bias �eld. ¿is situation is depicted in Figure 4.1. ¿e upper part of
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the �gure shows the absolute magnitude of the magnetic �eld as a function of distance from
the wire along the z-axis, while the lower part shows both the magnitude and direction of the
�eld as a function of two coordinates y and z. Here the wire is perpendicular to the page as
indicated in the �gure and the bias �eld is applied along the y-axis.
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Figure 4.2: Schematic of the geometry of an atom chip z-wire trap. ¿e wire lies in the x-y-plane with
the middle part oriented along x. ¿e bias �eld is pointing in the positive y-direction as
indicated. ¿e relevant length-scales for Equation 4.4 are also shown in the �gure.

While this is su�cient to form a waveguide for atoms, it will su�er from Majorana losses
due to the true �eld zero at the trap center. It is possible to turn this waveguide into a three-
dimensional trap and at the same time li the �eld zeros at the trap center by bending the ends
of the wire into a z-shape as indicated in Figure 4.2.
We determine the �eld of such a z-wire assuming a �nite width and length for the middle

section, but in�nitely thin lead wires with semi-in�nite length. ¿e expression of the magnetic
�eld due to a semi-in�nite, thin wire is well known, and for our geometry reads

Blead (x , y, z) =
µ0I

4π
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r + y
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(4.2)

with r =
√
x2 + y2 + z2 as usual.

We thus only need to calculate the magnetic �eld of a ‘slab’ of current-carrying wire of length
2a and width 2b. Integrating the Biot-Savart law for such a slab we �nd

Bslab (x , y, z) =
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where in the second equality we used the fact that the z′-integration can trivially be carried
out due to the assumption of an in�nitely thin slab, and that the current density in this part of
the wire only has a component in the x-direction, Idz′ = 1/2b (I, 0, 0). ¿is integration can be
carried out analytically, and we �nd

Bslab (x , y, z) =
µ0

4π
I

2b
[f (x + a, y + b, z) − f (x − a, y + b, z)

− f (x + a, y − b, z) + f (x − a, y − b, z) ] (4.4)
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¿e total �eld of the z-wire is then a simple combination of (4.2) and (4.4), i.e.

B (x , y, z) = Blead (x − a, y, z) + Blead (x + a,−y, z) + Bslab (x , y, z) (4.6)

¿emiddle part of this wire acts in essence just like the in�nitely long, thin wire discussed
above, and the �eld produced by thismiddle part can again be o�set by an external homogeneous
bias �eld in the y-direction. However, in this geometry the ends are capped by the legs of the
z-wire, generating �eld components in the x-z plane growing from the middle point of the
z-wire trap towards the legs. ¿ese components can never be o�set by the homogeneous bias
�eld having components only along the y-axis. ¿erefore the �eld is �nite even in the trap
minimum with the main �eld component at this position pointing in the x-direction. ¿is �eld
at the trap minimum is called the Io�e �eld.
¿e resulting equipotential surfaces of such a wire geometry can be seen in Figure 4.3. ¿e

cigar-shaped trap of the innermost surface is clearly visible, as well as the potential of the z-wire
‘legs’ for the outermost surface. In the intermediate region the equipotential surfaces have a
somewhat more involved shape.

4.1 .3 PATTERN OPTIMISATION METHOD

Based on the insight into magnetic z-wire traps gained in the previous part we can now consider
making a lattice of microtraps. As a �rst attempt one might be inclined to simply combine many
z-wire like structures into a stair-case like pattern, and this is indeed similar to the patterns used
in earlier works [86, 87]. Unlike the discussion above which revolves around current-carrying
wires, these structures were made using a permanent magnetic material magnetised out-of-
plane. ¿is is however equivalent to a magnetisation current along the edge of the magnetic
material, making the above considerations directly applicable¹.

¹¿emagnetisation current is given by Imag = d ⋅M where d is the thickness of the �lm andM is the magnetisation.
In our case the magnetisation is 670 kAm−1 , and for a thickness of 200 nm we �nd an edge current of 134mA.
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Figure 4.3: Equipotential surfaces for a z-wire located in the x-y-plane at z = 0. ¿e legs of the wire
are taken to be separated by 2a = 4mm and the width of the wire is 2b = 0.5mm. Here the
current is 10 A and the bias �eld is 50G pointing in the y-direction. Equipotential surfaces
for 7, 15, 30, 50 and 60G are shown, where those of 15 and 30G have been cut to allow the
inner surfaces to be visible.

We can improve themethod of designing suitable patterns beyond a trial-and-error approach.
A natural parametrisation of the problem is to discretise the surface into individual pixels α,
each of which may be either magnetised or not. ¿e total potential Ψ(r) can now be expressed
as a sum of the potential due to each pixel,

Ψ(r)∝∑
α

mαΨα(r) (4.7)

where mα is the scaled magnetisation of each pixel and Ψα is the scalar potential due to that
pixel. ¿is potential is well approximated by a point dipole with strength ImagAwhere A is the
area of the pixel for simple, �at pixels. In more complex settings one can also use a Green’s
function approach to determine the potential due to each pixel, but this proves to be not
necessary in our case.
¿e question is then which of these domains should be magnetised in order to �nd the

desired magnetic potential above the surface. ¿e solution will only be outlined here, and is
discussed in more detail in [88], using an algorithm �rst proposed in [93]. ¿e outline given
here follows the discussion of [88], and more details on the procedure can be found in that
reference.
We �rst note that the magnetic �eld B outside the chip can be described as the gradient of a

scalar potential, B(r) = −∇Ψ(r). We can then write a series expansion of this potential for



4.1 lattice design 43

each point in space ℓ at which a potential minimum should be located:
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where all summations are over x , y, z. Here u(ℓ), v(ℓ), and w(ℓ) specify the magnetic �eld,
�eld gradient and �eld curvature at location ℓ. ¿ese need to ful�ll certain requirements
due to the divergence and curl of the magnetic �eld being zero in vacuum. We can specify
further constraints on v(ℓ) in order to make e.g. a Io�e-Pritchard like trap at each position ℓ.
In particular one requirement for such a trap is that the determinant of v is zero at the trap
position [79, 94].
E�cient numerical methods using interior-point algorithms exist for determining the value

ofmα for each pixel α such that the conditions speci�ed for u(ℓ), v(ℓ), andw(ℓ) are met, as long
as the magnetisation can be treated as a continuous (but bounded) variable. ¿is is in contrast
to our initial approach of dividing the surface into patches of either full magnetisation or no
magnetisation. Fortunately it turns out that the number of pixels of intermediate magnetisation
is limited, and that they always come to lie at the edge of larger patches of full magnetisation.
¿erefore such pixels can safely be cast to have either full magnetisation or none.
¿is method can also be used to determine in�nite periodic lattices. In this case one per-

formes the above calculations in Fourier space, with pixels covering a single unit cell. ¿e linear
constraints in Equation 4.8 are then de�ned for the Fourier transforms of the matrix mα .
To determine our optimised magnetic structures we made use of an existing open-source

package for Mathematica [95] which implements the procedure brie�y outline above. Using
this package we could specify appropriate boundary conditions for either square or hexagonal
lattices with equal barriers in all directions and optimize for highest trap depth and frequencies.
¿e resulting patterns for these lattice geometries are discussed below.

4.1 .4 RESULTING PATTERNS

Based on the algorithm brie�y outlined above a square and a hexagonal magnetic lattice were
developed. ¿emagnetisation patterns for both lattices are shown in Figure 4.4 and the resulting
magnetic potential at the trap height in Figure 4.5. ¿e locally z-wire like structure of the pattern
can clearly be seen in Figure 4.4 for both geometries. A number of important parameters for
these traps are listed in Table 4.1.
¿e square lattice has a maximum trap depth of 5.9G and exactly symmetric barriers (see

Figure 4.5) for the bias �eld chosen in Table 4.1. ¿e direction of the Io�e and bias �elds is
also indicated in Figure 4.4. ¿e direction of the Io�e �eld is the same as for a macroscopic
z-wire with the middle part oriented along the x-axis. Furthermore the manifold det(v) = 0
extends to any height above the trap position. ¿ese two properties should make loading from
a macroscopic z-wire trap possible.
For the hexagonal lattice it is not possible to align the Io�e axis with that of the same z-wire

trap as for the square section, have symmetric barriers and also join the square and hexagonal
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Figure 4.4:Magnetisation patterns for square (le ) and hexagonal magnetic lattices with period 10 µm.
¿e grey, shaded area signi�es magnetic material. Final trap-positions are indicated by red
squares. In the case of the hexagonal lattice the position which is initially to be loaded from
the underlying z-wire is di�erent from the �nal trap position with equal barrier heights(due to
the alignment of the Io�e- and bias �elds), and is indicated by a red dot (see text). Red arrows
show bias �elds and green arrows Io�e �elds to make a trap at the appropriate positions. Blue
lines show manifolds where traps can be formed by appropriate choice of bias �elds, as along
those lines det(v) = 0. Orange dots indicate the experimentally loaded positions discussed in
chapter 8. ¿e unit cell of the lattice pattern is shown by the dashed black lines in each �gure.

lattices along a common boundary at the same time. ¿erefore a di�erent position for loading
and �nal trapping with symmetric barriers was chosen. ¿e round marker in Figures 4.4
indicates the position of the initially loaded trap, again with the Io�e and bias �elds indicated
by green and red arrows respectively. ¿is trap, like the trap in the square lattice geometry, has
a Io�e axis in the same direction as that of a macroscopic z-wire trap to facilitate loading. It has
a trap depth of 5.4G.
¿e trap indicated by a red square in Figures 4.4 and 4.5 in the same manner as before

possesses almost symmetric barriers in all directions. ¿e potential surface shown in Figure 4.5
is for this symmetric trap position rather than for the loading position. It can be loaded from
the trap at the center of the �gure by an appropriate rotation of the bias �eld and has a trap
depth of 3.7G.
¿e shaded red areas in Figure 4.8 give an indication of the overall arrangement of lattice

sections. Each chip contains two identical regions, the region located above the center of
the z-wire intended as the main experimental lattice, and the region located at an o�set of
approximately 3mm intended as a backup. Each region consists of two sections of approximately
2 × 4mm2 each, patterned with the square and hexagonal trap geometry respectively. ¿e
di�erent geometries are joined along a line 38° from horizontal, in order to align the Io�e axis
of the microtraps with that of the underlying z-wire structure.



4.2 chip fabrication 45

8

4

-4

-8

0

-8 -4 0 4 8

y 
(µ

m
)

-8 -4 0 4 8

x (µm) x (µm)

y 
(µ

m
)

8

4

0

-4

-8

square lattice hexagonal lattice

Figure 4.5:Magnetic lattice potential for square (le ) and hexagonal lattices with period 10 µm, shown
at a �xed height h=5 µm above the surface. Dark colors signify low �elds, bright colors high
�elds. Red symbols and blue lines as in Figure 4.4. ¿e hexagonal potential has been shi ed
compared to Figure 4.4 to center on the symmetric trap site. ¿e appropriate symmetries for
square and hexagonal lattices can clearly be seen in the �eld minima.

Trap Io�e Field Bias Field Trap Frequencies

Square −(13, −0.9, 0.1)G −(14, 13, −0.09)G (31, 30, 11) kHz
Hexagonala −(8.9, 0.6, −0.09)G −(8.1, 12, 0.09)G (34, 34, 2.8) kHz
Hexagonalb −(1.6, 3.0, 0.03)G (−7.0, 0.01, 0.29)G (32, 30, 10) kHz
a Loading
b Symmetric Barriers

Table 4.1: Trap parameters for our magnetic lattice design with the parameters for the
magnetic material given in the text.

4.2 CHIP FABRICATION

We will now turn to discussing the physical implementation of the lattice patterns described
above. ¿e atom chip is based on a 3′′ silicon wafer substrate of 330 µm thickness, which is
covered by a 200 nm FePt �lm supplied by Hitachi Research San Jose. ¿e grain size of the �lm
is 40 nm, setting the current limit to the resolution with which structures can be etched. For
the actual chip this substrate is cut into a rectangle of approximately 15 × 20mm. Previous,
similar designs of a magnetic lattice atom chip are discussed in [87].
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Process Stage Target Values Obtained Values

Chip Size 26.1 × 21.1mm2 26.1 × 21.1mm2

SU8¿ickness 1 µm ± 350 nm 1 µm

SU8 Planarisation ≤ 175 nm Flatness < 9 nm,
RMS=1.714 nma

Gold �lm 100 nm ± 20 nm 90 nm
Silicon Oxide 25 nm ± 20 nm 25 nm
Mask Critical Dimension 1.53 µmb 1.70 µm
a AFM scan length: 20 µm
b post lithography ± 150 nm, post etching ±200 nm

Table 4.2: Table of parameters for various layers in the atom chip, listing both design targets and achieved
values based on the fabrication report of the Ben Gurion facility.

4.2 . 1 PATTERN ETCHING

¿e FePt surface was patterned using optical lithography at the fabrication facility of Ben-
Gurion University of the Negev, Israel. Initially, a layer of 1 µm of silicon oxide was deposited
onto the FePt, followed by 2.8 µm of photo-resist spun onto this surface in preparation for
photo-lithographic exposure. ¿e silicon oxide was subsequently etched with plasma etching
and the photo-resist removed by wet etching. Using the silicon oxide as a mask, the FePt
was then plasma-etched to complete the pattern transfer to the substrate. As the chip surface
also acts as a mirror for the MOT and – more importantly – imaging beams, optical �atness
is desirable to reduce the formation of interference fringes resulting from light re�ecting o�
the etched and non-etched parts of the chip. ¿is is a particularly relevant e�ect given the
similarities of the length scales involved. ¿e di�erence between etched and non-etched regions
are on the order of the thickness of the substrate, 200 nm in our case while the wavelength
of the light used for cooling and imaging the atoms is 780 nm. ¿us the etched surface was
planarised using the polymer SU8, commonly used as a photo-resist. A er deposition the chip
was baked at 170 ○C for 24 h, to increase the hardness of the material and to limit its out-gassing
in ultra-high vacuum. ¿e total thickness of deposited SU8 was 1 µm with a �atness of better
than 9 nm, as measured by Atomic Force Microscopy (AFM). All process steps including target
and obtained parameter values are given in Table 4.2. ¿e di�erent stages of the etching process
are also schematically depicted in Figure 4.6, while microscopy images of the surface during
di�erent stages are shown in Figure 4.7.

4.2 .2 REFLECTIVE AND PROTECTIVE LAYERS

For both the creation of a MOT as well as re�ective absorption imaging it is important for the
chip to have a high re�ectivity at a wavelength of 780 nm (see chapter 3). For this purpose a
90 nm thick gold �lm gives the surface the necessary re�ective properties.
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Figure 4.6: Schematic drawing of the di�erent stages of the etching process, starting from a wafer with
FePt layer and ending with the etched and planarised FePt, covered by a re�ective gold, and a
protective quartz layer.

In a previous version of the chip, the adsorption of rubidium atoms onto the gold surface
was found to create an electric �eld contribution, the in�uence of which could be observed as
frequency shi s in EIT spectra. ¿is is discussed in chapter 7 as well as in [32]. As it is envisioned
that the chip will support the formation of mesoscopic ensemble qubits based on Rydberg
atoms, surface charges should be avoided due to the sensitivity of Rydberg atoms to stray �elds
caused by their large dipole moments. We deposit a very thin layer of quartz (SiO2) onto the
gold surface for this purpose [96]. As the quartz is transparent it does not a�ect the optical
properties of the gold layer. At the same time rubidium atoms adsorb less strongly to quartz
and are also more easily removed via laser-induced desorption with blue or ultraviolet light
[97]. Finally the chip was magnetised in an external magnetic �eld of 5 T in the out-of-plane
direction using a cryostat and magnet courtesy of Dr. A. de Visser.

4.3 ATOM CHIP MOUNT

¿e chip described above needs a mounting structure to place it in our vacuum chamber.
In addition to excellent mechanical stability and good heat conductivity it needs to provide
space for the rubidium source (see section 3.2), accurate mounting of the objective lens (cf.
chapter 5) and local magnetic �eld control based on a silver foil on which wires are de�ned (see
subsection 3.2.2 and Figure 4.8), as well as electrical connections for all the above elements.
Consequently, designing the atom chipmount is a process of optimising and balancing electrical
properties, thermal behaviour, mechanical stability, magnetic properties, UHV compatibility
and optical accessibility.
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Figure 4.7:Optical microscopy images of the square and hexagonal lattices at di�erent process stages as
labelled. DRIE and RIE correspond to the �rst and second plasma etching steps in Figure 4.6
respectively. ¿e small lines in the bottom-right corner of each image indicate a distance of
10 µm.

4.3 . 1 ELECTRICAL CONNECTIONS AND HEAT MANAGEMENT

A er cooling the atoms in a MOT, they will be loaded into a z-wire trap (see section 3.6 for
loading sequence) based on silver wires positioned underneath the FePt magnetic chip. ¿e
wires, shown in Figure 4.8, in combination with an external bias �eld, allow a trapping potential
to be created above the chip as discussed in 4.1.1. ¿e design features two opposing h-shaped
wires, which can be used as z- as well as u-wires simultaneously. ¿e u-sections in the h-wires
are complemented by separate u-wires formore �exibility in positioning the trap. ¿e outermost
vertical wires were originally to be used for radio-frequency addressing of the atoms during
evaporative cooling. However, because most of the power would be lost to a strong capacitive
coupling between the silver foil and the copper base [98], it was later decided to provide the
RF-dressing potential by external coils.
Electrical connections to the silver wires are provided by 14 kapton insulated copper wires

leading to a 20 pin/10A vacuum feed-through. Current capacity tests indicate that themaximum
current loading of the silver trapping wires is > 100A, and is actually limited to 20A by the
maximum loading of the vacuum feed-through using two pins in parallel. IR imaging of
the wires reveals an ≈ 10 K temperature rise at 20A. ¿e heat is mainly concentrated in the
connections to the electrical feed-through, where temperatures rise to ≈ 60 ○C.
¿e chip surface and imaging lens can also be used as electrodes to create an electric �eld

for manipulating Rydberg atoms. ¿e chip surface is grounded via titanium clips which are in
electrical contact with the mount and vacuum chamber. For this purpose an area of 2 × 2mm2

was le free of the quartz coating in each corner of the chip (see Figure 4.8, so as to provide a
direct contact with the gold surface. ¿ese areas are su�ciently far away from the trapping area
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Figure 4.8: Silver Foil: schematic drawing on the le , showing the wires de�ned on the silver foil in
di�erent colours. Overlayed is the outline of the magnetic structures in red. On the right side
a photograph of the silver foil as it is �xed on the chip mount, including electrical connections.

that rubidium atoms adsorbed there will not be able to adversely a�ect the trapped atoms. ¿e
imaging lens is Indium Tin Oxide (ITO) coated (with Anti-Re�ection coating above the ITO)
and electrically contacted. ¿is will allow us to apply electric �elds between the chip surface
and the lens as necessary.

4.3 .2 MECHANICAL CONSTRUCTION

¿e atom chip is mounted directly on the silver trapping wires with four Titanium springs,
making it possible to easily replace it without destroying the underlying structures. Using
square trapping wires cut out of silver foil allows for a high current to run as close as possible
to the magnetic structure, for the creation of a very localised, high-�eld magnetic trap. A
250 µm thick piece of tempered, �attened silver foil (Goodfellow), annealed in Ar with 5%
H2 at 650 ○C and re-�attened at a pressure of 10 kN cm−2 is spark eroded (AGIE EMT 1.1 LF
equipment) with a wire of 50 µm diameter (sample courtesy of Microcut) into the trapping
wire pattern shown in Figure 4.8. ¿e pattern is cut out in a framework, holding the wires
together before glueing onto the Cu base. A er rinsing with ethanol, the trapping wires are Ar
plasma etched in an AJA sputtering device and coated on the glueing side with ≈ 40 nm Cr as
adhesion promoter. Low out-gassing, high thermally conducting, electrically insulating epoxy
(Epotek H77S) is used to �ll the gaps between the trapping wires and secure the foil to the Cu
base. ¿e mixed H77S is de-bubbled for 1 h at 40 ○C and ≈ 0.05 g in a centrifuge before it is
applied to the Cr coated side of the trapping wires. A er waiting until the gaps are �lled, the
trapping wire foil is carefully placed on the sandblasted and levelled Cu base. By capillary force,
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Figure 4.9:Design drawing of the atom chip mount. ¿e chip itself is shown in silver opposite the
imaging lens, with the copper mounting structure towards the upper side of the image. ¿e
dispenser is to the right, next to the chip. Also visible are the electrical connections to the chip
(multi-colored wires), to the lens (thin red wire) and to the dispenser (yellow). MOT-beams
(light red) have been added in this �gure.

the trapping foil is forced onto the Cu base, leaving only a mono-layer of glue �ller grains in
between the silver and the copper. ¿e 20 µm boron nitride �ller grains of the H77S act both
as an electrical insulator and a separator, keeping the trapping wires from the Cu base with
minimal thermal resistance. ¿e glue is hardened for 1 h at 150 ○C. Excess glue on top of the
foil is ground away, and we check for electric shorts between the silver foil and copper base.
¿e silver �aps extending from the trapping wires are connected to the vacuum feed-through
with 1.5mm diameter OFHC kapton insulated copper wires. To protect the silver joints, the
silver �aps are pre-bent to prevent damage by thermal expansion and the tips of the clamping
screws are slightly rounded to minimise torsion. To allow 20A through the z-shaped wires, 2
pins of the feed-through were connected in parallel.
¿e Ti socket for the Rb dispenser is screwed on the Cu base keeping the dispenser just

below the sight-line of the atom chip. A Cu-support tube, screwed on the same reducing �ange
that is carrying the cuvette, is glued (Epotek E4110LV) to the Cu base, providing a good thermal
connection to the vacuum parts with a high mechanical stability. See Figures 3.4 and 4.9 for an
overview of the mounting structure.

