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1 Introduction

1.1 Rydberg atoms in atom-chip experiments

An important challenge in the experimental realization of quantum information
protocols and in quantum simulation is to create strong, long-range, tunable and
switchable interactions. Rydberg atoms have exaggerated properties, such as very
large electrical polarizabilities and (induced) dipole moments [31]. These charac-
teristics make them very good candidates as mediators of the needed interactions,
and are the reason why they are now being widely pursued as systems for quantum
information science. Various approaches are used, including cavity quantum elec-
trodynamics [43], trapped ions [65] and neutral atoms [35,86,96,107]. Among these
approaches the combination of atom-chips [85] with neutral atoms offers unique
opportunities to study quantum-degenerate gases with the advantage of having a
compact system that allows the efficient manipulation of quantum gases.

Due to their sensitive response to electric fields, Rydberg atoms are also used
as a tool for electrometry [1]. One of the disadvantages of using Rydberg atoms in
an atom-chip experiment is the presence of spatially inhomogeneous electric fields
[45, 47, 95]. These fields are produced e.g. by adsorbates (deposited) on the surface
of the chip [45,88,95] or by a voltage drop across current-carrying wires on the chip.
Due to the large polarizability of Rydberg atoms and their proximity to a surface,
the coherence of the excitation will be limited by these stray electric fields. This
makes the observation of Rydberg-mediated interactions in such systems a challenge.

1.2 The CELSIUS setup

The experiments described in this thesis were performed using the CELSIUS setup.
The name CELSIUS stands for Chip Experiment for Low-dimensional Strongly In-
teracting Ultracold System. With this setup it is possible to generate one-dimensional
Bose-Einstein condensates using an atom-chip [99, 100]. Rubidium atoms are mag-
netically trapped in vacuum at ∼ 100 μm below the chip surface and cooled down
via evaporative cooling. One of the advantages of using a chip is that the cooling
process is much faster [42] and that tight traps can be achieved [84]. The resulting
cold cloud of atoms has an elongated character. This character is achieved due to
the ability of the atom-chip system to generate high magnetic field gradients in the

1



517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin
Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018 PDF page: 10PDF page: 10PDF page: 10PDF page: 10

2 Introduction

proximity of the surface. The resulting magnetic trap has a cylindrical symmetry,
with a tight radial confinement and a weaker longitudinal confinement.

During this PhD project we extended this setup so we would be able to explore
Rydberg physics with it. As was mentioned before, the combination of Rydberg
atoms with surfaces can be challenging. Therefore a detailed characterization of the
mentioned stray electric fields via the analysis of Stark-Zeeman maps is crucial.

Here, we employ two-photon Rydberg Stark spectroscopy of a micron-sized cloud
of magnetically trapped ultracold 87Rb atoms to characterize the electric fields near
our atom-chip. An additional auxiliary electric field is generated at the location of
the atoms by applying a voltage to an on-chip wire adjacent to the magnetic trapping
wire. We show that it is possible to characterize all three vector components of
the local electric field (even though only one component is controlled) by a careful
analysis of the measured Stark-Zeeman spectra of S and D states. The results are
consistent with the calculated structure of Rydberg states in combined magnetic
and electric fields, this allows us to place an upper bound on the stray electric field
emanating from the chip surface. We also characterize the electric field gradient
along the long axis of the cloud.

Once we characterized the local electric fields we were able to study in more
detail the effect of Rydberg excitation in the ultracold cloud of atoms. For instance
we studied the formation of ultralong-range Rydberg molecules in the system. This
kind of molecules was observed before [9] and can be easily be observed in our system
due to the high densities at which we perform Rydberg excitation.

1.3 Overview

This thesis is structured as follows. Chapter 2 reviews the main theoretical concepts
that support the experiments we will describe later. This includes basic concepts
of Bose gases, trapping and cooling of atoms and Rydberg physics. Chapter 3 is
dedicated to the description of the CELSIUS experimental setup. This includes a
description of the laser system we used to cool and trap rubidium atoms as well
as the laser system we use for the Rydberg excitation process. In this chapter the
frequency stabilization of the lasers is also shown. A brief description of the vacuum
system and atom chip is presented. Finally, the experimental sequence for cooling
and trapping as well as for Rydberg excitation is described in this chapter.

After a period of inactivity of the setup we had to reproduce measurements so
we could re-characterize the experiment. This process is described in Chapter 4,
including the transition from a thermal cloud to a Bose Einstein condensate as well
as measurements of the trap frequencies. In the same chapter we show measurements
that characterize the Rydberg excitation performed in the CELSIUS setup. This
includes measurements of the Rabi frequency as well as the process we use to perform
Rydberg spectroscopy.

The last chapters of this thesis are dedicated to Rydberg experiments performed
in the CELSIUS setup. It is well known that Rydberg atoms are very sensitive to
electric fields. In Chapter 5 we characterize the local electric fields as well as the
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1.3 Overview 3

gradients at the position of the atoms generated by the chip itself. This is done by
measuring Stark-Zeeman maps of S and D Rydberg states. In Chapter 6 we show
the observation of ultralong-range Rydberg molecules. Here we also show various
methods to calculate Rydberg wavefunctions and the way in which they are related
to ultralong-range Rydberg molecules. Chapter 7 is dedicated to the description of
attempts in observing Rydberg interactions in our atom-chip experiment, including
both a 3D and 1D description. In Chapter 8 we investigate the possibility of inducing
rf-transitions within the manifold of the 28D5/2 Rydberg state. These transitions can
be used for different purposes, such as enhancing the detection method or populating
states that can not be populated directly with a two-photon laser transition.
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2 Theoretical background

This chapter reviews the theory that supports the experiments pre-
sented in this thesis. The main topics are ultracold atoms, magnetic
trapping and Rydberg atoms. A brief description of the theory con-
cerning interaction of Rydberg atoms with electromagnetic fields is
included in this chapter as well as a section on interactions between
Rydberg atoms.

2.1 Introduction

Bosons are indistinguishable particles that follow Bose statistics [37], which is char-
acterized by the fact that it allows and often favors the same quantum state to be
occupied by more than one particle. The first physicist who identified this behavior
was Satyendra Nath Bose: in 1924 he developed a new statistics for photons [10]
in which he derived Planck’s quantum radiation law without using classical physics.
In 1925, Einstein extended this work to (non-interacting) atoms [24] where the total
number of particles is conserved. This work led to the prediction of a new phe-
nomenon, now called Bose-Einstein condensation (BEC), in which, below a certain
temperature, bosonic atoms would condense into the lowest energy quantum state.
The major implication of this phenomenon is that, due to the overlap of the wave-
functions of each atom, microscopic quantum behavior becomes macroscopic. Later
on, it was discovered that superfluidty of liquid helium could be explained by con-
densation [58], in which a fraction of the atoms reach the lowest energy level when
helium is cooled down below a certain critical temperature. After this, physicists
started making an effort in observe this new phenomenon in a gas. The major com-
plication was to reach the proper temperature at which some fraction of the gas
starts condensing, with the difficulty that most substances do not remain gaseous
at low temperatures.

In parallel to the experimental efforts to observe a BEC the field of laser cool-
ing and trapping developed. In 1975 Wineland and Dehmelt [110] and Hänsch and
Schawlow [41] proposed independently the technique of laser cooling. These pro-
posals states that it is possible to use near-resonant laser light to cool atoms via
the transfer of momentum between them. For instance, atoms absorbing photons
traveling in the opposite direction can be slowed down via a momentum transfer.

5



517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin
Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018 PDF page: 14PDF page: 14PDF page: 14PDF page: 14

6 Theoretical background

Furthermore, by using three pairs of counterpropagating lasers in three orthogonal
directions it is possible to decrease the velocity of the atoms in relatively short pe-
riods of time, reaching temperatures of the order of μK, this phenomenon is known
as optical molasses.

Together with the development of laser cooling, techniques of magnetic trapping
were used to trap and cool neutral atoms for the first time in 1985 [15]. The same
magnetic field geometry (a spherical quadrupole) combined with laser cooling beams
yields a trap that both confines and cools the atoms. This is the magneto-optical
trap (MOT). It was first demonstrated in 1987 [82] and is now a standard workhorse
in the field of cold atoms.

Inspired by all the work done on the field of laser cooling and trapping, the BEC
community started suspecting that alkali (neutral) atoms were good candidates to
reach the necessary conditions to observe condensation. Although the temperatures
reached with laser cooling were quite low, the achievable densities were not enough
to reach the condensation level. Thus, the final step before the first BEC was
observed was to include a process that allowed to cool the atoms even further, also
at high densities. This process is called evaporative cooling and is performed while
the atoms are held in a magnetic (or optical) trap. With this technique it is possible
to remove the most energetic atoms from the magnetic trap, leaving the remaining
atoms in the trap colder via collisional (re)thermalization. After several years of
effort the first BECs of rubidium and sodium atoms were observed in 1995 [4, 19],
and evidence for quantum degeneracy of lithium was obtained [12].

In the following sections a brief description of the theory behind BEC will be
given including the cooling and trapping of atoms.

2.2 Ideal Bose gas

In this section a brief review of the theory concerning ideal Bose gases will be given.
A detailed description of the system, including trapping conditions, can be found
in [18].

The mean occupation number of energy level εp of a non-interacting Bose gas
inside a volume V is given by

Np =
1

eβ(εp−μ) − 1
, β =

1

kBT
, (2.1)

where p denotes the momentum associated to the energy level εp, T is the temper-
ature of the system, μ = μ(T,N) is the chemical potential and kB is Boltzmann’s
constant. The system fulfills the normalization condition

∑
p Np = N , and the

total energy of it is given by E =
∑

p εpNp. As was mentioned before, bosons can
simultaneously occupy the same energy level εp, because they are not restricted by
the Pauli principle. Thus, one needs to account for the occupation number of the
ground state separately, because a macroscopic number of particles can be in this
state. Then, it is necessary to write

N = N0 +
∑
p �=0

Np. (2.2)
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2.2 Ideal Bose gas 7

In the limit of large volumes (V → ∞) it is possible to replace the summation with
an integral and solve it for all the possible momenta p, with the energy given by
εp = p2/2m, with m the mass of the particle (a more detailed description of this
calculation can be found in [37]), yielding the following expression for the occupation
number of all the levels with p �= 0

∑
p�=0

Np =
V g3/2(z)

λ3
dB

, λdB =
h√

2πmkBT
. (2.3)

We have written the expression as a function of the de Broglie wavelength, which
determines the characteristic size of the wave packet for an atom of mass m at a
temperature T , with h the Planck constant, the fugacity z = exp(βμ) and the Bose
function gn(z) given by

gn(z) =
1

Γ(n)

∫ ∞

0

xn−1

z−1ex − 1
dx , 0 ≤ z ≤ 1 n ∈ 	, (2.4)

with Γ(n) the gamma function. The Bose function can also be written as

gn(z) =
∞∑
k=1

zk

kn
. (2.5)

The restriction to the fugacity is due to the fact that the chemical potential of an
ideal Bose gas must be smaller than the energy of the lowest one particle level ε = 0,
thus μ ≤ 0. The gn(z) function is finite for n > 1 and reaches its maximum value
at z = 1. Due to the restriction of the fugacity this function is also restricted to
certain values, namely 0 ≤ g3/2(z) ≤ g3/2(1) = ζ(3/2) ≈ 2.612, with ζ the Riemann
zeta function [97]. Finally, the density of particles can be written from eq. 2.2 as

n = n0 +
g3/2(z)

λ3
dB

, (2.6)

with n0 the density of particles in the ground state, n0 = N0/V . When the chemical
potential approaches zero it is possible to write the above expression as

n = n0 +
g3/2(1)

λ3
dB

, (2.7)

from where we see that if n > g3/2(1)/λ
3
dB the population of the ground state is

nonzero, and can actually reach macroscopic values. This is the phenomenon of
Bose Einstein condensation taking place. From eq. 2.7 one can find the critical
temperature at which the number of atoms in the excited state is equal to the
number of atoms in the system, this mean setting N0 = 0 at T = Tc, yielding

Tc =
h

2πmkB

(
n

g3/2(1)

)1/3

, (2.8)
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8 Theoretical background

below this critical temperature the particles start accumulating in the ground state
of the system, thus having a macroscopic number of atoms in it. From this analysis
we also get the condition on the phase space density, Φ, at the critical temperature
of

Φ = nλ3
dB ≈ 2.612. (2.9)

This condition is consistent with the intuitive idea that condensation should starts
happening when the thermal de Broglie wavelength is comparable to or larger than
the inter particle distance. In practical terms, it is possible to observe condensation
in an atomic sample as long as the phase space density of the system, Φ, is larger
than 2.612. From eq. 2.7 it is also possible to obtain an expression for the condensate
fraction as a function of the temperature,

N0

N
= 1−

(
T

Tc

)3/2

, (2.10)

thus, as expected, the ground state population increases as the temperature goes
below the critical temperature Tc.

In principle, the requirement for having a BEC in the laboratory is only to have
a phase space density larger than 2.612 (see eq. 2.8). The first gaseous candidate
to come close to this criterion was a vapor of spin polarized hydrogen [63, 104]. It
was chosen due to the weak interactions between two hydrogen atoms, that resem-
bles very well the non-interacting Bose gas proposed by Einstein. Originally, the
attempts to achieve BEC with hydrogen were based on a first stage consisting of
cryogenically cooling of the atoms that were transported into a magnetic trap in
order to proceed with evaporative cooling. This technique was greatly developed
under the search for a BEC of hydrogen. As was mentioned before, it is based on
the removal of atoms with an energy higher than the average energy of the sample so
a rethermalization of the sample to a lower temperature would occur due to elastic
collisions. Before a first BEC of hydrogen was observed [27] the development of laser
cooling and trapping led to think that alkali atoms could be better candidates to
observe BEC. Although temperatures of nK to μK are achievable with laser cooling,
these methods are typically incompatible with the corresponding densities (between
1012 and 1015 cm−3). Luckily, alkali atoms are also well suited to be cooled by evap-
oration because they typically have a very large elastic scattering cross section. It is
worth to mention that in 2013 a BEC of strontium was observed using laser cooling
as the only cooling mechanism [93].

One of the most important requirements of a good system that needs to be cooled
down by evaporation is that the trap lifetime is long compared to the time required
for thermalization of the remaining atoms. The trap lifetime is mainly determined
by the rate of inelastic collisions (bad collisions) and the time necessary for the
sample to rethermalize depends on the rate of elastic collisions (good collisions),
thus the important factor for having a good candidate to be evaporated is the ratio
of good to bad collisions . It was not so long until in 1995 the first BEC of rubidium
(the 87Rb to be precise) was observed. Having convenient properties, 87Rb is still a
good choice to realize ultracold atoms experiments and is the atom we use in all the
experiments performed in this thesis.
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2.2 Ideal Bose gas 9

2.2.1 BEC in a harmonic potential

The theory shown above assumes an homogeneous distribution of the atoms. In
practice the atoms need to be trapped in order to be evaporated. The usual trap
consists of a harmonic magnetic potential (further details about magnetic trapping
techniques will be given in the following sections). In three dimensions the potential
can be written as

Vext(r) =
1

2
m

(
ω2
xx

2 + ω2
yy

2 + ω2
zz

2
)
, (2.11)

where ωi are the trap frequencies in the three directions x, y, z. The energy levels
of the system are set by the oscillation frequencies

εl =
∑

i=x,y,z

�ωi(li + 1/2), (2.12)

where l = (lx, ly, lz) are non-negative integers. To see how the thermodynamical
properties of the ideal Bose gas change under the effects of a harmonic potential
one needs to solve eq. 2.2 for the energies given above (eq. 2.12). The treatment is
similar to the one shown before and as a result one finds that the number of particles
in the system can be written as

N = N0 + ζ(3)

(
kBT

�ω

)3

, (2.13)

where ω is the geometric average of the trap frequencies, ω = (ωxωyωz)
1/3 and

ζ(3) � 1.202. From the expression for the number of particles it is possible to
find the critical temperature at which the particles would start accumulating in the
ground state (by setting N0 = 0),

Tc = 0.9405
�ω

kB
N1/3. (2.14)

This result is valid as long as the atom number is large and kBT � �ω. In the same
way it is done for a non trapped Bose gas it is possible to obtain an expression for
the condensate fraction

N0

N
= 1−

(
T

Tc

)3

, (2.15)

thus, the condensed fraction scales with T 3, in contrast to the homogeneous ideal
Bose gas, that has a scaling of T 3/2.

An important length scale in the system is the size of the ground state wave
function, aho, that is set by the trap frequencies as

aho =

√
�

mω
, (2.16)

that is commonly of the order of a few microns. At finite temperature only a certain
fraction of the atomic sample is condensed (given by eq. 2.15), while the rest of
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10 Theoretical background

the sample is thermally distributed among excited states. Typically, the thermal
cloud is larger than aho (the Gaussian width can be written as σ = aho(kBT/�ω)

1/2),
therefore the formation of BEC can be observed as a sharp peak in the central region
of the density distribution surrounded by thermal non-condensed atoms.

Although the results obtained show good agreement with the observed critical
temperatures and the condensate fraction, it is still necessary to take into account
the interaction of the particles in the gas.

2.2.2 Weakly interacting Bose gas

The Hamiltonian describing the system of N interacting bosons can be use to cal-
culate the ground state of the system, from where it is possible to get the main
properties of the system. This operator can be written as [18]

Ĥ =

∫
drΨ̂†(r)

[
− �

2

2m
∇2 + Vext(r)

]
Ψ̂(r)

+
1

2

∫
drdr′Ψ̂†(r)Ψ̂†(r′)V (r− r′)Ψ̂(r′)Ψ̂(r), (2.17)

where the first term in the right-hand side of the equation corresponds to the kinetic
energy of the particles with mass m, the second term represents the external effects
produced by a confining potential Vext and the last term represents the interactions
between particles at positions r and r′. The field operators Ψ̂† and Ψ̂ are related
to the creation and annihilation of particles and the single particle wave functions.
The system can be solved using a mean-field approach. In the Heisenberg picture,
the equation

i�
∂

∂t
Ψ̂(r, t) =

[
Ψ̂, Ĥ

]
(2.18)

can be solved by using the Hamiltonian from eq. 2.17 and considering a time depen-
dent operator Ψ̂(r, t) that can be replaced with a classical field, Φ(r, t), defined as the
expectation value of the field operator, Φ(r, t) = 〈Ψ̂(r, t)〉, plus a small perturbation.
This classical field also fixes the density of the condensate via n0(r, t) = |Φ(r, t)2|.
This replacement can be done in the regime of the thermodynamic limit, so N → ∞
thus the states with N0 and N0+1 ground state particles can be treated as the same
system. In the case in which the interparticle distance is sufficiently large and in
the ultracold regime, s-wave collisions dominate the interactions. Under these con-
ditions the potential describing interactions V (r−r′) can be replaced by an effective
interaction

V (r− r′) = gδ(r− r′) , g =
4π�2a

m
, (2.19)

where g is a coupling constant set only by the s-wave scattering length, a. After
introducing this potential in the many-body Hamiltonian of eq. 2.17 and solving
the Heisenberg equation, eq. 2.18, for the system with the previously mentioned
replacement of the field operator by a classical field, Ψ̂(r̂, t) → Φ(r, t) one gets the
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2.2 Ideal Bose gas 11

Gross-Pitaevskii equation [38, 74],

i�
∂

∂t
Φ(r, t) =

[
− �

2

2m
∇2 + Vext(r) + g|Φ(r, t)|2

]
Φ(r, t). (2.20)

This equation can be solved for the case in which all the particles are in the con-
densate, which means T � Tc. The sign of the scattering length sets the kind of
interactions present in the system, for positive and negative values the interaction
is effectively repulsive or attractive, respectively. In order to find the ground state
of the system it is possible to write the condensate wave function as

Φ(r, t) = φ(r) exp

(
− iμt

�

)
,

∫
drφ2 = N0 = N, (2.21)

where μ is the chemical potential and φ is real and normalized. Replacing this in
the Gross-Pitaevskii equation one gets

μφ(r) =

[
− �

2

2m
∇2 + Vext(r) + gφ2(r)

]
φ(r). (2.22)

This equation has the form of a non-linear Schrödinger equation, and in the case
of a non-interacting system, g = 0, it is reduced to the standard linear Schrödinger
equation. The non-linear part is related to the density of the system φ2(r) = n0(r).

In the case in which the kinetic energy is much smaller than the interaction
energy in the system it is possible to neglect the first term in the right-hand side of
eq. 2.22. This corresponds to the so-called Thomas-Fermi approximation. Thus, an
expression for the density profile of the condensate is obtained,

φ2(r) =
μ− Vext(r)

g
= n0(r). (2.23)

This expression is valid in the region where Vext < μ, while n(r) = 0 elsewhere
(within the Tomas-Fermi approximation). In the case of a harmonic potential as
given by eq. 2.11 the relation between the chemical potential and the number of
condensate particles is given by

μ =
�ω

2

(
15N0a

aho

)2/5

, (2.24)

with ωho the geometric average of the trap frequencies and aho the size of the ground
state given by eq. 2.16. The density profile obtained under this approximation has
the shape of a parabola that vanishes at a certain radius at Vext(R) = μ, this profile
agrees well with the experimentally measured profile for a large number of particles
(for example, N > 105 for the first BEC of sodium at MIT [19]). The solution for
the density profile deviates from the exact solution only close to the edge, where the
first term in eq. 2.22 can not be neglected anymore.
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2.3 Magnetic trapping

Reaching the BEC stage requires the atoms to be trapped in order to get cooled
down by an evaporation process. In our experiment we use two different kind of
traps. We load the atoms in a magneto-optical trap (MOT) and then we transfer
them to a purely magnetic trap. In both traps the confinement of the atoms is
possible due to the interaction between the magnetic moment of the atoms and a
non-uniform magnetic field generated by current carrying coils. The resulting energy
of the interaction of a dipole moment μ with a magnetic field B is well known and
is given by

E = −μ ·B. (2.25)

This interaction produces a splitting of the energy levels of the atom, the so-called
Zeeman effect. For weak magnetic fields, where the Zeeman shift is linear, one can
write eq. 2.25 for the difference between magnetic sublevels as

ΔE = gFμBmFB, (2.26)

with gF the hyperfine Landé factor [92] and μB the Bohr magneton. Here we consider
an atomic level with angular momentum F and magnetic quantum number mF .
From the equation above it is possible to recognize two different situations. If
gFmF > 0 the energy of an atom increases with field magnitude, thus the atom would
need a minimum in the magnetic field in order to be trapped, and if gFmF < 0 the
energy decreases as the magnitude of the field increases, thus a maximum of the field
would be needed in order to get the atom trapped. These two different situations
correspond to low-field and high-field seeking states, respectively. Therefore the
design of a magnetic trap should consider a local minimum or maximum for low and
high field seeking states, respectively. Earnshaw’s theorem [23] states that a local
maximum is forbidden, therefore only low-field seeking states can be magnetically
trapped.

In the following two different trap configurations will be presented, both relying
on the use of a local minimum, with the difference that one has a zero magnetic
field point, |B| = 0 (quadrupole trap), and the other a minimum with |B| �= 0
(Ioffe-Pritchard trap).

2.3.1 Quadrupole trap

The quadrupole trap was first proposed by Wolfgang Paul [69] and used to trap
neutral atoms for the first time in 1985 [64]. It is the simplest magnetic trap and it
can be built with two identical coaxial coils carrying opposite currents.

From Biot-Savart’s law, the magnetic field of a single loop of radius R, centered
at the origin of the coordinate system in the xy plane, carrying a current I along
the z axis is given by [50]

B(z) = μ0
I

2

R2

(R2 + z2)3/2
, (2.27)
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with μ0 the magnetic permittivity of vacuum. In order to get the magnetic field for
the entire system, composed of two coils with a certain number of loops, one needs
to consider the contribution of each coil. If the two coils are centered at distances
z = ±b, the total magnetic field along the z axis is given by

B = B′(xx̂+ yŷ − 2zẑ), (2.28)

with a magnitude given by

B = B′
√

x2 + y2 + 4z2, (2.29)

where B′ is a constant that depends on the parameters of the system, namely, the
distance between the coils, the current, the size and number of loops. From the last
equation it is evident that the field magnitude increases linearly with distance in all
directions from the center.

On the one hand this configuration is convenient because of its technical sim-
plicity, but on the other hand, due to the zero field value at the center, atoms can
be lost due to Majorana spin flips [62]. The magnetic dipole moment of the atoms,
μ, precesses at a frequency given by the Larmor frequency

ωL =
μBgFB

�
. (2.30)

In order to follow the external magnetic field adiabatically the Larmor frequency
should be much larger than the rate at which the magnetic field changes direction.
As the atoms get closer to the zero field position this condition is not fulfilled
anymore, thus the atoms may undergo spin flips into non-trappable states. This
means that the density of cold atoms at the center of the trap is limited. It has been
shown that [53] the distance (from the center) within which the atoms can undergo
spin flips can be approximated as

r =

√
2�v

πgFμBB′
, (2.31)

with B′ the magnetic field gradient and v is the velocity of the atom. When the
atoms come inside this region the Zeeman splitting becomes small, thus the atoms
can not stay aligned to the magnetic field direction. To avoid such a phenomenon one
should think of a trap with a non-zero field minimum. There exist several proposals
to circumvent this problem. In the following section the Ioffe-Pritchard trap will be
discussed, which has the same magnetic field geometry near the minimum as the
one we use in our experiment.

2.3.2 Ioffe-Pritchard trap

The zero-field condition of the quadrupole trap can be removed with a number
of other wire configurations. One of the options is to use the well known Ioffe-
Pritchard wire configuration. This trap was first proposed to trap neutral atoms
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14 Theoretical background

by Pritchard [79], who used a trap similar to the trap done by Ioffe in the field of
plasma physics in which a configuration that is harmonic near the minimum (non
zero) point is used to confine a plasma. The standard configuration consist of adding
four wires to a pair of coils (as in the quadrupole trap) placed at the vertices of a
square. Near the minimum, the field resulting from this trap is given, in cylindrical
coordinates, by

B(z, ρ, φ) = B0

⎛
⎝0
0
1

⎞
⎠+ B′ρ

⎛
⎝ cos(2φ)
− sin(2φ)

0

⎞
⎠+

B′′

2

⎛
⎝ −zρ

0
z2 − 1

2
ρ

⎞
⎠ , (2.32)

with B0 a uniform constant field, B′ a radial gradient and B′′ an axial curvature.
This field produces a trap with a non-zero field minimum, avoiding Majorana spin
flips thus avoiding trap losses. One can see that for energies � μBB0 the trap is
actually harmonic near the center.

This field geometry, as well as the quadrupole field, can also be created using
wires combined with a uniform bias magnetic field, B0. These traps (microtraps)
were proposed in 1995 by Weinstein and Librecht [106] and they have the advantage
of having strong field gradients, producing a strong confinement of atoms with small
currents. The simplest configuration is a single current-carrying wire together with
a bias magnetic field perpendicular to the wire direction. This creates a magnetic
trap guide with a zero field minimum parallel to the wire at a distance

r0 =
μ0

2π

I

B0

, (2.33)

with I the current going through the wire. In this trap a two-dimensional quadrupole
field is created with a gradient given by

B′ =
μ0

2π

I

r20
. (2.34)

The confinement in the third direction can be achieve by using a Z-wire or an U -
wire configuration, they consist of a wire together with two extra perpendicular wire
segments creating either a Z or U shape. In the case of a U -wire trap the minimum
magnetic field is kept to be zero thus with the problem of Majorana spin flips.
Nevertheless, this field configuration is well suited to match the transition between
a standard MOT (with a quadrupole field created with coils) and a wire-MOT (with
a quadrupole field created with wires and an extra bias field) [83]. A key point to
match the transfer is the introduction of a mirror-MOT instead of the previously
mentioned MOT [83], it consist of a reflecting surface that reduces the number of
laser beams needed from six to four, with two of them being reflected in the mirror
surface. After the atoms are trapped in the wire-MOT they can easily be transferred
to a Z-wire magnetic trap. The principal characteristic of the Z-wire trap is that it
has a non-zero magnetic field minimum, thus avoiding Majorana spin flips. In this
trap the atoms are cooled by evaporation thus reaching the BEC state. A scheme
of both the U and Z wire trap configuration is shown in Fig. 2.1
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Figure 2.1: Inset a) shows a scheme of the magnetic field generated by a wire carrying a current I

(Bwire in the plane zy) plus a bias magnetic field Bbias (in the direction of y). The confinement in the

third direction is achieved by a Z (solid arrows) or U (dashed arrow) wire configuration. The resulting

trapping field is shown in inset b) A trap is generated at a distance z0 = 100 μm from a wire carrying

a current of 2 A with a bias magnetic field of Bbias = 40 G.

2.3.3 rf-induced evaporation

The process of evaporative cooling is reviewed in Ref. [53]. It is based on the
reduction of temperature by the removal of atoms above a certain truncation energy,

εt = ηkBT, (2.35)

where η is the truncation parameter, followed by the rethermalization of the remain-
ing atoms. Following [53] the rate at which the atoms are being evaporated may be
approximated for large η (η � 10) as

1

τev
= −Ṅ

N
= n0σvηe

−η, (2.36)

with N the number of atoms in the trap, Ṅ the rate of evaporated atoms, n0 the
density of atoms in the center of the trap, σ the elastic collision cross section and v
the average thermal velocity. One approach to reach low temperatures is to focus on
the decrease of temperature as the (hot) particles leave the trap. The problem with
this approach is that from eq. 2.36 and eq. 2.35 we see that lower temperatures lead to
an increase in the truncation parameter η which produces an exponential reduction
of the rate of evaporation. Another approach, and the one we use to reach the BEC
stage, is to reduce the truncation energy in such a way that η remains constant while
the remaining atoms cool down. This process is called forced evaporative cooling.

It is also important to notice that rethermalization of atoms is induced by elastic
collisions, which rate is given by

1

τel
= n0σv

√
2, (2.37)

this rate should at least be maintained, ideally increased, in the process. The main
limitation in the forced evaporation of alkali atoms is formed by collisions with the
background gas. Hence, a good parameter to define the efficiency of the process
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is the ratio of good to bad collisions, R, which represents the number of elastic
collisions per trapping time

R =
τloss
τel

, (2.38)

with τloss, the time constant for trap losses due to collisions with background gas.
The condition for a constant or increasing collision rate requires this rate to be
bigger than a minimum value

R ≥ Rmin
λ

α
(
δ − 1

2

)− 1
, (2.39)

where λ is the ratio of the time constant for evaporation to the elastic collision time,
λ = τev/τel, δ is defined by the trapping potential (δ = 3/2 for a 3D harmonic
potential) and α is the efficiency parameter, given by

α =
d(lnT )

d(lnN)
, (2.40)

which is a measure of how much energy is removed in the evaporation process com-
pared to the average energy per atom in the system, given by (δ+ 3

2
)kBT . Once the

condition of eq. 2.39 is fulfilled the system enters the runaway evaporation regime,
where the collision rate increases during the forced evaporative cooling. Although
decreasing the temperature without loosing too many atoms is necessary to reach
condensation of a sample, an increase in phase density (thus reaching the condition
given by eq. 2.9) is also important. In [53] it is shown that the relative increase in
phase space density, Φ, with decreasing atom number, N , can be approximated for
large η as

γ = − d(lnΦ)

d(lnN)
=

α(δ + 3
2
)

1 + λ
R

− 1, (2.41)

thus, γ is the quantity that needs to be maximized in the system. This also optimizes
the increase in rate of good to bad collisions. These two conditions will ensure an
efficient and fast cooling process.

In practice, due to the magnetic field of the trap, the ground state (we use 87Rb,
F = 2) is split into five different magnetic sublevels (see eq. 2.26). For the cooling
stage, all the atoms are driven to a trappable magnetic sublevel (mF = +2). Thus
the process of evaporation is carried out by using a radio frequency (rf) signal that
allows a transition of the atoms between the trapped state to a non trappable state
(mF ≤ 0) thus being expelled from the trap. This transition affects only atoms
with the enough energy to reach a position where the rf field is resonant, cutting
the trapping potential at a certain energy value. This value can then be lowered by
changing the frequency of the rf signal in such a way that a compromise between
efficiency and speed is reached.

2.4 Rydberg atoms

Rydberg atoms are highly excited atoms with very large principal quantum number,
n. They have exaggerated properties, such as very large orbital radii as well as
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2.4 Rydberg atoms 17

polarizabilities. These properties produce also an exaggerated response to external
electric fields, thus enhancing various phenomena. A common procedure to reach
Rydberg levels from a ground-state atom is a two-photon excitation. In this scheme
two lasers are used in order to reach high principal quantum numbers, n. This is done
via a third intermediate state, forming a three-level system. If the intermediate state
detuning is large compared to the coupling strength of both transitions, the system
can be approximate to a two-level atom system with an effective coupling strength
called two-photon Rabi frequency. In the following section a brief description of this
system will be shown.

2.4.1 Rydberg wave functions

The main properties of Rydberg atoms can be calculated from their wave functions.
A good start is made by considering the similarity of Rydberg atoms with hydrogen.
While both atoms have a single electron in orbit, the main difference between them
is that a Rydberg atom has a core of finite size. There are other effects that makes
Rydberg atoms different from that of hydrogen, for instance core polarizability and
higher effective charge as the electron penetrates the core. The effect of having a
finite size core is more evident as the electron orbit approaches it. Thus, properties
of Rydberg states and excited states of hydrogen are expected to be similar as long
as the deviation of the Coulomb potential is at small distances from the origin. This
effect can be described by introducing a quantum defect δ(n, l, j) [31] which results
in the Rydberg energy formula

E(n, l, j) = − R′hc
(n− δ(n, l, j))2

= −R′hc
(n∗)2

, (2.42)

where R′ = Ry/(1+me/mcore) is the Rydberg constant for a specific element. In our
case R′ = 109736.605 cm−1 for rubidium. We have introduced the effective quantum
number n∗. The quantum defect has been measured for 87Rb for S and D states [61],
for P states [57], F states [40] and G states [2] being larger for low l, representing
the difference to the hydrogen atom due to core penetration and polarization. Thus,
the potential can be thought as pure Coulombic for large l values (l > 3).

In order to find the wave functions it is necessary to solve the Schrödinger equa-
tion, which can be written in spherical coordinates as[

− �
2

2μ
∇2 + V (r)

]
Ψ(r, θ, φ) = EΨ(r, θ, φ), (2.43)

where μ is the reduced mass of the electron-core system and V (r) is the core poten-
tial. After a separation of variables one finds that the angular part is given by the
spherical harmonic, Y m

l (θ, φ), thus

Ψ(r, θ, φ) = R(r)Y m
l (θ, φ), (2.44)

with R(r) the radial wave function defined by the equation[
−1

2

(
d2

dr2
+

2

r

d

dr

)
+

l(l + 1)

2r2
+ V (r)

]
R(r) = ER(r), (2.45)
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Property n scaling

Binding energy n−2

Orbital radius n2

Polarizability n7

Radiative lifetime n3

Dipole moment (e.g. 〈nd| er |nf〉) n2

van der Waals coefficient n11

Table 2.1: Main properties of Rydberg atoms as a function of the principal quantum number n

where we have written the equation in atomic units, thus distance is measured in
units of the Bohr radius, energy in hartrees and mass in term of the (reduced) elec-
tron mass [31]. The radial wave function R(r) can be found numerically by using
the Numerov method [31,66,67]. In order to do so, we have to rewrite eq. 2.45 as a
function of the variable x = ln(r) and the function X = r1/2R(r). The transforma-
tion x = ln(r) is to make the step size smaller closer to the core. The reason of this
is that closer to the core the velocity of the electron is higher and therefore the local
wavelength smaller. After the change of variables the radial Schrödinger equation
can be written as [113]

d2X

dx2
= g(x)X , g(x) = 2e2x [V (x)− E] + (l +

1

2
)2, (2.46)

where E is chosen before the calculation starts and is fixed by n and δ(n, l, j) (see
eq. 2.42). The numerical method uses the variable rj = rs exp(−jh) to perform the
iterative process given by

Xi+1 =
Xi−1 (Ti−1 − 1) +Xi (10Ti + 2)

1− Ti+1

, (2.47)

with h a logarithmic step size, rs the starting point and T (x) = h2g(x)/12. A
boundary condition that the solutions must fulfill is that the wave function has to
vanish as r → ∞. In order to assure this condition the integration is performed
inwards. The starting point should be chosen such that R(rs) ∼= 10−10R(r0) with r0
the outer turning point given by 2n2. Usually rs takes the value 2n(n + 15). This
procedure to find the radial wave functions of Rydberg atoms became popular due
to the accuracy of the method. The error goes with the sixth order of the stepsize h.
Therefore the calculated Rydberg wave functions are very accurate for high values
of n. The obtained radial wavefunctions are accurate for r down to the core size
(where the potential starts to deviate from the Coulombic −1/r). This is sufficient
for our purposes, since it is the wavefunction outside the core that will be important.
The quantum defect encodes the phase shift with which the radial wave function
enters the core.

From the knowledge of the energy levels and the radial potential , −1/r, one can
find scaling properties of the main properties of Rydberg atoms as a function of the
principal quantum number n. The main properties are shown in Table 2.1.
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2.4 Rydberg atoms 19

2.4.2 Dipole matrix elements

Now that we know how to calculate wave functions of Rydberg states, it is useful
to investigate the dipole matrix elements. These elements are used to calculate the
main properties of Rydberg atoms such as the coupling to external fields.

The coupling strength between an initial and a final state, |nlml〉 and |n′l′m′
l〉,

respectively, is given by the dipole matrix element 〈nlml|μ |n′l′m′
l〉, where μ is the

dipole operator given by μ = r · e, with e the polarization vector. The problem can
be solved by using the spherical basis (ê−1, ê0, ê1) which is related to the Cartesian
basis by

ê+1 = − 1√
2
(x̂+ iŷ) (2.48)

ê0 = ẑ

ê−1 =
1√
2
(x̂− iŷ).

This transformation into the spherical basis also allows to find the relation μq =√
4π/3rY q

1 (θ, φ), with Y q
1 (θ, φ) the spherical harmonics and μq the components of

the dipole operator, with q = {+1, 0,−1} [91]. Using the spherical basis the matrix
elements can be written as [89, 112]

〈nlml|μq |n′l′m′
l〉 = (−1)l−ml

(
l 1 l′

−ml −q m′
l

)
〈nl‖μ‖n′l′〉, (2.49)

where the large parenthesis represents a 3j symbol and the double line a reduced
matrix element. The previous equation is a result of the Wigner-Eckart theorem
[109], which allows to express the matrix elements of spherical tensor operators as
a product of a 3j symbol and a reduced matrix element, which is given by

〈nl‖μ‖n′l′〉 = (−1)l
√
(2l + 1)(2l′ + 1)

(
l 1 l′

0 0 0

)
〈nl| r |n′l′〉 , (2.50)

with 〈nl| er |n′l′〉 given by the purely radial wave functions,

〈nl| er |n′l′〉 =
∫

Rn,l(r)erRn′l′(r)r
2dr, (2.51)

that can be calculated with the Numerov method, shown in the previous section.
From the angular part one finds the selection rules for the orbital angular mo-

mentum Δl = ±1, and for the magnetic quantum number Δml = 0,±1, which in
practice corresponds to Π and σ± transitions. These conditions come from the fact
that the 3j symbol vanishes when the values of ml, m

′
l, l and l′ do not fulfill these

selection rules.
In some cases it is also necessary to consider fine structure of the level, where

degeneracy of the l states is broken. Thus the fine structure basis, {j,mj} is needed
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in order to find the matrix elements of Rydberg states, eq. 2.49 has to be rewritten
as [89, 91]

〈nljmj|μ |n′l′j′m′
j〉 = (−1)j−mj

(
j 1 j′

−mj q m′
j

)
〈nj‖μ‖n′j′〉, (2.52)

with the reduced matrix element given by

〈nj‖μ‖n′j′〉 = (−1)l+s+j′+1δs,s′
√
(2j + 1)(2j′ + 1)

{
j 1 j′

l′ s l

}
〈nl‖μ‖n′l′〉, (2.53)

where the reduced matrix element is given by eq. 2.50 and the brackets represent a
6j symbol. Again due to the symmetry properties of 3j and 6j symbols, only the
terms that fulfill the conditions Δmj = 0 and Δl = ±1 are nonzero.

2.5 Rydberg atoms in external fields

As was mentioned before, Rydberg atoms have exaggerated properties. The polar-
izability scales as n7 (Table 2.1) thus making them very sensitive to electric fields.
Also, the use of magnetic trapping as a tool to investigate the behavior of Rydberg
atoms and as a main tool for the cooling process, makes it necessary to describe
the effect that magnetic fields have on Rydberg atoms. In the following subsections
a brief review of the behavior of Rydberg atoms in the presence of both electric
and magnetic fields will be given. It is also worth it to mention that there are two
published open source Rydberg calculators in which the influence of electric and
magnetic fields on Rydberg states can be calculated, documentation of both can be
found in [89,105].

2.5.1 Electric field

In this subsection only a brief description of the process of adding an electric field to
the system will be given, a more detailed discussion can be found in [113]. To account
for interactions with an electric field one needs to add a term in the Hamiltonian of
the atom as

ĤStark = Ĥatom + Ez, (2.54)

where we have assumed the field to be in the ẑ direction. This Hamiltonian can not
be solved analytically. This is different from hydrogen, were a change to parabolic
coordinates makes it possible to solve the system using separation of variables. In
order to get solutions for the system it is useful to work in spherical coordinates.
As was shown in the last section, the field-free Hamiltonian can be solved numeri-
cally using the Numerov method for the radial wave function and the usual angular
momentum algebra for the radial part. Thus, the field-free Hamiltonian is easily
solved by diagonalization, with its eigenergies as the diagonal terms of the total
Hamiltonian ĤStark. It is worth it to mention that despite the ease of solving the
problem, it requires a great computational power. For every n there are 2n2 levels
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Figure 2.2: Calculated Stark map of the 28D5/2 state of 87Rb, the three different values of |mj | =
1/2, 3/2, 5/2 states are shown. At zero electric field the different states are degenerate in energy, this

degeneracy is lifted by the presence of an electric field.

involved and the number of needed n states is of order n. Therefore around n3 states
are involved, typically 1000. This means the matrix that has to be diagonalized has
around 1000× 1000 elements.

The electric field term in eq. 2.54 creates off-diagonal terms that are added to the
total Hamiltonian. Due to the fact that fine structure needs to be taken into account,
with ml = mj ± 1/2, the number of basis states is doubled, thus increasing the
dimension of the Hamiltonian. However, selection rules obtained from the solution
to the angular part of the wave functions still apply (see sec. 2.4.2), thus reducing the
number of matrix elements that needs to be calculated. The coupling of different mj

states is subject to the condition Δmj = 0, so unlike l and j, the quantum number
mj remains conserved in an electric field.

After the off diagonal terms are considered in the total Hamiltonian it is possible
to diagonalize it and produce a plot for different values of the electric field. An
example of the calculation is shown in Fig. 2.2, where the Stark shift of the 28D
J = 5/2 state is shown for the three different values of |mj| = 1/2, 3/2, 5/2. For the
calculation only principal quantum numbers 18 � n � 38 were taken into account
for the numerical solution of the radial wave function using the Numerov method.
As is well-known for Stark states, the obtained results do not depend on the sign of
mj. The 28D state is of particular interest for us due to the non quadratic behavior
of the mj = 5/2 state. This kind of behavior and its implications will be discussed
in detail in Ch. 5.
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2.5.2 Magnetic field

The interaction with a magnetic field is dominated by the spin of the electron. This
is unchanged in a Rydberg state. Therefore for small magnetic fields the interaction
does not depends strongly on the exaggerated properties of the radial wavefunctions
as seen in the electrical case. Here I will show how the binding energy depends on
magnetic field.

For weak magnetic fields one can write the Hamiltonian regarding magnetic field
effects as [92]

HB =
μB

�
(gSS+ gLL) ·B, (2.55)

where we have written the total magnetic moment as

μ = −gLμB

�
L− gSμB

�
S, (2.56)

with L the orbital angular momentum, I the nuclear momentum, S the electron
spin and the relation with the total angular momentum J = L + S. The factors
in front of each term, gL and gS are the electron orbital and electron spin Landé
factors, respectively. In order to calculate the level splitting due to magnetic fields
one needs to take into account the fine structure interaction HLS ∝ L · S so that L
and S precess around the direction of J, thus (in a semi-classical picture) they are
continuously changing their direction. Therefore, it is better to use the direction of
the total angular momentum J as a coordinate axis, meaning J is a good quantum
number. If we consider the magnetic field to be in the ẑ direction it is possible to
write [92]

HB =
μB

�
(gSSz + gLLz) . (2.57)

For weak magnetic fields one gets an expression for the energy splitting of an atomic
level in the presence of a (small) magnetic field,

ΔE = μBgJmJB, (2.58)

with gJ the Landé factor given by [17, 92]

gJ � 1 +
j(j + 1) + s(s+ 1)− l(l + 1)

2j(j + 1)
, (2.59)

where we have considered gS � 2 and gL � 1 (this accounts for the finite nuclear
mass) [91]. The next step is to consider a situation in which both electric and
magnetic field are part of the system. In that case one needs to also consider the
angle between the electric and magnetic field. This is a topic that will be discussed
in Ch. 5 and is one of the main topics of this thesis.

2.6 Two-photon excitation of Rydberg atoms

In practice, excitation of Rydberg atoms is achieved by using laser light. Due to
the intensity used for the excitation the laser light can be thought as a classical
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2.6 Two-photon excitation of Rydberg atoms 23

field. Therefore, in this section a brief review of two and three level atom system
interacting with a classical field will be shown. A more detailed description can be
found in [32].