4.3 .3 OPTICAL ACCESS

¿e chip mount and vacuum chamber were designed to allow for as much optical access
as possible. Four 780 nm laser beams are used for optical cooling (of which two counter-
propagating beams are re�ected by the chip at a 45 degree angle) and one 780 nm beam is
used for imaging. For a good optical resolution in the imaging and addressing of single
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atoms, an aspheric lens with high numerical aperture of NA = 0.4 (Edmumd Optics NT47-727,
f = 18.75mm, d = 15.0mm) is mounted directly above the chip, inside the vacuum. For the
chosen optics, we expect an optical resolution of 1.2 µm, well below the trap lattice spacing
of 10 µm, and a detection limit of approximately a single atom per site per shot, as further
discussed in chapter 5. Measurements conducted so far give an upper bound of 2 µm to the
resolution.
¿e Ti-lens holder is connected to the lens support by two quartz rods, to allow for optical

access and to electrically insulate the lens from the magnetic chip. ¿e lens holder is fastened
to the quartz rods by two clamps, only using their mechanical �exibility. ¿is was done to
minimise stress on the quartz rods and to prevent them from breaking. ¿e springs, clamps, lens
holder, and lens support are all made of titanium to minimise in�uences on the magnetic �eld.
¿e ITO coating of the lens, acting as electrode for the electric �eld, is electrically connected to
the lens holder by a tiny droplet of conducting Epotek E4110LV glue.
Focusing the lens on the atoms was done by un-tightening the screws holding the clamps,

and gently tapping on the lens holder. A laser beam passing through the lens was re�ected
by the chip and the out-coming light was compared to a reference beam travelling an equal
distance (to correct for the natural divergence of the beam). ¿e reference and chip beam were
projected onto a Charge-Coupled Device (CCD) and the 1/e2 size was compared. When the
reference and chip beam are of equal size and divergence, the lens is focused on the chip. We
started with the lens too close to the chip, giving a strongly divergent beam. By tapping from
this side towards equally sized beams we avoided a crossing of the beam in between the camera
and the chip. ¿e atoms are trapped at 10 µm from the chip surface and the depth of focus for
the chosen optics is 15 µm. Beam divergence indicated that we managed to get the focal point
of the lens at most 15 µm from the surface of the chip. With a tapping precision of about 20 µm,
this was accepted as su�cient.
A er focusing, the clamps were tightened and the cuvette was carefully added. To ensure

that the lens stays in focus during the application of the cuvette and the bake-out procedure,
several thermal cycling tests were performed. No shi of the lens position could be observed
during these tests, making further tightening or gluing of the lens unnecessary.





5SINGLE-ATOM ABSORPTION IMAGING

In this chapter we show that the sensitivity of absorption imaging of ultracold atoms
can be signi�cantly improved by imaging in a standing-wave con�guration. We
present simulations of single-atom absorption imaging both for a travelling-wave
and a standing-wave imaging setup, based on a scattering approach to calculate
the optical density of a single atom. We �nd that the optical density of a single
atom is determined only by the numerical aperture of the imaging system. We
determine optimum imaging parameters, taking all relevant sources of noise into
account. For re�ective imagingwe �nd that an improvement of 1.7 in themaximum
signal-to-noise ratio can be achieved. ¿is is particularly useful for imaging in the
vicinity of an atom chip, where a re�ective surface is naturally present.

¿is chapter is based on the paper Sensitive Absorption Imaging of Single Atoms in Front of a Mirror, Optics Express
21, 10188 (2013) [99]

53
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5.1 INTRODUCTION

¿e detection of single atoms with high �delity is an important requirement for many modern
atomic physics experiments, and in particular for quantum information science. Single particle
imaging has been achieved using �uorescence imaging of ions [100] and neutral atoms [101–105],
but is di�cult in atom-chip experiments due to a scattering background from the chip [103]. A
di�erent approach increasing the detection sensitivity is to enhance the atom-photon interaction
using resonant cavities [106–108]. However, free-space absorption imaging of single particles [81,
109, 110] is still a daunting task.
In this chapter we propose absorption imaging in a standing wave as a simple and e�ective

way to improve the Signal-to-Noise Ratio (SNR) of (single) atom detection. ¿is is particularly
useful in the context of atom-chip experiments [80] where a standing wave naturally forms
if the imaging is done perpendicular to the chip surface. We take the setup discussed in this
thesis and currently in use in our group as a reference [86, 87, 98] for realistic experimental
parameters.
In the �rst section we will calculate the absorption signal of a single atom, both for traditional

one-pass imaging and for re�ection imaging as employed in our experiment. In the second half
of the chapter we present numerical simulations of the expected absorption images and SNR
under realistic imaging conditions, taking into account all common sources of noise, for in-trap
atoms as well as for untrapped atoms. To do so we use a hybrid approach, �rst calculating the
movement of the atom in the imaging beam based on the recoil caused by scattering individual
photons, and subsequently investigating the absorption signal due to this atom, now taking the
imaging beam as a classical wave. We show that using re�ection imaging signi�cantly increases
the expected SNR and thus the single-atom detection accuracy.

5.2 ABSORPTION IMAGING OF SINGLE ATOMS

Our starting point is the absorption signal of a single atom at rest, illuminated by a resonant
laser beamwith homogeneous intensity distribution (see Figure 5.2). As is shown in Appendix B
the intensity in the imaging plane is then given by

Iabs(ρ)

Iin(ρ)
=

σ

1 + s
[Re (p(ρ)) − a χ ∣p(ρ)∣2] (5.1)

where Iabs(ρ) is the absorbed intensity, i.e. the missing intensity in the image plane with
image-plane coordinates ρ and Iin is the intensity of the imaging beam before absorption.
Furthermore, σ is the absorption cross section of the atom and s the saturation parameter in
the object plane. ¿e response of the imaging system to a point source is described by the
Point-Spread Function (PSF) p(ρ) discussed below in more detail, and a = [∫ ∣p(ρ)∣2 d2ρ]

−1
is

the e�ective area over which the signal is distributed in the detection plane. Finally χ is the
fraction of the scattered light collected by the imaging system related to the numerical aperture
of the objective lens by χ = 3/8NA2.
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In an experiment the quantities a and Iabs(ρ) are not directly accessible due to the �nite size
of any detector and the �nite time resolution. Instead one would observe the quantities

Ndet(x) = ∫
A

dρ

τ

∫
0

dt (Iin − Iabs)

Nref(x) = ∫
A

dρ

τ

∫
0

dt Iin

(5.2)

where x is an index over camera pixels, A is the size of a pixel and τ is the exposure time, i.e. the
duration of the imaging pulse. Both σ and s now depend on time, as the atom acquires a �nite
velocity during the imaging pulse, leading to Doppler shi s. In addition the local saturation
parameter in the object plane varies in the case of standing wave imaging, as will be discussed
below. We can de�ne the apparent column density of atoms per pixel in the image plane as

n(x) =
1 + s0
σ0

Ndet(x)

Nref(x)
(5.3)

where s0 is the saturation parameter for the intensity of the incoming beam and σ0 is the
absorption cross section of an atom at rest for the incoming intensity. ¿e apparent atom
number per pixel would be given by Napp(x) = An(x).
As the atoms will move out of the focal plane during the imaging pulse, simulating this signal

will require a point-spread function that is a function not only of the image plane coordinates,
but also takes defocusing into account. ¿is PSF can be numerically determined as

p (ρ, f ; t) =
2π
ρ20

1

∫
0

r exp(i f r2) × J0 (2πρ r/ρ0) dr (5.4)

for any given defocus f = 2π
λ
Z(1−

√
1 −NA2

)where Z is a real-space coordinate in the imaging
direction, NA is the numerical aperture of the imaging system and both ρ and Z might depend
on time [111]. ¿e parameter ρ0 = λ/NA is proportional to the resolution of the imaging system,
determined by the wavelength and the numerical aperture. Aberrations in the imaging system
can be taken into account in a similar manner. We assume these to be negligible near the
optical axis. In the simulations the numerical point-spread function given above is used to
calculate the intensity in the image plane. ¿e real part of the point-spread function is shown
in Figure 5.1 for our experimental parameters.

5.2 . 1 ANALYTICAL ESTIMATES

For a better intuition of the above results we consider some simple analytic estimates. Assuming
a stationary atom in perfect focus of a two-lens imaging system with unit magni�cation ( f -
2 f - f ) we can use a simple point-spread function of the form p(ρ) = 1

ρρ0
J1(2πρ/ρ0) where

p(0) = π/ρ20 = a−1. Using χ = (3/8)NA2 and assuming a two-level system where σ0 = 3λ2/2π
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Figure 5.1:¿rough-focus point-spread function based on Equation 5.4. Shown are the radial and axial
components of the real part of the PSF.

the maximum signal at the center of the image simpli�es to

Iabs(0)
Iin(0)

=
1

1 + s0
(
3
2
NA2

−
9
16
NA4

) (5.5)

which is thus determined purely by the numerical aperture of the imaging system and the
saturation parameter s0. For a numerical aperture NA = 0.4 as is the case in our experiment we
then �nd an absorption in the centre of the image of Iabs(0)/Iin(0) = 0.23 in the low saturation
limit s0 ≪ 1 for a single atom.
We can further consider the total apparent number of atoms one would extract from this

signal as the peak signal times the area over which the signal is distributed,

Napp = a
1 + s0
σ0

Iabs(0)
Iin(0)

= 1 −
3
8
NA2 (5.6)

¿is shows that the expected number of atoms is reduced by the second, NA-dependent term.
¿is term is due to light which is scattered by the atom, but scattered into the solid angle of the
lens, thus reducing the apparent amount of light that is absorbed. For a numerical aperture of
0.4 we therefore expect to �nd an apparent atom number Napp of 0.94 rather than one.
¿e commonly used quantity optical density (OD) can thus be de�ned for a single particle

by the point-spread function of the imaging system by OD = − ln (1 − Iabs/Iin). At the center of
the image (for vanishing pixel size) we �nd for the peak optical density a value of OD(0) ≈
3/2NA2

+ 9/16NA4 in the low-saturation limit (where the sign change is due to a series expansion
of the logarithm). For our numerical aperture this equals a peak optical density of 0.26. It is
worth noting here that the atom number extracted in the usual way from optical density, in
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this case

NOD = −a
1 + s0
σ0

ln(1 −
Iabs (0)
Iin (0)

) (5.7)

would yield 1.07 atoms rather than 0.94. ¿e atom number is slightly overestimated, as Lambert-
Beers law is valid only for a continuously absorbing medium, not for a single absorber. In
the following we always use the spatially dependent equivalent of (5.6) rather than (5.7) to
determine atom numbers.

5.2 .2 REFLECTION IMAGING
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Figure 5.2: Sketch of the imaging system considered for this chapter. On the le the situation of a travelling
wave without re�ection is depicted. On the right the situation of re�ective imaging (with the
atom chip on top) is shown.

¿e above discussion is for an atom imaged by a travelling wave, as depicted in Figure 5.2 a).
In re�ection imaging, such as in Figure 5.2 b) the situation is slightly di�erent. In this case
the probe light forms a standing wave at the position of the atoms. For Rb atoms in our
magnetic lattice [86, 87, 98] we expect a ground-state size of the atomic wavefunction of
approximately 40 nm, about a factor of 10 smaller than the period of the standing wave. We
therefore approximate the atom as a point-particle which can initially be positioned in an
anti-node of the standing wave. In our atom chip experiment the trap position can be adjusted
by means of an externally controlled magnetic �eld to achieve this.
¿e intensity of the probe beam then varies sinusoidally along the probe direction and the

maximum intensity in the anti-nodes is a factor four greater than the intensity of the incoming
travelling wave. ¿e coherent scattering amplitudeA scales with the the local �eld amplitude
(at low saturation). ¿us the scattered wave is two times as strong as for a travelling wave,
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leading to an accordingly higher observed signal. Furthermore one also has to take the changing
saturation parameter into account.
It should be noted here that while in the limit of low saturation and short exposure times the

observed signal will indeed be two times larger than for a travelling wave, for realistic imaging
with �nite exposure time the atom starts to probe the spatial variation of the light �eld, leading
to an observed signal which depends on the exact imaging parameters. ¿e expected signal
can then only be predicted by simulations such as described below. ¿is is further discussed in
5.3.3.
A further important di�erence to travelling wave imaging is that the atom is not pushed

out of the focus of the imaging system by the probe beam, but performs a random walk in all
dimensions. ¿is point will also be further discussed in the simulations below.
Another factor of two could in principle be gained because the scattered wave is emitted

towards and re�ected by the mirror. ¿is again doubles the amplitude of the scattered wave
in the detection plane. A practical consideration here is that for single-atom imaging one will
typically use high-NA imaging, with a Rayleigh length zR = λ

πNA2 ≲ 10µm. For the typical
situation in our experiment the atom is at about 10 µm from the surface. ¿is implies that the
atom and its mirror image are not simultaneously in focus in the image plane. In practice this
re�ected wave hardly contributes to the optical density for our experimental parameters. If the
imaging is done extremely close to a re�ecting surface, or if the Rayleigh length of the imaging
system is signi�cantly larger this can however be a signi�cant e�ect.

5.3 SIMULATIONS

A er having calculated the absorption signal of a single atom at rest in the previous section, we
would now like to determine the accuracy with which we can detect a single atom in a more
realistic setup. To do so we have to take two important e�ects into account: recoil blurring and
imaging noise. ¿e �rst describes the process where the atom starts to move due to scattering
photons, leading to a blurring of the image. ¿e second describes the uncertainty with which
one can determine the local intensity of the imaging beam, both for fundamental reasons, i.e.
shot-noise, and technical reasons such as read-out noise of the camera. ¿ese two cases impose
counteracting constraints: recoil blurring is minimal for short exposure times and weak probe
intensities, shot-noise is reduced for large photon counts, i.e. long exposure times and high
probe intensities. In addition, at high intensities the signal saturates. ¿erefore there exists
an optimum SNR for a certain exposure time and probe intensity. We use a hybrid approach
in treating these e�ects: recoil blurring is calculated based on scattering individual photons
o� the atom (see below), while the absorption signal is calculated based on a classical-wave
approach as described above.
In our simulations we distinguish six cases:

a) free atom in travelling wave

b) trapped atom in travelling wave, quantisation axis ∥ chip plane

c) trapped atom in travelling wave, quantisation axis ⊥ chip plane
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d) free atom in standing wave

e) trapped atom in standing wave, quantisation axis ∥ chip plane

f) trapped atom in standing wave, quantisation axis ⊥ chip plane

where the cases a) – c) are for traditional one-pass imaging, and the cases d) – f) are for our
re�ective atom-chip setup (see Figure 5.2). While case a) and d) assume a freely moving atom,
case b), c) e) and f) assume the atom to be held in a magnetic trap.
In the free atom case we assume to be free to adjust the quantisation axis to be optimal for

imaging, as we can always apply a homogeneous external �eld in any direction. However, the
quantisation axis of trapped atoms is �xed in the plane of the atom chip in our experimental
setup. To drive σ+ transitions for the atoms we therefore have to decompose the incoming light
which is linearly polarised in the chip plane into σ+ and σ− components for the quantisation
axis of the atoms, losing half of the intensity, and hence half the signal for cases b) and e). We
do assume a su�ciently strong quantisation �eld in the traps that o�-resonant absorption of
the σ− radiation is strongly suppressed in these cases. By only driving σ+ transitions we can
then avoid decay into untrapped or anti-trapped states.
In case c) and f) we assume the quantisation axis to be rotated perpendicular to the chip

surface. While this is not the case in our setup, it is useful to treat these cases as well, both for
comparison purposes and to make the results of this chapter more generally applicable.
For the magnetic traps we assume the potential calculated from the magnetic pattern of

microtraps present on our atom chip (see chapter 4) which is approximately equivalent to
trap frequencies of (ωx ,ωy ,ωz) = 2π×(38.1, 36.5, 14.0) kHz and a trap depth of 8.8G for the
square lattice section¹. In the simulations the calculated potential is used without harmonic
approximations. ¿e atom is treated as free as soon as it acquires su�cient energy to escape the
trap. We assume optical pumping to non-trapped states is negligible for an appropriate choice
of polarisation for the imaging beam.

5.3 . 1 RECOIL BLURRING

As the atom is illuminated by the imaging beam it scatters photons at a rate determined by the
local intensity at the position of the atom as well as any detuning due to e.g. Doppler shi s as the
atom acquires momentum with each of these scattering events. In the case of a travelling wave
the photon scattering drives the atom strongly along the direction of the imaging beam, as the
absorption of a photon always happens in this direction. ¿is results in the atom performing a
biased random walk in momentum space, resulting in a rapid movement of the atom out of
the focal plane of the imaging lens. ¿e atom further performs an unbiased random walk in
momentum space in the plane perpendicular to the imaging direction due to the spontaneous
emission of a scattered photon, leading to a blurring of the image. In the case of a standing
wave the atom can absorb a photon from both directions along the imaging axis, removing the
strong bias present in travelling wave imaging and leading to an unbiased random walk both in
the imaging direction as well as in the plane perpendicular to it. ¿e atom therefore leaves the

¹¿e values here are di�erent from those in the experiment, as here a thickness of the magnetic �lm of 300 nm was
assumed. In all other aspects the design is the same as that in chapter 4.
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case τ (µs) I/Isat SNRpx SNRCRB p1,1 p1,0

a) 12.4 0.59 1.55 1.57 57% 21%
b) 12.6 1.09 1.13 1.15 45% 24%
c) 12.0 0.65 1.57 1.59 57% 20%
d) 17.0 0.56 1.73 1.76 62% 19%
e) 49.2 0.72 1.81 1.85 65% 18%
f) 42.5 0.56 2.63 2.68 82% 9.5%

Table 5.1:Optimum exposure parameters, and resulting SNR for the six cases described
in the text. SNRpx is the SNR obtainable from evaluating a single pixel, while
SNRCRB is the SNR for an estimator achieving the Cramér-Rao bound (without
taking fringe-removal into account). Finally we give the probability of true
positive measurements p1,1 and false positive measurements due to the presence
of zero atoms p1,0 (see 5.3.2)

focus of the lens much more slowly in the case of standing wave rather than travelling wave
imaging, greatly reducing recoil blurring in this con�guration.
We simulate the movement of the atoms by calculating stochastic trajectories where random

scattering events occur at the local scattering rate, taking the e�ect of the trap into account
as a classical potential. In the case of an untrapped travelling wave we recover the expected
behaviour, i.e. the RMS position along the imaging beam growing as t2 and the RMS position
in a plane perpendicular to the imaging direction growing as t3/2, as is expected for uniform
acceleration and a random walk in momentum space respectively. ¿e e�ect of the trapping
potential is almost negligible in the case of travelling wave imaging, as the force of the light �eld
is much greater than the restoring force of the potential. In the case of re�ective imaging the
behaviour proportional to t3/2 is also expected in the probe direction. ¿is is however modi�ed
in a non-trivial fashion by the periodic intensity of the standing wave leading to a low (high)
number of scattering events near nodes (anti-nodes) of the standing wave. Furthermore, since
the net force on the atoms is much lower than in the case of a travelling wave the in�uence of
the trapping �eld is also more important, particularly at low intensities. ¿e RMS trajectories
calculated here are then used in the integrations of Equation 5.2 to determine the signal a er a
given exposure time for a certain probe intensity.

5.3 .2 DETECTION NOISE

To determine the feasibility of absorption imaging for single atoms one needs to consider various
sources of noise in addition to the atomic trajectories to determine the signal-to-noise ratio.
In the following we assume near shot-noise limited imaging, with further contributions from
camera read-out noise and dark counts, as well as a �nite quantum e�ciency of the imaging
system. Equations 5.2 determine the number of photons per pixel in the signal and light �elds,
and can be trivially modi�ed to take a �nite quantum e�ciency of the imaging system into
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account. With these values we can calculate the expected signal n(x) as atom density per pixel
(Equation 5.3) for any combination of exposure time and intensity. ¿e variance of this signal
is given by

σn(x)
2
= (

1 + s0
σ0

)
2
(
σ 2det
N2
ref

+
N2
detσ

2
ref

N4
ref

) (5.8)

where Ndet and Nref are the number of electrons per pixel in the signal and reference images
respectively, also integrated over pixel size and exposure time. σ 2det and σ

2
ref are the variances of

these quantities, mostly determined by photon shot noise (∝ N) and camera readout noise.
¿e signal to noise ratio per pixel is then given by n(x)/σn(x); one can further improve the

signal to noise ratio by not only evaluating the central pixel, but using an optimal estimator
achieving the Cramér-Rao bound, such as

N =
∑ n(x)q(x)

∑ q(x)2
(5.9)

where q(x) is the spatial mode function of the signal [112]. In our results we list the SNR both
for evaluating only the central pixel and for an estimator achieving the Cramér-Rao bound.
We de�ne the accuracy of the measurement as the probability of �nding true positives p1,1,

i.e. �nding one atom if there is one atom present. Here we assume all measurement outcomes
for which 0.5 < N < 1.5 to indicate the presence of exactly one atom. We have determined
this value by simulations of 106 individual absorption images for each case. ¿e results are in
excellent agreement with those expected for a normal distribution, for which the accuracy is
given by F = Erf(z/√2) with z = N/2σ.
We can also determine the probability of �nding false positives in the absence of any atoms

p1,0, i.e. �nding one atom if zero atoms are present. False positives due to the presence of more
than one atom can not easily be determined, as an accurate calculating of the absorption signal
of two atoms is non-trivial. We expect these to be of similar magnitude as those due to the
absence of any atoms.