2.6.1 Two-level atom system

The interaction of a two-level atom with a laser field is described by the Schrödinger
equation [32]

i�
∂Ψ

∂t
= ĤΨ, (2.60)

where Ĥ is the total Hamiltonian of the system, including both the unperturbed
and the interaction terms, Ĥ = Ĥ0 + Ĥint. The Hamiltonian can be written in a
matrix form as

H =

(
Eg �Ωe−iω0t/2

�Ωeiω0t/2 Ee

)
, (2.61)

with �ω0 = Ee−Eg, and Eg (Ee) the energy of the ground (excited) state. Ψ = Ψ(t)
corresponds to the wavefunction of the two-level system, which can be written as a
linear combination of the ground (|g〉) and excited (|e〉) states of the atoms as

Ψ(t) = cg(t) |g〉+ ce(t) |e〉 eiω0t (2.62)

|ce(t)|2 =
Ω2

Ω2 +Δ2
sin2

(√
Ω2 +Δ2t

2

)
(2.63)

1 = |ce(t)|2 + |cg(t)|2. (2.64)

The value of the coefficients ce,g are found after solving the Schrödinger equation
(that leads to a system of two coupled equations for ce and cg) for the system with
the initial condition cg(0) = 1, which means the atom is initally in the ground state.
We have assumed a classical field, E = E0 cos(k · r− ωt), oscillating at a frequency
ω and a detuning Δ = ω − ω0, with �ω0 the energy difference between the ground
and excited states of the atom. The rotating wave approximation (R.W.A.) [32] is
also included in the answer so the anti-resonant terms are left out from the final
answer. This approximation is valid as long as the laser field is weak, Ω � ω and
for small detunings. Finally, we have introduced the Rabi frequency of the system,

Ω =
d · E
�

, (2.65)

with d = er the dipole operator. It is also possible to remove the explicit time
dependence from the coupled equations for ce and cg by solving the system in a
rotating frame. This can be done by introducing a new coefficient c̃e = ce(t)e

i�Δt

and rewriting the equations of motion, in this frame the rotating-frame Hamiltonian
takes the form (in the uncoupled energy basis)

H̃ = �

(
0 Ω/2

Ω/2 −Δ

)
, (2.66)
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Due to the optical coupling in this system, |e〉 and |g〉 are no longer eigenstates of
the system. After a diagonalization of the Hamiltonian it is possible to find that the
eigenenergies are given by

E± =
�

2
(−Δ±

√
Ω2 +Δ2) (2.67)

with eigenstates

|+〉 = sin(Θ) |g〉+ cos(Θ) |e〉 (2.68)

|−〉 = cos(Θ) |g〉 − sin(Θ) |e〉 , (2.69)

with tan(2Θ) = −Ω/Δ. These states are the dressed states of the atom.

2.6.2 Three-level atom system

Now we can use the excited state from the previous section as an intermediate level,
|e〉, and introduce a third level |r〉 that will be the final excited state, thus forming
a three level atom system. The excitation will be driven by two laser fields, one
coupling the ground state with the intermediate state, |g〉 → |e〉, and a second
one that couples the intermediate state with the excited (Rydberg) level, |e〉 → |r〉,
with Rabi frequencies Ωp and Ωc, respectively. The total detuning of the two-photon
excitation is Δ = Δp +Δc with an intermediate state detuning Δp, a scheme of the
three level system can be found in Fig. 2.3(a). The Hamiltonian in the system in the
bare basis (|g〉 , |e〉 , |r〉. In the rotating frame and after making the rotating-wave
approximation again) will be given by

H = �

⎛
⎝ 0 Ωp/2 0
Ωp/2 −Δp Ωc/2
0 Ωc/2 −Δ

⎞
⎠ . (2.70)

For large detunings, Δp � Ωp, the population of the intermediate state is small and
it is possible to remove (by adiabatic elimination) this state from the system [13].
The procedure is similar to that of the two-level atom system, we write the state of
the system as

Ψ(t) = c1(t) |g〉+ c2(t) |e〉+ c3(t) |r〉 , (2.71)

with ċ2(t) = 0 [13], and solve the Schrödinger equation 2.60 for this state. The
ċ2(t) = 0 condition allows the elimination of the coefficient c2 from the system of
three coupled equations, which means we end up with two coupled equations from
which it is possible to identify an effective two-level Hamiltonian (in the |g〉 , |r〉
basis)

H̃ = �

(
Ω2

r

4Δp

ΩrΩb

4Δp

ΩrΩb

4Δp

Ω2
b

4Δp
−Δ

)
. (2.72)

If we compare this Hamiltonian with the one of the two-level atom system from
Eq. 2.66 it is possible to identify a two-level atom system with an effective Rabi
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Figure 2.3: Calculated EIT profile for a three level ladder system as the one shown in (a). The

plot in (b) represents a realistic situation in which |g〉 = 5S1/2, |e〉 = 5P3/2 and |r〉 = 30S1/2, with

Γp = 2π6.065 MHz. Two profiles are shown, one with a coupling Rabi frequency of Ωc = 2π × 10

MHz, and another one with no coupling beam. In both cases Δc = 0 and Δp is varying from −20 to

20 MHz.

frequency

Ω =
ΩrΩb

2Δp

. (2.73)

In our experiment we perform two-photon excitation of Rydberg states by exciting
the |g〉 = 5S1/2 ground state of 87Rb to the |e〉 = 5P3/2 intermediate state with a 780
nm laser beam. The next step is performed with a 480 nm laser beam that we use to
reach a Rydberg level, |r〉. The excitation is performed with an intermediate state
detuning that varies from Δp = 100 MHz to Δp = 1000 MHz. This means in practice
the system can be described as a two-level system with a coupling strength (two-
photon Rabi frequency) given by eq. 2.73, as long as the individual Rabi frequencies
Ωr and Ωb are not too large.

2.6.3 Electromagnetically induced transparency

The concept of electromagnetically induced transparency (EIT) was first proposed
in 1990 [44]. It is a phenomenon that occurs in various configurations of three-
level systems. In particular we work with the so called ladder system. EIT occurs
when a strong coupling laser field driving one of the two transitions produces the
reduction or elimination of absorption of a second weak probe laser field. Here the
main properties of the system will be given, in which we will refer to the probe laser
as the one that drives the transition |g〉 → |e〉 and the coupling laser the one driving
the |e〉 → |r〉 transition. A detailed description of the calculations can be found
in [26]. The procedure to solve the system starts by solving the Master equation,
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which describes the time evolution of the density matrix ρ,

ρ̇ =
i

�
[H, ρ] + L(ρ), (2.74)

where H is the Hamiltonian of a three-level system, given by eq. 2.70 and L is the
Lindblad operator, that includes effects of spontaneous emission. For a three-level
system the Lindblad operator is given by [80,94]

L(ρ) =
⎛
⎝ Γeρ22 −1

2
Γeρ12 −1

2
Γrρ13

−1
2
Γeρ12 −Γeρ22 + Γrρ33 −1

2
(Γe + Γr)ρ23

−1
2
Γrρ31 −1

2
(Γe + Γr)ρ32 −Γrρ33

⎞
⎠ , (2.75)

with Γe and Γr the spontaneous decay rate from the intermediate (|e〉) and excited
(|r〉) state, respectively. Additional dephasing due to the finite linewidth of the lasers
can be taken into account by using a phenomenological operator Ld. This process
will affect only off-diagonal terms, leaving the diagonal population unchanged, thus
it is possible to write,

Ld =

⎛
⎝ 0 −γpρ12 −γ2pρ13

−γpρ21 0 −γcρ23
−γ2pρ31 −γcρ32 0

⎞
⎠ , (2.76)

where γp and γc are the linewidth of the coupling and probe lasers and γ2p is the
two-photon linewidth. This extra term has to be added to the Master equation,
eq. 2.74, which can be written explicitly for each matrix element ρij, thus obtaining
the optical Block equations (OBE) of the system.

The polarization of a medium can be expressed in terms of the expectation value
of the dipole operator as P = 〈Nd〉, with N the number of atoms and d the dipole
operator [26]. The previous equation can be written in terms of the density matrix
as

P = NTr {ρd} . (2.77)

It is well known [26] that the linear response of an atom to resonant light is described
by the first order susceptibility, χ(1), where the imaginary part determines the dis-
sipation of the medium, namely the absorption, and the real part determines the
refractive index of the medium. The relation between the χ(1) and the polarization
P is set by

P = −ε0χE, (2.78)

where E is the electric field and ε0 the permitivity of vacuum. Writing E as a
classical field and comparing the last equation to eq. 2.77 one finds that

χ =
nd2

eg

ε0�Ωp

ρ12, (2.79)

with n = N/V the atomic density with V the volume in which N atoms are con-
tained. As was mentioned before, the absorption of the probe laser is determined
by the imaginary part of the susceptibility

I

I0
= exp {−kpl�(χ)} . (2.80)
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This comes from the fact that the index of refraction can be written as n ≈ 1 +
(	(χ) + i�(χ))/2.

The solutions of the OBE are well known [80, 94] in the limit of weak probe
(Ωp � Γe,Ωc) with the steady state condition ρ̇ = 0 one finds

ρss12 =
iΩp/2

Γe

2
− iΔp +

Ω2
c/4

Γr/2+γ2p−iΔ
. (2.81)

An example of an EIT profile as a function of probe detuning is shown in Fig. 2.3.
The profile was calculated for parameters that resembles our experimental situation.
This means we considered a three-level system of rubidium atoms with |g〉 = 5S1/2,
|e〉 = 5P3/2 and |r〉 = 30S1/2. The intermediate-state decay rate is well known,
Γp = 2π × 6.065 MHz. We plotted the result for the case of a coupling frequency
Ωc = 2π × 10 MHz and for no coupling, both with Γc = 2π × 3.5 MHz. It is visible
from the figure that the effect of the coupling beam in the system is to reduce the
absorption of the probe beam as one gets closer to resonance.

2.7 Interactions between Rydberg atoms

Due to their large polarizability one can expect Rydberg atoms to have very strong
interactions with other nearby Rydberg atoms. One consequence of this is the effect
of Rydberg blockade. This effect is based on the fact that long-range interatomic
dipole-dipole interactions result in the shifting of neighboring Rydberg energy levels
in an atomic sample, thus preventing the laser (Rydberg) excitation of neighboring
atoms, resulting in a single Rydberg excitation in an extended area.

2.7.1 Two-atom system

Rydberg atoms are not only sensitive to electric fields but also to the presence of
other Rydberg atoms.

If we consider two Rydberg atoms, A and B, separated by a distance R, the
interaction between them is dominated by the dipole-dipole interaction, which in
atomic units is given by [14,31]

V̂dd =
dA · dB − 3(dA · n)(dB · n)

R3
, (2.82)

where dA and dB are the dipole operators of each atom and n is the unit vector
that joins the two atoms, R = Rn .

If we think of each Rydberg atom as a two-level atom (for example, with a
ground state |nl〉 and an excited state |n′l′〉), the system can be reduced to a two
atom level system, similar to the form of a two level atom system (see eq. 2.66), in
which the transitions between two levels in each separate atom is allowed. For the
case in which the two atoms are in the same state, ns, ns, transitions are allowed
to the np, (n− 1)p state. Thus, in that basis the Hamiltonian is given by

H =

(
0 Vdd

Vdd δ

)
, (2.83)
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with Vdd = 〈ns, ns| V̂ |np, (n− 1)p〉 = C3/R
3 and δ = 2Ens − (Enp + E(n−1)p) is the

so called Förster defect. The eigenenergies of the system are

E± =
δ

2
± 1

2

√
δ2 +

(
C3

R3

)2

. (2.84)

For the resulting eigenenergies we can distinguish two different regimes. If the
Förster defect is much larger than C3/R

3, meaning the state |ns, ns〉 is weakly
coupled to |np, (n− 1)p〉, the energy will be given by

ΔEns,ns ≈ 1

2δ

(
C3

R3

)2

, (2.85)

this correspond to the van der Waals limit, that can actually be calculated by the
expression

ΔEnl,nl =
∑

n,l,n′,l′

| 〈nl, nl| V̂dd |n′l′, n′′l′′〉 |2
2Enl − (En′l′ + En′′l′′)

, (2.86)

which can be calculated using second order perturbation theory and gives as a result
VvdW = C6/R

6, thus recovering the scaling with R of eq. 2.85. In the other case, if
δ � C3/R3 the energies of the Hamiltonian from eq. 2.83 are given by

Δ± ≈ ±C3

R3
. (2.87)

Thus the interaction is dipolar, scaling as R−3, with the eigenenergies given by a
linear combination of the basis states.

A favorable characteristic of the system is the ability to go from one regime to
another by using the influence of an electric field such that δ = 0. This is a so called
Föster resonance. Therefore, the use of an electric field allows the system to change
the interaction from van der Waals to dipole-dipole [86].

2.7.2 Rydberg blockade

Due to the strong interaction between Rydberg atoms the simultaneous excitation of
multiple atoms would be shifted out of resonance. In the same picture of two single
atoms one can see that the energy of one atom is shifted by an amount given by
eq. 2.85 due to the presence of a Rydberg excitation. This means that the state of
double Rydberg excitation, |r, r〉, would be impossible to reach unless the distance
between the atoms is such that the interaction energy V (r) does not exceed the
excitation bandwidth of the driving laser field. On the other hand, if the interaction
energy is larger, the energy shift will prevent the laser excitation of a second atom.
This phenomenon is called Rydberg blockade, and it has been proposed as a tool
for various quantum information protocols [51, 60]. Rydberg blockade between two
atoms was observed in 2009 [28, 98] and has recently been used as a tool for the
realization of a single-photon transistor [35, 96].
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Figure 2.4: Rydberg blockade. Inset a shows a two-atom system in which the double excitation |rr〉
is forbidden due to the energy shift produced by the Rydberg-Rydberg interaction. Inset b shows the

collective excitation in which one Rydberg atoms shifts the energy of each atom inside a Rydberg

blockade radius, where the collective state |ri〉 is created. Inset c shows the energy shift produced by a

Rydberg excitation as a function of the distance between the atoms. The excitation of more than one

Rydberg atom is forbidden below a certain distance given by Rb.

A graphic representation of the simple two level model can be seen in Fig. 2.4a
and 2.4c. In the van der Waals regime, the interaction is governed by the potential
V (r) = C6/R

6 which means there will be a region of blockade set by a blockade
radius

RB =
6

√
C6

�Ω
, (2.88)

where we have assumed an isotropic interaction. In the case of only two atoms, the
transition to the state

|Ψ+〉 = 1√
2
(|g, r〉+ |r, g〉) (2.89)

is allowed. Is easy to see that this state is not separable as a product of two states
(|Ψ+〉 �= |Ψ〉atom1⊗|Ψ〉atom2), which means it is an entangled state, thus revealing the
potential of Rydberg atoms as a tool for quantum information and computation [86].

2.7.3 Collective excitation

The description of the interaction between two Rydberg atoms can be extended to
an ensemble of NB atoms [59] which are all in a region smaller than the one set by
the blockade radius from eq. 2.88. To start the description it is easier to think in
a system that already has only one Rydberg excitation, this would be described by
the state

|ri〉 = |g1, ..., gi−1, ri, ..., gNB
〉 , (2.90)
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which represents the unique Rydberg excitation in the particle labeled i, while all
the other particles remain in the ground state due to the effect of Rydberg blockade,
a graphic representation of this state can be seen in Fig. 2.4b.

If now all the particles are initially in the ground state and they are indistin-
guishable, the collective excitation will be given by a symmetrical superposition of
states on the form of eq. 2.90,

|Ψ〉 = 1√
NB

NB∑
i=1

|g1, ..., gi−1, ri, ..., gN〉 , (2.91)

where now any atom labeled by i could be excited, while all the others remain in
the ground state. This state is coupled to the ground state by the matrix element
〈Ψ| Ĥ |g〉, with |g〉 = |g1, ..., gi, ...gNB

〉 the ground state of the system. In analogy
with a two-level atom system (see eq. 2.66) it is straightforward to obtain the total
coupling

Ωcollective =
√

NBΩ. (2.92)

From this equation it is possible to see that the interaction between the atom and
the light is enhanced by a factor given by the total number of atoms in the system,√
NB, compared to the single atom case. This is the so called super atom picture,

in which the entire ensemble can be treated as a two level atom system with an
enhanced Rabi frequency.
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3 Experimental setup

We use an atom-chip experiment to create ultra-cold clouds of rubid-
ium atoms that are later excited to Rydberg states. In this chapter
a detailed description of the experimental setup is given. This in-
cludes the laser system as well as the optical system of both the BEC
machine (CELSIUS) and the Rydberg excitation scheme.

3.1 Introduction

All experiments presented in this thesis were realised in the CELSIUS machine. This
setup has been instrumental to three previous PhD theses [25, 99, 108]. It has the
particularity of being able to generate one-dimensional Bose-Einstein condensates
by means of an atom chip [99] that has previously been used to test Yang Yang
thermodynamics [25, 100]. A detailed description of the construction of the setup,
including the vacuum system and design considerations regarding the chip layout
can be found in [99]. In this chapter we will give a brief description of each part
of the setup. More detail will be given in the case of modifications of the original
setup. These include a complete refurbishment of the laser system and the addition
of a Rydberg laser system.

Since the original construction of the setup minor changes have been made re-
garding the laser system and the optical components that are used for the gener-
ation of ultracold clouds of atoms. The coils system that generates compensating
and trapping magnetic fields were kept essentially the same. The configuration of
the vacuum chamber together with the coils is shown in a 2D sketch of the system
in Fig. 3.1a. As is visible from the sketch, the atom chip is placed in the middle of
the vacuum chamber facing down, thus the atoms are trapped below the chip. The
main machine is placed on a separate optical table (upper rectangle in Fig. 3.1b),
where the lasers and optics are located together with the vacuum chamber.

The CELSIUS machine was extended in order to be able to perform Rydberg
excitation in the cold cloud of atoms. This extension corresponds mainly to a laser
system built on a separate optical table. On this optical table a setup was built
in order to perform vapor-cell spectroscopy (in particular using EIT) and an extra
(small) vacuum system that holds an optical cavity used for locking of the Rydberg
lasers. The output of the Rydberg lasers is sent to the main table via optical fibers

31
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(see Fig. 3.1) where a small optical system was built in order to set the polarization
of the beams as well as a switch for each of them.

3.2 Laser system

The laser system used in our setup is composed of four diode lasers that serve
different functions. They can be divided in two groups, (i) the laser cooling and
probing and (ii) the Rydberg laser systems. The former includes the lasers used for
the MOT as well as the optical pumping and imaging beams, the latter includes two
lasers that drive a two-photon transition to a Rydberg level.

As can be seen in Fig. 3.1 the configuration of the system does not allow the use
of a standard 6-beam MOT. Instead we use a mirror MOT (mMOT) [83]. The main
difference with a standard 3D MOT is that the beams along the axis of the MOT
coils are reflected by the surface of the atom chip. Therefore the reflected beam will
change its polarization to the one that is needed in order to recreate the standard
3D MOT with only four laser beams, in combination with the MOT coils at 45◦

with the chip surface (see Fig. 3.1a).

3.2.1 Laser cooling and probing

We use two diode lasers for cooling and probing of the atoms. The cooling, imaging
and optical pumping beams are obtained from a tapered amplifier laser system
(Toptica TApro), that we call the master laser. For the repump beam we use a
standard tunable diode laser (Toptica DLpro). The DLpro laser is placed on the
main optical table (see Fig. 3.1) together with all the necessary optics. This optical
table is also where the vacuum system is placed. The TApro laser is placed on a
different optical table (see Fig. 3.1), its power is divided in two main beams: one of
them is sent through an optical fiber to a neighboring laboratory and the other one
is sent through another optical fiber to the main optical table where all the optics
is placed.

Both lasers are frequency stabilized using the atomic absorption signal obtained
from a saturated Doppler-free absorption spectroscopy [78] setup. The atomic spec-
trum is used as a frequency reference and converted into an error signal using the
Pound-Drever-Hall (PDH) technique [22]. This error signal is later used to lock
the laser to a certain frequency using a proportional-integral-derivative (PID) con-
troller. The PDH and PID procedures are carried out using a Toptica PDD110 and
a Toptica PID110 modules, respectively.
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Figure 3.1: (a) Sketch of the vacuum chamber together with the coil system. The solid rectangles

represent the coils we use to generate a quadrupole magnetic field for the mMOT. The dashed rectangles

represent the coils we use to generate magnetic fields for compensation. There are two extra coils in

the x axis that are not shown in the picture. The rounded solid rectangles represent the coils we use for

the generation of a bias magnetic field in the y direction, the so-called y-bias coils. Inside the vacuum

chamber the atom chip is placed facing down, therefore the atoms are trapped below the chip. The

size of the coils and the chip are not to scale. Two of the mMOT beams are shown in the figure.

(b) Arrangement of the optical tables and the main laser systems. The dashed rectangles represent

breadboards inside closed boxes keeping the lasers and optics isolated from fluctuations in air flow.

The dark grey rectangles are breadboards kept at a higher level. The Rydberg lasers are also shown in

the picture as blue (480-nm laser) and red (780-nm laser) arrows, indicating their counter-propagating

geometry. The image (probe) beam goes perpendicular to the Rydberg excitation, shown in the picture

as a red arrow. The black thin arrows represent optical fibers.
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MOT lasers

For the mMOT beams we use part of the light coming from the master laser which
is locked to the F = 2 → F ′ = 1− 3 cross-over (see Fig. 3.2 and 3.3a). The light is
sent through an optical fiber to the main table, where an acousto-optic modulator
(AOM) is used in a double-pass configuration in order to reach the proper cooling
frequency (see Fig. 3.2). After the AOM we use a 15◦ anamorphic prism pair in
order to increase the coupling efficiency to the optical fiber that we use to send the
light to the main experiment. After the prism, we use a combination of an electro-
optical modulator (EOM) with a polarizing beam splitter (PBS) and a half-wave
plate (HWP) in order to switch the light from the cooling beam to the probe beam
(see Fig. 3.3a). We use a mechanical shutter in order to switch the light on and off.
Finally we use a half-wave plate to set the polarization of the light going through the
polarization-maintaining fiber. We get approximately 95 mW of power at the other
side of the fiber. This is divided into four beams to get a mMOT configuration.

At the same time the cooling beams are on we use a repump beam to pump
atoms that have fallen into the F = 1 ground state back to the F = 2 ground state.
The repump beam is obtained from an different diode laser (Toptica DLpro) that
is locked to the F = 1 → F ′ = 2 transition of the D2 line. The light is switched on
and off by using a mechanical shutter placed on the same breadboard as the laser
head. The light is sent to the main experiment using a polarization maintaining
fiber. We set the polarization using a set of HWP and quarter-wave plate (QWV).
The power we get at the other side of the fiber is approximately 10 mW. This light
is later overlapped with the mMOT beams and divided into four beams.

Optical pumping lasers

In order to magnetically trap the atoms (for further cooling) we pump them to the
F = 2 mF = +2 ground state. This is done by defining the quantization axis along
the y axis (see Fig. 3.1) using the magnetic field generated by the external y-bias
coils. Part of the master laser light is sent through an AOM so we can tune the
light to the F = 2 → F ′ = 2 transition of the D2 line. The AOM is in a single-
pass configuration. After the AOM the beam polarization is set so the light can
be transferred to the main experiment using a polarization-maintaining fiber. After
the fiber we use a QWP to set the polarization of the beam to be circular.