5.3 .3 ATOM NUMBER ESTIMATION

Here also the expected atom number for all cases should be discussed in more detail: For the
running wave cases a)–c) this is quite straightforward, as Equations 5.3 or (5.9) are directly
applicable in an appropriate form. ¿e only consideration necessary here is that in case b) the
resulting atom number needs to be multiplied by a factor of 2 as due to the wrong alignment of
the quantisation axis only half of the incident light contributes to the signal. Nonetheless, as
Figure 5.3 shows these considerations are only correct in the limit of short exposure times. For
longer exposure times the apparent atom number drops as the atom moves out of the focus of
the imaging system.
¿e matter is slightly more involved in the standing-wave cases d)–f). ¿e approach we

take here is to double the saturation parameter in Equations 5.3 and 5.9, to take the locally
increased intensity at the beginning of an imaging pulse into account, but to half the resulting
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Figure 5.3: Apparent atom number Napp as function of exposure time for low intensities s = 0.01 (dashed
lines) and for the optimum intensities of Table 5.1 (solid lines). ¿e optimum exposure times
are indicated by vertical bars for each case, with cases a)–c) all lying within the blue bar. Atom
numbers have been normalised as described in the text to yield the expected value in the limit
of short exposure times.

atom number as the signal is twice that of a single atom in single-pass imaging, as discussed in
subsection 5.2.2. With these adjustments and treating case e) in the same manner as case b)
above, we again �nd the expected number of 0.94 atoms in the limit of very short exposure times
for all cases. ¿e time evolution of this atom number (see Figure 5.3) initially shows a sharp
drop as the atom moves out of the �rst anti-node followed by oscillating behaviour as the atom
moves through multiple further nodes and anti-nodes of the standing wave. Not surprisingly
the oscillation frequency is higher at higher intensities, and very low in the low-saturation limit,
as scattering events here occur much less frequently. ¿e signal approaches half of the initial
value for an intermediate time around 30. . .40 µs, when it has been averaged over multiple
periods of the standing wave, but before recoil blurring has a strong e�ect. Finally the atom
moves out of focus, just like in the running wave cases, but at much longer timescales.

5.3 .4 SIMULATION RESULTS

We simulate the expected absorption image and SNR assuming a numerical aperture of the
objective lens of 0.4 (Edmund Optics NT47-727 with custom AR coating), a total magni�cation
of the imaging system of 10, a pixel size of the camera of 13 × 13µm2 (Andor iKon-M 934), a
quantum e�ciency of 0.9 and a readout noise of 13 counts per pixel [112]. We consider resonant
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Figure 5.4: Simulated SNR as function of intensity of the incoming beam (in units of saturation intensity)
and exposure time. ¿e four subplots correspond to the six cases described in the text as
indicated near the top and right axes, the color scale is normalised to the maximum SNR of
case f). ¿e black dot marks the position of the optimum.

σ+-transitions on the D2-line of rubidium 87, where σ0 = 2.907 × 10−9 cm2 and the saturation
intensity Isat = 1.669mWcm−2 [113]. We have con�rmed that in the limit of low saturation our
simulations yield the expected number of atoms in all six cases as discussed in subsection 5.3.3
above.
We �nd optimum imaging parameters by numerically maximising the signal-to-noise ratio

of the central pixel (assuming the atom to be located at the center of this pixel) as a function of
exposure time and intensity, i.e. maximising SNR(0) where

SNR(x) = n(x)/σn(x) (5.10)

using the pre-calculated trajectories of an atom in the integrations of Equations 5.2. To avoid
confusion in the case of re�ective imaging where the intensity is spatially varying, the intensity
is here always given in units of saturation intensity for the incoming beam (cf. Figure 5.2). ¿e
local intensity at the initial position of the atoms is therefore higher by a factor of four for the
standing wave. We also determine the SNR of an estimator achieving the Cramér-Rao bound
by weighting the signal by the mode function of the atomic distribution as described above.
SNR as a function of exposure time and intensity is depicted in Figure 5.4. Table 5.1 lists the
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Figure 5.5: Simulated single-shot absorption images for optimum exposure parameters, including fringe
removal. ¿e six subplots correspond to the six cases described in section 5.3, giving an
indication of the di�erent SNR for the di�erent cases. Bright colors correspond to high optical
density. Each subplot shows 5 × 5 pixels, with the atom initially located at the center. At larger
distances from the initial position the PSF becomes negligibly small. Using Equation 5.9 we
extract N=(1.01, 1.04, 0.99, 1.01, 0.96, 1.04) atoms for subplots a)-f) respectively, where we have
selected the individual images to be no more than 5% o� the real value to make them more
comparable. ¿ese atom numbers are normalised by Napp for each imaging setup.

signal-to noise ratio for optimum imaging parameters. Note that this can be further improved
by a factor ≈

√
2 by using the fringe-removal algorithm [112] which reduces the shot noise in

the light �eld by optimal averaging of reference images even in the absence of any fringes. It is
also important to point out that the optima in the standing-wave cases are much less sensitive
to imaging parameters than in the running wave cases, so an excellent SNR can be expected
even if control over the imaging parameters is imperfect.
Figure 5.5 �nally shows simulated single-shot absorption images of a single atom for the

parameters given above, including the use of fringe removal. ¿e number of atoms extracted
from these images using the optimum estimator is given in the �gure caption. ¿e optimum
case f) stands out not so much because the signal would be much larger, but because the noise
is much lower, as visible by the pixel-to-pixel �uctuations.
Depending on the imaging method the e�ect of recoil blurring on the optical resolution

of the imaging system can be signi�cant. For our optimum exposure parameters we �nd the
strongest recoil blurring in case c), where the RMS position of the atoms in the object plane
increases by 0.9 µmduring the imaging pulse. For all other cases considered here recoil blurring
is smaller by at least a factor of 3. ¿is blurring should be compared to the base resolution of
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the imaging system of 1.2 µm (Rayleigh criterion). Furthermore the images are discretised by
the e�ective pixel size of 1.3 µm in object space.
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Figure 5.6: Atom number distribution extracted from one million simulated absorption images for all
cases, for the absorption signal of a single atom (solid lines) as well as for zero and two atoms
(dashed). ¿e signal for two atoms is based on a doubling of the absorption of a single atom
(neglecting coherent e�ects) and should therefore be only taken as an indication of the true
signal.

Finally we present histograms of the atom number extracted from one million simulated
absorption images for each case in Figure 5.6. As expected these are in excellent agreement
with the values of Table 5.1. Noteworthy are in particular case b), signi�cantly worse than all of
the others and case f), signi�cantly better than all of the others. ¿e di�erences between case a)
and c) are negligible, and the standing wave cases d) and e) are only slightly better than those
two running wave cases. While it is straightforward to simulate results for zero atoms based on
images containing only noise, the expected signal in the presence of two atoms is non-trivial,
as coherent e�ects between the two atoms, each moving along independent trajectories play a
role. ¿e resulting atom number distribution for two atoms in Figure 5.6 should therefore only
be taken as a rough indication. ¿e width of the distributions is almost identical for the cases
discussed here.
¿ese results can be used to determine the probability of true positive and false positive

measurements given in Table 5.1. For simulated absorption images of zero atoms, the fraction
of measurements yielding an atom number > 0.5, i.e. integrating the tail of the le most
distribution between 0.5 and 1.5, normalised by the total area of the peak, determines p1,0.
Similarly for the simulated absorption images of one atom, integrating with the same limits
and normalising by the total area of the peak determines the fraction of true positives p1,1, with
the results given in Table 5.1.
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5.4 DISCUSSION & CONCLUSION

In this chapter we have outlined the theoretical prospects of detecting single rubidium atoms
using absorption imaging. We �nd the optical density of a single atom in single-pass imaging
to be ultimately determined only by the numerical aperture of the imaging system with a peak
optical density of OD = 3/2NA2 (1 + 3/8NA2) in the low saturation limit. We have calculated
optimum imaging parameters for a number of di�erent cases and could show that the use of
a re�ective imaging setup can signi�cantly improve the signal-to-noise ratio of absorption
imaging. We expect an accuracy of about 82% for the detection of single atoms for the optimum
parameters given above in case f), which can be improved to 94% (with a false-positive rate
due to zero atoms of 4%) using the reduction in shot noise achieved by the fringe removal
algorithm [114]. ¿is compares to a detection accuracy of only 74% (with a false-positive rate
due to zero atoms of 15%) for single-pass imaging with the same imaging system. Unfortunately
the situation in our experiment is not as favourable, due to the alignment of the quantisation
axis. ¿ere we can only expect a detection accuracy of 81% including fringe-removal. ¿is is
however still better than any of the running-wave cases. Furthermore the broader optimum in
the standing wave cases requires less precise control over imaging parameters.
For measuring statistical averages in a regular array of traps further improvements can be

made using correlation analysis [114].



6VAPOUR CELL STARK SPECTROSCOPY

In this chapter we will discuss measurements performed on Rydberg atoms in a
vapour cell. ¿ese experiments are related to those discussed in the remainder
of this thesis through the investigation of Rydberg atoms Stark spectroscopy, but
make use of a very di�erent experimental apparatus. While the laser system for
Rydberg excitation and detection is essentially identical, we do not make use
of magneto-optical cooling & trapping, the permanent magnetic atom chip, or
absorption imaging. Instead we use a custom-made vapour cell with internal
electrodes at room temperature to investigate the behaviour of Rydberg atoms in
well-controlled electric �elds. Remarkably even in a room-temperature vapour
cell the spectral resolution can be far below the Doppler limit.
In this chapter we present measurements of the Rydberg state energy shi s for
states with ℓ = 0 . . . 2 in excellent agreement with theoretical calculations based
on the Numerov method. We treat e�ects related to electric �eld inhomogeneities
and edge e�ects in some detail, as these can lead to additional, unexpected lines in
the spectra. Finally we also measure the hyper�ne splitting of low-lying Rydberg
states and �nd excellent agreement with scaling laws for the hyper�ne splitting as
function of the principal quantum number.

Parts of this chapter are based on the paper Measurement of 87Rb Rydberg-State Hyper�ne Splitting in a Room-
Temperature Vapor Cell, Phys. Rev. A 87, 042522 (2013) [115]
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6.1 INTRODUCTION

Recently, great progress has been made exciting Rydberg atoms in room-temperature vapour
cells. Indeed, coherent e�ects have been observed not only in ultracold atoms [27, 28, 31–35]
but also in such vapour cells at or above room temperature [116, 117]. Furthermore, methods for
electric-�eld measurements in vapour cells [118], as well as an alternative to EITmeasurements
[119] have been developed.
Excellent knowledge of the spectroscopy of Rydberg states both in the presence and absence

of electric �elds is crucial for all of the quantum-information related Rydberg atom experiments
currently proposed or under development, including the scheme discussed in this thesis.
In particular, Rydberg hyper�ne structure may limit the �delity of quantum gates [120] and
undermine coherent evolution. Here we show that high-precision spectroscopy of rubidium
Rydberg states is possible in a room-temperature vapour cell. We present Stark spectroscopy
of Rydberg states with angular momentum ℓ = 0 . . . 2 in �elds of up to 80V cm−1, including
measurements of the excitation strength for transitions which are dipole-forbidden in the
absence of electric �elds. Furthermore we investigate the hyper�ne splitting for various low-
lying Rydberg s-states. We also present hyper�ne-resolved measurements of the Rydberg-state
polarisability. Previous measurements of the zero-�eld Rydberg-state hyper�ne splitting relied
on millimetre-wave transitions in a magneto-optical trap, but the results are less precise than
those presented here. While there are hyper�ne-resolved measurements in noble gases and
(molecular) hydrogen [121] no priormeasurements of hyper�ne-resolved Stark-shi s are known
to us.

6.2 EXPERIMENTAL SETUP

¿e setup used in the experiments described in this chapter di�ers signi�cantly from that
described throughout the remainder of this thesis. ¿e results presented here are obtained in a
room-temperature vapour. Consequently the setup discussed in this chapter involves neither
the atom-chip, nor laser-cooled clouds of atoms, but does utilise the same lasers as discussed
earlier, albeit in a slightly di�erent con�guration.
A schematic of the setup is shown in Figure 6.1. At the heart of the experiment is a custom-

made rubidium vapour cell. ¿e cell is 10 cm long and contains two internal stainless steel
electrodes of size 95 × 20mm2 which are spaced 5.35(3)mm apart. ¿e electrodes can be
connected to either a DC power supply (Tektronix PWS4721) or an Agilent 33250A function
generator. An impedance-matching balun can be used to e�ciently couple the radio-frequency
signal generated by the latter to the internal electrodes. We can also connect both voltage
sources at the same time with a common ground, allowing us to apply mixed DC and radio-
frequency �elds. However, for the results presented here this capability is not of particular
importance. It is however very relevant for the results discussed in [122, 123].
We perform EIT spectroscopy in this cell by counter-propagating a probe laser resonant with

the 5s1/2 → 5p3/2 transition of 87Rb and a coupling laser coupling the 5p state to a Rydberg
state through the cell. ¿e probe laser is derived from a Toptica DL-100 external-cavity diode
laser at 780.24 nm, frequency-stabilised by saturated-absorption fm spectroscopy in a separate
vapour cell to the F = 2 to F′ = 2 or F = 2 to F′ = 3 hyper�ne transition. ¿e coupling laser
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Figure 6.1: (a) Schematic of the setup used in the experiments. ¿e probe laser is independently locked
to a saturated-absorption frequency modulation (fm) spectroscopy setup not shown here. ¿e
reference cell used to compensate long-term frequency dri was only used for the Stark map
measurements shown in section 6.4 and Figure 6.13, but not for the hyper�ne data presented
in the Figures 6.11 and 6.12. DM: Dichroic Mirror. (b) Energy-level diagram with the weak
probe laser coupling the 5s ground to the 5p3/2 excited state with Rabi frequency Ωp and the
strong-coupling laser connecting the excited state to a Rydberg state with Rabi frequency Ωc .

is derived from a frequency-doubled ampli�ed diode laser system (Toptica TA-SHG Pro) at
≈ 480 nm and scanned across a Rydberg resonance. Both lasers propagate through the cell
parallel to the long axis of the �eld plates and are overlapped over the entire length of the cell.
¿ey are linearly polarised with the polarisation axis parallel to the �eld. ¿e Gaussian beam
waists are approximately 0.4mm for the probe and 1.0mm for the coupling lasers, de�ned by
variable-width apertures. ¿e peak intensity of the coupling laser is typically ≈ 4.3Wcm−2,
with the probe laser intensity varying depending on the measurement. For high-resolution
measurementswe typically use a probe laser intensity of 0.4mWcm−2, equivalent to a saturation
parameter of s ≲ 0.2.
¿e coupling laser is modulated by a chopper wheel at approximately 4.5 kHz. EIT signals

are recorded using a Femto LIA-MV-140 lock-in ampli�er. ¿e reference signal for the lock-in
detector is generated by an independent photo-diode recording the coupling laser light a er
it has passed through the vapour cell. ¿e integration time for the lock-in ampli�er is set to
10ms, appropriate for the modulation frequency of 4.5 kHz. ¿is sets a limit to the highest
possible slew rate of the coupling laser frequency, depending on the target frequency resolution.
Typically the slew rate is 150MHz s−1 for scans of large frequency range, but this di�ers for
di�erent measurements.
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As the coupling laser is not frequency-stabilised it can dri duringmeasurements, particularly
as large measurements can take several hours to complete. We perform EIT spectroscopy in an
independent reference cell without electrodes to compensate for such dri s. While the signal
in this reference cell is signi�cantly weaker due to the lack of lock-in detection, it is su�cient
for this purpose.

6.3 EIT SPECTROSCOPY

Clearly the above setup can be used to record both zero-�eld EIT spectra as well as full Stark
maps, i.e. spectra for a series of values of the electric �eld by scanning the coupling laser across
a Rydberg resonance. ¿is is done by turning the grating of the ECDL head of the SHG system
with the built-in piezo element. Before turning to those Stark maps some of the features of
individual zero-�eld spectra will be discussed here. Examples of such spectra for Rydberg states
28d and 30s are shown in the lower and upper panel of Figure 6.2 respectively.
¿e �rst important thing to point out here is that there is no a-priori knowledge about the

frequency scale of these measurements, as there is no direct calibration of the frequency change
resulting from a certain voltage being applied to the piezo-electric crystal. One then has to
rely on performing frequency calibration measurements, using known frequency spacings
as a reference. In the case of states where ℓ >1 these known frequency spacings can be the
�ne-structure interval. For s-states this is clearly not possible, as only one �ne-structure state is
present in these. Instead one needs to arti�cially create resonances with a known spacing for
these states. ¿is can be done by applying an rf-�eld of known frequency to the electric �eld
plates, thus inducing sidebands to the state. ¿ese sidebands are always spaced by multiples of
the frequency of the rf �eld. In our system only even-numbered sidebands are visible (in the
absence of a DC component of the electric �eld) due to angular momentum selection rules. In
addition the rf �eld also leads to a shi of the zero-order peak. In a purely quadratically shi ing
state this can be expressed by an e�ective �eld F2eff = F

2
DC +

1/2F2rf , while in a state exhibiting
higher-order shi s no such simple expression is possible. ¿e amplitude of the sidebands is
well described by series of Bessel-functions. All of these e�ects are discussed in more detail in
[42, 43, 122, 123]. Here rf dressing is used only for frequency calibration and not investigated in
more detail.
One such rf calibration trace can be seen in the upper panel of Figure 6.2. ¿is panel shows

a zero-�eld trace for the state 30s (blue dots), as well as a calibration trace (red line) taken in
the presence of an 80MHz rf �eld. Here the shi of the zero-order resonance in a pure rf �eld,
as well as the induced second-order sidebands spaced 160MHz from the main peak (for an rf
driving frequency of 80MHz) are clearly visible. In the Stark maps presented below we usually
measure only one such calibration trace at the beginning of a scan, and use this to calibrate the
frequency axis throughout the scan. As the slew rate of the piezoelectric crystal used to tune
the frequency does not change during a scan this is deemed su�cient even though the center
point of the laser frequency might dri slowly and need to be compensated by the reference
cell as discussed.
A number of further features, due to performing the experiments in a vapour cell, are

illustrated by the lower part of Figure 6.2, showing a measurement of the state 28d in the
absence of any electric �elds. In particular, if the probe laser is locked to e.g. the F = 2 to F′ = 3
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Figure 6.2: EIT spectroscopy on Rydberg states 30s (a) and 28d (b). ¿e upper panel shows a trace of
30s in zero-�eld (blue dots) along with a �t of the model (6.1) in light blue. Additionally,
the red trace shows the same state in the presence of an 80MHz rf �eld used for frequency
calibration.¿e 28d-trace shows two �ne-structure components j = 3/2 and j = 5/2, as well as
mirror images of these states due to di�erent velocity classes (see text). ¿e small additional
peaks circled in red are due to the frequency modulation of the probe laser.

transition it selects the class of atoms with zero velocity component along the beam. However,
a di�erent velocity class of atoms exists for which the transition to the excited state F′ = 2 or
F′ = 1 is shi ed into resonance with the probe laser due to Doppler shi s, and accordingly these
velocity classes also contribute to the signal. Due to their movement these velocity classes also
see the coupling laser with a certain Doppler shi . However, as the frequency of the coupling
laser di�ers signi�cantly from that of the probe laser the Doppler shi observed for the coupling
laser is not equal to the excited state hyper�ne splitting. Instead, the separation of these features
is reduced by the ratio of the probe and coupling laser wavelengths, λc/λp ≈ 480/780 compared
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to the 5p3/2 hyper�ne splittings. ¿ese features are also visible in Figure 6.2. We �nd their
frequency separation to be in good agreement with expectations [124].
Finally, it is important to realise that it is possible to record spectra with a frequency resolution

not only better than the Doppler width, but even signi�cantly better than the excited-state
natural linewidth in a room-temperature vapour. We can model the observed EIT spectra
assuming the weak-probe limit, i.e. assuming that the probe Rabi frequencyΩp is much smaller
than the excited state linewidth γp . ¿en the susceptibility χ of the probe transition is given
by [71]

χ ∝

∞

∫
−∞

i

γp − i∆p +
Ω2
c/4

γc−i(∆p+∆c)

N(v)dv (6.1)

and the imaginary part of χ determines the absorption of the probe laser. HereΩc is the coupling
Rabi frequency and N(v) is a one-dimensional Maxwell-Boltzmann velocity distribution
describing the velocity of the atoms in the vapour cell. ¿e probe and coupling detunings
depend on the velocity of the atoms through Doppler shi s:

∆p = ∆0
p − kpv

∆c = ∆0
c + kcv

(6.2)

and γp and γc are decay rates given by γp = 1/2Γ5p and γc = 1/2Γr . Γ5p and Γr are the natural
decay rates of the excited and Rydberg state, respectively. Any additional broadening e�ects
can be included in γc . ¿e integral over v is equivalent to averaging over all velocity classes
that occur in a room-temperature vapour cell and can be solved analytically for a Maxwell-
Boltzmann velocity distribution [71]. ¿e result is given in chapter 2, and there also compared
to a numerical integration of the full solution of the optical Bloch equations (i.e. not assuming
a weak probe).
¿e light blue line in the upper part of Figure 6.2 is a �t of thismodel to the zero-�eld 30s trace

with the intermediate-state linewidth �xed to the literature value, γp = 3.03MHz [113]. Clearly
the agreement between data and model is excellent¹. We �nd a linewidth of 4.4MHz FWHM
for this measurement, clearly below the excited-state natural linewidth, but still somewhat
larger than the limit of 1.7MHz for vanishing γc and Ωc that can be observed in rubidium at
room temperature. ¿is is due to both the �nite linewidth of the free-running coupling laser
system as well as transit-time broadening due to atoms moving in and out of the beam radially
[125], which we estimate at approximately 1MHz for our beam width. Furthermore residual
magnetic �elds might play a role in the achievable linewidth.

6.4 STARK MAPS

Having well understood all features of these individual traces we can now perform EIT spec-
troscopy also in the presence of static electric �elds, observing the shi and — in some cases
— splitting of the resonances. From angular momentum selection rules it is evident that we

¹see also Figure 6.11 for another clear example of this.
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can observe s- and d-states. In the presence of an electric �eld it is however also possible to
observe p-states, as well as manifold states of higher angular momentum. ¿ose measurements
will be discussed in the next sections.

6.4 . 1 S-STATES
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Figure 6.3: Stark map of state 30s, exhibiting a quadratic Stark shi , as well as n=27 manifold states
shi ing linearly in the electric �eld. ¿e �gure shows the logarithm of the measured signal,
to make small components of the measured signal visible, with the frequency scale given
relative to the zero-�eld resonance position. Black, dashed green and dashed blue lines
show theoretical calculations based on the Numerov method (see chapter 2) with no free
parameters for ∣m j ∣ =

1/2, ∣m j ∣ =
3/2 and ∣m j ∣ =

5/2 respectively (the latter two only occurring in
the manifold states). Except for the 30s-state these are shown only near the avoided crossings
and at the top of the �gure, so as to not mask the signal. Small di�erences between theory and
experiment at large detunings are due to non-linearities in the response of the piezo-electric
crystal used to tune the frequency of the coupling laser.

We�rst turn our discussion to ameasurement of the Stark shi of 30s, presented in Figure 6.3.
¿is state has only one �ne-structure component j = 1/2, and accordingly only two Zeeman
�ne-structure states ∣m j ∣ = 1/2 which remain degenerate in an electric �eld. Hyper�ne structure
is not resolvable for n=30, but is discussed for lower n in section 6.6.
Unlike d-states (discussed below), s-states exhibit an almost perfectly quadratic Stark shi 

in an electric �eld, as is evident in Figure 6.3. However, already at modest �elds anti-crossings
with states of a high-ℓ manifold lying just above the s-state occur. ¿ese, unlike the isolated s-,
p- and d-states, exhibit a strong linear Stark-shi . Clearly for each ℓ there exist �ne-structure
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states j = ℓ ± 1/2, and for each of these a number of ∣m j ∣ states can be found. In Figure 6.3 states
with ∣m j ∣ = 1/2, including the initial s-state, are indicated by grey lines; states with ∣m j ∣ = 3/2 are
indicated by dashed green lines and states with ∣m j ∣ = 5/2 by dashed blue lines.
For each ℓ > 0 the two states with j = ℓ ± 1/2,m j = 1/2 are grouped closely together and

are not resolved for higher-lying ℓ-states. States of higher ∣m j ∣ can however be clearly be
distinguished from those of ∣m j ∣ = 1/2. As states of di�erent ∣m j ∣ do not couple, the latter do
not form anti-crossings with the s-state, but real crossings.
Furthermore, for the ∣m j ∣ = 1/2 states which do couple to the s-state the width of the avoided

crossing is always much larger for the �rst anti-crossing in a pair (i.e. for j = ℓ + 1/2) than for
the second one.
Finally, it is interesting to note that direct excitation of these manifold-states would be dipole-

forbidden in zero-�eld, but is possible in �nite electric �elds. ¿is is identical to the case of
p-states discussed below.

6.4 .2 P-STATES
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Figure 6.4: Stark map for 29p states. ¿e �gure is a combination of two independent measurements, due
to the large frequency span. ¿e line at which the two scans are joined is indicated by white
dashes. ¿e signal for j = 1/2 is ampli�ed ten-fold in lower le of the �gure. ¿e frequency
scale is given relative to the extrapolated j = 3/2 zero-�eld energy. ¿e inset shows the signal
for j = 3/2 at very low �elds with high ampli�cation, to demonstrate how the state becomes
visible as the electric �eld is increased.

In our excitation scheme driving transitions from 5p to nℓ clearly only s- and d Rydberg states
can be excited by the coupling laser with a single photon. However, the angular momentum
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quantum number ℓ is not a good quantum number in an electric �eld. Accordingly, the ℓ
we assign to a certain state is the quantum number ℓ the state possesses as it adiabatically
approaches zero �eld. In a �eld, this state can be considered a superposition of a large number
of di�erent states with di�erent angular momenta but the same m. ¿is makes the ordinarily
dipole-forbidden excitation of states with ℓ ≠ 0 or 2, such as p-states or the manifold states
mentioned above possible.
For p-states there are two �ne-structure components, j = 1/2 and j = 3/2¿e former consists

of only one pair of degenerate Zeeman states ∣m j ∣ = 1/2, just like the s-state discussed above.
¿e latter however contains two such pairs, ∣m j ∣ = 1/2 and ∣m j ∣ = 3/2. ¿e two �ne-structure
components are split by 4.75GHz at zero �eld in the case of 29p. ¿e hyper�ne splitting is even
smaller than for s-states, and hence clearly unobservable here.
Figure 6.4 shows measurements of the Stark shi of the 29p state. Due to the particularly

large frequency scale the data presented in the �gure is combined from two independent
measurements, as indicated by the horizontal white marks. Due to the non-linearity of the
piezo response the transition between these two datasets is not perfectly smooth, resulting
in a visible ‘kink’ in the j = 3/2 states at the point were the scans are joined. ¿e frequency of
each data-set is calibrated independently using the method of induced sidebands used also for
s-states. ¿ey are combined such that the j = 3/2 signals overlap. ¿e �ne-structure interval
then agrees well with the theoretical expectations without further adjustments. ¿e signal for
the j = 1/2 state is substantially weaker than that for the j = 3/2 states, and has been ampli�ed in
the �gure for good visibility.
Clearly there is no signal at zero �eld for any of the states shown, as can be expected from the

discussion of angular momentum selection rules above. Only as the electric �eld is increased
does a signal start to appear. ¿is is shown in more detail in the inset of the �gure, measured at
a higher pre-ampli�cation setting of the lock-in ampli�er to make smallest signals visible. Even
with these settings the observed signals tend to be signi�cantly smaller than for s- or d-states,
requiring relatively high probe intensities to become visible.
Amore quantitativemeasure of the signal strength is given in Figure 6.5, based on numerically

integrating the signal across each resonance for each value of the electric �eld. ¿is signal
strength is caused by the admixture of states with s- and d-like character into the measured
p-state. ¿e wavefunction of a given state in a �eld can be described as a superposition of
zero-�eld wavefunctions

Ψnℓ jm j
(F) = ∑

n′ℓ′ j′
cn′ℓ′ j′m j

Ψn′ℓ′ j′m j
(0) (6.3)

where each zero-�eld wavefunction can be calculated using the Numerov algorithm. Transitions
from 5p to the s- and d-like parts of the wavefunction have a �nite matrix element, and the
radial matrix element for these transitions is well described by a scaling law in the principal
quantum number, µradial = Cℓ(n − δ)

−3/2 where C0 = 4.508ea0 and C2 = 8.475ea0 [126, 127].
¿e di�erence between the two di�erent �ne-structure states in ℓ = 2 is negligible, as their
wavefunctions are essentially identical near the core. ¿e e�ective transition matrix element
between a well-de�ned Zeeman �ne-structure state of 5p and a certain Rydberg state in an



76 vapour cell stark spectroscopy

0 10 20 30 40 50 60

Field (V/cm)

Si
g

n
al

 (a
rb

. u
n

it
s) 50

100

150

200

250

2

4

6

8

10

12

14

16

0

0

j=1/2, mj=1/2

j=3/2, mj=1/2

j=3/2, mj=3/2

Figure 6.5: Signal strength for 29p states, based on the data of Figure 6.4. ¿e shaded region in the upper
plot marks the region in which the two scans discussed in Figure 6.4 overlap.

electric �eld is then given by

µp = ⟨Ψ5p3/2m3/2
∣D̂∣Ψnℓ jm j

(F)⟩

= ∑
n′ℓ′ j′

cn′ℓ′ j′m j
⟨Ψ5p3/2m3/2

∣D̂∣Ψn′ℓ′ j′m j
(0)⟩

= ∑
n′ℓ′ j′

(−1)5/2−m3/2+s+ j
′
√
12 (2 j′ + 1) (2ℓ′ + 1)

⎧⎪⎪
⎨
⎪⎪⎩

1 ℓ′ 1
j′ 3/2 s

⎫⎪⎪
⎬
⎪⎪⎭

⎛

⎝

j′ 1 3/2

m′
j q −m3/2

⎞

⎠

⎛

⎝

1 1 l ′

0 0 0
⎞

⎠
cn′ℓ′ j′m j

Cℓ′(n
′
− δ)−

3/2

(6.4)

where we ignore any dependence of the 5p-wavefunction on the electric �eld, as this is expected
to be negligibly small. ¿e last equality makes use of the Wigner-Eckart theorem to separate
the angular and radial components of the matrix element [128]. Here large braces denote
6-j symbols, large parentheses denote 3-j symbols and q denotes the type of transition, with
q = 1, 0,−1 for σ+, π and σ− transitions respectively.
Based on the Numerov method we can easily calculate the coe�cients cn′ℓ′ j′m j

for any
electric �eld. However, to accurately predict the measured signal strength we need to know
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the population of all intermediate states. Unfortunately in the current setup the presence of
stray magnetic �elds, as well as imperfect polarisation of the lasers leads to both π and σ
contributions to both the probe- and the coupling transition. ¿is, in combination with e�ects
due to optical pumping makes it impossible for us to accurately predict the measured signals.
If it was possible to accurately determine realistic matrix elements (e.g. by ensuring to only

drive transitions to individual well-de�ned excited states) then the square of the matrix element
is proportional to the coupling Rabi frequency Ωc , which in principal is proportional to the
signal area we observe. However, this only holds if the saturation parameter of the probe
transition is much smaller than one. Unfortunately we have to use a rather high probe intensity
in order to observe an appreciable signal for p-state transitions, such that this condition will
not be ful�lled. Further practical di�culties include a large sensitivity of the observed signal on
�uctuations in the probe or coupling laser intensity, as well as additional broadening in larger
electric �elds (discussed below) which is not included in this model.
For these reasons we do not quantitatively compare the model given here to our data. In

principle some of the di�culties discussed above could be solved in a future experiment
by ensuring the presence of a well-de�ned quantisation axis and better �ltering of the laser
polarisation.

6.4 .3 D-STATES

¿e �nal state discussed here is 28d. d-states also show two �ne-structure components, j = 3/2

and j = 5/2, the former containing two pairs of Zeeman states and the latter three in the obvious
manner. ¿e interesting feature of these d-states is that unlike s- and p- states they do not show
a quadratic shi in an electric �eld, but a much more complicated level structure, with the
polarisability even changing sign for modest electric �elds in the case of ∣ j,m j⟩ = ∣5/2, 1/2⟩ (also
see Figure 6.8 for a clearer example of this and compare Figure 2.6).
A Stark map of state 28d is shown in Figure 6.6, showing the two �ne-structure components

separated by 562MHz in zero �eld, as expected from theory. In an electric �eld these split
into two, respectively three ∣m j ∣ Zeeman states. In the �gure the theoretical shi s based on
the Numerov method are indicated. ¿e thick, semi-transparent areas indicate the result of
the full Numerov calculation, in excellent agreement with our data. ¿e dashed white lines on
the other hand show the quadratic low-�eld behaviour of the states. ¿ese clearly are not in
agreement with the observed shi s already for modest �elds of approximately 20V cm−1. ¿is
is particularly striking for the ∣5/2, 1/2⟩ state, but also the shi of the ∣3/2, 1/2⟩ and ∣5/2, 3/2⟩ states is
ill-described by a a parabola. Only the two fastest-shi ing states ∣3/2, 3/2⟩ and ∣5/2, 5/2⟩ can be
accurately approximated by parabolas for the �elds investigated here.

6.5 ELECTRIC FIELD DISTRIBUTION

Above only the main features of the presented Stark maps have been discussed, assuming a
constant electric �eld throughout the vapour cell. However, further e�ects can be observed in
the data which can be attributed to inhomogeneous electric �elds. Two distinct e�ects will be
discussed here which can be attributed to a misalignment of the electrodes and edge e�ects
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Figure 6.6: Stark map for state 28d. ¿e �gure shows both �ne-structure components j = 3/2 and j = 5/2,
splitting into multiple ∣m j ∣ sub-states. ¿e frequency scale is given relative to the zero-�eld
j = 5/2 energy. ¿eoretical predictions based on the Numerov method (see chapter 2 are
shown by wide semi-transparent lines, so as to not mask the signal. Shi s based only on the
low-�eld polarisability of the states are indicated by dashed white lines.

respectively. Finally, in the end of this section we will discuss a spurious splitting of individual
lines in high �elds, which is not yet well understood.

6.5 . 1 FIELD INHOMOGENEITY

¿e d-state discussed above also lends itself to investigating the homogeneity of the electric
�eld produced by the cell electrodes more quantitatively. For this purpose we consider the
width of the di�erent resonances visible in Figure 6.6. ¿e inset of Figure 6.7 shows the width
of the di�erent states extracted by �tting a Gaussian line pro�le to each resonance. ¿ese widths
can be converted to the width of the distribution of the electric �elds by

∆F
F

=
∆E
F

∣
∂E

∂F
∣

−1

(6.5)

where F is the electric �eld, ∆F the width of the �eld distribution, ∆E the increase in the width
of the resonances and ∂E/∂F the slope, i.e. the (�eld-dependent) dipole moment of the state.
¿e dipole moment as well as the width increase can easily be extracted from the data; at low
�elds the slope is however very small, so meaningful results can only be extracted for values
of the �eld where both the width increase of the resonances as well as the dipole moment are
non-zero. ¿is clearly depends on the exact state, i.e. for the state ∣5/2, 1/2⟩ the �eld needs to be
much larger than for e.g. ∣5/2, 5/2⟩ to yield reliable results.
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Figure 6.7:¿emain �gure shows the width of the electric �eld distribution as a function of electric �eld,
based on �ve di�erent ∣m j ∣ sub-states of the state 28d as indicated in the legend. ¿e inset
shows the width of the states extracted from the data presented in Figure 6.6 used to calculate
the �eld distribution.

As the main part of Figure 6.7 shows, the inhomogeneity extracted from the di�erent states
agrees extremely well, and is almost constant across all �eld values. ¿e fact that reliable results
can only be extracted for certain �eld values is re�ected in the range over which the data is
shown. ¿e extracted value of approximately 0.2% is compatible with a misalignment of the
�eld plates by 1mrad, equivalent to 100 µm di�erence in plate separation at the edges. ¿e
small linear increase in the �eld inhomogeneity might be due to noise of the voltage source.
¿is inhomogeneity is actually a limiting factor in the hyper�ne-resolved Stark measurements
discussed at the end of this chapter. In further iterations of the experiment it might therefore
be advisable to develop a vapour cell in which the electrode spacing is better de�ned than is
currently the case.

6.5 .2 EDGE EFFECTS

While a misalignment of the electrodes can account for the additional broadening observed
in high �elds, it can not account for the presence of additional, distinct lines which we have
observed in our measurements. ¿ese can be seen in the main part of Figure 6.8, as highlighted
by the dashed boxes. We also observe lines which do shi , but shi less than the main signal.
Such lines can also be observed in the �gure presented here. A further, clearer example is visible
in Figure 6.13. Similar e�ects have also been observed in s-states.
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Figure 6.8:Observation of spurious e�ects in 28d. ¿e main part of the �gure shows additional lines
which do not shi in the electric �eld, indicated by dashed white boxes. ¿e small �gures
at the top show a splitting of the individual ∣m j ∣ lines for j = 5/2, based on an independent
dataset. For these �gures each trace has been shi ed such that the overall Stark shi of each
line is zero.

In order to arrive at a better understanding of these features we have performed simulations
of the electric �eld distribution in the cell using Finite Element Methods (FEMs) to solve the
boundary value problem for our geometry². We only evaluate the two-dimensional plane
perpendicular to the electrodes, assuming a cell with two plane electrodes spaced by 5mm and
a length of 9.5 cm, in accordance with the properties of our cell. We furthermore assume a gap
of 2.5mm between the electrodes and the walls of the cell on each side (for a total length of
the cell of 10 cm). Finally for the simulations presented here we assume the walls of the cell to
be conductive. While this seems unjusti�ed for a silica glass vapour cell, it has been shown
that the in the presence of alkali atom vapours the inner walls of such cells become reasonably
good conductors [129, 130]. In fact, this is what necessitates the use of internal electrodes for
the application of static or low-frequency electric �elds in the �rst place³. While in reality
the coating will be inhomogeneous and bare patches of truly insulating silica glass might be

²All modelling was done using the FreeFem++ so ware package.
³A further e�ect playing a role in the shielding of external �elds is the movement of free charges in the cell. See [65]
for a discussion of this e�ect.
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present (particularly at the point where the coupling laser strikes the window) simulating the
�eld distribution for this case is beyond the scope of the current project, and we will restrict
ourselves to walls which are perfect conductors.
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Figure 6.9: Simulations of the electric �eld in a vapour cell. ¿e inset shows the electric �eld distribution
near the end of the cell in false colors. ¿e main �gure shows a histogram of the electric �eld
on a line along the center of the cell (red bars) or o�set by 1mm towards one of the electrodes
(blue bars). ¿e histograms are not normalised, instead directly giving the distance a beam
traverses through the cell at a given �eld.

¿e results of these simulations are shown in Figure 6.9. Here the two electrodes are held at
a potential di�erence of F1 d Volts where d is the separation of the two electrodes. ¿e walls of
the cell are �xed at a potential halfway between the two electrodes. A false-color representation
of the �eld near the edges of the cell is given in the inset, while the �eld distribution along the
two lines indicated is given in the main �gure.
For a beam probing the center between the two electrodes this leads to the �eld distribution

given by red bars in Figure 6.9. ¿e distribution is strongly peaked at the nominal applied �eld,
but all values of lower �eld are present with approximately constant density. As the applied
�eld is increased the density of lower values is decreased approximately proportionally, to keep
the integral over occurrences of all lower �elds constant. ¿e ratio of nominal �eld values to
the total occurrence of all lower �elds is given by the distance between the electrodes and the
cell walls.
For a beam probing the cell with an o�set of 1mm from the center the resulting �eld dis-

tribution is shown in blue. ¿e striking di�erence here is that not only is there a minimum
�eld value F0, but that the distribution is actually peaked at this value. ¿is is due to the �eld
lines having to be perpendicular to the conductive wall as they approach it. ¿e minimum �eld
value present is determined by the distance between electrodes and cell wall as well as the o�set
from the center between the electrodes.



82 vapour cell stark spectroscopy

It is interesting to note that if the cell walls are held at e.g. the potential of one of the electrodes,
the resulting �eld distribution along the center of the cell shows the same features as does the
o�set distribution for the symmetrical case, i.e. the presence of a minimum �eld value F0, and
a peak at this value.
We now turn to a discussion of the e�ect of this �eld distribution on the observed spectra.

¿e e�ect of strong peaks in the �eld distribution is obviously a peak in the observed spectra at a
detuning equal to the Stark shi induced in the Rydberg state by this electric �eld. It is however
instructive to consider the e�ect of a constant distribution where all �eld values between F0
and F1 occur with equal frequency.
As a simple model we consider a spectral line given by a Lorentzian distribution as a function

of the detuning ∆, centered around an energy E,

χ (∆; F)∝
1
π

γ

(∆ − E)2 + γ2
(6.6)

where the energy E = E(F) is a function of the electric �eld. Of course for EITmeasurements
a peak based on the models discussed in chapter 2 would be more appropriate. We chose to
use a more simple model for the peak shape because it captures the relevant features of the
discussion at much lower computational complexity, and because it enables us to give some
analytic results which can not be derived for a more involved model.
¿e signal a er traversing the vapour cell is then proportional to the integral over the �eld

distribution times the signal for any given �eld,

X (∆)∝
∞

∫
−∞

n(F) χ(∆; F)dF (6.7)

where in the case of a Lorentzian peak the integral can o en be solved exactly as will be discussed
below. For e.g. an EITmodel this integral would have to be solved numerically. In the further
discussion we consider a �at �eld distribution between F0 and F1,

n(F) = Π (
F0 + F1 − 2F
2 (F0 − F1)

) (6.8)

where Π is a boxcar or rectangle function. ¿is is equivalent to integrating from F0 to F1.
We �rst evaluate the above integral (6.7) for a linearly shi ing state, i.e. with an energy given

as E = E(F) = −kF. We then �nd for the resulting peak shape

X1 =
1
kπ

[arctan(
kF1 + ∆

γ
) − arctan(

kF0 + ∆
γ

)] (6.9)

which is essentially just a projection of the �eld distribution on the frequency axis, with the
amplitude scaled by 1/k to keep the area of the curve constant. Only the edges of this distribution
are determined by the signal peak shape, and in the limit of a delta-like peak we exactly recover
a boxcar-like signal. ¿is result does not show any peaks, as can be seen by the red line in
Figure 6.10.
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Figure 6.10: Simulation of the observed signal for a constant �eld distribution in the interval 0 ≤ F ≤ 30
for three di�erently shi ing states. ¿e state with linear shi does not show any peaks, while
the other two do, as discussed in the text. ¿e inset shows a simulated scan for a quadratically
shi ing state with a �eld distribution which is strongly peaked at the nominal �eld value and
has a constant low-�eld tail with amplitude scaling inversely proportional to the nominal
�eld.