Simultaneously to the pump beam a repump beam is sent to the atoms in order
to bring atoms that have fallen into the F = 1 ground state back to the F ′ = 2 state
of the D2 line. Both beams are overlapped and sent in the same direction to the
vacuum chamber (see Fig. 3.1b). This repump beam is sent to the main experiment
via a polarization-maintaining fiber from the main repump setup. At the output of
the fiber the beam is also set to be circularly polarized.

3.2.2 Rydberg lasers

The setup has been extended with a two-photon Rydberg excitation scheme. We
excite atoms from the 5S1/2 ground state to a Rydberg level via the (near-resonant)
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Figure 3.2: Energy level scheme for 87Rb. The master laser is locked to the crossover of the F =

2 → F ′ = 1 transition and the F = 2 → F ′ = 3 transition of the D2 line (780.2 nm). From the

master laser the cooling, optical pump and probe beams are obtained. The repump laser is locked to

the F = 1 → F ′ = 2 transition of the D2 line. The repump laser is used for repumping in the cooling

and optical pumping process.

intermediate state 5P3/2 using a 780-nm infrared diode laser (DLpro) and a frequency
doubled 480-nm blue laser (Toptica SHG) to excite atoms to a Rydberg level (nS
or nD states). The lasers are frequency narrowed and stabilized by locking them to
a home-built reference cavity that is described in detail elsewhere [20]. With this
scheme we reach a linewidth � 10 kHz for both lasers. Both Rydberg lasers and
their respective optics are placed on a separate optical table (see Fig. 3.1b and 3.3c).

Red Rydberg laser

The main red Rydberg laser (driving the 5S1/2 → 5P3/2 transition) is obtained
from a standard tunable diode laser (Toptica DLpro). Before going into the main
experiment we divide the laser into four arms that serve different purposes. The
main functions of each beam are:

• Main experiment: this is the beam that goes to the main table through a
polarization maintaining fiber.

• Cavity lock: this beam goes first through a fiber EOM that produces sidebands
for the proper locking of the laser.
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• EIT setup: this beam goes to an EIT setup with the purpose of having a
frequency reference for the cavity lock of the blue Rydberg laser. A more
detailed description of the locking setup will be given in Sec. 3.2.3.

• Spectroscopy: this beam goes to a saturated Doppler-free absorption spec-
troscopy setup for rubidium. It has the purpose of providing a frequency
reference for the sidebands (generated by the EOM in the cavity lock beam)
that are used for the locking of the same laser.

Blue Rydberg laser

For the second step in the Rydberg excitation, the 5P3/2 → nS/nD transition, we use
a 480-nm laser beam generated from a TA-SGH 110 high-power, doubled, tunable
diode-laser system from Toptica. In this laser system the blue beam is generated
by doubling the frequency of a 960-nm laser. The 960-nm beam is divided into two
arms. We send one of them to a fiber EOM in order to generate sidebands that are
used to lock the laser while the other one is sent to the resonant doubling cavity
that has a frequency doubling crystal that generates light at 480 nm. The resonant
doubling cavity is stabilized (in length) by using a standard PDH/PID procedure.
There is a photodiode placed at one of the outputs of the cavity. The signal from
this photodiode is sent to a Toptica PDD110 module that generates an error signal
that is sent to a Toptica PID110 module thus stabilizing the cavity in such a way
that the blue power is maximized.

At the output of the 480-nm laser we use a flip mirror in order to change the
direction of the beam. We first send the beam to an EIT setup (together with the
780-nm Rydberg laser) in order to establish a frequency reference for the locking
of the 960-nm laser. After having locked the laser we switch the mirror so all the
power is sent to the main optical table using a polarization maintaining fiber. We
get a maximum power of 90 mW at the output of the fiber.

The scheme of the Rydberg lasers setup can be seen in Fig. 3.3c. In the following
section a description of the locking scheme for the Rydberg lasers will be given.

3.2.3 Frequency stabilization

For Rydberg excitation it is necessary to have lasers that can be frequency locked
as well as scanned around a certain frequency. The main difficulty to realize the
scheme is the locking of the blue laser. In a spectroscopy cell neither the lower state
nor the upper state of this transition is populated, making absorption spectroscopy
impossible (For the red laser this problem does not occur since the lower state of this
transition, 5S1/2 → 5P3/2, is the ground state). In order to circumvent this difficulty
we built a medium-finesse optical cavity that can be use to stabilize both the 780-
nm and 480-nm lasers. A detailed description of the construction and design of the
cavity can be found in [20]. The advantage of using a cavity spectrum instead of an

Section 3.2.3 is based on the paper Medium-finesse optical cavity for stabilization of Rydberg
lasers, Applied Optics, 19, 5436-5443 (2017)
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at the top left of the image. HWP and QWP stand for half and quarter wave plate, respectively. PBS

stands for polarizing beam splitter.

atomic one is that in the latter the resulting linewidth is limited by the natural width
of the atomic transition, whereas in a cavity spectrum the linewidth is limited by the
choice of mirrors (that sets the width of the reference feature). Rydberg atoms have
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lifetimes of several 100 μs thus it is important to have lasers as narrow as possible
(in the kHz range) in order to observe Rydberg excitation and related phenomena
in the experiments.

We attempt to observe Rydberg excitation in our experiment by measuring an
absorption spectrum of the cold cloud of atoms. Thus it is important to be able to
scan the frequency of the lasers while at the same time the lock of them is maintained.
In order to do so we frequency stabilize the Rydberg lasers by generating movable
sidebands in our Rydberg lasers. The sidebands are generated using a pair of fiber
EOMs from Jenoptik, a PM785 and PM940 for the 780-nm and 960-nm lasers. After
the sidebands are generated the lasers are sent to the cavity, from where we obtained
two different spectra (each one with two movable sidebands). The signal coming from
the cavity is then used to generate an error signal using the PDH technique, which
is implemented in Toptica modules. Finally, we use the error signal to lock both
lasers, getting a linewidth � 10 kHz for both lasers (the linewidths were measured
using a self-heterodyning setup [20]).

An important in-between step before locking the lasers is to determine the fre-
quency at which they are going to be stabilized. Directly from the cavity it is not
possible to know where the sidebands are (with reference to an atomic transition).
Therefore, we implemented an EIT setup in order to get a reference signal for the
locking (see the dashed rounded square in Fig. 3.3c).

The locking process proceed as follows: one arm of the red Rydberg laser is
sent to a rubidium spectroscopy setup while the other arm is sent to the cavity.
The signal obtained from the cavity is compared to the signal obtained from the
spectroscopy setup, thus we get a reference for the lower transition. Once we have
this reference we can move the sidebands to an arbitrary value. This is achieved
by controlling the rf signal going into the fiber EOMs using a SynthUSBII board
from WindFreak Technologies, from where we get a range of 34 MHz to 4.4 GHz,
that can be controlled using the lab computer (an example of the sidebands and the
error signal can be seen in Fig. 3.4). Initially we set the sideband to be on top of
the 5S1/2 → 5P3/2 transition and lock the laser to that frequency. With the infrared
laser already locked we perform EIT in a separate spectroscopy setup. Looking
at the signal coming from this setup (EIT setup) we scan the blue Rydberg laser
frequency (using the Toptica SC110 module included in the laser) so we are able to
observe an EIT signal coming from a 10-cm rubidium vapor cell. The EIT signal
can be observed after the wavelength of the blue laser is tuned close to a Rydberg
transition. This is done by monitoring the 960-nm laser using a wavemeter. Finally,
the sidebands generated in the 960-nm beam can be tuned to be on-resonance or
close to resonance with the EIT signal, depending on the experiment we want to
perform. The frequency of the sideband can also be computer controlled, thus we
are able to scan the frequency in discrete steps.

In order to perform Rydberg spectroscopy with a certain intermediate state
detuning (from the 5P3/2 state) we just shift the sideband of the red Rydberg laser
by adding the desired detuning to the reference frequency (for the sideband on-
resonance) and shift the frequency of the 960 nm laser by half the amount (because is
doubled in blue frequency). In this way we can vary the intermediate state detuning
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Figure 3.4: The plot at the left side shows the transmitted signal of the 960-nm beam obtained

from the cavity. This signal was obtained when the WindFreak USF rf synthesizer is used to generate

sidebands at 300 MHz (using the fiber EOM). The free spectral range of the cavity is ∼ 1.5 GHz. The

plot at the right side shows the resulting error signal generated with a Toptica PDD module that is

used to lock the lasers.

from 0 MHz to a few GHz.

3.3 Vacuum system and atom chip

In this section we briefly describe the vacuum system, dispenser and atom chip that
we use in the experiment. A detailed description of various parts of the experiment
can be found in [25, 99].

3.3.1 Vacuum system

The vacuum system consists of a science chamber section, with an octagonal cross
section (as shown in Fig. 3.1) where the atom chip system and dispensers are located,
and a pump section, where an ion getter pump and a titanium sublimation pump are
located in order to achieved and maintain ultra-high vacuum conditions [99]. The
vacuum system was built in such a way that the science chamber can be separated
from the pump section using a gate valve. This feature is useful when changing
the atom chip and the dispensers inside the science chamber; it allows to preserve
vacuum conditions in the pump section. The pressure is monitored using an ioniza-
tion gauge (Bayard-Alpert type). The atom chip and the wires used for magnetic
trapping are connected with a 4+1-way cross that is pumped with an additional
small ion getter pump. Most of the parts are made of stainless steel (type 304).
The science chamber, 4+1-way cross and chip mount were made of stainless steel
(type 316L). The science chamber has seven glass windows that allows optical ac-
cess, five of them (CF40 windows) are AR coated: the ones that are in the yz plane,
in Fig. 3.1a these are not shown in the drawing. The CF100 and CF40 windows,
shown in Fig. 3.1a (one in front the other), are uncoated and coated for near-IR
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Figure 3.5: Atom chip design. Inset a) shows the chip layout with the 8 gold wires on it together with

the two sets of miniwires (drawn to scale) that are used to generate various magnetic field configurations.

Inset b) shows a zoom in of the dashed rectangle shown in inset a.

(∼ 780 nm), respectively. The system can reach a vacuum pressure of the order of
10−11 mbar.

3.3.2 Dispenser and blue LED’s

We have two commercial rubidium dispensers (SAES Getters) inside the chamber.
The atoms are released upon heating of the container. This is done by resistively
heating the containers by applying a current pulse. The current and time duration
of the pulse thus determines the number of atoms that are loaded in the mMOT.
This is controlled through the lab software. Typically we use pulses of 11− 20 A for
a duration of 2 − 4 s. The dispensers are mounted close to the atom chip (one on
each side of the chip) in such a way that rubidium coating of the chip is avoided.

In addition to the dispensers we use an array of blue LED’s during the mMOT
stage in order to enhance the Rb pressure via light-induced atom desorption [54].
The LED’s are mounted on a semicircular metal plate that is mounted on the CF100
window of the science chamber (the visible window in Fig. 3.1a). The LED’s are
powered using a Delta power supply set to 30 V, with an approximate current of
500 mA. The use of this technique results in an increase of a factor of two in the
number of atoms in the miniwire magnetic trap stage (see following section for a
description of this stage).

3.3.3 Atom chip

In total, there are three different current-carrying layers in the atom-chip assembly
that are used for magnetic trapping:
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• Chip: this is composed of a surface layer made of 300 micron thick silicon
substrate coated with a patterned gold layer. The gold layer is ≈ 2 μm thick.

• Miniwires: the two other layers are composed of a set three parallel copper
wires each. One of the layers has the wires parallel to the x-direction (red wires
in Fig. 3.5a) while the wires from the other layer are perpendicular, namely in
the y-direction (blue wires in Fig. 3.5).

The chip wires are made of gold, which has a reflectivity of ≈ 98% at 780 nm.
The elecction of gold is then convenient for the construction and functioning of the
mirror-MOT. It also has high electrical conductivity and does not oxidize. The chip
surface is 16 × 25 mm and it has 8 wires. The central section of the main wire
(wire labeled 5 in Fig. 3.5) is 125 μm wide and 3 mm long. This is the wire we use
as Z-wire for the generation of our magnetic trap. Together with a bias magnetic
field we get an Ioffe-Pritchard (IP) magnetic field configuration (see Ch. 2). The
total calculated resistance of the wire is limited to 0.7 Ω [99] thus allowing high
currents to run through it without overheating the chip (higher currents allow to
get tighter traps). The maximum current that is sent to wire 5 is around 2.25 A.
A neighboring wire (wire 3 in Fig. 3.5) is used to generate a rf field in the process
of evaporative cooling. Wire 7 is currently broken thus not connected to anything.
The wiggles in some of the wires were used to get 1D box potentials [25,103]. These
wires were not used in the experiments presented in this thesis. We used wire 4 as
a tool for the generation of Stark maps. This was done by applying a voltage to it
(during the magnetic trap stage) that generates an electric field at the position of
the atoms. Because we wanted to use one of the wires to apply a voltage we decided
to characterize the resistances between the wires to make sure the chip would not
be damaged in the process. The results are shown in Table 3.1. Because the system
has used the same chip design for around 12 years (and this particular chip for about
4 years) we re-characterized the voltage drop across wire 5. When there is 2.25 A
going through the wire we measured a voltage drop of 1.78 V outside the vacuum
system. This corresponds to a resistance of 0.79 Ω, very similar to the one measured
in a previous PhD thesis on this project [99].

The miniwires have a diameter of 300 μm with a space between them of 0.65
and 3 mm for the set of wires in the x and y-direction, respectively. The resistance
of the miniwires is around 10 mΩ. The two sets of wires serve various purposes
during the different stages of the experiment. Initially, the atoms are loaded into
a mMOT in which the quadrupole magnetic field is generated using external coils
(see Fig. 3.1a). After this stage the atoms are transferred closer to the chip (∼ 4
mm below the chip) into a wire-MOT in which the quadrupole field is generated by
the miniwires placed above the chip. The miniwires in the x-direction plus a bias
magnetic field in the y-direction form a side guide along x, while confinement in
the x direction is achieve by using the miniwires placed parallel to the y-direction.
Later on in the experimental sequence, one of the mini wires in the y-direction was
used to generate an IP-type magnetic field so the atoms can be then transferred to
the trap generated by the Z-wire.
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1 2 3 4 5 6 7 8
1 6.4 85.6k 95.8k 96k 99.4k 126k X 270k
2 4.1 126k 127k 131k 160k X 396k
3 2.4 13k 18.7k 47.5k X 174k
4 4.3 7.74k 29.5k X 158k
5 1.5 39.9k X 520k
6 4.2 X 505k
7 X X
8 3.0

Table 3.1: Measured resistances at the end of different wires. See Fig. 3.5 for a detailed diagram of

the position of the wires in the chip. All the values are in Ω. Wire 7 is broken so no finite resistance is

measured for it.

3.4 Experimental sequence

In the following subsections we give a description of each stage in the process of
cooling and trapping of a cloud of 87Rb atoms and performing two-photon Rydberg
excitation on it. The process of cooling and trapping is reviewed in detail elsewhere
[99], while the sequence and control for Rydberg excitation is described in detail
here.

3.4.1 Sequence and control of the cooling and trapping pro-
cesses

The experiment is controled by LabView software (National Instruments LabView
7.0) runing on a Windows XP computer. The software makes use of digital and
analog input/output boards that connect the main devices with the computer. A
series of instructions is written in a time frame (a list of instructions written as
commands) which is later copied into a digital board (Viewpoint Systems DIO-
64, with 64 channels configured to work as outputs), thus starting the experimental
cycle. A detailed description of the lab software and control is given in [25]. We made
small modifications that included replacement of broken parts (National Instruments
6713 and 6014 boards) and the addition of a new NI6713 board for the connection
of new components (mainly for Rydberg excitation).

The entire sequence for cooling atoms lasts for about ∼ 10 s. Shown below is a
brief description of each stage we perform in order to produce a cloud of ultra-cold
atoms (thermal cloud or BEC).

1. Dispenser pulses: We first set the currents going to the dispensers in order
to release rubidium atoms inside the vacuum chamber. This is done with two
pulses of ∼ 12 and ∼ 10 A with a duration of ∼ 2 and ∼ 3 s, respectively,
separated by ∼ 1 s. The current and length of the pulses can be adjusted to
get an appropriate number of atoms into the mMOT. At the same time we
turn on the blue LED’s in order to enhance the atom number in the mMOT.
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2. Mirror MOT: The sequence starts by sending a current through the MOT coils
in order to generate a quadrupole magnetic field. We set the current of the
two coils to be 6.25 and 6.35 A. These values were optimize in such a way that
the transition to the miniwire MOT was as efficient as possible.

One of the MOT coils was replaced during the course of this PhD project. We
designed a new coil similar to the ones described in [99]. We characterized
the new coils and found that when running 7.15 A we get a field gradient of
15 G/cm. The coils are water cooled during their functioning by sending tap
water to them at a rate of 5 ml/s. Each coil is powered independently by using
a Delta SM 35-45 power supply.

At the same time the coils are turned on we set the MOT lasers to the right
frequency. For the cooling laser this is done by using a double-pass AOM
that shifts the frequency ∼ 193.95 MHz to the red from the locking point (see
Fig. 3.2) i.e. a detuning of ∼ 2Γ from the F = 2 → F ′ = 3 cycling transition.
Simultaneously, four repump beams (see Fig. 3.2) are overlapped with the
MOT beams. With these settings we get a cloud with ∼ 4× 107 atoms.

3. miniwire MOT: The following stage consists of shifting the cloud of atoms
closer to the chip surface (∼ 1.2 mm below). This is done by turning off (ramp
down) the MOT coils and sending current to the miniwires in combination with
a bias magnetic field in the y direction. Each red miniwire in Fig. 3.5a is set
to carry 2 A of current while the two outer blue wires are set to +3.5 and −3.5
A. After the transfer we get ∼ 4× 106 atoms in the cloud. The miniwires are
operated using three Kepco BOP 20-10 power supplies (blue wires in Fig. 3.5a)
and one Kepco ATE 6-10 for the other set of three miniwires (red wires in
Fig. 3.5).

4. Compressed MOT: In order to increase the phase space density we use a com-
pressed MOT technique [71]. In this stage the cooling light is further detuned
and the repump light is attenuated in order to reduce the light pressure. As
a result the atom number is reduced, however the phase space density is in-
creased. At the end of this stage we get Φ ∼ 10−6 at a temperature of the
order of tens of μK. This stage lasts for around 80 ms.

5. Optical pumping: Right after the compressed MOT stage we optically pump
the atoms to the F = 2 mF = +2 ground state. This is done by setting a
quantization axis using the y bias coils, By = 2 G. At the same time the pump
beam, which is resonant with the F = 2 → F ′ = 2 transition of theD2 line (see
Fig. 3.2), is sent to the atoms (along the y-axis) together with a repump beam
which goes in the same direction and is resonant with the F = 1 → F ′ = 2
transition of the D2 line (see Fig. 3.2). The beams are overlapped and switch
on and off simultaneously, the total pulse time is ∼ 1 ms.

6. Miniwire magnetic trap: After the atoms are pumped to a magnetically trap-
pable state the lasers are turned off and the miniwires are used to create an
IP-type magnetic trap. In order to achieve this we set the current through the
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miniwires along the y direction to be 9.8 and 1.46 A for the outer and central
wires respectively.

7. Z-trap: The final stage of the loading of atoms (before cooling them down)
is to transfer them to the magnetic trap created by the on-chip Z-wire (wire
5 in Fig. 3.5b). In order to optimize the transfer we spatial mode match
both traps. In the process we turn off all the miniwires except the central
miniwire in the y direction. At the same time we send 2.25 A to the Z-
shape wire and use the coils to generate a bias field in the y-direction. In
this stage we also compress the trap adiabatically by increasing the magnetic
field in the y-direction and decreasing the field in the x-direction (generated
by external coils). The last change in the trap configuration is done halfway
the evaporative cooling process. There we decompress the trap and reduce the
current in wire 5 to ∼ 1 A. With this configuration we get trap frequencies of
ωx/2π = 46 and ωy,z/2π = 860 Hz.

8. Evaporative cooling: In order to cool the atoms further and reach degeneracy
we cool the atoms by selectively removing the most energetic atoms. In order
to do so we use a rf signal coming from a DDS (direct digital synthesizer)
that is connected to wire 3. The amplitude and frequency of the signal can
be computer controlled using the lab software. A detailed description of the
rf generation and control can be found in [25].

In brief, we use a number of evaporation stages, each of them of the same
time duration (250 ms), in order to cool the atoms. Each stage is defined by
a certain final frequency that would reduce the temperature of the cloud (if
the frequency is lower than in the previous stage). The frequency is changed
by ramping it down in small steps. In order to get the atoms to condense we
use 10 stages of evaporation with a final rf frequency of 2.41 MHz. With this
configuration we can get BECs with ∼ 7000 atoms (for a trap bottom at an
rf-frequency of 2.405 MHz).

3.4.2 Rydberg excitation sequence and control

For the Rydberg excitation we use two lasers. A small setup was built on the main
optical table in order to set their polarization and switch them on and off by using
mechanical shutters in combination with EOMs (see Fig. 3.6). Besides this small
setup we included the EIT lock setup (shown in Fig. 3.3c). All the devices used for
both setups are controlled by the lab software.

The movable sidebands used for the locking of the Rydberg lasers are controlled
using a WindFreak USB rf synthesizer. The signal coming from the synthesizer is
connected to an amplifier (ZFL-1000H+) and is combined with the rf output of a
PDD Toptica module (the signals are combined using an rf combiner). The resulting
signal is fed into the fiber EOM in order to produce sidebands in the cavity spectrum.

The red beam (780 nm) goes first through an AOM to quickly switch the beam
on and off and to regulate the power. The AOM was initially used in a single-pass
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configuration (later we used this AOM to scan the frequency of the red Rydberg
laser, thus the AOM was changed to a double-pass configuration so we would have
access to a wider range of frequencies while maintaining good coupling efficiency).
The laser power is changed by changing the voltage going into a variable attenuator
that is connected to an rf switch that can be controlled using the main lab computer.
We usually use powers of the order of a few μW (after the fiber). After the AOM
the beam goes to the main table via a polarization maintaining fiber where a few
optical components allow adjustment of the polarization and the height of the beam.
The beam is then send to the position of the atoms along the x-direction.

Our main limitation during the Rydberg excitation is the Rabi frequency of the
blue laser, limited by the power we can get from the laser. The maximum power at
the output of the fiber is ∼ 98 mW. In order to increase the Rabi frequency of the
blue beam we use a set of lenses that changes the size of the beam. First, we place
a 2× telescope that increases the size of the beam before the final lens, so that the
diffraction-limited focused beam at the position of the atoms is smaller (this is done
by using a pair of 25 and 50 mm lenses). Secondly, after the telescope, we use a 250
mm lens in order to focus down the beam. This results in a beam waist of ω0 = 90
μm at the position of the atoms. The Rayleigh length of the beam after the 250
mm lens can be calculated as zR = πω2

0/λ [90]. With this formula we get zR = 53
mm. Thus, the Rayleigh range is such that the waist of the beam is constant along
all the extension of the ultracold cloud. The main limitation in reducing the beam
waist is the distance at which the lenses can be placed (outside the vacuum chamber
and before the blue beam enters the path of the MOT beams, see Fig. 3.6) and the
chip surface (which can clip the beam).