For a quadratically shi ing state, E(F) = −1/2αF2 we �nd a somewhat more complicated
result4,

X2 = −
i

√
2π
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(6.10)

with δ± = ∆ ± iγ. Intriguingly, as can be seen in Figure 6.10 this actually leads to a peak near
zero detuning if F0 = 0. ¿is peak is due to the fact that even for a uniform distribution of
�elds, the peaks in the integral are concentrated at low detunings because of the quadratic
behaviour of the Stark shi 5.
While it is in fact possible to �nd solutions to (6.7) for any positive power of the �eld in

terms of hypergeometric functions 2F1, these do not add to the qualitative understanding of
the features discussed here. Instead, it is helpful to consider a di�erent approach: one can also
start by calculating the probability distribution in energy given by the known �eld distribution

4While the formal result given here appears complex valued it is actually real valued for our parameters.
5¿e equivalent e�ect in optics is known as caustic and plays in important role in the formation of rainbows amongst
other things. In solid state physics a similar e�ect is known as van Hove singularity.
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for a given Stark shi of the state. Under a change of variables from F to E with a known
(continuous) relation E = E(F) the probability distribution n(F) changes as

n(E) = ∣
1

E ′ [F (E)]
∣ n [F (E)] (6.11)

where F = E−1 is the inverse of E and E ′ the derivative of E with respect to F [131].
Now for a linearly shi ing state E(F) = −kF the �rst factor in (6.11) is constant and for

a boxcar density distribution we also �nd a boxcar density distribution in energy, with the
amplitude scaled by 1/k and limits E0 = E(F0) and E1 = E(F1) respectively. For higher powers
of the �eld however, the �rst term necessarily diverges at E = 0. In general, for E(F) = αnFn
we �nd the denominator of the �rst term in (6.11) to be

E
′
[F (E)] = nαn (

E

αn
)

n−1
n

(6.12)

which is equal to zero for E = 0 and n > 1. ¿is divergence is the cause of the pronounced peaks
seen in Figure 6.10. Furthermore this term grows with increasing E, leading to a suppresion
of the distribution for higher energies. ¿is suppression is stronger for higher n, as can also
be seen in Figure 6.10. It is instructive to compare Section 7.2.3. in [131] for a discussion of a
similar e�ect in oscillating �elds.
To �nally determine not only the energy distribution, but the actual signal we would have to

calculate the convolution of the zero-�eld signal with the energy distribution. For the cases
discussed above we recover the results of Equations 6.9 and 6.10 respectively.

6.5 .3 SPURIOUS LINE SPLITTING

In addition to lines with reduced or absent Stark shi we also observe splitting of individual
lines. ¿is is shown in the three insets at the top of Figure 6.8 for the sub-states of the 28d
j = 5/2 state. For these plots each individual trace has been shi ed such that the overall Stark
shi is removed. Ordinarily this should simply result in a straight line; however, as is clear from
the �gures strong additional splitting of the lines is observed. ¿is is not simply a broadening,
but truly a splitting into distinct lines, as can easily be veri�ed from individual traces which are
not shown separately here.
Each of the states shown in the �gure consists of two degenerate m j states, which is clearly

insu�cient to explain the up to 7 individual lines seen in the �rst of these �gures. Of course
each state further consists of a number of hyper�ne states. ¿e hyper�ne splitting for d-states
is however orders of magnitude smaller than the splittings observed here, making it hard to
believe that even some combination of magnetic and electric �elds could be responsible for the
observed phenomena.
Furthermore, this splitting is very sensitive to the exact alignment of the probe- and coupling-

lasers with respect to the cell, and not very reproducible. Based on experimental experience it
is likely that the e�ect is related to retro-re�ections of the coupling laser. ¿ese might strike
the electrodes leading to the emission of photo-electrons, and subsequent local modi�cations
of the electric �eld. However, it is again unclear how this should lead to the stable splitting
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Figure 6.11: Spectrum of 20s hyper�ne structure including positive and negative 2nd order sidebands
used for frequency calibration. Blue dots are the average of 860 traces; light-blue line is a �t
based on Equation 6.1. ¿e lower part of the �gure shows the residual of this �t. ¿e �eld
was modulated at 7MHz. First-order sidebands are not visible as their excitation is dipole
forbidden.

of lines observed in the data. Based on the simulations discussed above it seems unlikely
that an inhomogeneous distribution of electric �elds is the cause of these e�ects assuming a
homogeneous boundary. ¿e e�ect of conductive and non-conductive patches on the boundary
would require further investigation.

6.6 HYPERFINE RESOLVED SPECTROSCOPY

6.6 . 1 HYPERFINE STATES

A hyper�ne-resolved EIT spectrum is shown in Figure 6.11 for the 20s-state. ¿e frequency axis
is calibrated by applying a 7MHz sinusoidally varying voltage to the �eld plates of the vapour
cell, thereby creating sidebands of the state at a well-de�ned frequency spacing. ¿e imaginary
part of χ determines the absorption of the probe laser. We �t the data to an incoherent sum of
six peaks of the form (6.1) a er analytic integration as in [71]. Each of the two hyper�ne peaks
is �tted with an independent coupling Rabi frequency, but sidebands share the coupling Rabi
frequency of the main peaks. ¿e intermediate-state linewidth is �xed to the literature value:
γp = 3.03MHz [113]. ¿e excited-state linewidth γc is �tted to a common value for all peaks.
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n νhfs σfit σpiezo ∆scaling

20 7782 4 + 57/− 17 −43
21 6497 3 + 40/− 20 +14
22 5442 5 + 22/− 61 +88
23 4780 7 + 45/− 106 −44
24 4229 9 + 47/− 281 −142

Table 6.1: Table of measured hyper�ne splitting in the range n = 20 . . . 24,
as well as �tting error, error derived from piezo nonlinearities
and distance to scaling law �t, all given in kHz.

¿e �xed separation of the sidebands allows us to precisely calibrate the frequency axis and
thus extract accurate values for the hyper�ne splitting from our data.
Figure 6.11 shows a spectrum for a Rydberg state 20s and the corresponding �t. ¿e data

points are an average of 860 individual traces, aligned by �tting two Gaussians to the main
hyper�ne peaks and centering the midpoint between the peaks before averaging. Data and �t
are virtually indistinguishable, con�rming the quality of our measurements. ¿e linewidth of
our features is particularly remarkable: ¿e �tted γc is typically 2MHz, signi�cantly smaller
than the intermediate-state linewidth, even though all measurements are done in a vapour cell
at room temperature, and with a free-running coupling laser. ¿e observed width of a single
hyper�ne peak of about 3.7MHz FWHM is, however, still somewhat larger than the limit of
1.7MHz for vanishing γc andΩc that can be observed in rubidium at room temperature. ¿is is
due to both the �nite linewidth of the free-running coupling laser system as well as transit-time
broadening due to atoms moving radially in and out of the beam [125], which we estimate at
approximately 1MHz for our beam width.
We perform similar measurements for Rydberg s states with principal quantum numbers

n = 20 . . . 24. At n > 24 the Doppler-broadened linewidth of the EIT resonance is too large to
observe individual peaks. At n < 20 the spectral tuning range of our laser system is limited.
¿e resulting hyper�ne splittings are shown in Figure 6.12, with our results also listed in

Table 6.1. ¿e error bars listed in the table are standard errors obtained from the �t. By separately
analysing 300 individual traces of the 20s measurement we �nd a mean hyper�ne splitting
of 7.801MHz with a standard error of the mean of 7.2 kHz, i.e., 19 kHz larger than the results
quoted above. As the �tting of the sidebands can be di�cult without averaging, we consider
the values quoted in Table 6.1 to be more reliable. In addition to this it is worth noting here that
nonlinearities in the response of the piezo-element used to tune the coupling-laser frequency
can, in principle, also skew our results, although this can be minimised by making sure that the
observed peaks are not near a turning point of the frequency scan. We estimate the magnitude
of this e�ect by using only either the lower or the upper sidebands for the frequency calibration.
We then �nd a di�erence of the measured hyper�ne splittings for the two cases of between 50
and 300 kHz, with the two highest n showing the largest errors, and the three lower n showing
errors of less than 80 kHz. ¿e error bars shown in the �gure are based on these results. ¿e
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scaling with only the pre-factor as �t parameter. ¿e shaded area signi�es the 95% con�dence
region of this �t. ¿e inset shows the same data a er removing the (n − δ)−3 scaling in
comparison to low-n data from reference [132], slightly higher-lying states from reference
[56], and high-n data from [133]. Error bars indicated are estimated on the basis of piezo-scan
nonlinearity, see text.

nonlinearity in the piezo scan is the biggest uncertainty identi�ed in the frequency calibration.
Our measurements are in excellent agreement with the expected (n − δ)−3 scaling given by

νhfs =
1

(n − δ)3
× 37.1(2)GHz (6.13)

Here δ is the quantum defect of the state, depending on both n and ℓ and taken from [56,
57], leading to an e�ective principal quantum number n∗ = n − δ. ¿e inset of Figure 6.12
shows our data together with earlier results using microwave transitions to other Rydberg states
from reference [56] and [133] as well as low-n data from reference [132] a er removing the
expected n∗-scaling. We see excellent agreement with the low-n data and our measurements
are consistent with the high-n data of [133]. However, we observe an o�set of approximately
10% compared to the results of [56]. ¿e excellent agreement of our measurements with the
other datasets might indicate that this o�set is due to systematics in the data of [56]. ¿e data
of [56] would be in agreement with our measurements assuming an error of 1 in the principal
quantum number of their data. An equation for the scaling of the hyper�ne splitting based on
our data is given in (6.13). From this we expect a hyper�ne splitting of approximately 80 kHz
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at n = 80, emphasising the relevance of hyper�ne structure for high-precision experiments
even at high principal quantum number. A best �t with variable exponent yields a scaling law
with a power of −2.95(11) for our data.

6.6 .2 STARK SHIFT OF HYPERFINE STATES

Finally we present hyper�ne-resolved measurements of Stark shi s in �elds of up to 130V cm−1

for 20s. ¿e upper part of Figure 6.13 shows the overall Stark shi of state 20s. ¿e three
independent lines are due to di�erent 5p3/2 hyper�ne states; while the probe laser is locked to
the F′ = 2 transition, other lines can be shi ed into resonance by Doppler shi in the vapour
cell. Due to the di�erent wavelengths of the probe- and coupling laser, these shi s are only
partially compensated by the counter-propagating beams as discussed in section 6.3. In the
topmost line, no hyper�ne splitting is visible, as the excitation of the F′′ = 1 component of the
Rydberg state is dipole forbidden from 5p3/2 F′ = 3. In both the F′ = 1 and F′ = 2 lines, the
hyper�ne splitting of the Rydberg state is in principle visible in the individual traces. However,
the signal in F′ = 2 is much stronger than in F′ = 1, making the splitting almost indiscernible
for F′ = 1 in this plot.
¿e overall shi of the Rydberg state is in excellent agreement with calculations based on

wavefunctions obtained with the Numerov method [55], as can be seen in the dashed line
overlaid with the F′ = 3 state which has no free parameters. Fitting a parabola to the Stark shi 
in Figure 6.13, we extract a value of α = 0.0720(8)MHz (V/cm)−2 from this data, in excellent
agreement with the theoretically expected value of α = 0.0722MHz (V/cm)−2. ¿e uncertainty
in this determination of α is dominated by the accuracy with which the average separation of
the electric �eld plates is known; the uncertainty from the frequency calibration is lower by
one order of magnitude.
We attribute the faint line visible above F′ = 3 to inhomogeneous electric �elds at the edges

of the cell, in particular in the gap between the electrodes and the cell walls.
¿e lower part of Figure 6.13 shows the hyper�ne splitting of the F′ = 2 line a er removing the

overall quadratic Stark shi of the state. ¿is has been done by �tting the model of Equation 6.1
to each individual trace and aligning the center point between the two peaks across all traces.
As can clearly be seen, no further splitting into mF sub-levels occurs for these hyper�ne states,
and the splitting remains constant across the range of �elds presented here. ¿is is in agreement
with numerical calculations we have performed. At high �elds, a slight broadening of the peaks
can be seen. ¿is is compatible with the misalignment of the �eld plates observed above, in
which the hyper�ne splitting is entirely negligible.

6.7 CONCLUSION

In this chapter we have presented numerous measurements on the behaviour of Rydberg states
in external electric �elds. Using a custom-made vapour cell with internal electrodes we were
able to apply not only high-frequency oscillating, but also static electric �elds, allowing us to
investigate the polarisability of s-, p- and d-states in detail. Particularly interesting features are
the visibility of manifold states in the s-state data, the relaxation of the angular momentum
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Figure 6.13:Hyper�ne-resolved Stark shi s of 20smeasured by applying an electric �eld to the electrodes
in the vapour cell. ¿e three lines in the upper part of the �gure correspond to three di�erent
hyper�ne states F′ = 1, 2, 3 in the intermediate 5p3/2 state. ¿e dashed line overlaid with
the F′ = 3 state shows the excellent agreement of the overall Stark shi s with calculations
based on the Numerov method [55]. ¿e bottom part of the �gure shows the relative shi 
of the two hyper�ne states a er removing the overall Stark-shi , clearly indicating that the
hyper�ne splitting remains constant in an electric �eld, and no splitting of mF-components
is observed.
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selection rules in p-states as the electric �eld is increased, and the complex, non-quadratic
behaviour of the Stark shi in d-states.
We have also presented high-precision measurements of the hyper�ne splitting of Rydberg

states in 87Rb, achieving an accuracy better than 100 kHz even in a room-temperature vapour.
¿is is limited by the nonlinearity of the piezo-electric element used to change the coupling-
laser frequency while, in principle, our technique allows an accuracy better than 10 kHz. ¿ese
measurements obey the expected (n − δ)−3-scaling very well and are in excellent agreement
with low-n data such as presented in [132] as well as high-n data based on [133]. However,
our measurements show a small systematic shi compared to measurements at intermediate n
presented in [56].
¿ese measurements include hyper�ne-resolved observations of Rydberg-state Stark shi s

for the state 20s. To our knowledge no prior measurements of this kind have been demonstrated.
¿ey show no change in the hyper�ne splitting as the electric �eld is increased, and no further
splitting of mF levels, in agreement with our calculations.
¿e measurements presented above show how a resolution far below the Doppler limit is

possible for Rydberg state spectroscopy in room-temperature vapour cells. Using a vapour
cell with internal electrodes as described in this chapter, this makes high-accuracy Stark spec-
troscopy extremely simple. ¿is can be of great value for future experiments relying on excellent
knowledge of Rydberg-state energies and polarisabilities.



7RYDBERG ATOMS ON A CHIP

In this chapter we discuss the spatially resolved, coherent excitation of Rydberg
atoms near the surface of an atom chip. Electromagnetically Induced Transparency
(EIT) is used to investigate the properties of the Rydberg atoms near the gold coated
chip surface. We measure distance dependent shi s (≈ 10MHz) of the Rydberg
energy levels caused by a spatially inhomogeneous electric �eld. ¿e measured
�eld strength and distance dependence is in agreement with a simple model for the
electric �eld produced by a localised patch of Rb adsorbates deposited on the chip
surface during experiments. ¿e EIT resonances remain narrow (< 4MHz) and
the observed widths are independent of atom-surface distance down to ≈ 20 µm,
indicating relatively long lifetime of the Rydberg states. Our results open the
way to studies of dipolar physics, collective excitations, quantum metrology and
quantum information processing involving interacting Rydberg excited atoms on
atom chips.

¿is chapter is based on the paper Spatially Resolved Excitation of Rydberg Atoms and Surface E�ects on an Atom
Chip, Phys. Rev. A 81, 063411 (2010) [32]
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7.1 INTRODUCTION

In this chapter we report the coherent excitation of Rydberg atoms on an atom chip [134].
To probe the atom-surface potential and lifetime of the Rydberg states we employ excited-
state Electromagnetically Induced Transparency (EIT) [65, 135] as discussed in chapter 2. ¿e
position and width of the narrow transmission resonance re�ect the energy and lifetime of the
Rydberg state and provide a sensitive probe of the atom-surface interaction. ¿is is related to a
recent experiment investigating Rydberg excitation in a room temperature glass vapour cell at
very small distances to the walls [117]. Here we investigate the e�ects of a metallic atom-chip
surface with ultracold Rydberg atoms.
¿is is motivated by our aim to employ Rydberg blockade to optically control interactions

between atomic ensembles prepared in separate magnetic micro-traps on a magnetic lattice
atom chip [86, 87], similar to the chip design discussed in Chapters 4 and 8. Here, an unknown
factor is the in�uence of the nearby metallic surface on the lifetime and coherence properties
of the excited Rydberg atoms.

7.2 ELECTROMAGNETICALLY INDUCED TRANSPARENCY

Electromagnetically induced transparency is a coherent interference e�ect where the absorption
on a resonant transition between two states is strongly modi�ed by a coupling to a third state,
creating a narrow transparency window. A common EIT con�guration [71, 136] is the ladder-
type system investigated here. We probe the absorption on the 5s-5p transition of 87Rb, with
the 5p-state strongly coupled with a resonant laser to a highly excited nd or ns Rydberg state,
as is depicted in Figure 7.1 a).
In this experiment the coupling laser is frequency stabilised directly to the 5p → nℓ-transition

such that the transparency window is near the center of the resonance. In the limit of low probe
intensity the susceptibility is given by

χ(∆p)∝
iΓp

Γp + 2i∆p +
Ω2
c

Γc+2i(∆p+∆c)

(7.1)

where the probe absorption is proportional to the imaginary part Im(χ) [71], also see 2.3.1 and
Equation 2.23. In this equation Γp and Γc denote the decay rates of the probe- and coupling
resonances respectively, ∆p and ∆c the detunings and Ωc the Rabi frequency of the upper
transition (Figure 7.1 a).
If the Rydberg energy level shi s due to atom-atom or atom-surface interaction this leads to

a detuning of the coupling laser from resonance which is visible as a shi of the transparency
window in the absorption pro�le by a frequency ∆c . Furthermore, if the lifetime of the Rydberg
state decreases, e.g. through induced decay to neighbouring states, this leads to a broadening
of the transparency window, visible as an increase of Γc . Excited-state EIT is thus a sensitive
probe to measure interactions in a Rydberg state. Compare the discussion in chapter 2 for more
background on Rydberg states as well as origins and e�ects of EIT.
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Figure 7.1: (a) Level scheme of our system; shi s in the Rydberg state are denoted by ∆c , additional decay
channels lead to a broadening of the Rydberg transition, i.e. an increase in Γc . (b) Schematic
picture of the experimental Setup. Probe beam, coupling beam and the imaging system are
depicted. (c) Typical absorption image taken on the 5s − 5p transition. ¿e chip is located
at the top of the �gure. ¿e induced transparency due to the coupling laser is visible around
x = 100µm.

7.3 EXPERIMENTAL SETUP

We trap approximately 7 × 105 87Rb ∣F = 2,mF = 2⟩ atoms in a magnetic Io�e-Pritchard type
trap. ¿emagnetic �eld required for this trap is produced by a z-shape wire 0.3mm beneath the
atom chip surface. ¿e surface is coated with a 100 nm gold layer and electrically isolated from
the rest of the chip. Unlike the new design discussed in chapter 4 this chip does not posess a
quartz passivation layer above the gold coating. ¿e chip also features a permanent-magnet FePt
layer that has been used to create arrays of micro-traps [86, 87], but this does not signi�cantly
in�uence the experiments discussed here. ¿e atoms are cooled to temperatures of a few µK by
forced evaporative cooling.
Prior to detection, the atoms are released from the trap and expand freely for 2ms in a

uniform magnetic �eld of 1 G parallel to the probe beam. Typical peak atomic densities are
3 × 109 cm−3. A er expansion the vertical extension of the cloud is 100 µm and the cloud center
is 130(10) µm from the surface. An absorption image of this cloud is shown in Figure 7.1 c). ¿e
expanded cloud minimises possible e�ects of atom-atom interactions and allows simultaneous
probing of many atom-surface distances.
We measure Electromagnetically Induced Transparency (EIT) spectra by simultaneously

pulsing on a circularly polarised probe and a counter-propagating linearly-polarised (per-
pendicular to the chip surface) coupling laser beam for a time of 0.15ms and recording an
absorption image of the probe with a CCD camera for a variable detuning ∆p . ¿e resolution
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of our imaging system is ≈ 7 µm. ¿e probe beam is approximately uniform and much larger
than the atom cloud, whereas the counter-propagating coupling laser beam is passed through
an aperture and is imaged onto the atoms. ¿e width of the coupling beam is ≈ 60 µm and it
extends ≈ 150 µm from the chip surface; signi�cantly smaller than the size of the atom cloud,
i.e. only part of the cloud is exposed to the coupling beam and thus rendered transparent. ¿is
situation is depicted in Figure 7.1 b), and the spatial extent of the coupling beam is clearly visible
as a light region (low optical density) centered around x = 100µm, z = 50µm in Figure 7.1 c).
¿e probe laser is frequency-stabilised directly to the F = 2 → F′ = 3 transition using

Doppler-free polarisation spectroscopy in a vapour cell. We estimate the linewidth of the laser
around ≈ 500 kHz by beating it against an identical laser stabilized in the same way as the
laser used here. To measure absorption spectra it is frequency shi ed using a pair of double-
pass AOMs which allow detunings between ±20MHz. ¿e coupling beam is produced by a
frequency-doubled cw diode laser (Toptica TA-SHG). It is directly locked to the Rydberg state
of interest by vapour cell EIT as described in [78]. Compare subsection 3.1.4 and in particular
Figure 3.3 for details on this system¹. ¿is allows direct stable locking to both s- and d- Rydberg
states in the range n = 19 . . . 70; the �ne structure of the d-states is also well resolved in the
spectroscopy. We estimate the combined (two-photon) linewidth of the Rydberg excitation
lasers to be between 0.5 and 2MHz, depending on the Rydberg state used.
We extract spectra from a series of absorption images such as the one shown in Figure 7.1 c).

By analysing a series of such images taken for di�erent detunings of the probe laser we construct
an absorption spectrum as a function of detuning and distance to the surface. ¿e coupling
laser remains �xed in both position and frequency. For each detuning we take one image with
the coupling laser present, and a reference image without the coupling laser. By analysing each
pixel of these images separately we obtain spatially resolved information about the transparency
of the sample. In particular, this allows us to extract information for a large number of distances
from the surface of the atom chip at once. ¿e dashed line in Figure 7.1 c) denotes the peak EIT
signal and is used to extract EIT spectra at di�erent distances to the chip. A small angle between
the beam pro�le and the surface normal helps to align the coupling beam parallel to the surface
and minimise fringing.
It is important to realise that the atom chip used in the experiments discussed here is not the

same as that described in chapter 4, but rather an earlier generation, described in more detail
in [87]. Of the di�erences between those two generations only one is of particular relevance to
the results discussed here: ¿e older generation did not have a SiO2 passivation layer above
the re�ective gold surface. Instead the gold was exposed directly, leading to a large dipole
moment for adsorbed rubidium atoms, and subsequently to the e�ects discussed here. Further
di�erences include changes in the silver foil de�ning macroscopic wires, di�erent locking
methods for the probe laser and a di�erent imaging system for perpendicular imaging. ¿ese
changes however do not have a signi�cant bearing on the results presented here. We can not
yet present measurements of the electric �elds near the new generation atom chip.

¹While the setup discussed in chapter 3 is based on saturated absorption fm spectroscopy rather than polarisation
spectroscopy for stabilizing the frequency of the probe laser, this is the only di�erence to the setup discussed here,
and of no further consequence for the results presented here.
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7.4 EIT SPECTROSCOPY
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Figure 7.2:Optical spectra extracted from a series of absorption images for 80 probe detunings, with
coupling to the 38d5/2 Rydberg state. Square points indicate the measured optical density
spectrum taken in the absence of the coupling laser, with a �t to Equation 7.1 with Ωc = 0
(dashed line). Circles correspond to the EIT spectrum with the solid line a �t to the data using
Equation 7.1. Both spectra are obtained at a distance of ≈ 200 µm from the surface of the chip.

Figure 7.2 shows an absorption spectrum measured in the absence of the coupling beam
(square points), along with a spectrum measured with the coupling beam present (circles), for
a relatively large atom-surface distance of z≈ 200µm. ¿e former simply re�ects the natural
absorption line-shape of the 87Rb 5s → 5p transition and is used as a reference. ¿e latter
spectrum shows the EIT dip resulting from strong coupling to the 38d5/2 Rydberg state. ¿e
transparency window is close to the center of the 5s → 5p resonance. We can extract relevant
parameters, in particular the linewidth and the detuning of the Rydberg state from these
measurements by �tting the model of Equation 7.1. For the spectrum of Figure 7.2 we �nd
∆c = 0.54(7)MHz and Γc = 0.61(8)MHz. ¿e narrowest spectrum we have observed had a
linewidth of 0.4(3)MHz for the state 23s1/2 at a distance of 115 µm from the chip, consistent
with our estimates for the combined laser linewidth. ¿e non-zero �tted value of ∆c is due
to a small o�set in the locking of the probe- and coupling lasers, and constitutes a constant
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o�set which is subtracted in later analysis. ¿e measured EIT spectra demonstrate the coherent
excitation of Rydberg atoms on an atom chip, in the distance range relevant to typical atom
chip experiments. ¿e width of the resonance is currently determined by the linewidth of the
excitation laser system.

7.5 SURFACE EFFECTS

Figure 7.3 shows the �tted detuning of the EIT resonances as a function of distance to the surface
for various excited states in the range n = 22 − 36. Example spectra with �ts for some observed
level shi s are shown in Figure 7.3 (a,b) for the state 36d5/2 and in Figure 7.3 (c) for the state
23s1/2. ¿e dashed vertical line indicates the extrapolated position of the EIT resonance for
large distances (subtracted in Figure 7.3 d); a signi�cant distance-dependent shi of the �tted
resonance position is clearly recognisable. A positive shi of the detuning is equivalent to a
shi of the Rydberg level towards higher energies.
We investigate s-states ∣ℓ = 0, j = 1

2 ⟩ as well as two di�erent d �nestructure states where either
∣ℓ = 2, j = 5

2 ⟩ or ∣ℓ = 2, j =
3
2 ⟩. ¿e distance range probed in the experiments is between 20 µm

and 200 µm and in this range we observe shi s between −15MHz and +20MHz. ¿emeasured
n dependence is∝ n6.2±0.3, however there are signi�cant di�erences between measured shi s
for s, d3/2 and d5/2 states.
Notably, the measured shi s for the d5/2 states have the opposite sign as compared with

the s1/2 and d3/2 states. ¿is we attribute to the di�ering DC electric polarisability α for the
studied states indicating the shi s originate from spatially varying electric �elds. We compute
α from perturbation theory based on the analytical radial matrix elements in terms of Appell
F2 functions, including their dependence on j and ∣m j ∣ quantum numbers [137], using precise
values for the 87Rb quantum defects [56]. ¿e calculated values are in excellent agreement
with tabulated measurements for the scalar and tensor polarisabilities from previous Stark shi 
measurements of s and d-states of 85Rb [138, 139]. In particular we �nd that for nd5/2,∣m j ∣=1/2, α
is negative for the measured states, whereas the s and d3/2,∣m j ∣=3/2 states have a positive sign.
From the measured shi s we conclude that the dominant states probed in these experiments
are s1/2,1/2, d3/2,3/2 and d5/2,1/2. ¿e other ∣m j ∣ states are expected to shi at a di�erent range of
distances than those investigated. For example, for the state 22d5/2 the electric polarisability α
for ∣m j ∣ =

3
2 and ∣m j ∣ =

5
2 is about 3 and 10 times larger respectively than for the probed state

∣m j ∣ =
1
2 .

¿e spectra also provide information on the Rydberg lifetime through the parameter Γc . As
can be seen in Figure 7.3 (e) the �tted values of Γc do not measurably depend on the distance to
the chip surface. ¿e observed linewidths are of the order of the linewidth measured at large
distances to the chip, which is limited by the linewidth of our laser system (see Figure 7.2 a).
For some of the data we see evidence for other ∣m j ∣ states as double EIT resonances, which
may result in arti�cially large �tted values for Γc . Some broadening of the EIT resonances
(Γc ∼ 0.2∆c) is also expected due to integration over the inhomogeneous electric �eld over
the atomic distribution along the probe axis during imaging. ¿e largest �tted value for Γc we
observed in any measurement was below 4MHz, giving a lower bound for the Rydberg lifetime
of 0.04 µs.
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Figure 7.3: Panels (a) – (c) show absorption spectra for three di�erent points marked in panel (d). Markers
and colors correspond to those used in Figure 7.2. ¿e vertical lines in these �gures denote
the resonance position at large distances. ¿e main �gure in panel (d) shows measured shi s
of the EIT resonance for various excited states as a function of distance from the surface.
¿e measurement of 27d5/2 indicates typical error bars (standard deviation) calculated from
repeated measurements of the same state over a time-span of 3 weeks. ¿e lower panel (e)
shows �tted values for Γc for all states presented.
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Figure 7.4: Local electric �eld strength inferred from the measured Rydberg energy-level shi s and
averaged over the probe direction. ¿e solid line shows the results of a �t to the data
assuming the �eld originates from an Gaussian patch of surface dipoles (see inset) with
d0 = 7 × 105 Debye µm−2, and radius w = 100µm, averaged over the e−1/2 cloud radius of
σy = 130µm. ¿e dotted line indicates the peak �eld strength at the center of the atom cloud
(y = 0).

Shown in Figure 7.4 are values for the local electric �eld strength ∣E∣ =
√
2∆c/α inferred from

the measured Rydberg energy-level shi s. ¿e measurements are identical to those presented
in Figure 7.3; they span from n = 22 − 36 and include s, d3/2 and d5/2 angular momentum
states covering a wide range of electric polarisabilities. In this form, all data fall on a single
curve, con�rming that the measured line shi s are caused by an inhomogeneous electric �eld
originating from the chip surface. ¿e height dependence of the �eld strength roughly follows
a weak power-law decay ∝ z−0.7, thus excluding e�ects due to Van der Waals interactions
(∝ z−3) [15] or randomly distributed patch potentials expected to scale with z−2. We also
expect a contribution of the Van der Waals interaction for e.g. 26s of only ≈ 0.1 kHz at 80 µm.
¿e presented data was obtained over a time-span of approximately 4 weeks of experiments,
indicating the observed electric �eld is relatively stable and reproducible from day-to-day.
We account for our measurements by assuming the electric �eld is produced by a patch of

Rb adsorbates deposited on the chip surface. Following [14], we treat each adsorbate as an
electric dipole oriented perpendicular to the chip surface and assume a patch of adsorbates
which re�ects the Gaussian distribution of atoms released from the magnetic trap. Integrating
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the �eld over the distribution of dipoles gives the total electric �eld as a function of distance
from the surface. At the center of the patch the �eld is given by

Ez(Z)=
d0

2wє0
×[−Z + e

1
2 Z

2
√

π

2
(1 + Z2)Erfc(

Z
√
2
)] (7.2)

where Z = z/w, d0 is the peak dipole density andw is the e−1/2 patch radius. Finally, we include
averaging of the measured line shi s over the width of the atom cloud σy = 130µm (along
the probe axis at the time of detection). ¿is model is then �t to the data by least squares
minimisation as a function of z to extract the dipole density and patch size. ¿e solid-line in
Figure 7.4 shows the result of a �t to the entire data set. ¿e �t parameters are a peak dipole
density d0 = 7 × 105Debye µm−2 and a patch size w = 100µm, which is comparable to the
radius of the atom cloud a er expansion and the distance at which the trapped cloud is released.
¿e dashed-line indicates the inferred �eld strength at the center of the cloud which is roughly
20% larger than the cloud averaged �eld strength.
From the �t results and for a dipole moment of order 10Debye per ad-atom [14] we estimate

a total of ∼ 109 adsorbates on the surface. Assuming at steady state a decay rate of the order
of 2 × 10−6 s−1 (room temperature surface [14]) and an experimental cycle time of 30 s, this
corresponds to 3 × 105 deposited atoms per shot, comparable to the number of atoms released
in each run of the experiment (N = 7 × 105). Since these measurements, we have attempted
to clean the surface of adsorbates by resistively heating the z-shaped wire beneath the chip
surface (Iz = 14A, conductor temperature T≈ 80 ○C) for 48 hours, however this was insu�cient
to signi�cantly raise the surface temperature and did not have an appreciable e�ect on the
measured Rydberg line shi s. Brie�y exposing the surface to oxygen may be a better method
to eliminate the electric �eld produced by rubidium adsorbates.

7.6 CONCLUSION

¿e present experiments focus on spatially resolved excitation of Rydberg atoms on an atom
chip. We create Rydberg atoms in a cloud of rubidium atoms on an atom chip, and investigate
electromagnetically induced transparency near the chip surface. Absorption imaging in con-
junction with the recording of EIT signals is used to obtain spatially resolved EIT spectra. We
measure signi�cant shi s of the Rydberg levels as we approach the surface which we attribute
to electric �elds produced by ad-atoms adsorbed on the chip surface. A theoretical model of
the �eld produced by a Gaussian distribution of surface dipoles is in good agreement with our
data. We do not observe signi�cant broadening of the Rydberg levels. ¿e measured shi s
are not expected to inhibit the coherent creation and investigation of Rydberg atoms on atom
chips.
We clearly see that the shi s are directly proportional to the polarisabilities of the states in

question. ¿is opens new possibilities to use Rydberg excited atoms as a sensitive, spatially
resolved probe of electric �elds [140, 141]. A simple estimate of our present sensitivity to electric
�elds is ≈ 0.1 V cm−1 with a resolution 7 µm. ¿e �eld sensitivity could be straight forwardly
improved using narrow linewidth lasers and higher-lying Rydberg states.
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¿e surface e�ects due to ad-atoms observed here could be prevented in future experiments
by incorporating a magnetic �eld gradient to push the atoms away from the surface at the end
of each experimental cycle. Furthermore, use of other coating materials on the chip surface
could decrease the dipole moment of ad-atoms, or increase the desorption rate of these atoms.
¿is last suggestion was indeed implemented in the current generation atom chip, using a SiO2
coating as topmost layer to reduce the ad-atom dipole moment, as discussed in chapter 4.
Highly excited Rydberg atoms on atom chips, as demonstrated here for the �rst time, open

new avenues for the study of dipolar physics, strongly interacting systems, and quantum
information science in tailored trapping potentials. Atom chips allow the preparation of small
atomic clouds [87] ideal for investigating dipole-dipole interactions and collective excitations
in dense (1015 cm−3) mesoscopic ensembles [24, 142]. Furthermore, Rydberg atoms on atom
chips are very attractive for studying long-range Van der Waals interactions with surfaces [15]
and interfacing ultracold atoms with on-chip structures [143, 144].
¿e next chapter will discuss our �rst results on loading atoms on an atom chip expressly

designed for the purpose of studying such e�ects.



8LOADING THE NEXT GENERATION CHIP

In this chapter we will discuss the loading of ultracold atoms into the optimised
magnetic lattice structures discussed in chapter 4. ¿is will draw heavily on the
description of the experimental setup in chapter 3, but the actual experimental
sequence used in the loading procedure will be described here in detail. ¿e
atoms are imaged using an imaging system very closely related to that discussed in
chapter 5. We present a detailed analysis of the atom number and temperature in
individual traps, and also investigate variations in the trap-bottom �eld between
trap sites for both square and hexagonal lattice geometries. Finally we present
evidence for a three-body dominated loss process in our lattice.
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8.1 LOADING TRAJECTORY
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Figure 8.1: Schematic of the loading trajectory for a number of selected parameters particularly relevant
during the loading process. ¿e �rst part of the timeframe in which the MOT is loaded is not
shown. Panels on the le and right side of the �gure show the transition regions from the
MOT to the z-wire magnetic trap and from the z-wire magnetic trap to the lattice micro-traps
respectively.

¿e experimental sequence for loading atoms into the lattice starts just like the general
sequence discussed at the end of chapter 3. We begin by collecting atoms in a Magneto-Optical
Trap (MOT), creating a quadrupole magnetic �eld with a pair of external coils, turn on the
cooling and repumping lasers using shutters, AOMs and EOMs, and pulse on the Rb dispenser
for 8 s at approximately 6A to bring rubidium into the system. We then break current to the
dispenser while keeping lasers and �elds unchanged for a further 5 s to reduce background
vacuum pressure again. We have now reached point (A) in Figure 8.1 and Table 8.1, with
approximately 2 × 108 atoms collected in the MOT. Subsequently the atoms are transferred to
a u-wire MOT (uMOT) by transforming the quadrupole �eld to a homogeneous bias �eld of
3.5G in the y-direction and adjusting the current through the on-chip u-wire to 3A. ¿is
process moves the atoms to a distance of approximately 1.4mm from the chip surface, where
they are held for 9ms. ¿e bias �eld is reduced to 0.1 G and the u-wire current to 0.3A which,
in combination with an increased red detuning to −55MHz of the cooling lasers leads to a
signi�cant reduction of the temperature of the atoms to 50 µK and brings us to point (B) with
approximately 1 × 108 atoms. For optical pumping we apply a −12G homogeneous magnetic
�eld in the x-direction for 2ms and use the cooling laser shi ed with an additional AOM to the
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Trap NAtoms Temperature (µK)

MOT (A) 2 × 108 600
polgrad (B) 1 × 108 50
iMT (C) 3 × 107 250
cMT (D) 3 × 107 200
fMT (E) 3 × 105 10
µT (F) 2 × 105 50

Table 8.1: Atom numbers and temperatures at various stages of the experimental cycle. (A) through (F)
correspond to the points marked in Figure 8.1 with iMT the initial magnetic trap loaded from
the u-wire MOT, cMT the compressed magnetic trap used for evaporative cooling and fMT
the �nal macroscopic magnetic trap just before loading the microtraps µT. Atom numbers and
temperatures given here were measured while optimising the loading trajectories, and should
only be taken as indication of true atom numbers and temperatures.

F = 2→ F′ = 2 transition (and diverted to a dedicated �bre by an EOM) to drive all atoms into
the magnetically trappable ∣F ,mF⟩ = ∣2, 2⟩ state.
¿e next stage of the experimental cycle transfers all atoms to a purely magnetic trap created

by shutting o� all lasers, increasing the bias �eld to 16.5G and running a current of 15 A through
the z-wire while the u-wire current is reduced to zero. ¿is is point (C), with approximately
3 × 107 atoms trapped in the initial magnetic trap. ¿e strong compression of this trap leads to
a greatly increased temperature compared to the situation a er polarisation gradient cooling.
Before forced evaporative cooling the trap is compressed even further, but without additional
losses or (signi�cant) changes in temperature, bringing us to point (D). Here the bias �eld is
30G at a z-wire current of 16A, forming a trap at a distance approximately 700 µm from the
surface of the atom chip. Forced evaporative cooling is performed in three ramps with a total
duration of 2.7 s, starting at a frequency of 28.5MHz and with a variable �nal frequency in
the range of 1. . . 3MHz depending on the desired �nal atom number and temperature. ¿e
amplitude of the rf �eld is slightly adjusted during the ramp to take the frequency-dependent
gain of the rf coil into account. At this point we have reached point (E), the �nal z-wire trap
from which we load the permanent magnetic lattice. ¿is �nal z-wire trap is formed for a bias
�eld of 50G and a current of 17.5A at a distance of approximately 400 µm from the surface of
the chip.
¿e �nal transfer from the macroscopic z-wire trap to the microtraps formed by the per-

manent magnetic material is the step most sensitive to an accurate ramping of the bias �elds.
¿is transfer happens in two stages: �rst the z-wire current is reduced to 12.5A while the bias
�eld is reduced to 40G and the external �eld in the x direction is simultaneously ramped from
−1.5 to 0G in 10ms. ¿is forms a trap approximately 300 µm from the surface. In the second
stage the z-wire current is reduced to zero, while simultaneously By is reduced to 5G and Bz is
increased to 2G. At this point we have trapped approximately 2 × 105 atoms in the microtraps
located approximately 6 µm above the surface of the atom chip and loading both hexagonal
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Trap Io�e Field Trap Frequencies Trap Depth Height

Square (2.20, 0.10, −0.02)G (26.5, 24.8, 8.5) kHz 3.18G 6.6 µm
Hexagonal (1.52, −0.18, 0.18)G (39.1, 38.0, 6.1) kHz 3.84G 6.0 µm

Table 8.2: Trap parameters with experimentally applied bias �elds as given in the text.

and square sections of the lattice simultaneously. Absorption images of the loading process are
shown in Figure 8.3 and will be discussed in the next section.

8.2 RESULTING LATTICES

Figure 8.2 shows the loaded microtrap lattice at the end of the loading trajectory. Clearly
distinguishable are the hexagonal section on the le and the square section on the right hand
side of the �gure. At the top of Figure 8.2 we show amagni�ed view of the central area, depicting
both the hexagonal and the square section as well as the transition region between the two
geometries. ¿e symmetries are indicated by polygons in the �gure, and the transition between
the two geometries marked by a line as guide to the eye. While the basic symmetry is clearly
visible in these pictures, traps are not always well separated. Whether this e�ect is due to
the resolution of the imaging system or really due to the extension of the individual clouds is
not immediately obvious. ¿e di�erent shape of clouds in the square and hexagonal regions
indicates however that this is not purely an artifact of the imaging. Furthermore, for axial
trap frequencies of 2π × 6 kHz (see below) and a temperature of 35 µK (see 8.3.1) we �nd an
axial extension of the trap of approximately 1.7 µm, slightly larger than the expected optical
resolution.
It should be noted here that the applied bias �eld of 2G in the x direction and 5G in the y

direction is still signi�cantly smaller than the bias �elds considered in the design of the lattice
(cf. Table 4.1). More importantly, it is also pointing in the opposite direction, forming traps
not at the design positions, but on the opposite side of each lattice pattern, at the positions
indicated in Figure 4.4. While in the hexagonal section the shape of the edge on the loaded
side is somewhat similar to the shape on the design side of the pattern, for the square section
traps form at a very short edge with very di�erent shape than in the design. Nonetheless our
calculations for these traps indicate parameters (given in Table 8.2) which are comparable to
those of the design sites. We �nd trap frequencies to be slightly, but not signi�cantly lower
than in the design scenario; the main di�erence is in the depth of the traps and in the barriers
between traps: these are less than half of the design value in both geometries. ¿e Io�e �eld
needs to be reversed already when loading the macroscopic z-wire trap if one whishes to
load traps at the design position of the lattice. ¿is is one of the next steps to be taken in the
experiment, but beyond the scope of this work.
In Figure 8.3 we show the transition from the macroscopic z-wire trap to a lattice of micro-

traps. Along the x-axis we show a cut through the cloud along the dashed line indicated in
Figure 8.2, while along the y-axis we show this as a function of the time in the loading trajectory,
relative to the point at which the z-wire current is zero, as also shown on the right-hand side of
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Figure 8.2:¿e lower part of the �gure shows an absorption image of the lattice microtraps, with the
hexagonal section on the le and the square section on the right. A cut along the dashed
line is used in the generation of Figure 8.3. Above we show a magni�ed view of the center
region where again the hexagonal section is on the le and the square section on the right,
as indicated by the hexagonal and square polygons. ¿e dark line indicates the separation
between hexagonal and square section.

the �gure. Initially at −20ms we see a tight cloud with high optical density. ¿is cloud expands
starting at approximately −15ms, as reducing the z-wire current reduces the macroscopic con-
�nement. At the same time the cloud starts to approach the surface, although this is not visible
in the �gure. Corrugation in the cloud starts to appear around −5ms, �nally resulting in fully
separated traps at 0ms. A er this point the atoms are simply held in the microtraps without
further changes to any of the experimental parameters¹.
In order to allow a more quantitative analysis we now discuss the extraction of atom numbers

from the recorded absorption imagesA and reference imagesR where the reference images are
generated under the same imaging conditions as the absorption images, but a er all atoms have
been ejected from the traps. We also record a dark reference image with identical exposure
time as the other images, but in the absence of the probe laser beam. ¿is dark reference image
is here assumed to already be subtracted from A and R. In our analysis we �rst calculate
optimal reference imagesO for eachA from a set of reference images using the fringe-removal
algorithm discussed in [112]. We also calculate a per-pixel saturation parameter S based on
these optimal reference images assuming a saturation intensity of Isat = 1.67mWcm−2 and a
quantum e�ciency of our imaging system of 0.9 as

S =
O

0.9IsatτApx
h̷ω (8.1)

¹A movie of this process can be found at http://youtu.be/lWl38f-PtCc.

http://youtu.be/lWl38f-PtCc
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Figure 8.3: Absorption images of the loading process. Along the horizontal axis we plot a cut through
the hexagonal section of the lattice along the dashed line indicated in Figure 8.2. Along the
vertical axis we show this cut as a function of time during the transition from the macroscopic
z-wire trap to the microtraps. Time is given relative to the point at which the z-wire current
is zero. ¿is is indicated on the right, were we plot the z-wire current during the loading
process.

where τ is the exposure time of the imaging pulse, Apx = 1µm2 is the area of a CCD pixel in
object space and ω is the frequency of the imaging light. Based on this we can extract the
number of atoms in each pixel as

Npx = −Apx
α

σ0
[log(

A

O
) + S (

A

O
− 1)] (8.2)

where all multiplications and divisions are done element-wise. Here σ0 = 3λ2/2π is the absorption
cross section for our transition and α ≈ 3 is a dimensionless parameter depending on the probe
polarisation [112]. ¿e resulting matrix simply holds a real atom number for each pixel in the
image and can be further processed as discussed below.
Our current imaging setup is the equivalent of case e) discussed in chapter 5, i.e. imaging in a

standing wave con�guration with in-plane polarisation axis. Unlike the discussion in chapter 5,
the incoming light is circularly polarised, leading to a reduction of the SNR compared to the
discussion of that chapter. We currently do not consider any of the corrections due to the
standing wave discussed in chapter 5, both because for our exposure times of approximately
50 µs these corrections are small, and because for our trap frequencies and temperatures the
extension of the cloud is expected to be comparable to the wavelength of the imaging light.
With further cooling of the atoms these e�ects are expected to become more relevant.