The Rydberg excitation is performed at the same time the atoms are magnetically
trapped. Both beams are sent to the main chamber through the same windows the
MOT beams in the x-direction are sent. They go in opposite directions and are
overlapped. A scheme of the Rydberg setup on the main optical table can be seen
in Fig. 3.6.

3.5 Imaging system

Here we just give a brief summary of the imaging system. A detailed description
can be found in [99].

In order to image the atoms we turn off the magnetic trap so the atoms are
released for a certain time (time of flight, TOF) in which they freely fall and expand.
We use a probe beam (see Fig. 3.2) resonant with the F = 2 → F ′ = 3 transition
of the D2 line. The beam enters the vacuum chamber perpendicular to the long
direction of the cloud (see Fig. 3.1a). The light is circularly polarized and overlapped
with the optical pump and repump beams. At the time the beam passes the atoms
we define a quantization axis by sending 0.8 A of current through the y bias coils.
The generated field is 2 G. The probe beam is completely resonant, so the atoms will
absorb the probe light and generate a shadow on the CCD camera. The absorption
image, Iabs(x, z), is then compared to an image without atoms, Ina(x, z), and a dark
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Figure 3.6: Scheme of the Rydberg lasers setup at the main optical table. The direction of each beam

is indicated by arrows. The two big red arrows indicate the direction of the MOT beams.

image, Iback(x, z), resulting in a density profile of the cloud. The light absorbed by
the atoms is set by the intensity distribution of the probe beam, I0(x, z), and the
optical density D(x, z) by

I(x, z) = I0(x, z)e
−D(x,z), (3.1)

whereD can be found by using he fact that I(x, z)/I0(x, z) = (Iabs(x, z)−Iback(x, z))/(Ina(x, z)−
Iback(x, z)), thus

D = − ln

[
Iabs(x, z)− Iback(x, z)

Ina(x, z)− Iback(x, z)

]
. (3.2)

Before going into the camera the image is magnified by using a 3× telescope
built with a pair of f1 = 100 and f2 = 300 mm lenses (with diameters d1 = 31.5
and d2 = 50 mm, respectively). We use a CCD camera (Roper Scientific Coolsnap
ES) that is connected to the lab software using an interface board. The CCD chip
of the camera has 1392 × 1040 square pixels with a size of 6.45 μm. Thus, the
effective pixel size (set by the magnification, mag= 3, of the telescope before the
CCD) is 6.45/3 = 2.15 μm. The optical resolution given by the lens system we use
is dmin = 3 μm (Rayleigh criterion, dmin = 1.22λf/d, with λ the wavelength of the
light, f the focal length and d the diameter of the lens [90]). For a detail scheme of
the lens system see Fig. 3.13 in [99].
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4 Characterization of the
experiment

In this chapter we will describe the main steps to characterize the
experiment. This includes the characterization of the cold cloud of
atoms as well as the Rydberg excitation.

4.1 Reaching Bose-Einstein condensation

After a long period of inactivity we were able to observe a Bose-Eisntein condensate
(BEC) of rubidium atoms in the CELSIUS setup. In this chapter we show the
main properties of the BEC. As was mentioned in the previous chapter we extended
the CELSIUS machine with a Rydberg excitation setup. In this chapter we also
characterize the Rydberg excitation performed in the experiment.

4.1.1 BEC transition

The first step in the characterization of the experiment was to observe the BEC
transition. In order to do this we varied the final RF frequency of the evaporation
ramp so we could observe a purely thermal cloud, a partially condensed cloud and a
pure BEC. The results are shown in Fig. 4.2. The images were obtained by releasing
the cloud from the magnetic trap for a time of flight of 14 ms. From these images
we were able to fit 2D density profiles, also shown in Fig. 4.2. The measured trap
frequencies of the final trap for these measurements were ωx/2π = 46 and ωy,z = 860
Hz (see Fig. 4.1). The trap frequencies can be measured by giving a small kick to
the cloud of atoms in the corresponding direction and varying the holding time.

In order to observe a thermal cloud we set the final RF frequency in the evapo-
ration process to be 2.48 MHz (the trap bottom is at a RF frequency of 2.409 MHz,
corresponding to 3.44 G) and removed the final stage of evaporation (of 200 ms).
In order to get the main properties of the thermal cloud, such as temperature and
atom number we fit a 2D Gaussian to the optical density profile (shown at the left
in Fig. 4.2),

f(x, y) = ODpeak exp

[
−(x− cx)

2

2σ2
x

− (y − cy)
2

2σ2
y

]
, (4.1)

where ODpeak is the peak optical density, σx,y are the widths of the cloud and cx,y
the central position. From the fit we obtained horizontal and vertical widths of

47
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Figure 4.1: The plot at the left (right) show the measurement from which we got the longitudinal

(radial) trap frequency. For both measurements we gave a small kick to the cloud of atoms by sending a

current to wires in the corresponding direction. After the cloud is kicked we hold it in the magnetic trap

and measured the position of it as a function of the holding time. We fitted sine functions to each set

of data and got A = 11.07 μm (29.45 μm), B = 0.293 rad/ms (5.407 rad/ms) C = 7× 10−8 (4.591)

and D = 356.5 μm (427.1 μm) for the left (right) plot. From the fit we get the trap frequencies,

ωx/2π = 46 and ωy,z = 860 Hz.

87.4 and 78.9 μm respectively and a peak optical density of 0.21. From the optical
density and widths of the cloud it is possible to obtain the atom number of the cloud
by using,

N = 2π
1

σ
σxσy ×ODpeak, (4.2)

where σ is the scattering cross section of the cycling transition of 87Rb for circularly
polarized light [92], σ = 2.905 × 10−9 cm2. From this we obtained N = 3.13 × 104

atoms. Knowing the TOF allows us to calculate the temperature of the thermal
cloud, T ∼ 1 μ K.

In order to observe a BEC we set the final RF frequency to be 2.409 MHz
(corresponding to a trap bottom of 3.44 G) and added the extra evaporation stage
that was removed for the thermal cloud measurement. We fit a 2D density profile to
the data corresponding to an 3D parabolic Thomas-Fermi profile integrated along
the line of sight [70],

f(x, y) = ODpeak

[
1− (x− cx)

2

σ2
x

− (y − cy)
2

σ2
y

]3/2
, (4.3)

from which we get horizontal and vertical widths of 22.8 and 48.4 μm, respectively,
and a peak optical density of ODpeak = 0.59. It is important to notice eq. 4.3
applies within the Thomas-Fermi profile, where the quantity in the square brackets
is positive, outside this region f(x, y) = 0. The atom number in the BEC can be
calculated as

N =
8

15
πn0σxσ

2
y , (4.4)

with n0 the peak density. To get this formula we have assumed the density of atoms
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to have a Thomas-Fermi profile [70], given by

n(x, y, z) = n0

[
1−

(
x

σx

)2

−
(

y

σy

)2

−
(

z

σz

)2
]
, (4.5)

with σy = σz and integrate in x, y and z. The peak density can be calculated as [81]

n0 =
3

4

1

σσz

ODpeak. (4.6)

From the obtained fit parameters we get an atom number of N = 2.8 × 103. For
the BEC we also measured the life time while leaving the RF knife on. This was
done by measuring the atom number left in the BEC while we increased the holding
time in the trap. We fitted an exponential function to the obtained data and got a
lifetime 1/e decay time of the BEC atom number of t = 1.5 s.

For the finite-temperature BEC, in which a fraction of the atoms is not con-
densed, we set the final RF frequency to 2.44 MHz and reduced the evaporation
time by 200 ms (we do this by removing one stage of the evaporation process). We
fitted a sum of a parabolic and gaussian density profile (eq. 4.1 and eq. 4.3). From
the fit we obtained values for sizes and optical density of both BEC and thermal
cloud fraction. For the thermal cloud fraction we got OD = 0.19 and horizontal
and vertical widths of 64.3 and 60.41 μm respectively. For the BEC fraction we got
OD = 0.25 and horizontal and vertical widths of 19.7 and 43.20 μm respectively.
The total atom number was calculated to be N = 9.2× 103.

4.1.2 Phase fluctuating BEC

It has been shown that, for a cloud ofN bosons in the thermodynamic limit, N → ∞,
BEC can not occur in lower dimensions [49]. Nevertheless, the situation is different
for trapped atoms where BEC can be observed in lower dimensions depending on
the trapping potential [5]. The difference lies in the fact that in an experiment a
finite number of particles, N , is used, thus resulting in the observation of lower-
dimensional BECs [34, 52]. These types of condensates have been observed before
in the CELSIUS machine [100]; they can be realized by simply adjusting the trap
parameters.

By changing the currents we used in the Z-wire magnetic trap stage it is possible
to change the trap configurations. In order to go to a more 1D trap we increase
the bias field in the y-direction by increasing the current in the y-bias coil to 15A
and kept the current in wire 5 to 0.8 A after the decompression stage. Using the
previously mentioned configuration we measured trap frequencies of ωx/2π = 63 and
ωy,z2π = 1380 Hz. The measured trap frequencies correspond to an aspect ratio of
22 compared to the usual 18.7 we have for the standard configuration. An example
of the resulting BEC after 8 ms of TOF is shown in the left image of Fig. 4.3. The
image shows density fluctuations which arise from phase fluctuations due to the 1D
character of the quasi-condensate [21,73]. The phase coherence length is defined as

lφ =
�
2n1

mkBT
, (4.7)
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Figure 4.2: The top image shows the transition from a thermal cloud to a BEC (from left to right),

the final RF frequency is indicated for each case. From left to right the (σx, σy) widths in micrometers

are (87.4, 78.9) for the thermal cloud, (64.3, 60.41) and (19.7, 43.20) for the thermal and BEC fraction

respectively and (22.8, 48.4) for the BEC. The lower plot shows the fitted density profiles for each case

from which we extract the atom number.

50 μm

Figure 4.3: The left image shows phase fluctuations observed as density fluctuations in a quasi 1D

condensate after a TOF of 8 ms. The image at the right show the resulting averaged profile of 20

images showing density fluctuations.

where n1 is the 1D linear density of the condensate. In order to get an estimate
of the linear density we averaged 20 images as the one shown in Fig. 4.3 (left).
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4.2 Rydberg excitation Rabi frequency 51

We integrated everything along the vertical direction and normalized by the atom
number, from where we get a 1D density profile with a peak density of 350 /μm.
We estimated the temperature of the cloud to be ∼ 200 nK. The obtained coherence
length is then lφ ∼ 10 μm. This value is of the same order as length scale of our
condensate in the weakly confined direction, thus resulting in the observation of
phase fluctuations [72].

4.2 Rydberg excitation Rabi frequency

Now we want to characterize the Rydberg excitation performed in a cold cloud of
atoms. For this it is important to know the two-photon Rabi frequency, Ω2γ of the
Rydberg excitation.

In our experiment it is not possible to measure the laser power that is actually
entering into the vacuum chamber. In particular for the blue laser the situation is
more difficult to analyze because the windows are not coated for blue light. We will
use an indirect method to calculate them.

4.2.1 Measuring blue Rabi frequencies

It is important to notice that we will calculate the blue Rabi frequency, Ω480, of one
particular transition. With this we deduce the blue power that is actually hitting
the atoms and calculate Ω480 for other transitions.

The indirect measure of the blue Rabi frequency is obtained using a scheme of
Electromagnetically Induced Transparency (EIT). The EIT scheme uses two lasers
that form a three-level ladder scheme in which the absorption of a weak probe beam
is controlled by means of a strong coupling beam [111], see also section 2.6.3 on
EIT. We can implement this using the imaging and blue laser as probe and coupling
beams, respectively. Both lasers are kept on during the imaging process. With this
configuration a ladder system is created between the 5S1/2 → 5P3/2 transition of
87Rb (probe beam) and the 5P3/2 → 30S1/2 Rydberg excitation (coupling beam).
As mentioned in Ch. 2 the absorption of a probe laser (particularly in an EIT
configuration) is set by the imaginary part of the susceptibility, �(χ). In the limit
of low probe power [111] (see Ch. 2),

χ(Δp) ∝ iΓp

Γp + 2iΔp +
Ω2

c

Γc+2i(Δp+Δc)

, (4.8)

where Γp and Γc denote the decay rates of the probe and coupling resonances, Δp and
Δc the detunings and Ωc the Rabi frequency of the coupling beam. E.g. from [92] we
know that Γp/2π = 6.065 MHz. Because we use the imaging beam as probe beam it
is possible to take an EIT spectrum by scanning the frequency of the imaging beam
and extracting the atom number from a TOF measurement that is then fit to the
imaginary part of eq. 4.8.

The blue beam at the position of the atoms has a waist of 90 μm and the cloud has
a (radial, 1/e) size of 50μm after a TOF of 1 ms. Because both sizes are comparable,
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52 Characterization of the experiment

atoms at different positions of the cloud will sample different Rabi frequencies. This
means the Rabi frequency we extract from the EIT profile is not the Rabi frequency
at the center of the coupling beam. Thus we get a lower value for it. To solve this
we fit an averaged EIT profile to our data that is weighted by the atom density at
a certain point of the cloud,

EITav ∝
∫

ρ2D(r)� [χ (Δp,Ωc(r))] dV, (4.9)

were we have assumed a cylindrical geometry along the axial axis of the cloud and
a circular geometry in the radial axis,

ρ2D = exp

[
− r2

2σ2
r

]
. (4.10)

Here σr is the radial size of the cloud and the Rabi frequency has a profile given by

Ωc = Ωc,peak

√
exp

[
−2r2

w2

]
, (4.11)

were w is the blue laser beam waist at the position of the atoms and Ωc,peak is the
Rabi frequency at the center of the beam. In Fig. 4.4 we show an example of a
measured EIT profile in which the detuning of the probe beam is scanned. In the
plot two fits are shown, one in which we used an averaged EIT profile (with an
spatially varying blue Rabi frequency) and one with a fixed Rabi frequency.

We also measured the transmission efficiency considering all the optical elements
between the output of the optical fiber and the entrance window of the vacuum
chamber, from which we get an efficiency of 70%. The measured transmission effi-
ciency of the entrance window of the vacuum chamber is 80% (measured using an
identically coated window that was not mounted on the vacuum system). Thus, for
the blue light we get a total efficiency of

Transmission efficiency = 56%. (4.12)

In the experiment we scanned the probe frequency by changing the MOT AOM
VCO voltage, after a characterization of the relation between the applied voltage
and frequency we get a relation given by

f = −0.9172V 2 + 25.89V + 92.53, (4.13)

where f is in MHz and V in volts, this equation is valid for voltages between 4V and
9V (corresponding to the voltages we used in the experiment). We use a double-
pass configuration which is already included in the fit. We use this equation to
change the x−axis in our EIT spectra, e.g. Fig. 4.4 from a voltage to a frequency
scale. After fitting the data to the analytic expression for the imaginary part of the
susceptibility at various blue powers, we got a relation between the blue power we
send into the atoms and the Rabi frequency. We did this for both fits, the averaged
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Figure 4.4: The plot at the left shows the EIT data obtained from a measurement with 90mW of

blue power using a TOF of 1ms. The blue curve correspond to the direct fit of �(χ), from this we get

a Rabi frequency of Ωc/2π = 7.68MHz, the orange curve is the averaged fit from which we get a Rabi

frequency of Ωc,peak/2π = 13.3MHz. The plot at the right shows the relation between blue power and

Rabi frequency for both the averaged and standard EIT fit. For the first one we get Ωc = 1.475
√
P480

and for the second one Ωc = 0.977
√
P480, with the units of [Ωc] =MHz and [P480] =mW. In order

to get these fits we use only data above 40mW. Below this value we can only fit quadratic functions

with an offset. This is because for low powers the condition Ωc � Ωp is not fulfilled anymore, thus the

solution for the system, given by eq. 4.8 is not valid anymore.

one (assuming a Gaussian blue radial profile) and the standard one (assuming a flat
radial profile). We also noticed that at low blue powers the expression for the EIT
profile shown in eq. 4.8 can not longer be used because the condition Ωc � Ωp is not
valid anymore. Considering this we fitted a square root (f(x) = a

√
x) to our data

only for powers higher than 40 mw. The resulting curves are shown in Fig. 4.4.

4.2.2 Red Rabi frequency

For the Rabi frequency of the red laser the situation is easier because we know how
much power is going into the vacuum chamber (the CF100 window is uncoated).
Also the waist of the beam is known. With these values and the assumption of a
Gaussian beam we can calculate the peak intensity as

Ipeak =
2P

πw2
, (4.14)

where P is the measured intensity and w is the waist of the beam. After this we can
calculate the peak electric field amplitude of a Gaussian beam, which is given by

Epeak =

√
2Ipeak
ε0c

, (4.15)
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Figure 4.5: Inset a) shows a typical time sequence we use for Rydberg excitation. The laser pulse is

performed after cooling while the atoms are still in the magnetic trap. Inset b) shows the laser scheme.

We performed two-photon Rydberg excitation. The first step is done with a 780 nm laser. We use an

intermediate state detuning of 300 MHz (which can be varied). The second step is done with a 480

nm laser that we scan across resonance in order to measure a Rydberg spectrum. Inset c) shows an

example of the measurements we get. Each data point represents one experimental cycle, in total it

takes around 25 minutes to measure an entire spectrum. We fit a gaussian profile to the data in order

to extract the FWHM and amplitude of the Rydberg feature. The vertical scale shows the normalized

(ground-state) atom number, resulting from dividing each data point by the background atom number

(away from the lost feature at resonance) obtained from the gaussian fit.

where ε0 is the permittivity of vacuum and c is the speed of light. Then we can
calculate the Rabi frequency as

Ω = −〈e|μ · E |g〉
h

, (4.16)

where μ is the dipole operator and E is the electric field. The dipole elements can
be calculated separately for the radial and the angular part of a specific transition
by using the method described in Ch. 2.

4.3 Rydberg spectroscopy

Here we will show an example of a Rydberg spectrum we measured. As was men-
tioned before, the excitation is performed in the magnetic trap, right after the atoms
are cooled down by evaporative cooling. An example of the experimental sequence
is shown in Fig. 4.5a. The lasers are pulsed and sent into the vacuum chamber along
the long direction of the cloud. The Rydberg pulse can be varied from around tens
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4.4 Stark maps 55

of microseconds to a hundred milliseconds. We use an intermediate state detuning
from the 5P3/2 state that can vary from 50 to 1500 MHz. Finally, after the Rydberg
excitation pulse, we measure a Rydberg spectrum by absorption imaging. Ryd-
berg atoms are lost during the excitation pulse by decay into non-trappable states.
Therefore, after a time of flight of several ms, we measured the remaining atoms in
the ground state.

An example of the obtained spectrum is shown in Fig. 4.5c. For that spectrum
we set the blue laser to 965.261/2 nm in order to observe the 28D5/2 state. We used
an intermediate state detuning of 300 MHz and a Rydberg pulse duration of 5 ms.
The laser powers were 1 μW and 85 mW for the red and blue laser, respectively,
measured right after the optical fiber. The cloud was cooled down to 0.5 μK,
corresponding to a final RF frequency of 2.42 MHz.

We perform one experimental cycle per data point. This means we set the blue
frequency to a certain value and measured the atom number in the cloud after the
Rydberg excitation. The same procedure is done for each data point, with the blue
frequency changed for each data point in small steps of tens of kHz. It takes about
30 minutes to measure an entire spectrum.

In order to analyze the data such as those of Fig. 4.5(c) we fit a gaussian to it
and extract the main properties of the Rydberg feature such as the full width at
half maximum (FWHM) amplitude and resonance position.

4.4 Stark maps

In order to characterize the electric field at the position of the atoms we measure
Stark maps of various Rydberg states. Here we will show a brief description of how
these Stark maps are measured. A detailed discussion on the characterization of the
electric fields is the subject of Ch. 5.

In order to change the electric field at the position of the atoms we apply a
voltage to one of the wires in the chip (wire 4). We do this at the same time the
Rydberg excitation is performed, thus Rydberg atoms will be affected by the electric
field. This will result in the Rydberg feature shifting in frequency due to the Stark
effect.

In order to know what the generated field is at the position of the atoms we first
need to characterize the applied voltage to wire 4. This means we need to know the
relation between the voltage we apply to wire 4 and the actual produced field at the
position of the atoms. This characterization is shown in the next section.

4.4.1 Applying a voltage

We use wire 4 to generate electric fields at the position of the atoms. This is done
at the same time the atoms are magnetically trapped using wire 5.

Applying a voltage to wire 4 has two main purposes. The first one is to char-
acterize the stray electric field produced by (for instance) the current-carrying wire
we use for magnetic trapping (wire 5). This is important because the magnetic trap
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Figure 4.6: In both plots the wire voltages as a function of the function generator pulse height are

shown. The left plot shows a complete characterization of the applied voltage on wire 4. The horizontal

axis shows the voltage set in the function generator (pulse height), resulting in an applied voltage to

wire 4 showed in the vertical axis. The plot at the right shows the characterization of other wires

when a voltage is applied to wire 4. The letters T, B, L and R stands for top, bottom, left and right,

respectively. This refers to the position at which the wires are located, see Fig. 3.5. For the current-

carrying wire 5, the voltages on both the source and drain side of the wire (labeled 5T and 5BL) were

measured.

is turned on at the same time Rydberg excitation is performed, thus the produced
electric field will affect the measured Rydberg spectrum. The second purpose is to
compensate for undesired electric fields in one direction.

The voltage we applied comes from a function generator that generates square
pulses. A 10-kΩ resistor is placed in between the function generator and the chip
in order to prevent a too large current flow in the wire that could damage the chip.
We characterized the (resulting) voltage that is actually applied to the wire as a
function of the voltage we set in the function generator (pulse height). At the same
time we characterized the voltages in the other chip wires at the moment we apply
the voltage pulse (measured at the air side of the vacuum feedthrough for the wires
connection). The results are shown in Fig. 4.6. The characterization was done while
running the experiment as we normally do for an entire sequence, which means that
a current is applied to wire 5 for magnetic trapping. From the characterization it is
possible to see that the voltage on wire 4 pulls the voltages on the other wires up or
down. These voltages are also slightly asymmetric around the zero-voltage point.

4.4.2 28S state Stark map

A Stark map is obtained by setting the applied voltage (to wire 4) to a certain
value and produce a Rydberg spectrum, the procedure is repeated for many different
voltages, thus getting a Stark map. An example of the result is shown at the left side
of Fig. 4.7 for the 28S1/2 state. We measured this Stark map using an intermediate
state detuning of Δ = 500 MHz with powers of 85 mW and 2 μW for the blue and
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Figure 4.7: Example of a Stark map measurement. The plot at the left shows several Rydberg spectra

taken at different pulse voltages. This means that the electric field at the position of the atoms was

varied. We added an offset to the atom number so each spectra is visible in the same plot. We fitted

a gaussian to each spectra and extracted the resonance position. The result is shown in the plot at the

right, exhibiting a quadratic behavior. The shift of the frequency (D in the legend of the plot) scales

quadratically with the field E, set by the polarizability a of the state.

red beams, respectively. We pulsed the lasers for 7 ms. Next, we fit a gaussian to
each spectrum and get the main properties of the feature. From the fit we can plot
the resonance position as a function of the applied voltage (the voltage set in the
function generator).