8.3 SINGLE TRAP ANALYSIS

To analyse individual traps we �rst determine the center position of each trap based on a
reference image of the lattice with maximum atom number. We determine candidate trap
positions by starting from one manually determined trap, iteratively adding lattice base vectors
to the current position and �tting a two-dimensional Gaussian to a small Region of Interest (ROI)
of approximately 10 × 10 µm2 around the resulting position. ¿e center of this Gaussian is taken
as origin for the next iteration.
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Subsequently we numerically integrate a ROI of again 10 × 10 µm2 around each resulting trap
position for each individual absorption image in a scan to obtain the number of atoms in each
trap as a function of the scanned parameter. Based on an analysis of atom-free background
regions we currently estimate an uncertainty of approximately 25 atoms per trap per shot in
this analysis. Further improvements in the atom number estimation over this naive numerical
integration are possible in the future using an optimal estimator achieving the Cramér-Rao
bound, as discussed in chapter 5.
We �rst analyse the population of trap sites in the square and hexagonal sections of the

lattice based on 41 absorption images taken under identical conditions. In the square section
we analyse 175 traps, each trap containing 365(4) atoms on average. ¿e most populated trap
contains 970(10) atoms and the least populated trap 22(3) atoms. In the hexagonal section 435
traps have been loaded, each containing 440(4) atoms on average. ¿e most populated trap
here contains 1030(9) atoms and the least populated trap 6(3) atoms. ¿e di�erence between
square and hexagonal section is caused by the overall pro�le of the macroscopic trap the
microtraps are loaded from. Indicated errors are based on the standard error of the mean for
the 41 realisations.

8.3 . 1 TEMPERATURE DISTRIBUTION

We can now use the technique for extracting atom numbers from individual traps described
above to also determine the average temperature of the atoms in each trap. For the experiments
discussed here all evaporative cooling is done in the macroscopic z-wire traps. Di�erences in
the Io�e-�eld of individual microtraps (discussed below) should therefore not play a role in the
resulting temperature.
¿e main part of Figure 8.4 shows loss spectra obtained by applying a radio-frequency knife

at a �xed frequency for 20ms a er the atoms have been loaded into the microtraps. ¿e green
shaded area represents the envelope of 158 traps in the square section, the blue area the envelope
of 363 traps in the hexagonal section of the lattice. ¿e relatively slow onset of the loss near
trap bottom indicates that the data presented here unfortunately su�ers somewhat from power
broadening.
Assuming a harmonic trap with a radial trap frequency much larger than the axial trap

frequency and a temperature signifcantly larger than the condensation temperature we can �t
individual loss spectra for each trap with a model

∆N
∆t

∝ Θ ( f − f0)
√
f − f0 exp(−

2πmF h̷ ( f − f0)

kT
) (8.3)

whereΘ is the unit step function and in our casemF = 2. Here f is the frequency of the applied
radio-frequency knife and f0 is the trap-bottom frequency associated with the Io�e-�eld at the
center of the trap [79].
In the square section we �nd an average temperature of 35 µK with an uncertainty of 6 µK

from the �t. ¿e variation between all traps in this section is 8 µK. In the hexagonal section the
average �tted temperature is 32 µK with a �tting uncertainty of 5 µK and a variation of 7 µK
across the lattice (all uncertainty values are one σ). ¿e top-le panel of the �gure shows the
distribution of �tted temperature values across the lattice for the square section (green) and
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hexagonal section (blue). ¿e spatial distribution of temperatures in the lattice indicated that
traps near the edge of the lattice are slightly warmer than traps in the center. It is unclear whether
this is an artifact of the �tting or whether it is a real e�ect. Trap sites near the edge of the lattice
also tend to have fewer atoms per trap, leading both to a depletion of the traps during the rf
pulse and to a reduced SNR. As can be expected there is no signi�cant di�erence in temperature
between the square and hexagonal sections, as no cooling is done in the microtraps. ¿e
increase in global temperature compared to the �nal z-wire trap has been observed before [86]
and is attributed to adiabatic compression during loading.
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Figure 8.4:¿emain �gure shows loss spectra obtained by applying a �xed-frequency rf knife (see text)
for the hexagonal section of the lattice. ¿e shaded green (blue) area shows an envelope of the
square (hexagonal) sections. Red and black dots are based on the analysis of two individual
traps in the hexagonal section as indicated in the inset. Lines are based on (8.3). ¿e inset
shows a small part of the square (hexagonal) section for an rf-knife frequency of 2.0MHz
(1.5MHz). ¿e top le panel shows the distribution of �tted temperatures and the top right
panel the distribution of Io�e �elds for all traps considered in the analysis.
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8.3 .2 IOFFE FIELD DISTRIBUTION

Based on the same model and data as in the discussion of the trap temperature we can also
determine the Io�e �eld for each individual microtrap from the frequency f0 which is the
lowest frequency at which a loss can be observed for a �xed-frequency rf knife. ¿e Io�e �eld
is then given by

BIoffe =
2πh̷ f0
µB gF

(8.4)

for lowmagnetic �elds. A histogram of the Io�e �eld is shown in the top right panel of Figure 8.4
for the square (green) and hexagonal (blue) sections of the lattice.
In the square section the average Io�e �eld is 2.72G with a �tting error of 40mG on average,

and a deviation between di�erent traps of 160mG. In the hexagonal section the average �eld
is 1.97G with average �tting error of 30mG and a deviation of 140mG across the lattice. ¿e
observed average Io�e �elds are slightly higher than the theoretical values given in Table 8.2.
Good agreement is found assuming the real bias �elds to be larger by about 10% in both the
x- and y-directions. Such a di�erence can easily be explained by either residual �elds in the
experiment or an inaccurate calibration of our coils, and has no strong e�ect on the trap depths
or frequencies.
One observation deserving further investigation is the fact that a small number of isolated

traps showmuch larger Io�e �elds than the average. ¿e �tted loss curves for two neighbouring
traps in the hexagonal section are indicated in the main part of the �gure by black and red lines.
One of these falls near the majority of traps, with a Io�e �eld of 1.85G, while the other is one
of the few outliers with a Io�e �eld of 2.34G. Interestingly these outliers tend to be spatially
grouped together. ¿e inset in the main part of Figure 8.4 shows sections of the square and
hexagonal lattice structure for an rf frequency of 2MHz and 1.5MHz respectively. Most traps
are almost completely depleted at these frequencies in the respective sections, but a group of
four traps in each section seems completely una�ected. A similar region of traps also exists
again in a di�erent part of the hexagonal lattice structure. ¿e origin of these di�erences is
currently unknown, but might be due to defects introduced in the production of the magnetic
structure.

8.3 .3 LIFETIME

Due to the high trap frequencies of up toω = 2π × 21 kHz in the lattice three-body loss processes
can be much more important here than in most magnetic traps. Assuming the occurrence of
both one-body and three-body loss the loss rate in the number of atoms for constant temperature
and mean trap frequency can easily be modelled as

∂tN(t) = −k1N(t) − k3N(t)3 (8.5)

with a one-body loss constant k1 and a three-body loss constant k3. Here one-body loss is
dominated by collisions with background gas atoms, and three-body loss is caused by recombi-
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Figure 8.5:¿is �gure shows the lifetime of atoms in the hexagonal section of the lattice for a total of
322 analysed individual traps. ¿e shaded blue area indicates the envelope and black dots the
average of all traps. Red and green dots indicate the decay of two individual trap sites with
(733(25) and 183(11)) atoms initially. Lines are a �t to the data using (8.6). ¿e inset shows
the correlation of initial atom number N0 and decay rate k3 based on these �ts for all traps.
¿e solid line in the inset is based on (8.7) for realistic parameters (see text).

nation of two Rb atoms to a Rb2 molecule while transferring excess energy to a third atom,
ejecting all three from the trap. ¿e di�erential Equation 8.5 is solved by

η =
N(t)

N0
=

exp (−k1 t)
√
1 + (k3/k1) [1 − exp (−2k1 t)]

(8.6)

where the three-body decay rate k3 is given by

k3 =
2L3N2

0√
3

× (
mω2

2 π kB T
)

3

(8.7)

with the three-body rate constant L3 = 1.8(5) × 10−41m6 s−1. Here N0 is the initial number
of atoms in the trap, m is the mass and T the temperature of the atoms [114].
We analyse the number of atoms in 322 individual traps in the hexagonal lattice in the

same manner as above while varying the hold time in the microtraps between zero and two
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seconds. Figure 8.5 shows the range of all values found for all traps as the shaded blue area.
Furthermore the decay curves of two individual traps are plotted: For site 242 (red curve)
we �nd �t parameters N0 = 733(25) atoms, k1 = 1.2(1)Hz and k3 = 11(1)Hz while for site
128 (green curve) N0 = 183(11) atoms, k1 = 0.9(1)Hz and k3 = 1.0(6)Hz. Clearly for the trap
with lower initial atom number the three-body decay rate is signi�cantly lowered, while the
di�erence in one-body decay rate is most likely due to noise. ¿e black line shows an average
decay curve for all traps within the region we have analysed, with �t parameters N0 = 383(10)
atoms, k1 = 0.82(4)Hz and k3 = 4.7(5)Hz.
Finally in the inset of Figure 8.5 we plot the correlation between the initial atom number N0

and three-body decay rate k3 for all traps. ¿e curve is based on (8.7) assuming the theoretically
calculated trap frequencies of Table 8.2 and a temperature of 32 µK (as measured above) with
no free parameters. ¿e excellent qualitative agreement con�rms the validity of the model
(8.5). We �nd three-body decay rates which are up to a factor 10 higher than the one-body
decay rates in our experimental setup.

8.4 CONCLUSION

In this chapter we have demonstrated the ability to load microtrap lattices with a lattice period
of 10 µm and both hexagonal and square geometries. In total we �nd 600 �lled trap sites with
on average approximately 400 atoms per trap. In the center of the lattice traps with up to
1000 atoms are observed. ¿e average temperature of the atoms in the microtraps is 32 µK
in the hexagonal and 35 µK in the square sections. We observe that the Io�e �eld of a small
number of traps is much larger than on average. ¿ese outliers tend to be clustered spatially. ¿e
cause of this deviation is not yet understood. While this e�ect is problematic for the coherence
properties of these traps, for initial experiments it should easily be possible to select a chip
region which does not su�er from this e�ect.
Finally we also investigate the lifetime of atoms in the hexagonal section, and �nd strong

indications of dominating three-body loss. ¿is should naturally lead to a squeezing of the
atom number distribution below the Poisson limit [114], but further experiments are necessary
to prove this e�ect.
While the data presented here does not yet include Rydberg interactions on this new gen-

eration atom chip, it should provide an excellent starting point for further experiments. ¿e
tight con�nement of the traps leads to very high Rydberg interaction strengths at least within
a single trap, while the number-squeezing associated with the strong three-body loss should
result in relatively constant Rabi frequencies for Rydberg excitation of interacting ensembles.
E�ects due to the surface should be reduced due to the quartz coating, and sensitive detection
of small atom numbers should be possible with some further reductions in technical noise of
the current imaging system as well as improvements of the analysis.





ACONTROL SOFTWARE

As part of this thesis the so ware package labalyzer, written in Python was developed to control
the hardware and devices necessary to control the experiment. It was modelled a er a prior
control so ware developed in Labview. In principle the entire package is platform-independent,
and hence able to run on Windows, OS X and Linux. Unfortunately some of the hardware
used in the experiment provides only drivers for Microso Windows. For development and
testing so-called Simulators of all devices are part of the package, making it possible to run the
programme independently of the hardware present in the lab. To run, it requires Python < 3.0
and has been extensively tested with Python 2.7. It furthermore requires the following Python
modules to be installed:

pygtk is used as the cross-platform toolkit to display the user interface and any widgets used.
A helper programme called glade is useful in designing the interface.

numpy is an extension to python aiding in the fast processing of numeric data in the form
of arrays and matrices, internally using the routines of lapack for e�cient linear
algebra computations. ¿is is used throughout the programme, particularly in timeframe
compilation and data acquisition.

scipy is a further extension of Python for mathematical computations, providing a broad
set of algorithms for many problems. Here it is used mostly for curve-�tting. It heavily
relies on numpy for data storage.

matplotlib is used for simple function plotting.

pycairo is a so ware library providing a vector-based Application Programming Interface
(API) for two-dimensional drawing. Here it is used to draw those elements which do
not easily �t into the existing elements provided by gtk, in particular those related to
displaying the absorption images.

Image is used only to save images in jpeg-format.

csv is a module providing simple routines to read and write csv-�les, such as the timeframe.

pickle is used to store programme settings to the hard-drive.
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ctypes is a module providing a simple interface to c-compatible libraries. ¿is is used
extensively to access the vendor-provided API for programming most devices. Direct
hardware access is abstracted by a set of wrappers in the labcontrolmodule as discussed
below.

visa can be used to control VISA-compatible devices, such as oscilloscopes and voltage sources,
in a very simple and convenient manner.

A.1 LABCONTROL

¿is is a collection of wrappers to make hardware access both simple and consistent for the
main labalyzer programme. It currently contains modules for 7 di�erent hardware elements:

AgilentController is based on the visa module and used to control the output of an
Agilent 33250A arbitrary function generator.

AndorController uses ctypes to control the Andor iKon-M Camera used in the exper-
iment.

NIDAQInputController uses ctypes to record input from aNational Instruments 6014
A/D converter.

NIDAQOutputController uses ctypes to programme the output of a National In-
struments 6713 D/A converter.

PWS4721Controller is based on the visa module and used to control the output voltage
of a Tektronix PWS4721 DC power supply.

ScopeController is also based on visa and can be used to record traces from Tektronix
Oscilloscopes

ViewpointController uses ctypes to control the Viewpoint DIO64 digital I/O card.

In addition to a simple wrapper to control a device, each �le also contains a simulator of
the device it is meant to control. At startup each controller determines whether the device
it is meant to control is present or not. In the latter case it prints a warning to stdout and
automatically switches to the simulator instead. A certain number of assumptions is made in
each controller about the use of the device, hard-coding certain options that are not expected to
change and exposing only those parts of the API that are deemed necessary for the experiment.
However, the controllers are designed to be easily extendable to expose further functions if that
should become necessary.

A.2 LABALYZER

Labalyzer itself is a fairly compact programme, counting under 3000 lines of code and about
900 lines of comments in 24 �les as well as 6 XML �les de�ning the user interface. Nonetheless
it seems useful to discuss the structure of the programme in more detail to make maintenance
of the code easier in the future.
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A.2.1 STRUCTURE

¿emain executable �le of the programme is itself called labalyzer and resides in the sub-
folder /bin. However, this �le is restricted to calling the initialisation routine in the �le
__init__.py residing in the sub-folder /labalyzer, which in turn only loads the settings
before showing the window and starting the applications main loop. From this point forward
the programme is entirely event-driven, with the event-dispatching handled inside the gtk
main loop and invisible in the programme code itself. Consequently one can not simply trace
the programmes progress further by following each function as it is being called. Instead,
we will brie�y discuss the most important �les and their purpose. ¿ese can be roughly
divided into two groups: a number of user-interface related �les (LabalyzerWindow.py,
ScanselectorDialog.py, plotter.py, DatalogDialog.py and TimeframeeditorDi

alog.py) and a number of logic-related �les (constants.py, LabalyzerSettings.py,
TimeframeCompiler.py and �nally TimeframeController.py) with the last two being
the most important to understand the running of the programme.

LabalyzerSettings.py is responsible for storing a number of settings which can be
changed by the user, and providing these throughout the programme. Settings are stored
on disk, in Windows typically under C:\Documents and Settings\username \App

lication Data\labalyzer and on Linux typically in ∼/.config/labalyzer. A
constant SETTINGS_VERSION is de�ned at the top of the �le, and checked against the
settings stored on disk. If the two di�er all settings are reset to the hard-coded initial
values of LabalyzerSettings.py. Accordingly, if one makes changes in this �le it is
necessary to change the value of SETTINGS_VERSION for the changes to take e�ect. ¿e
settings de�ned here include the names and limits of the di�erent hardware channels
used in the timeframe, as well as various other settings used throughout the programme.

LabalyzerWindow.py contains all the event-handling functions for the main window.
Whenever the user e.g. clicks on a button or toggles a check-box it results in a function
de�ned in this �le being called. ¿e mapping of events to event handlers is done in the
XML �les de�ning the user interface, and is most easily seen in glade. However, very
little of the actual logic is treated here. Rather, this �le is only responsible for correctly
displaying information, and passes all control on to TimeframeController.py.

plotter.py de�nes the necessary routines to display absorption images as well as cross-
sections and �ts. It is also responsible for the actual �tting, and passes the results back to
LabalyzerWindow.py to be displayed.

TimeframeController.py Is the main �le for handling programme logic. It tracks the
state of the programme (e.g. whether a timeframe is running or not, if so whether it is
scanning a variable or not etc.) and acts accordingly. It is for example responsible for
sending the right commands obtained from compiling a timeframe to the hardware, as
well as collecting all measurement data each cycle, passing it on to e.g. plotter.py to
be displayed and saving the results to disk as necessary. ¿e most important functions
de�ned in this �le are:
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attemptStateChange(self, new_state) which is called when the user re-
quests the state of the programme to change, e.g. by clicking the “Go Steady” button.
If the requested change is legal it arranges for the change to take e�ect at the next
opportunity.

prepareScan(self) is calledwhen a scan is started to prepare the values the variable
being scanned is to take during the scan, but also to determine the timestamp for
this scan, create the necessary folder, etc.

startTimeframe(self) is called whenever a new timeframe is to be run. It asserts
whether the timeframe is already compiled, attempts to compile it if necessary,
programmes all hardware if compilation was successful and then starts execution
of the timeframe.

clock_tick(self) is regularly called by a timer. While a timeframe is running it
checks at regular intervals (every 100ms) whether the camera has acquired three
images. If so, it calls acquireData to read and process all data.

TimeframeCompiler.py is responsible for turning the human-readable list of com-
mands saved in the timeframe into data that can be processed by the di�erent devices
controlling the experiment. ¿is is some of the most complex code and is discussed in
more detail below.

A.2.2 TIMEFRAME COMPILATION

Some of the most important, and most involved parts of the code deal with the problem
of converting the timeframe, which should be in a format easily understood and edited by
humans, into commands that can be used to programme the hardware actually controlling the
experiment. ¿ese commands are typically large numeric arrays. For the DIO64 digital I/O card
each row corresponds to a di�erent step. ¿e �rst two columns contain timing information,
while the following four columns contain the output state to be programmed for each of the four
banks, with each line being encoded as one bit in a 16-bit unsigned integer. For the National
Instruments D/A-converter each column corresponds to a di�erent channel, and each row
to a di�erent step in the experiment. No timing information is necessary as the next step is
always triggered at the correct time by the DIO64 card. Additional information, such as e.g.
the camera ROI also needs to be extracted from the timeframe and is encoded in a dictionary.
In all of these operations the Python built-in eval is heavily used. ¿is allows the use of any
Python-compatible commands in the timeframe.
Compilation of the timeframe requires multiple steps:

• First all variable de�nitions need to be found and parsed. ¿is is done in the function
parseVariables. It traverses the timeframe row-by-row, identi�es all those which hold
a variable de�nition by the keywords External parameter in the appropriate columns and
adds it to a dictionary of variable names with the (as yet unparsed) variable de�nition as
its value.
It subsequently tries to determine all values in the dictionary using Pythons eval com-
mand. Whenever a value is evaluated successfully it is removed from the dictionary, and
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added to an independent dictionary of parsed variables. ¿is new dictionary is used in
trying to determine the value of the remaining variables. ¿is procedure is repeated for a
maximum of 64 times. In the case of circular dependencies, or a recursion depth greater
64 an error message is generated.