It is known that for S states the frequency shift scales quadratically with the
applied field. This is true as long as the energy shift is much smaller than the energy
distance with the neighboring states. Because this is true in this case, we can obtain
a voltage to field relation with the S state Stark map (because the polarizability of
S states are known). In order to do so it is necessary to first convert the voltage axis
to the actual applied voltage in the wire. This relation is given by the plot shown
in Fig. 4.6. The field conversion will not be shown in this section as it is subject of
discussion in the next chapter.
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5 Electric field characterization

We use the sensitive response to electric fields of Rydberg atoms to
characterize all three vector components of the local electric field
close to an atom-chip surface. We measured Stark-Zeeman maps of
S and D Rydberg states using an elongated cloud of ultracold ru-
bidium atoms (temperature T ∼ 2.5 μK) trapped magnetically 100
μm below the chip surface. The spectroscopy of an S state yields
a relation between the applied voltage to one of the on-chip wires
and the generated local electric field at the position of the atoms.
The values for different components of the field are extracted from
the more complex response of D states to the combined electric and
magnetic fields. From the analysis we find residual fields in the two
uncompensated directions of 0.0 ± 0.2 and 1.98 ± 0.09 V/cm. This
method also allows us to extract a value for the relevant field gradient
along the long axis of the cloud. The manipulation of electric fields
and the magnetic trapping are both done using on-chip wires, mak-
ing this setup a promising candidate to observe Rydberg-mediated
interactions on a chip.

5.1 Introduction

In this chapter we describe the procedure to realize two-photon Rydberg Stark-
Zeeman spectroscopy of a cloud of magnetically trapped ultracold 87Rb atoms (T ∼
2.5 μK), to characterize the local electric fields near (∼ 100 μm distance) our atom
chip. An additional auxiliary electric field is generated at the location of the atoms
by applying a voltage to an on-chip wire adjacent to the magnetic trapping wire.
We show that it is possible to characterize all three vector components of the local
electric field (even though only one component is controlled) by a careful analysis of
the measured Stark-Zeeman spectra of S and D states. The results are consistent
with the calculated structure of Rydberg states in combined magnetic and electric
fields. We also characterize the electric field gradient along the long axis of the
cloud.

This chapter is based on the paper Characterizing the local vectorial electric field near an atom
chip using Rydberg-state spectroscopy, Physical Review A, 96, 013425 (2017)
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In Sec. 5.2 we summarize our calculations of D-state Stark-Zeeman maps for
different field configurations and show how these are affected by residual fields in
various directions. The experimental setup and procedure are explained in Sec. 5.3,
followed by the main experimental results and a comparison with the calculations
described in the preceding section. A summary of the main results is given in
Sec. 5.4.

5.2 Stark map simulations

To compare our experimental results to theory, we need to calculate the Rydberg
energies and eigenstates in combined electric and magnetic fields, with an a priori
unknown angle between the two. To this end, we first calculate field-free radial Ryd-
berg wave functions, then include the electric field by calculating the matrix elements
of the electric field operator and diagonalizing the result to obtain Stark eigenstates
and eigenenergies (see Sec. 2.5.1), and finally take into account the magnetic field as
a small perturbation in the Hamiltonian, to obtain combined Stark-Zeeman maps.
We have verified that the results of our calculations are consistent with results from
open-source Rydberg calculator packages [89, 105] that have recently become avail-
able.

In more detail, the calculation of the desired Stark-Zeeman maps starts from the
binding energies Eb = −R/ [2(n− δ)2] of the field-free Rydberg states, given by the
experimentally determined quantum defects δn,l,j of 87Rb for S and D states [61],
P states [57], F states [40], and G states [2] and the reduced Rydberg constant
R for 87Rb. Here, n is the principal quantum number, l is the orbital angular
momentum, and j is the total angular momentum quantum number of the valence
electron. For l > 4 the quantum defect is negligibly small, and we set it to zero.
Under field-free conditions, the Rydberg wave functions separate into a product of
a radial wave function and a remaining function describing the electron spin and
angular part of the wave function (see Sec. 2.4.1). The radial wave functions ψn,l,j(r)
are obtained numerically using the Numerov method [66,67], integrating the radial
Schrödinger equation inward starting from the classically forbidden outer region of
the Coulomb potential with an energy given by the above quantum defects, and
with a variable step size adapted to the changing spatial oscillation frequency of
the wave function [113] (see also Sec. 2.4.1). The spin and angular functions are
obtained from the standard angular momentum algebra using the Wigner-Eckart
theorem [109]. In an applied electric field, mj (corresponding to the projection of
the angular momentum onto the electric-field direction) remains a good quantum
number. The energies and eigenstates depend onmj and can be obtained for eachmj

separately. To this end, a set of all states with energies around the energy of interest
is selected (typically ∼ 1000 states) for each mj, and a finite-size matrix is set up
with the diagonal elements given by the (field-free) energies and the off-diagonal
elements given by the matrix elements of the electric-field operator. The latter
are obtained using the above radial wave functions for the radial matrix elements
and the Clebsch-Gordan coefficients for the angular part. The resulting matrix is
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diagonalized, yielding a Rydberg Stark map of energies and eigenvectors for each
mj as a function of electric-field strength E.

To account for magnetic fields of a few gauss, we limit ourselves to a single
value for n, l, and j (consistent with our magnetic trap) and the corresponding set
of (2j + 1) basis states distinguished by their value of mj (with the quantization
axis along the electric-field direction). The corresponding eigenenergies E(n, l, j,mj)
yield a (diagonal) Stark Hamiltonian matrix within this manifold. Within this basis
set the Zeeman Hamiltonian (with the magnetic field at an angle with respect to the
electric field) is added as a perturbation (see Sec. 2.5.2), and the resulting matrix
is again diagonalized to yield a Stark-Zeeman map of eigenvalues and eigenstates.
This method works well as long as the Zeeman splittings are much below the fine-
structure splitting (this is 560 MHz for the 28D state, so that the magnetic field
should be below 100 G). The results of such a calculation are shown in Fig. 5.1.

From these calculations it is possible to analyze the character of each sublevel
after a projection of the eigenbasis on the B field direction. At zero electric field each
sublevel is defined by the Zeeman shift. In Fig. 5.1(a) this means that each curve
represents mj = 5/2, 3/2, 1/2,−1/2,−3/2,−5/2 from top to bottom, respectively.
In the case in which E ‖ B (black curves in Fig. 5.1(a)) the analysis is trivial
because the quantization axis is unambiguous; hence, each sublevel maintains its
own original character at any electric field value. As a result the Stark shift (which
depends only on the absolute value |mj|) and Zeeman shift are simply additive.

The analysis is more complicated for the case when E ⊥ B. As the electric field
is increased, the character of each state changes; for instance, the highest-energy
state, mj = 5/2 (along B) changes its character to a superposition of mj = −1/2
andmj = +1/2 (along E) at higher electric fields. The behavior at high electric fields
can be intuitively understood as follows (we take the quantization axis along the
electric field in the remainder of this paragraph). In the absence of a magnetic field
the highest-energy level is twofold degenerate, with quantum numbers mj = ±1/2.
The other states, with larger |mj|, are Stark shifted relatively far away (down) in
energy. A small magnetic field orthogonal to the electric field couples electric-field
eigenstates with Δmj = ±1. This coupling is most effective between the two states
with |mj| = 1/2 (since these have Δmj = ±1 and are degenerate in energy in the
absence of a magnetic field). It splits up the upper two states into the symmetric
and antisymmetric combinations of mj = −1/2 and mj = +1/2. The downshifted
states, with larger |mj|, are only weakly affected by the magnetic field (since the
magnetic field does not couple within the pair with the same |mj| > 1/2), and as
a result for each |mj| > 1/2 the two states are nearly degenerate in energy. This
analysis is important when setting the polarization of our lasers for the Rydberg
excitation in order to select which state we excite in view of the selection rules. For
the sake of simplicity we will use the zero-electric-field labeling (ZEL) to identify the
various sublevels throughout this chapter, even when the electric field has a nonzero
value.

From Fig. 5.1(a), we see that in the case of perpendicular fields (red lines),
E ⊥ B, the energy of the two uppermost magnetic sublevels first decreases, followed
by an increase in energy at higher fields, thus creating a dip in the Stark map.
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Figure 5.1: (a) Calculated Stark map of the 28D5/2 state of 87Rb in a magnetic field of B = 3.4

G. The red and black lines correspond to the cases when the magnetic field is perpendicular and

parallel to the electric field, respectively. At zero electric field each line represents the sublevel mj =

5/2, 3/2, 1/2,−1/2,−3/2,−5/2 from top to bottom, respectively. In the E ⊥ B configuration, for

the two uppermost states the initial downshift is followed by an increase in energy, thus creating an

initial dip in the Stark map. This is an additional feature compared to the E ‖ B case, and it can be

used to extract information on different electric-field components. (b) Detail of the shift of the two

uppermost sublevels for various stray field configurations in the case where the applied electric field

Eap ⊥ B. Here, we use an orthogonal coordinate system (x,u,v) with x along the direction of the

magnetic field and u along the direction of the applied electric field Eap; v is perpendicular to both x

and u (see Fig. 5.2 for a graphic description of the experimental field directions). The plot illustrates

the sensitivity of the Stark-Zeeman map to different field configurations; see text for details.

The size of this initial dip is very sensitive to additional (stray) electric fields. In
Fig. 5.1(b) we illustrate this by showing four different configurations in which we
varied the contributions of residual fields between 0 and 2 V/cm. These contribu-
tions were taken parallel to the magnetic field (Ex) and perpendicular to both the
applied electric field and magnetic field (Ev); a sketch of the field geometry is shown
in Fig. 5.2(a). A stray field in the x direction of 2 V/cm already shows a total
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Figure 5.2: (a) Sketch of the experimental geometry: We excite 87Rb atoms to a Rydberg level using

a two-photon excitation scheme with two counter-propagating 780- and 480- nm lasers. The atoms

are magnetically trapped in vacuum ∼ 100 μm below the surface of an atom chip. The numbering

of the on-chip wires is indicated in the inset. The excitation is done along the axial direction of the

cloud during magnetic trapping. The gray arrows indicate a coordinate system composed of different

field components; both (x, y, z) and (x, u, v) are orthogonal systems. Namely, we call the stray electric

field along the long direction of the cloud the parallel component, Ex (along the direction of the x

axis). We apply a voltage to wire 4 that changes the field (Eap along the direction of the u axis) at

the position of the atoms so we can generate Stark maps. The produced field is perpendicular to the

B field and lies in the yz plane. The stray field in the third direction, labeled Ev (along the direction

of the v axis), is in the yz plane and orthogonal to Eu. (b) Laser scheme for the Rydberg excitation.

The intermediate state detuning from the 5P3/2 state is 100 MHz towards the blue.

disappearance of the local minimum for the top state. More generally, the precise
shape of the Stark-Zeeman map of the top two states is very sensitive to the strength
of the electric-field components Ex and Ev, enabling the characterization of these
fields. The role of the magnetic field is relevant because its value defines the energy
difference between each magnetic sublevel at zero electric field, which is the Zeeman
shift. Moreover, Fig. 5.1(b) shows that this energy difference varies as the electric
field is increased, revealing the importance of the magnetic field configuration in the
analysis of the data. Consequently, the combination of electric and magnetic fields
is crucial for the full characterization of residual unknown stray electric fields.

5.3 Experimental results

The experimental setup employs an atom chip [85] to trap and cool a cloud of
Rb atoms in vacuum at a distance of ∼ 100 μm from a set of microfabricated
gold wires (see Fig. 5.2(a)). Our setup and methods have been described in detail
elsewhere [99, 100, 103] and in Ch. 3 and Ch. 4. In brief, we start from a cloud
of 87Rb atoms loaded in a mirror-magneto optical trap (mMOT) with the mirror
formed by the atom chip, a patterned, 2-μm-thick, gold layer on a 16 × 25 mm2
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silicon substrate. These atoms are then optically pumped to the |F = 2,mF = 2〉
state and transferred to a magnetic trap where they are cooled down to ∼ 2.5 μK
using rf-induced evaporative cooling. The magnetic trapping is done using a 125-
μm-wide on-chip Z-shaped wire (wire labeled 5 in Fig. 5.2(a)) carrying a current of 1
A. This final trap is elongated (cigar shaped), with trap frequencies ωx/2π = 46 Hz
and ωy,z/2π = 860 Hz. The bottom of the trap is at B = 3.41 G (corresponding to
an rf frequency of 2.39 MHz). After evaporation there are approximately 104 atoms
in the trap. At T = 2.5 μK the calculated cloud size (FWHM) is 6.8 μm in the
radial directions and 127 μm in the longitudinal direction. The temperature of the
cloud is extracted from a time of flight (TOF) measurement, in which the expansion
of the cloud is measured as a function of the time after it was released.

This setup has been extended with a two-photon Rydberg excitation scheme. We
excite atoms from the 5S1/2 ground state to a Rydberg level via the intermediate
state 5P3/2 using a 780-nm infrared laser and a 480-nm blue laser in a 7-ms pulse
during magnetic trapping. Both lasers are aligned along the long (x) axis of the
magnetic trap and the lasers are frequency narrowed and stabilized by locking them
to a home-built reference cavity that is described in detail elsewhere [20]. With this
scheme we reach a linewidth � 10 kHz for both lasers. For the Rydberg excitation
we use blue and infrared powers of 90 mW and ∼ 0.5 μW, respectively. In order to
increase the two-photon Rabi frequency the coupling blue beam is focused down to
a waist of 90 μm. This leads to a blue Rabi frequency at full power of Ωc/2π ∼ 10
MHz for the 5P3/2 − 30S1/2 transition. The infrared beam waist at the position of
the atoms is 520 μm. The detuning to the intermediate 5P3/2 state is 100 MHz
towards the blue for the 780-nm laser to reduce losses due to intermediate state
scattering. Finally, after the Rydberg excitation pulse, the remaining ground state
atoms (Rydberg atoms are lost during the excitation pulse by decay into non-trapped
states) are released and detected after a time of flight of several milliseconds using
absorption imaging.

By scanning the blue frequency across resonance and measuring the number of
remaining atoms as a function of this frequency we obtain Rydberg loss spectra (see
for example Fig. 4.5). In order to change the electric field at the position of the
atoms we pulse a voltage during the Rydberg excitation. This voltage is applied
to one of the on-chip wires (wire 4 in Fig. 5.2(a)) during the magnetic-trapping
and Rydberg-excitation phase. The wire we use to generate the electric field at
the position of the atoms (wire 4) is 10 μm wide, and the distance of its center
from the nearby edge of wire 5 is 35 μm. All the other wires (except wires 4 and
5) and the silicon substrate are kept floating. It is important to note that all the
wires have a finite resistance (on the order of 10 kΩ, see Table 3.1) to each other,
via the silicon substrate [103]. Thus, as we apply a voltage to wire 4, most of the
chip surface shifts voltage towards the voltage of wire 4. The exception is wire 5,
where the voltage (and current) is pinned by the current supply attached to it. To
characterize the voltage distribution across the chip surface we use the fact that the
resulting voltages on most of the wires are accessible outside the vacuum system, via
a multipin vacuum feed-through. We have measured these voltages under operating
conditions (i.e., with current for magnetic trapping applied to wire 5, and varying
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the voltage on wire 4, see Fig. 4.6) and found that the voltage on all the wires (with
the already noted exception of wire 5) shifts roughly linearly with the voltage on
wire 4. These voltages were used to calculate the direction of the applied electric
field (the direction of the u axis in Fig. 5.2). A further detail that is relevant is that
we found a slight asymmetry in the measured voltages on the other wires as the
sign of the voltage difference between wire 4 and the center of wire 5 changed (see
Sec. 5.3.1).
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Figure 5.3: Measured Stark shift and broadening for the 30S state. We use these measurements to

calibrate the actual applied electric field we are generating at the position of the atoms. The plot

shows the resonance shift of the Rydberg signal at different applied voltages. The vertical bars are the

measured FWHM of each feature obtained from a Gaussian fit. We fit two quadratic functions to the

data in order to obtain the parameters in Eq. (5.2); see the main text for details.

5.3.1 Stark map of the S state

In order to calibrate the relation between the applied voltage and the locally applied
electric field at the position of the atoms we first measured a Stark map of the
30S1/2 state by taking Rydberg loss spectra for various applied voltages. We set the
polarization of the blue and infrared lasers to be σ− and σ+, respectively. We fitted a
Gaussian to each Rydberg spectrum in order to obtain the amplitude, position, and
full width at half maximum (FWHM) of the loss feature. The resonance position
and width of the Rydberg feature are plotted as a function of the applied voltage in
Fig. 5.3. The vertical bars represent the FWHM of each feature in the spectrum. As
expected, in the presence of electric field gradients (see Sec. 5.3.3), the feature gets
broader as we increase the applied field. We found that the voltages on the on-chip
wires are slightly asymmetric around the applied voltage on wire 4, Vap. A possible
explanation for this behavior is a leakage current between the chip wires that is
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slightly asymmetric in the voltage difference between the wires. This produces an
asymmetry of the shift in frequency around ∼ 1.4 V. To account for this we fit
separate quadratic functions with a shared apex to the data in order to produce a
voltage-to-field relation. The quadratic functions smoothly connect at the top, but
have different curvatures. The resulting fits are shown in Fig. 5.3. Using the known
polarizability of the 30S state [68], we can extract a relation between the applied
voltage and the field generated at the position of the atoms using

Δ = −1

2
α30SE

2, (5.1)

where α30S = 1.39 MHz/(V/cm)2 is the polarizability of the 30S state and Δ is the
energy shift of the Rydberg feature produced by the presence of an electric field E.
Using these two different fits, we obtained a field-voltage relation of the form

Eap = ci (Vap − V0) . (5.2)

Here, Eap is the applied field at the position of the atoms, and ci are two different
coefficients depending on which side of the parabola the applied field is: c1 = 12.4
cm−1 and c2 = 16.4 cm−1 for Vap > −1.37 V and Vap < −1.37 V, respectively.
V0 = −1.37 V is the offset voltage we get for which the Stark shift is minimal. This
voltage is consistent with the inferred voltage at the center of the trapping wire
(wire 5 in Fig. 5.2(a)) produced by the current we send through it to generate the
magnetic trap. Note that a small stray field along the direction of Eap would lead
to a small shift of V0 in the Stark map. In contrast, stray fields in the other two
directions (orthogonal to Eap) lead to a vertical energy offset

1

2
α30S(E

2
x + E2

v) (5.3)

in the Stark map of the S state that does not discriminate between Ex and Ev, and
that would require an absolute frequency reference to calibrate.

5.3.2 Stark map of the D state

The knowledge of the applied electric field at the position of the atoms allows us to
measure a calibrated Stark map of the 28D5/2 state. To do so we set the polarization
of the blue and infrared beams to be linearly polarized, in such a way that we are
able to see both the mj = 5/2 and mj = 3/2 states (ZEL). The resulting Stark-
Zeeman map is shown in Fig. 5.4. We used Eq. (5.2) to transform the x axis from
an applied voltage to an applied electric field at the position of the atoms. We fitted
two Gaussians to each spectrum for a given applied field and extracted the main
properties of the two features: amplitude, FWHM and position. The comparison
of the resonance position obtained from the data with the calculated ones gives us
values for the components of the stray field Ex (parallel to B) and Ev (perpendicular
to B and Eap). The analysis is based on the shape and the size of the initial dips
in the Stark map (for applied fields ≤ 10 V/cm) which strongly depends on the
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Combined Stark map of the 28D5/2 state
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Figure 5.4: The 28D5/2 state Stark map of two different sublevels: The top and bottom curves are

the mj = 5/2 and mj = 3/2 sublevels (ZEL), respectively. The color scale indicates the normalized

number of atoms, normalized to the number of atoms measured when the Rydberg excitation lasers

are off resonance. The measurements were taken outside the dark red colored area. We deliberately

saturated the upper sublevel in order to be able to see the other one, which has a much smaller coupling

strength. The white lines are the resulting fitted curves for the resonance position of each sublevel where

the parallel and perpendicular electric fields are used as fitting parameters (from the fit we get Ex = 0

V/cm and Ev = 1.98 V/cm, respectively; see main text for details).

stray field configuration (see Fig. 5.1(b)). Considering the values obtained for the
electric-field components, we can estimate to what extent the FWHM of each feature
is limited by field gradients.

From the Stark-Zeeman map in Fig. 5.4 we already see the initial dip in the
energy shift of the resonance of both states, so we can immediately set an upper
limit to the field in the parallel direction of Ex � 2 V/cm. The coupling strength of
the mj = 3/2 state is much weaker than that of the mj = 5/2 (ZEL), so we have to
strongly saturate the latter in order to see both at the same time. The weak feature
has a much more prominent dip as a function of electric field than the strong one.
Therefore, the simultaneous use of the resonance positions of both states results in
a more accurate analysis of the data. However, since the mJ = 5/2 state is strongly
saturated, it is not possible to extract an accurate value for the resonance position
of the Rydberg feature. In order to get a better data set for this state we set the
blue and infrared beams to be σ+ polarized, so only the transition to the mj = 5/2
state (ZEL) is allowed by selection rules. Because this state has a strong coupling,
it is possible to investigate its behavior also at higher electric fields without losing
the signal. The resulting Stark-Zeeman map is shown in Fig. 5.5(a). These data are
combined with the previously measured mJ = 3/2 state (ZEL) data, and fitted to
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the calculated Stark-Zeeman map (Fig. 5.1(b)) with the residual electric fields Ex

and Ev as fitting parameters. For the fit we use only data for fields Eap < 15 V/cm
only, from which we obtain Ex = 0.0 ± 0.2 V/cm and Ev = 1.98 ± 0.09 V/cm1.
The resulting fitted curves are shown on top of the measured Stark-Zeeman map as
white lines in Figs. 5.4 and 5.5(a).

Although the resulting fitted curves show excellent agreement with both sublevels
at low field values, Eap < 10 V/cm, there is a discrepancy at high field values,
Eap ≈ 20 V/cm (see Fig. 5.5(a)). We have verified that the frequency difference
between the observed bump at Eap = 20 V/cm and the observed dip at Eap = 5
V/cm is reproducible and not affected by slow drifts in the experimental frequency
calibration. This was done by measuring the frequencies of the observed bump at
Eap = 20 V/cm and the observed dip at Eap = 5 V/cm directly after one another
and confirming their vertical spacing in Fig. 5.5(a). One source for a reduction in
the peak frequency shift at 20 V/cm is the differential ac Stark shift of the Rydberg
level as the character of the state changes with increasing applied electric field. We
calculated this to give a modest contribution, a downshift in frequency of ∼ 0.5
MHz at Eap = 20 V/cm. In short, the discrepancy between our calculation and the
experimental results around Eap = 20 V/cm may be due to a combination of factors,
and is still under investigation. This discrepancy does not affect the determination
of Ex and Ev because it is visible only at high field values (Eap > 15 V/cm), where
small residual fields do not play a role.