• Following this, the actual compilation of the timeframe takes place in the function
compileTimeframe. ¿is happens in two stages. In the �rst stage timeframe commands
for the digital and analog output cards are stores in dictionaries. ¿ese dictionaries use
the absolute time of a command as key. For each key it stores a list of lists: the outer list
stores all channels to be programmed at a given time. For each channel the inner list
stores which channel to programme, and which value to set. In the case of analog output
cards the value is simply a number; for digital output cards the value is the bit-mask
necessary to set or unset that channel. In the second stage these dictionaries are converted
into numpy arrays which can be sent to the hardware.

During the �rst stage this routine also traverses the timeframe row-by-row. It determines
the row type utilising a helper function called getRowType.

– If the row is identi�ed as an analog device, i.e. part of the National Instruments
6713 D/A converter channels it �rst determines the new value for the device, again
using eval. It then checks whether the value of the column de�ning the ramp type
is either step or one of the ramp values de�ned in a dictionary of ramp functions
stored in settings, and in the case of a ramp generates all necessary steps from the
ramp function de�nition stored in this dictionary. It then appends the new values
to the dictionary described above. If no entry existed in the dictionary for this
timestamp before it adds the necessary trigger commands to the dictionary storing
commands for the DIO64 card.

– If, on the other hand, the row is identi�ed as a digital channel the DIO64 card needs
to be programmed. In this case no ramp functions are possible, and the dictionary
can be directly populated.

– If the row is identi�ed as a command for the DDS board a helper function called
translateDDSCommand generates the necessary commands. Subsequently these
are added to the list of commands for the DIO64 card.

– If the row is used for a di�erent device, such as the camera ROI the parameter and
value are directly stored in an independent dictionary.

– Variable de�nitions and comments are simply ignored. A row that can not be
identi�ed is ignored, but an error message is shown in the timeframe. ¿is also
happens if an error occurs in one of the steps above.

In the second stage the dictionaries need to be converted to numpy arrays. ¿ese are
�at, i.e. one-dimensional arrays. For the analog devices the size of the array needs to be
8 times the number of analog commands per card, as each card supports 8 channels.
¿e array holds �oat64 data. Iterating over the dictionary entries each value can be
determined easily.
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For the DIO64 card the length of the array needs to be 6 times the number of digital
commands, each holding a 16 bit unsigned integer. Of each group of 6 the �rst two
elements hold the timestamp at which the update is to occur, and the last four hold
the output pattern for each of the four banks of the card. Of these only two banks are
currently used, one for direct trigger lines and one to programme the DDS. ¿e timestamp
is stored in clock cycles, with the �rst array element holding the two lowest bytes and the
second array element holding the two highest bytes. At an update rate of 10MHz this
corresponds to a maximum timeframe time of approximately 7min.

Typical compilation times without further optimisations are of the order of 0.5 s for a timeframe
of 30k analog commands and 60k digital commands.

A.2.3 USER INTERFACE

Figure A.1: Labalyzer user interface. ¿e upper part shows the programme running a timeframe, the
lower part shows the changes if the programme is operated in the Direct Controlmode. See
text for a detailed description.
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¿e labalyzer user interface is shown in Figure A.1. ¿e upper part of the �gure shows
the labalyzer main window while a timeframe is running. It is dominated on the top-le by
the last recorded optical density image, in this case a simulated image as the screenshot was
produced on a computer not connected to the experiment. In its place it is also possible to
show the raw absorption, reference or dark images. Below the image the timeframe is shown,
although only a short section of the timeframe is visible in the screenshot. ¿e lines of the
timeframe are color-coded, and lines where errors have occurred always appear in red. To the
right of the timeframe a number of buttons can be seen which are used to control the state of
the programme. In addition, the Edit Timeframe button opens a new window in which the
timeframe can be changed. Changes made to the timeframe in this manner are immediately
taken into account for the next cycle. On the rightmost side a button can be seen which switches
between the timeframe mode, and a mode called Direct Control in which the value of each
output channel can be set manually. Above these �t results are shown and �tting options made
accessible, while other tabs allow quick access to a number of further settings and information
on variable scans.
Below the lower part of the programme can be seen when it has been switched to Direct

Control. Here the state of all digital lines can be set directly by the buttons on the le , the value
of all analog channels be determined by the sliders on the right and the frequency of the DDS
be controlled by the elements on the far right side.

A.3 STARKALYZER

A further so ware package has been written for the experiments described in chapter 6.
While completely independent of labalyzer, it also makes heavy use of the abstracted hardware
interfaces of labcontrol. ¿is is a much smaller programme than labalyzer, with all important
code contained in the single 400-line �le StarkalyzerWindow.py. ¿e most important
functions are

startScan which calculates all values to be set to the voltage supplies during a scan and
starts a timer managing data acquisition, and

clock_tick which regularly checks whether the National Instruments 6014 A/D cards have
�nished acquiring data. If so, it programmes the next step and restarts data acquisition
on the NI cards.

¿e only further feature worthy of note here is that the data acquisition happens out-of-band
in a separate thread running AcquireData to keep the user interface responsive, as each
individual scan takes up to one minute to complete.





BOPTICAL DENSITY OF A SINGLE ATOM

We start from the simple con�guration of a single atom at rest, placed in the centre of the mini-
mum waist of a travelling-wave laser beam (cf. chapter 5). ¿e laser is taken as monochromatic,

Ein(xo , yo , z, t) =
1
2
E
(o)
in (xo , yo)u e i(kz−ωt) + c.c. (B.1)

where c.c. denotes complex conjugate, u is a complex polarisation unit vector, E(o)in (xo , yo)
is the amplitude in the object plane with coordinates xo , yo . We assume that the laser is
collimated in the object plane, so we can choose E(o)in (xo , yo) to be real. ¿e incident intensity
is I(o)in (xo , yo) = [E(o)in (xo , yo)]

2
/2Z0, with Z0 = (є0c)

−1 =
√
µ0/є0.

We describe the total light �eld as a sum of this incident plane wave plus a scattered wave.
Assuming they have the same polarisation we ignore from now on the polarisation vector.
¿e total light �eld is imaged onto a detector plane where we measure the total intensity
Idet(ρ = (x , y)). ¿e scattered wave has both a coherent and an incoherent contribution, which
we add separately as follows,

Idet(ρ) =
1

2Z0
∣Ein(ρ) + E

(coh)
sc (ρ)∣2 + I(incoh)sc (ρ) (B.2)

= Iin(ρ) + Isc(ρ) + Iif(ρ) (B.3)

¿e total scattered intensity Isc(ρ) is the sum of a coherent and an incoherent contribution,
I
(incoh)
sc (ρ) = sI

(coh)
sc (ρ) where s is the saturation parameter [145],

s =
Ω2
Rabi/2

δ2 + Γ2/4
=

Iin/Isat

1 + 4δ2/Γ2
(B.4)

¿e third term in Equation B.3 is the interference term,

Iif(ρ) =
Ein(ρ)

Z0
Re (E(coh)sc (ρ)) (B.5)

where E(coh)sc (ρ) is complex-valued. ¿e interference intensity is typically negative at the center
of the image, as it reduces the total intensity in the image plane.
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¿e absorbed intensity is given by

Iabs(ρ) = Iin(ρ) − Idet(ρ) = −Iif(ρ) − Isc(ρ) (B.6)

¿e terms on the right can be related to the total scattered power Psc a er integration. ¿e
imaging system collects a fraction χ of the scattered power, while a fraction 1− χ is not collected.
¿e latter represents the power that is “missing” in the detection plane, by virtue of energy
conservation:

χPsc = ∫ Isc(ρ) d
2ρ (B.7)

(1 − χ)Psc = ∫ [Iin (ρ) − Idet (ρ)] d
2ρ (B.8)

where the integration is over the detection plane. ¿ese expressions presume that the incident
laser beam is entirely captured by the imaging system, so that no interference occurs in the
non-collected light. When we add the scattered fractions only the interference integral remains,

Psc = −∫ Iif(ρ) d
2ρ (B.9)

¿e interference integral must clearly be negative, and equal to minus the total scattered power
(coherent plus incoherent). Note that it is independent of the collection solid angle.
Next, we introduce the Point-Spread Function (PSF) to describe how the point-like atom is

imaged in the detection plane:

E
(coh)
sc (ρ) = A p(ρ)

with complex amplitudeA. We choose the (complex valued) PSF to be normalised as

∫ p(ρ) d2ρ = 1 (B.10)

such that p(ρ) has the dimension 1/area and a = [∫ ∣p(ρ)∣2 d2ρ]
−1
can be interpreted as the

e�ective area over which the scattered light is distributed in the detection plane.
¿e absorption signal, Equation B.6, can now be written as

Iabs(ρ) = −
Ein(ρ)

2Z0
[A p(ρ) + c.c.] −

1 + s
2Z0

∣A∣
2
∣p(ρ)∣2 (B.11)

In most practical cases we can approximate the probe beam as a nearly plane wave, and p(ρ)
as sharply peaked compared to Ein(ρ). Taking the latter outside the interference integral,
Equation B.9, replacing Ein(ρ) ≈ Ein(0), we obtain, using Equation B.5,

∫ Iif(ρ) d
2ρ =

Ein(0)Re (A)

Z0
= −Psc (B.12)

Using the integrals de�ned above, we can then express the interference term as

−Iif(ρ) ≈ Psc [Re (p(ρ)) −
Im (A)

Re (A)
Im (p(ρ))] (B.13)
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If the atom is in the focal plane of the imaging system we can take p(ρ) to be real-valued
so that the Im (p(ρ)) term vanishes. ¿e term also vanishes if the probe beam is exactly on
resonance with the atomic transition. In this case Im (p(ρ)) /Re (p(ρ)) = tan(argA) = 0. ¿e
approximation of a resonant probe beam is valid as all Doppler shi s are less than 2% of the
natural linewidth of the transition for the optimum exposure parameters found in the main
part of chapter 5. In both cases the absorption signal then reduces to

Iabs(ρ) ≈ Psc [Re (p(ρ)) − a χ ∣p(ρ)∣2] (B.14)

¿e leading term in the absorption is simply given by the scattered power. ¿e correction
expresses the partial “re�lling” of the absorption dip by scattered light. Within the above
approximation the absorption signal can also be expressed in terms of the scattering cross
section. ¿e rate at which an atom scatters photons can be determined by solving the optical
Bloch equations as

Γρ22 =
Γ
2

s

1 + s
(B.15)

and consequently the total scattered power is given by

Psc = h̷ω ×
Γ
2

s

1 + s
=
σ Iin

1 + s
(B.16)

where σ is the absorption cross section of the atom. ¿en Equation B.14 can be written as

Iabs(ρ)

Iin(0)
=

σ

1 + s
[Re (p(ρ)) − a χ ∣p(ρ)∣2] (B.17)
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POPULAR SUMMARY

QUANTUM INFORMATION PROCESSING

A quantum computer is a device that uses the properties of physical systems described by
quantum mechanics to carry out calculations, just like a classical computer uses the properties
of systems described by classical physics. Quantum computers can potentially have signi�cant
advantages over classical computers: certain problems (such as factoring large integer numbers)
can be solved much faster by a quantum computer than by any conceivable classical com-
puter; they can also simulate other physical systems much more e�ciently than conventional
computers, which is of great interest in many �elds of both fundamental and applied research.
¿e basic unit of the quantum computer is the qubit. Like its classical counterpart, the bit,

information is stored in qubits. However, unlike classical bits which can either take the value 0
or the value 1, qubits can be in a so-called superposition state of both 0 and 1 simultaneously.
Furthermore, two di�erent qubits can be entangled, that is, they can possess strong non-classical
correlations — neither may be described without also taking the other into account. ¿ese are
the properties that make quantum information processing interesting — but they also make
it very di�cult: unfortunately, these e�ects are very sensitive to external disturbances — as
soon as a qubit interacts with the environment decoherence sets in, modifying or destroying the
quantum state of the qubit. On the other hand, controlled interactions with other qubits are
necessary to perform calculations.
It is therefore one of the greatest challenges in building a quantum computer to on the one

hand manufacture controlled interactions between qubits, while on the other hand keeping
unwanted interactions with the environment to a minimum. Furthermore, one needs to do
this in a way which is scalable to a large number of qubits, one needs to be able to manipulate
each individual qubit coherently, and one needs to be able to accurately determine the state of
the qubits at the end of a calculation.
Our vision for developing such a quantum computer is based on strongly interacting Rydberg

atoms above a permanent magnetic lattice atom chip. Here qubits are de�ned on small clouds
of ultracold rubidium atoms, trapped in a regular array of magnetic microtraps formed by
the magnetic �elds generated by the atom chip and external coils. ¿e qubit state is encoded
in two di�erent hyper�ne ground states of the atoms. ¿ese interact only weakly with the
environment, making them very robust against decoherence. To facilitate interactions between
di�erent clouds atoms can be excited to strongly interacting high-lying Rydberg states. ¿is
is done only during gate operations, de-exciting the atoms again as soon as possible to limit

135



136

decoherence problems. In this way the atoms are strongly interacting only when they need to
be, while information storage is done in well-protected ground states. Single qubit rotations
can be carried out individually via a pair of Raman lasers, or collectively via combined rf- and
microwave pulses. Each qubit can easily be addressed optically due to the relatively large lattice
period using relatively simple optical systems. Equally, each qubit can be imaged individually
on a CCD camera for readout.

THIS WORK

In this thesis the building blocks of such a quantum computer are developed. In chapter 4
we discuss the design and implementation of the next generation atom chip for quantum
information processing developed in Amsterdam. ¿is chip features optimised lattices with
both square and hexagonal geometries of 10 µmperiod, large trap depth and symmetric barriers.
Furthermore the top layer is optimised to minimise the dipole moment of adsorbed rubidium
atoms. Finally the chip assembly includes a high-NA imaging lens for sensitive absorption
imaging of atoms trapped on the chip.
¿e limits of this imaging system are explored theoretically in chapter 5. In particular we

investigate the �delity with which a single atom in one of our microtraps can be detected
using absorption imaging, and determine optimum imaging parameters. We can show that
absorption imaging in a standing wave as it naturally occurs in our experiment is more sensitive
than traditional single-pass absorption imaging. In our current setup, the presence of a single
atom should be discernible with an accuracy of 81% in a single measurement.
In chapter 6 we carefully investigate the e�ect of electric �elds on Rydberg states in a well-

controlled environment independent of the atom chip. An accurate understanding of these
e�ects is very important for future experiments on an atom chip due to the high sensitivity of
Rydberg atoms for electric �elds.
¿e �rst steps in this direction are taken in chapter 7 in which we examine the production of

Rydberg atoms close to the surface of our permanent magnetic atom chip (but not yet trapped
in the lattice). We �nd that while electric �elds are present here, they only shi the Rydberg
state energies, but do not lead to any additional decoherence.
While the experiments of this chapter were performed on an older chip generation, in

chapter 8 we �nally load atoms in the magnetic lattice microtraps of the chip described in
chapter 4. We show �rst results on atom numbers, temperatures and trap homogeneity in this
system for both square and hexagonal geometries, and provide �rst indications of the presence
of strong three-body loss leading to number squeezing of the atom number in the traps.



POPULAIRE SAMENVATTING

QUANTUM INFORMATIE VERWERKING

Een Quantumcomputer is een apparaat dat de quantummechanische eigenschappen van fy-
sische systemen gebruikt om berekeningen uit te voeren, net zo als een klassieke computer
gebruikmaakt van klassieke eigenschappen. Quantumcomputers kunnen in theorie aanzienlijke
voordelen hebben ten opzichte van klassieke computers: er zijn problemen (zoals factorizeren
van grote gehele getallen) die door een quantum computer veel sneller kunnen worden opgelost
dan door enig denkbare klassieke computer. Quantumcomputers kunnen ook veel e�ciënter
andere fysische systemen simuleren dan conventionele computers. Dat is van groot belang in
veel velden van zowel fundamenteel en toegepast onderzoek.
De basiseenheid van de quantumcomputer is de qubit. Net als bij zijn klassieke equivalent,

de bit, dient de qubit ertoe om informatie op te slaan. In tegenstelling tot klassieke bits die of de
waarde 0 of de waarde 1 kunnen hebben, kan een qubit in een zogeheten superpositietoestand
van beide 0 en 1 tegelijkertijd zijn. Bovendien kunnen twee verschillende qubits worden
verstrengeld, of tewel ze kunnen beschikken over sterke niet-klassieke correlaties — de één kan
dus niet worden beschreven zonder ook de ander meeterekenen. Dit zijn de eigenschappen die
quantum informatieverwerking interessant maken — maar ze maken het tegelijkertijd heel
moeilijk. Deze e�ecten zijn helaas zeer gevoelig voor externe storingen — zodra een qubit in
wisselwerking met de omgeving staat zet decoherentie in, dus word de quantum toestand van
de qubit gewijzigd of vernietigd. Anderzijds zijn gecontroleerde interacties met andere qubits
wel nodig om berekeningen uit te kunnen voeren.
Daarom is een van de grootste uitdagingen bij het bouwen van een quantum computer

enerzijds gecontroleerde interacties tussen qubits te vervaardigen, terwijl anderzijds ongewenste
interacties met de omgeeving tot een minimum te beperken. Bovendien moet men dit op
een manier ontwerpen die op te schalen is tot een groot aantal qubits, men moet elke qubit
afzonderlijk coherent kunnen manipuleren en men moet in staat zijn de toestand van de qubits
nauwkeurig te bepalen aan het eind van een berekening.
Onze visie voor het ontwikkelen van een dergelijke quantumcomputer is gebaseerd op de

sterke interactie tussen Rydbergatoomen boven een atoomchipmet een permanentmagnetische
roosterstructuur. Hier worden qubits gede�nieerd op kleine wolken van ultrakoude Rubidium
atoomen, gevangen in een regelmatige reeks van magnetische microtraps gevormd door de
magnetische velden van de atoomchip en externe spoelen. De qubit toestand wordt gecodeerd
in twee verschillende hyper�jn grond toestanden van de atoomen. Deze wisselwerken slechts
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zwak met de omgeving, waardoor ze goed bestand zijn tegen decoherentie. Om de interacties
tussen verschillende wolken mogelijk te maken kunnen atoomen naar sterk wisselwerkende
hooggelegen Rydbergtoestanden kunnen worden gebracht. Dit gebeurt alleen tijdens poort
operaties, en de atoomen worden zo snel mogelijk weer terug gebracht naar de grondtoestand
om problemen met decoherentie te beperken. Op deze manier zijn de atoomen alleen, wanneer
nodig, sterk wisselwerkend, terwijl de opslag van informatie plaats vindt in goed beschermde
grondtoestanden. Enkele qubit rotaties kunnen afzonderlijk worden uitgevoerd via één paar
Raman lasers, of collectief via gecombineerde rf-en microgolf pulsen. Elke qubit kan makkelijk
optisch worden aangesproken dankzij de relatief grote rooster afstand met behulp van relatief
eenvoudige optische systemen. Ook kan elke qubit afzonderlijk worden afgebeeld op een CCD
camera om de toestand van de qubit te bepaalen.

DIT WERK

In dit proefschri worden de bouwstenen van een dergelijke quantumcomputer ontwikkeld.
In hoofdstuk 4 wordt het ontwerp en de implementatie van de volgende generatie atoomchip
voor quantum informatie verwerking ontwikkeld in Amsterdam besproken. Deze chip is
voorzien van geoptimaliseerde roosters met zowel vierkante als zeshoekige geometrie met
een roosterafstand van 10 µm, diepe vallen en symmetrische barrières. Verder is de toplaag
geoptimaliseerd om het dipoolmoment van geadsorbeerde rubidium atoomen teminimaliseren.
Tenslotte bevat de chip constructie een lens met hoge numerike apperture voor gevoelige
absorptie afbeelding van de atoomen die gevangen zijn op de chip.
De grenzen van het afbeeld systeem zijn in theorie onderzocht in hoofdstuk 5. Met name

onderzoeken we de betrouwbaarheid waarmee een enkel atoom in een van onze microvallen
kan worden gedetecteerd met absorptie afbeelding en bepalen we optimale beeldparameters.
We kunnen aantonen dat absorptie beeldvorming in een staande golf net als het van nature
in ons experiment het geval is, gevoeliger is dan traditionele single-pass absorptie afbeelding.
In de huidige opstelling is de aanwezigheid van één enkel atoom waarneembaar met een
nauwkeurigheid van 81% in een enkele meting.
In hoofdstuk 6 kijken we zorgvuldig naar het e�ect van elektrische velden op Rydbergtoe-

standen in een goed gecontroleerde omgeving, onafhankelijk van de atoomchip. Een juist
begrip van deze e�ecten is zeer belangrijk voor toekomstige experimenten op de atoomchip
vanwege de hoge gevoeligheid van Rydbergatoomen voor elektrische velden.
De eerste stappen in die richting worden genomen in hoofdstuk 7 waarin we de productie

van Rydberg-atoomen aan de oppervlakte van onze permanent magnetische atoomchip (maar
nog niet gevangen in het rooster) onderzoeken. Wij vinden dat, terwijl elektrische velden hier
aanwezig zijn, ze alleen de energieën van de Rydberg toestand verschuiven, maar niet tot extra
decoherentie leiden.
Terwijl de experimenten van dit hoofdstuk werden uitgevoerd op een oudere generatie

atoomchip, laden we in hoofdstuk 8 atoomen in het magnetische rooster microvallen van de in
hoofdstuk 4 beschreven chip. We tonen eerste resultaten van atoomgetallen, temperatuur en val
homogeniteit in dit systeem voor zowel vierkante als zeshoekige geometrieën en we presenteren
indicaties van de aanwezigheid van sterk drie-deeltjes verlies wat leidt tot sub-poisonische
�uctuaties van het aantal atoomen in de vallen.
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