5.3.3 Electric field gradients

We now focus on possible gradients in the electric field as a source of broadening
in the experimental spectra. Already from the calculations we can conclude that in
the areas where the Stark shift has an extremum as a function of field the Rydberg
loss feature will become asymmetric. This is due to the quadratic character of the
energy shift around the extremum and the finite size of the cloud, which means
that different parts of the cloud sample different values of the electric field. Figure
5.5(b) shows an example of a spectrum taken at Eap = 19 V/cm, where the effect
of gradients in the Rydberg spectrum is enhanced due to the high curvature of the
frequency-field relation. From this spectrum it is possible to see the asymmetry of
the signal. This observed asymmetry supports the assumption that the broadening
of the Rydberg feature is caused by the presence of field gradients at the position
of the atoms.

The above argument implies that the Rydberg feature is symmetric in the field
regime where the energy shift is linear. This linear regime is a characteristic that
is unique for D states and that can actually be used to extract an approximate
value of the electric field gradient in the volume of the atoms. Due to the elongated

1The stated uncertainties in the fields, ΔEv and ΔEx, are calculated assuming that the reduced
chi-square value of the model is one, χ2

r = 1. Thus, ΔEv and ΔEx are obtained by allowing the chi-
square value, χ2, to increase by one from its minimum value. The more usual approach of extracting
the uncertainty from the inverse covariance matrix on basis of the curvatures at the minimum of
χ2 is not applicable because the dependence of χ2 on Ex was found to be nonquadratic [77].
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Figure 5.5: Rydberg loss spectroscopy of the 28D5/2 state for different applied fields. (a) The top

state in Fig. 5.1(a) considering the voltage-to-field conversion. The color scale indicates the normalized

atom number in each spectrum, measurements are performed outside the uniform dark red colored area.

The dashed white line shows the resulting fitted curve, obtained using only the data within the area of

the solid white line (below 15 V/cm). A small asymmetry is observed around 0 V/cm; it is due to a

slow residual drift of the cavity to which the Rydberg lasers are locked [20]. (b) At Eap ∼ 19 V/cm

the Rydberg feature is asymmetric due to the presence of field gradients. Therefore, a skewed Gaussian

(solid curve) is fit to the data. (c) The measurement of the FWHM of the loss feature at different

temperatures at an applied electric field of Eap ∼ 12 V/cm where the Rydberg feature is symmetric.

character of the cloud (along x) and the fact that the applied field is along u (see
Fig. 5.2), the measured spectra are more sensitive to gradients related to the change
in potential V in the x and u directions in Fig. 5.2. Thus, our measurements and
calculations are dominated by the gradient,

g = ∂2V/∂x∂u, (5.4)

the variation along the long direction of the cloud of the field component Eu. To
extract this value from the data we assume a Gaussian density distribution along
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the long direction of the cloud,

n(x, T ) ∝ exp
[−x2/2σx(T )

2
]
, (5.5)

with a size set by the temperature: σx(T ) =
√
kBT/mω2

x, where kB is the Boltzmann
constant, m is the atomic mass, and ωx is the trap frequency in the long direction.

The cloud samples different values of the field, which are set by the gradient g
and the size of the cloud via the expression

δE(x, g) = gx. (5.6)

At the same time these fields are related to the linear shift in energy via

Δ(x, g) = aδE(x, g), (5.7)

where a = 1.44 MHz/(V/cm) is the slope we get when we fit a line to the part of
the Stark shift of the upper state of the 28D5/2 manifold that has a linear behavior.
The FWHM of the Rydberg spectrum depends on the field gradient, temperature
(because it sets the size of the cloud), and the zero-field linewidth. The latter corre-
sponds to the linewidth of the spectrum set by any other mechanism of broadening
besides electric-field effects.

In order to extract the gradient, we set the applied electric field to Eap ∼ 12
V/cm (where the shift is linear with the field) and vary the temperature by changing
the final rf frequency in the evaporative cooling process. Finally, the FWHM of the
Rydberg loss spectrum is plotted as a function of temperature; the results are shown
in Fig. 5.5(c). We refrained from using a fitting function that includes a finite value
for the FWHM at T = 0 K, corresponding to the previously mentioned zero-field
linewidth. This is not necessary in our fit due to the lack of data points for low
temperatures (limited by the signal-to-noise ratio because of the low atom number);
further, it does not affect the estimate of the gradient because it is mainly set
by the slope of the fitted curve. From our data we obtained a field gradient of
g = 179 ± 9 V/cm2 along the long direction of the cloud2. This is the value for a
field gradient that explains the broadening of the Rydberg feature. In particular, it
explains the increase of the FWHM for higher temperatures shown in Fig. 5.5(c).
Interestingly, it also allows a comparison with the maximum widths observed in the
S state spectrum of Fig. 5.3. When the applied field dominates over the residual
fields, the width of the spectrum is sensitive to the same electric field gradient we
determined above. The expected FWHM width of the spectrum when the applied
field dominates is then α30SEapgδx, with δx being the FWHM length of the cloud.
This yields a FWHM of 9 MHz for a wire voltage of −1.75 V in Fig. 5.3, consistent
with the measured width.

Another reason that might explain the difference between the model and the ex-
perimental data at low temperatures is the omission of density effects. At low tem-
peratures there is an important increase in density which means Rydberg-mediated

2A theoretical estimation of the gradient can also be made. This estimation is shown in the
appendix A, at the end of this thesis
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interactions might be playing a role in the observed width. Our model does not
consider this. However, the value of the gradient is set mainly by the slope of the
curve which is set by higher-temperature data (T > 2 μK). In this area, the domi-
nant mechanism of broadening is the effect of gradients, particularly along the long
direction of the cloud. The investigation of Rydberg-mediated interactions and col-
lective effects at lower temperatures and higher densities is the subject of further
work, and is beyond the scope of the present chapter.

5.4 Conclusions and outlook

We characterized the vector components of the stray electric field close to the chip
surface in our atom-chip experiment by comparing calculated S andD Stark-Zeeman
maps with experimental data. We applied a voltage to one of the on-chip wires in
order to generate a field at the position of the atoms. The field is characterized using
a measured S state Stark-Zeeman map, which is then used as a tool to calibrate
the field axis of the D state Stark-Zeeman map. The energy shift of D states when
applying an electric field is non trivial and has an initial dip in energy. The minimum
of this dip, and therefore the change in curvature, strongly depends on the values of
stray electric fields along different directions. The values of these field components
are obtained by fitting the data to the simulated Stark-Zeeman map. We obtained
values for the residual fields that are relatively small, namely Ex = 0.0± 0.2 V/cm
and Ev = 1.98±0.09 V/cm. We attribute this observed residual field mainly to stray
fields produced by rubidium adsorbates on the surface of the chip. In fact, the total
stray field is about a factor of two lower than that observed at the same distance (100
μm) under similar conditions using electromagnetically induced transparency [95],
where the field was attributed to rubidium adsorbates on the gold surface. The lower
value we observe may be due to the somewhat elevated temperature of the current
carrying gold wire in our system, which should lead to reduced Rb coverage. Another
contribution to the electric field comes from the current-carrying wire. Within the
wire the electric field is given by the current and the resistivity of the gold wire
and is ∼ 1 V/cm along the wire (in the x direction). At the position of the atoms
we calculate this to lead to a contribution of ∼ 0.4 V/cm along the x direction.
Since from the 28D state spectra we find Ex = 0 V/cm, this field is apparently
compensated by other contributions to the residual field (likely the Rb adsorbates).

We also made use of the linear response of D states to applied electric fields.
In this region the Rydberg signal is symmetric, and the increase in linewidth as we
increase the size of the cloud is related to the field gradient at the position of the
atoms. The value of the gradient allows us to set a lower limit for the linewidth
of the Rydberg signal, setting the stage for future research of Rydberg-mediated
interactions in our setup.

On the one hand, the elongated character of our cloud sets a limit for the
linewidth we can observe due to different parts of the cloud sampling different fields,
but on the other hand, it has been demonstrated that the one-dimensional character
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has advantages when observing Rydberg-mediated interactions [75]. From this re-
search we can conclude that atom chip experiments are a promising tool for the study
of Rydberg systems. The level of on-chip control over the electric fields demonstrated
here is promising for the observation of Rydberg blockade and Rydberg-mediated
interactions in ultracold gases trapped on a chip, which is relevant for quantum
information science and technology in integrated and compact systems. The next
generation of chips is being designed in which the stray electric fields along Ex andEv

can be compensated using electrodes placed as an extra layer on top of the chip. The
characterization of the fields in the new setup will be done using the electrometry
process described in this chapter.
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6 Rydberg Molecules

Here we present the observation of ultralong-range Rydberg molecules
in our atom-chip experiment. These kind of molecules are observed
as extra peaks appearing in a Rydberg loss spectrum. We also show
how the molecular feature can be used to obtain more information
about the system in which they are created.

6.1 Introduction

In 2000, Chris Green et al. [36] demonstrated that the attractive interaction be-
tween a Rydberg electron and a ground-state atom allows the formation of so-called
ultralong-range Rydberg molecules. The bond length of these molecules is set by
the Rydberg wavefunction, thus they are giant molecules that can reach dimensions
of the order of microscopic biological objects [29].

The molecular potential that describes the interaction is set by the Rydberg
electron wavefunction and the scattering length that describes the interaction be-
tween the Rydberg electron and the ground-state atom. For a ground state atom of
rubidium (5S1/2), the singlet scattering length was predicted to be positive, whereas
the triplet scattering length was predicted to be negative. If the electron spins are
in a triplet configuration, it turns out that the interaction (described by an attrac-
tive potential) is strong enough to allow the formation of weakly bound Rydberg
molecules.

There are a few experimental requirements to observe the formation of these
molecules. One of them is that the interaction between the chemical element used
in the atomic sample and the Rydberg electron is described by a negative scattering
length (as in the triplet case with rubidium). Another one is that the density is
such that a ground-state atom is located within the Rydberg electron wavefunction.
Thus, ultracold atomic samples are suitable for the experimental observation of
Rydberg molecules. These type of molecules were first observed for Rydberg nS
states in the group of T. Pfau [9] in 2009 and later on for nD states [3, 56] and nP
states [7]. Rydberg molecules are characterized by the same exaggerated properties
as Rydberg atoms, such as their response to electric fields [30].

It has been demonstrated that during the excitation of Rydberg atoms, dipole-
dipole interactions induce broadening of the Rydberg transition even at relatively

73
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Resonance
position (MHz)

Δi/2π

Amplitude
(atom number)

Ai (×103)

Width (MHz)
Γi/2π

-16.1 -1.3 0.47
-12.0 -0.68 1.4
-6.4 -0.70 1.0
0.0 -4.8 2.7

Table 6.1: Results from the Lorentzian fits made to the molecular spectrum of the 37S1/2 Rydberg

state shown in Fig. 6.1. All frequencies are relative to the atomic line position. The values for the

amplitude of each feature are negative because they are relative to the background atom number. A

background atom number of 7.8× 103 atoms was obtained from the fit.

low densities [33]. Here we study how this mechanism of broadening affects the
formation of Rydberg molecules in a dense cloud of atoms. The high densities we
are able to achieve in our experiment allow the observation of a molecular feature
without saturation of the atomic one. Therefore, we can compare the linewidth of
both signals in order to experimentally observe how dipole-dipole interactions affect
the broadening of the molecular feature. We also make use of the amplitude of the
molecular feature to extract a value for the ground-state atom density of the atomic
sample based on the size of the Rydberg atom.

All the analysis is done with analytic solutions of the Rydberg electron wave-
function. These solutions are a modified generalization of the well known solutions
found for hydrogen. They agree very well with the solutions obtained numerically
by using the Numerov method to solve the radial Schrödinger equation that was
presented in Ch. 2.

6.2 Experimental observation of Rydberg molecules

In this section the molecular potential describing the system is introduced. We also
show the experimental observation of Rydberg molecules in a cold cloud of rubidium
atoms.

The interaction between the Rydberg electron and the ground-state atom can
be described by a potential. This potential can be approximated as [9]

VRyd(R) = 2πa|ΨRyd(R)|2, (6.1)

in atomic units, where a is the electron to ground-state atom scattering length, |Ψ|2
is the electron probability density and R is the position of the ground-state atom
relative to the ionic core of the Rydberg atom.

Rydberg molecules are observed as extra peaks appearing in a Rydberg loss
spectrum. They appear to the red of the atomic signal, with the red-shift being
the binding energy of the molecule. The experiment described here was performed
under similar conditions as the ones described in the previous chapter (see Chs. 4
and 6). A cloud of ∼ 104 atoms at a temperature of ∼ 0.3 μK is held in the magnetic
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6.3 Rydberg wavefunction 75

trap on our atom chip. We excite the 37S1/2 Rydberg state in this trap via a two-
photon excitation scheme from the 5S1/2 ground state of rubidium via the 5P3/2

intermediate state. The first transition is driven by the infrared laser beam set to 2
μW while the second transition is driven by the blue laser beam set to 85 mW. The
intermediate state detuning is set to be Δ/2π = 500 MHz. Based on these numbers
the two-photon Rabi frequency is calculated to be 10 kHz. The Rydberg lasers are
pulsed for 10 ms. We scanned the frequency of the blue laser for over a wide range
(covering a larger range of frequencies than in a usual Rydberg spectrum) which
resulted in the observation of Rydberg molecules in our experiment. In order to get
better statistics we took four repetitions of the same scan. The averaged result is
shown in the upper plot of Fig. 6.1.

We fitted Lorentzians to the data in order to get the positions and the widths of
the different peaks. We used four Lorentzians,

f = O +
4∑

i=1

Ai

1 +
(

ω−Δi

Γi

)2 , (6.2)

where Ai is the amplitude, Γi is the width and Δi is the position of each loss feature.
O is an offset we use in order to match the atom number in the absence of Rydberg
excitation (background atom number). The strongest loss feature corresponds to
the atomic line. All other frequencies are relative to the position of the atomic line.
The results of the fits are shown in Table 6.1. The loss feature centered around
−16 MHz corresponds to the strongest molecular feature, in which one ground-
state atom is bound to the Rydberg electron. This result agrees very well with the
measured and calculated binding energy found in [9]. The feature at −12 MHz is
also a molecular feature, it was not yet assigned in [9] but was later assigned to
be an excited dimer [8]. The feature at −6.4 MHz was not observed in [9] and the
assignment of it is unclear for us. We decided to keep this fourth Lorentzian because
the fit we got was better than the one that uses three Lorentzians. For the former
we got a reduced χ2 = 1.4 while for the later we got a reduced χ2 = 1.6.

6.3 Rydberg wavefunction

From the ratio of amplitudes of the atomic and molecular feature it is possible
to obtain an estimate for the density of ground-state atoms that is necessary to
form molecules. In order to do so it is necessary to calculate the potential given in
eq. (6.1). This potential can be obtained by calculating the Rydberg wavefunction,
which can be done with various methods.

This section is dedicated to present an analytic method for the calculation of
the Rydberg wavefunction [55,101]. This method is an extension of the well known
analytic solution found for hydrogen. In this procedure one assumes a Coulomb
potential in which the modified binding energy is parametrised by the quantum
defect δ = δ(n, l, j).
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Figure 6.1: Experimental 37S1/2 loss spectrum. The upper plot shows the average of 4 different

spectra from where it is possible to see extra peaks besides the atomic line (centered at zero). The

vertical scale represents the mean atom number measured by absorption imaging. The error bars are

the standard deviation per point. The red line in the upper plot is the sum of four fitted Lorentzians,

separately shown in the lower plot (where all peaks are normalized to the atom number). The results

of the fit are shown in Table 6.1.

6.3.1 Analytic solution for small δ

As was mentioned in Ch. 2, the Rydberg electron wavefunction can be calculated us-
ing the Numerov method to solve the time-independent Schrödinger equation, based
on the experimentally known binding energy (see Sec. 2.4.1). A different approach is
to obtain an analytic expression for the radial wavefunction. This approach results
in a solution for the radial part of the wavefunction [55,101] that is a generalization
of the hydrogen solution,

Ψrad(n, l, δ, r) =
2

(n− δ)2

√
(n− l − 1)!

(n+ l − 2δ)!

(
2r

n− δ

)l−δ

×e−
r

n−δL2l−2δ+1
n−l−1

(
2r

n− δ

)
, (6.3)

where L2l−2δ+1
n−l−1 are the generalized Laguerre polynomials and δ = δ(n, l, j) the quan-

tum defect. As usual, n is the principal quantum number and l the orbital quantum
number. The quantum defect depends strongly on l and weakly on n and j. The
values of δ(n, l, j) are experimentally obtained. As in the numerical method pre-
sented before (Ch. 2), the wavefunction depends on the effective quantum number
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n∗ = n − δ. Unlike the numerical solution, the analytic expression above needs to
consider a modified angular quantum number, set by the quantum defect, l → l− δ,
so the lower index of the generalized Laguerre polynomial remains an integer (as in
the case of eq. (6.3)). The angular part of the wavefunction remains the same as
the one for hydrogen, given by the spherical harmonics Ylm(θ, φ).

In Fig. 6.2 the results of both the Numerov and analytic calculations are shown.
The total wavefunction for a sphere of radius r, rΨ(R), is plotted as a function of r in
units of the Bohr radius a0. The blue curve shows the numerical (Numerov) solution
while the orange curve shows the solution when using eq. (6.3). From the plot it
is possible to see that the difference between the two methods becomes important
closer to the core, where the analytic solution diverges. This divergence occurs for
large values of the quantum defect (δ > 1), in particular for S states in rubidium,
for which δ ∼ 3.1. The large value of δ accounts for deviations from the Coulomb
potential. These deviations are important only close to the core (for small values of
r), which is why δ does not depend strongly on n. The deviations in the potential
are mainly produced by the finite size and polarizability of the core. The probability
of finding the Rydberg electron close to the core decreases as the orbital quantum
number increases, which is the reason for smaller quantum defects for larger l.

6.3.2 Analytic solution for all δ

The analytic generalization of the hydrogen solution for the wavefunction (see eq. (6.3))
works well only for small values of the quantum defect. Here we show how the di-
vergence at small values of r of the analytic solution (orange curve in Fig. 6.2) can
be removed by modifying the principal quantum number in such a way that the
quantum defect remains small (δ < 1) [101].

This is done by reducing the principal quantum number by the integer part of
the quantum defect and at the same time reducing the quantum defect by the same
integer amount. The wavefunction can be written as

Ψmod(r) = Ψrad(n− int(δ), l, frac(δ), r) (6.4)

where int(δ) and frac(δ) are the integer and fractional parts of the quantum defect,
respectively. Thus we use a particular choice for the reduction of the quantum defect,
given by int(δ). For example, for S states one should reduce the principal quantum
number by int(δ) = 3 and use a modified quantum defect given by frac(δ) = 0.13
(the same as δ − int(δ)). The wavefunction shown in eq. (6.4) is normalized for all
possible values of n, l and δ. A third curve is shown in Fig. 6.2 (dashed green line),
where the the total wavefunction, rΨmod(r), is plotted. From the plot it is clear
that the divergence has been removed and that the solution agrees well with the
numerical calculation. As was mentioned before, this is due to the small value of
the modified quantum defect that we have used in order to calculate the analytic
solution for the radial part of the wavefunction.

With this modification of the analytic solution it is possible to incorporate every
quantum defect, irrespective how large it is. This is possible because the quantum
defect is handled in such a way that its effective value is kept smaller than one.
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Figure 6.2: Various calculations of rΨ(r) for the state 37S1/2. The blue line represents the result

we get by using the Numerov method to solve the radial Schrödinger equation. The orange line

correspond to an analytic solution, which is a generalization of the hydrogen case (eq. (6.3)). The

generalization relies in the use of a modified principal quantum number set by the quantum defect,

n∗ = n − δ(n, l, j). Both results agrees at large radius while the analytic solution diverges close to

the core. A third analytic solution, based on eq. (6.4), is shown as green dashed lines. This is also a

generalization of the hydrogen case, the difference with the orange curve is that in this case a more

sophisticated handling of the quantum defect (δ(n, l, j) < 1) is done in order to remove the divergence

for low values of r.

It is also important to notice that a too large increase or decrease of the principal
quantum number, and the quantum defect, results in an effective increase of the
angular momentum. This can be observed as a reduction of nodes in the radial
direction as the value of n is increased as can be seen in the orange curve in Fig. 6.2.

6.4 Analysis of the molecular feature

In this section we show how the characteristics of the molecular feature can be
used to describe the experimental system. Both the amplitude and linewidth of the
feature are used with different purposes. In order to analyze the molecular feature
it is necessary to use the previously calculated Rydberg wavefunction to calculate
the molecular potential.
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6.4.1 Height of the molecular feature and ground state den-
sity

From the calculated Rydberg wavefunction is easy to obtain the potential (given by
eq. (6.1)). We use a value for the scattering length between the Rydberg electron
and the ground-state Rb atom of a = −16.1a0 [29] (see Appendix B for more details
on the scattering length value). The result is shown as a black line in Fig. 6.3.
By solving the Schrödinger equation for this potential it is possible to obtain the
eigenenergies and eigenstates of the system. As a result, the ground-state wave-
function (blue line) and the first 5 excited states (in different colors) are shown in
Fig. 6.3. States above the ground state are in general no longer bound in a sin-
gle well (in 3D in a single shell) but have a more delocalized character. From the
calculated ground-state wavefunction we obtained a binding energy of 17.9 MHz
(base line of the blue curve in Fig. 6.3). This value agrees reasonably well with the
measured one, obtained from the loss spectrum (16.1 MHz), and with those found
in the literature [8, 9] (also around 16 MHz).

The molecular ground-state wavefunction, describing the ground-state atom of
the molecule, is localized in the outermost potential well. Its overlap with the Ryd-
berg electron density (|Ψ(r)2|, shown in Fig. 6.3) corresponds to the volume fraction
of ground-state atoms that are suitable for being bound to a Rydberg atom. From
Fig. 6.3 we obtained the overlap of the Rydberg volume with the molecular ground-
state wavefunction. This overlaps gives a volume fraction of 0.623. Comparing this
fraction with the real fraction of Rydberg atoms that binds a ground-state atom
we get a lower limit for the density of ground-state atoms that is necessary to form
molecules.

The actual fraction of Rydberg atoms that binds a ground-state atom can be
easily estimated from the measured spectrum (see Fig. 6.1). In order to do so we
compare the amplitude of the molecular feature, corresponding to the number of
observed molecules (given in Table 6.1), with the total number of Rydberg excita-
tions (amplitude of the atomic line). Both were obtained from the fit (upper plot in
Fig. 6.1). The values are 4.8× 103 for the number of lost atoms for the atomic line
and 1.3×103 atoms for the molecular feature. Before comparing these amplitudes it
is necessary to consider that the lifetime of Rydberg molecules is shorter than that
of Rydberg atoms. For a given observed total loss, a shorter lifetime corresponds to
a lower number of Rydberg molecules being present simultanously during the pulse.
From the experimental results of Ref. [9] we know that the molecular and atomic
Rydberg lifetime differ by a factor of ∼ 2. Taking this factor in consideration we
obtain that the ratio of Rydberg molecules to Rydberg atoms in the cloud is ∼ 0.1.

Finally, comparing the ratio of molecules to Rydberg atoms with the volume
fraction of Rydberg atoms we get an estimate for the density of ground-state atoms
per Rydberg volume. In units of Rydberg volume this will be given by the ratio of
both quantities, 0.1

0.623
≈ 0.2. In SI units this gives a total ground-state density of

2× 1013 cm−3.
The peak density, n0, can be independently calculated from the atom number,

temperature and trap frequencies as n0 = Nω̄3
(

m
2πkBT

)3/2

, with ω̄ = (ωxωyωx)
1/3
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Figure 6.3: The plot shows the molecular potential VRyd(R) as a function of the radius for the 37S1/2

state (black line). The molecular potential was calculated using the analytic solution shown in Fig. 6.2.

The blue curve corresponds to the ground state wavefunction of the ground-state atom in the Rydberg

molecule. The rest of the curves are excited-state wavefunctions. The base line in each wavefunction

corresponds to the binding energy, from bottom to top these are −17.9, −10.4, −9.2, −8.8, −5.5 and

−2.8 MHz, respectively. From the plot it is clear that the ground-state wavefunction is exclusively

bound in the outer well of the molecular potential.

and N the total atom number. For a temperature of T = 300 nK we get a peak
density of 2.7 × 1013 cm−3. Hence, we get similar values for both estimates of the
density.

6.4.2 Linewidth of the molecular feature and broadening
mechanism

Difference in linewidth

In 2016 the group of J.V. Porto in Maryland demonstrated [33] that in practice
resonant dipole-dipole interaction of Rydberg nS states with nearby n′P states can
induce broadening of the two-photon Rydberg transition. The key point of Ref. [33]
is that the population of n′P states is caused by blackbody-induced transitions.
In our experiment we excite the 37S1/2 Rydberg state. Thus, the most relevant
states that can be populated due to blackbody-induced transitions are 36P and
37P Rydberg states.

The strength of dipole-dipole interactions and the density of Rydberg atoms have
both the same dependence of the distance between Rydberg atoms (∝ 1/r3). Thus,
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the effect of the interactions in the system is enhanced at high densities. Therefore,
this broadening process is important to consider in the description of the experiment.
As was mentioned before, this process affects the linewidth of the atomic line. In
the following we explain how this effect is reduced during the excitation of Rydberg
molecules.

The key point is that the relevant comparison is between on the one hand the
density of Rydberg molecules when the laser is set to the molecular feature and on
the other hand the density of Rydberg atoms when the laser is set to the atomic
Rydberg feature. The density of Rydberg molecules is always much lower than the
density of Rydberg atoms in this comparison, and the above (density-dependent)
broadening mechanism plays much less of a role for the molecules.

From the measured spectrum it is possible to see that dipole-dipole interactions
between S molecules and possible P molecules induce a broadening in the molecu-
lar signal that is similar to the one induced in the case of S states Rydberg atoms
interacting with P state Rydberg atoms. This can be seen in the following way, the
ratio of Rydberg molecules to Rydberg atoms (set by the amplitude of the corre-
sponding feature) is 0.136 whereas the ratio of the width of the molecular to atomic
feature is 0.174. When we assume that the broadening of the atomic feature is dom-
inated by the above mechanism (dipole-dipole interactions with P states populated
via blackbody radiation), the linewidth is proportional to the density of Rydberg
states. Scaling the atomic linewidth with the relative population in molecular Ryd-
berg states (i.e. by a factor 0.136) yields a linewidth for the molecular feature that
is similar to the observed one. Therefore we conclude that the narrower molecular
feature is consistent with this mechanism, assuming it acts on the molecules in a
similar way as on the atoms.

It is important to notice that electric-field gradients [16][Ch. 5] can not be the
cause of the difference in the measured linewidth of both features. In [9] it was
shown that both molecules and atoms have similar polarizabilities. Thus they are
affected by electric fields in the same way.

Excitation rate of Rydberg states

We now give a more quantitative analysis of the excitation process. The Rydberg
excitation rate can be written as [11]

R =
Ω2

2pΓ

Γ2 +Δ2
, (6.5)

where Ω2p is the two-photon Rabi frequency, Δ is the detuning of the excitation
and Γ is an effective dephasing rate, given by the broadening of the atomic feature.
This assumes that Ω2p < Γ, as in the case of the experiment. On resonance, Δ = 0,
the excitation rate is given by R = Ω2

2p/Γ. The dynamics of the excitation can be
described by the following rate equation,

ṄR = RNg − NR

τR
, (6.6)
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where Ng and NR are the number of ground state and Rydberg atoms, respectively,
and τR is the lifetime of Rydberg atoms. In other words, the variation of Rydberg
atoms in the atomic sample depends on the rate at which ground states are being
excited to Rydberg atoms and at which rate Rydberg atoms decay.

In equilibrium ṄR = 0, thus we can obtain an expression for the number of
excited Rydberg atoms, from eq. (6.6) NR = RNgτR. After a certain excitation
pulse of length τpulse a total of NR,total = NR × (τpulse/τR) Rydberg atoms will have
been lost. This assumes that every Rydberg atom excited is lost from the trap
eventually.

From the measured spectrum we know that the total number of atoms lost via
Rydberg atoms after a 10 ms pulse is NR,total = 4800 (see Table 6.1). The total
number of ground-state atoms is Ng = 7800. The calculated lifetime [89] for the 37S
Rydberg state (including blackbody radiation) is τR = 28 μs. From the expressions
above we obtain a value for the Rydberg excitation rate of R = 61.7 s−1. If we
consider Γ/2π = 2.7 MHz (corresponding to the measured linewidth of the atomic
feature) we can use eq. (6.5) to get a value for the two-photon Rabi frequency. As a
result, we get Ω/2π = 5.15 kHz. This is the effective Rabi frequency in the system,
which is somewhat different from the calculated one (10 kHz).

Dipole-dipole interactions

More quantitatively, we can estimate the effect of the blackbody-induced dipole-
dipole interactions on the atoms as follows. In order to find out which states con-
tribute more in the broadening of the atomic line we calculated the transition ele-
ments to the relevant states. The transition dipole matrix element (in atomic units)
is defined by the integral

〈Ψf | r |Ψi〉 =
∫

Ψ†f (r)rΨi(r)dr, (6.7)

with Ψi(r) and Ψr(r) the wavefunction of the initial and final state, respectively
(see Sec. 2.4.2). The integral of eq. (6.7) can be separated into a radial and angular
part. The solution to the angular part is well known. The angular part of the wave-
function is defined by the spherical harmonic functions, thus eq. (6.7) results in the
integration of three spherical harmonic functions (coming from two wavefunctions
and the conversion to Cartesian coordinates). This integral results in solutions that
can be written in terms of the Wigner 3j-symbols. For the radial part numerical
solutions are usually used (using the Numerov method for the radial wavefunction).

Here we use the previously shown modified analytic solutions (dashed green curve
in Fig. 6.2 and Eq. 6.4) for the radial wavefunctions, that are a generalization of the
hydrogen case. The use of these solutions allows also to solve the integral for the
transition matrix elements (given by eq. (6.7)) analytically. The solution consists
of Appell hypergeometric functions of the second kind. These functions appear as
solutions to integrals of products of Laguerre polynomials (the analytic solutions of
radial wavefunctions are defined in terms of Laguerre polynomials, see eq. (6.3)) [76].

Using the analytic method we find that downwards in energy the 37S1/2 →
36P1/2 transition has a slightly stronger coupling than that of the 37S1/2 → 36P3/2
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transition. The former matrix element is 1205.44ea0 and the latter 1227.39ea0. Up
in energy we find that the 37S1/2 → 37P1/2 transition has a stronger coupling than
that of the 37S1/2 → 37P3/2 transition. The former is 1309.45ea0 and the later
1330.06ea0. The values we obtained from the analytic model agree very well with
the ones obtained using the ARC Rydberg calculator developed in Durham [89] and
the Numerov-based calculations.

From the results shown above we found that the coupling strength with the
37P1/2 state above is stronger than with the 36P1/2,3/2 states below and with the
37P3/2 state above. Thus, we want to investigate how the population of the 37P1/2

state will affect the system. If we use the length of the cloud divided by the typical
number of Rydberg atoms (NR) as a characteristic distance between the atoms
(namely, as the blockade radius), the following characteristic frequency shifts and/or
widths result. With NR ∼ 13 and a FWHM length of the cloud of 42 μm (σ = 18.5
μm), this leads to a distance R ∼ 3 μm. On one hand, the Van der Waals interaction
shift can be calculated as C6/R

6, where the C6 coefficient can be calculated using
the expression found in [59]. From the calculation we get a value of C6,37S = 0.380
GHzμm6. Thus, the Van der Waals interaction shift results in C6/R

6 = 0.5 MHz.
This is much larger than the Rabi frequency (Ω2p = 10 kHz), but still smaller than
the observed atomic linewidth of 2.7 MHz. On the other hand, at this distance
the dipole-dipole interaction with the P state identified above (37P3/2) can have
a C3 coefficient (depending on mJ) as high as 400 MHzμm3 [89]. So, taking into
account a branching ratio of 10%, the dipole-dipole broadening, set by C3/R

3, would
amount to 1.4 MHz. Therefore, from the estimates of the resulting linewidths from
dipole-dipole interactions we can conclude that this mechanism is indeed a major
contributor to the observed atomic linewidth.

6.5 Conclusions

We measured a molecular spectrum of bound states of rubidium 37S and ground-
state atoms. The molecular spectrum was used to obtain relevant information about
the environment in which the molecules are created. The ratio of the molecular
to atomic amplitude was used to obtain an estimate for the ground-state density.
The ratio of the widths was used to experimentally address the question if the
broadening mechanism based on blackbody-induced dipole-dipole interaction works
for ultralong-range Rydberg molecules just as for the corresponding Rydberg atoms.

We calculated the overlap of the Rydberg ground-state wavefunction with the
molecular potential. Comparing this overlap with the ratio of excited Rydberg
molecules to Rydberg atoms it is possible to obtain an estimation of the ground-
state density. Our result agrees very well with the peak density obtained from the
measured temperature and trap parameters.

We calculated a Van der Waals shift of ∼ 0.5 MHz for the 37S1/2 state, whereas
dipole-dipole interactions with the 37P3/2 state above results in a broadening of
∼ 1.4 MHz. Thus, we can conclude that the major contributor to the observed
atomic linewidth is the broadening due to dipole-dipole interactions with blackbody-



517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin
Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018 PDF page: 92PDF page: 92PDF page: 92PDF page: 92

84 Rydberg Molecules

induced P states. From the measured spectrum we can conclude that the observed
atomic and molecular lines are affected by this mechanism of broadening. The ratio
of the widths of the molecular and atomic features is similar to the ratio of Ryd-
berg molecules to Rydberg atoms (present during excitation). Thus, the reduction
in density (that reduces the strength of dipole-dipole interactions) can explain the
reduction in width of the molecular feature assuming the blackbody-induced mech-
anism of broadening acts similarly on Rydberg molecules as on Rydberg atoms.



517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin
Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018 PDF page: 93PDF page: 93PDF page: 93PDF page: 93

7 Rydberg interactions

This chapter is dedicated to the description of the various approaches
we took during the PhD project in order to observe and characterize
interactions between Rydberg in our atom chip experiment.

7.1 Introduction

One of the goals during this PhD project was to observe Rydberg interactions in a
one-dimensional geometry. Because we work with an elongated cloud of atoms it is
possible to have a chain of Rydberg atoms in which the Rydberg blockade radius is
larger than the radial extension of the cloud. Therefore it is possible to assume we
are working in a one-dimensional regime with a chain of Rydberg atoms.

In this chapter we extend the calculations found in Ref. [59] for 3-dimensional
interacting Rydberg gases to our 1-dimensional system. We show experimental
results and discuss the limitations we have when trying to measure the mentioned
interactions.

7.2 Numerical example

As a numerical example, if we excite the atoms to the 30S state with a blue and red
Rabi frequencies of Ωb = 10 MHz and Ωr = 1 MHz, respectively, and an intermediate
state detuning of Δ = 100 MHz we get a two-photon Rabi frequency of Ω2p = 50
kHz (see eq. 2.73). The C6 coefficient can be obtained using the expression [59]

C6 = n11(11.97− 0.8486n+ 3.385× 10−3n2)a.u., (7.1)

with the Van der Waals interaction given by VvdW = −C6/r
6. From the equation

above, for the 30S state, we get

C6 = −1.8497× 1017a.u. = −0.0267× h GHz μm6. (7.2)

Considering the above mentioned experimental conditions we get a blockade radius
of RB ∼ 3.9 μm (see eq. 2.88).

85
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Blockade radius

Excitation

Figure 7.1: Sketch of the blockade regime in an elongated cloud. The blockade radius is larger than

the radial extent of the cloud, thus it is possible to accommodate only one Rydberg atom in the radial

direction. The long direction of the cloud is larger than the blockade radius, thus we should observe a

1D chain of Rydberg atoms. The drawing is not to scale, in the sense that the blockade radius is smaller

at the center of the atomic cloud than at the wings of it. This happens because the collective Rabi

frequency depends on the density of ground state atoms (see eq. 7.9). Thus, if we assume a Gaussian

density distribution the collective Rabi frequency will be set by this, resulting in a larger blockade radius

at the wings of the atomic cloud

For a thermal cloud at a temperature of ∼ 1 μK trapped magnetically at fre-
quencies ωx/2π = 46 Hz and ωy,z/2π = 860 Hz, we have ∼ 5×104 atoms. This gives
a peak density of n0 ∼ 2.9× 1019 m−3, thus the interparticle distance is ∼ 0.2 μm.
Therefore, the blockade radius is larger than the interparticle distance, so we should
be able to observe blockade effects in the elongated cloud of atoms. The knowledge
of the temperature and trap frequencies allows us to calculate the size of the cloud.
The size of the cloud is related to the temperature, T , and trap frequencies, ωi, of
the cloud via the expression

σi(T ) =

√
kBT

mω2
i

, (7.3)

where kB is the Boltzmann constant and m is the atomic mass. Also, the density
distribution of ground-state atoms in the cloud can be obtained from the sizes of
the cloud,

n(r) = ρpeak · exp
[
−
(

x2

2σ2
x

+
y2

2σ2
y

+
z2

2σ2
z

)]
, (7.4)

with ρpeak the peak density of the cloud and σi the size of the cloud in the direction
i = x, y, z. If we assume the cloud to be an ellipsoid, we get the size to be 34×1.8×1.8
μm3. Thus, the radial size of the cloud is smaller than the Rydberg blockade radius,
this means that it is possible to accommodate only one Rydberg atom in the radial
direction but several of them in the longitudinal direction. As a result we would
expect to have a 1D chain of Rydberg atoms in the cloud, an illustration of this
situation is shown in Fig. 7.1.

7.3 Interacting Rydberg gases

In this section we show calculations relating the quantity of Rydberg atoms with the
Rabi frequency. The calculations are based on those found in [59] and are extended
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7.3 Interacting Rydberg gases 87

for the 1D case. We focus on the particular case of the 30S Rydberg state because
of the spherical symmetry of S states, no angular dependence of the interaction
needs to be taken into account, and with this choice of principle quantum number,
molecular states are not observed (or at least far removed in energy). Finally, this
is the state that was used for the experiments shown in Ch. 5, so it is practically
convenient.

7.3.1 3D case

As was mentioned in Ch. 2, in a gas of atoms there is an enhancement of the Rabi
frequency ΩR and the interactions are described by a collective Rabi frequency

Ω =
√

NbΩR, (7.5)

where Nb is the number of atoms inside a blockade sphere. Following [59] the relation
between the density of Rydberg atoms, nr, and the two-photon Rabi frequency is
given by

ZC6n
2
r = �

√
NbΩR, (7.6)

where Z is the coordination number that describes the geometry of the system and
takes into account the interactions with next and next-to-next neighbors [59]. In
deriving this equation the fact was used that the potential scales as V ∝ 1/r6 (see
eq. 2.86), so for a sphere the potential will be proportional to the density of Rydberg
atoms squared, n2

r.
From eq. 7.6 it is possible to obtain the density of excited Rydberg atoms con-

sidering that the number of blockade atoms Nb in each blockade sphere is given by
the ratio of the density of ground state atoms divided by the density of Rydberg
atoms,

Nb =
n

nr

. (7.7)

Replacing this result in eq. 7.6, we get that the density of excited Rydberg atoms
and the collective Rabi frequency are given by

nr(r) =

(
�

ZC6

)2/5

n(r)1/5Ω
2/5
R , (7.8)

Ω(r) =

(
ZC6

�

)1/5

n(r)2/5Ω
4/5
R . (7.9)

Assuming a Gaussian distribution (see eq. 7.3 and eq. 7.4) for the atoms inside the
cloud we can calculate the total number of Rydberg atoms for our experiment,

nr =

(
�

ZC6

)2/5 [∫
V

n(r)1/5 dr

]
Ω

2/5
R , (7.10)

where n(r) is the density distribution of ground-state atoms in the cloud, see eq. 7.4.
We plotted the resulting curve for the number of Rydberg atoms as a function

of blue Rabi frequency for three different sets of data. We use an intermediate-state
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Figure 7.2: Number of Rydberg atoms as a function of blue Rabi frequency. The total atom number

is kept fixed at N = 5×104 atoms. For the three different temperatures the peak densities (of ground-

state atoms) are 1.74, 8.64 and 17.9 ×1019 m−3 for the blue, orange and green curve respectively. The

intermediate state detuning used in the calculations is Δ/2π = 100 MHz. The red Rabi frequency used

for the calculation was 1MHz, that corresponds to a power of 1μW.

detuning of Δ = 100MHz and a red laser power of 1 μWwith a waist of 520 μm. The
trap frequencies we used for the calculation are ωx/2π = 46 Hz and ωz/2π = 860
Hz in the axial and radial directions, respectively.

The results for the number of Rydberg atoms in the cloud are shown in Fig. 7.2
in which we have considered the 3D case. For the coordination number we have
used Z = 14.4, taken from Ref. [59] which assumes the Rydberg atoms are arranged
in a hexagonal closed packing. Due to experimental limitations we can not keep
the temperature constant when varying the density of ground state atoms in the
cloud. As a consequence the size of the cloud is also different. For this reason we
plotted three different curves for three different set of data in which temperature
and density are varied.

7.3.2 1D case

As was mentioned before, the trap frequencies we use in the experiment result in
a trapped cloud of atoms that has a cigar shape that is very narrow radially. This
means there will be only one Rydberg excitation in the radial direction but several
in the longitudinal one. Thus, we can consider this cloud to be one-dimensional.
Therefore we are in a position to extend the above analysis to a one-dimensional
geometry. A proper description of the system should include a different coordination
number (Z = 2 for the 1D case) as well as a one-dimensional density, n1D(r).
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It is also possible to calculate an expression for the density of Rydberg atoms
in a one dimensional cloud extending to 1D the 3D analysis used by the group of
S. Whitlock in [46]. Following the reasoning from the cited paper one gets that the
blockade volume in 1D is given by

VN,1D = 2

(
C6√
NbΩR

)1/6

, (7.11)

which depends again on
√
NbΩR due to the collectively enhanced atom-light cou-

pling. The number of atoms per blockade volume is given by the self-consistent
equation Nb = ρVN,1D, where ρ is the (1D) atomic density. Finally, the resulting
density of Rydberg atoms in a one dimensional cloud is given by

nr,1D(r) =
1

212/13

(
ΩR

C6

)2/13

n1D(r)
1/13. (7.12)

In order to calculate the actual number of Rydberg atoms we follow the procedure
shown in the previous section, Sec. 7.3.1, but assuming a 1-dimensional Gaussian
distribution of ground state atoms in the cloud,

n1D(x) = ρ1D,peak × exp

[
− x2

2σ2
x

]
, (7.13)

where σx is the longitudinal extension of the cloud, that (as in the 3D case) will
depend on the temperature of the cloud, T , and the longitudinal trap frequency, ωx.

We calculated the actual number of Rydberg atoms for a one dimensional cloud
with axial trap frequency ωx/2π = 46 Hz and the same properties for the two-photon
transition as in the 3D case. The results are shown in Fig. 7.3. The results show
how the number of Rydberg atoms saturates rapidly with Rabi frequency. In the
experiment we measure the number of Rydberg atoms by looking at the losses in an
absorption spectrum. This means we measure the quantity of atoms that has been
lost from the trap due to the excitation to a Rydberg state. Thus, in the presence
of blockade we should be able to observe a saturation of the lost atoms (as a result
of the saturation of Rydberg excitation) as we increase the Rabi frequency.

7.3.3 Experiment: 30S state

We tried to observe interactions in an cold cloud of atoms by changing the blue Rabi
frequency (via the laser power) and looking at several properties of the Rydberg loss
feature, namely the amplitude and full width at half maximum. In the presence of
interactions we would see a saturation of the number of Rydberg atoms due to the
blockade effect taking place. This would be observed as a saturation of the amplitude
of the Rydberg loss feature.

We excited the atoms from the 5S1/2 ground state of rubidium to the 30S1/2

Rydberg state via the intermediate state 5P3/2 with an intermediate state detuning
of Δ = 100 MHz and a Rydberg pulse length of 7 ms. In all the measurements we
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Figure 7.3: Rydberg atom number as a function of blue Rabi frequency in the 1-dimensional case.

The curve was obtained by extending the analysis shown in [46] to the one-dimensional case. The

density used for the calculations is ρ1D = 100μm−1 at a temperature of 300nK. The intermediate state

detuning used in the calculations is Δ = 100 MHz and a red Rabi frequency of 1MHz, corresponding

to a power of 1μW.

use a red power of ∼ 1 μW and varied the blue power from ∼ 10 mW to ∼ 90 mW
by using a variable optical density filter placed at the main output of the laser.

We took four sets of measurements, in each of them we varied the power of the
blue laser, thus changing the Rabi frequency (see Fig. 4.4), and took a Rydberg loss
spectrum. We fitted a Gaussian to each spectrum and extracted the amplitude and
FWHM. Each set of measurements represents a different peak density. We varied
the density of atoms by changing the number of atoms we load into the MOT as
well as by changing the final rf frequency in the evaporation process. The results
are shown in Fig. 7.4.

The plot at the left in Fig. 7.4 shows a dependence of the amplitude of the Ryd-
berg feature as a function of the blue Rabi frequency for four different peak densities
that varies from 1.05× 1019 m−3 to 72× 1019 m−3. The density of each set of data
was calculated by using the measured temperature (using a TOF measurement) and
the trap frequencies (ωx/2π = 46 Hz and ωy,z = 860 Hz). We found a temperature
and atom number, (T,N), of (∼ 0.3, 5×103), (∼ 0.2, 13×103), (∼ 0.1, 9×103) and
(∼ 0.1, 13 × 103) in (μK, atoms) for the blue, red, orange and green data respec-
tively. The dependence of the amplitude seems to be linear and it does not seem
to saturate for the Rabi frequencies we use. Nevertheless, there is a trend of the
slope of each curve as a function of the density in the same way one can see from
Fig. 7.2 and Fig. 7.3. This means, the change in the amplitude as a function of the
blue Rabi frequency is slowest for the highest densities. The plot at the right in
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Figure 7.4: The figure shows four set data in which we varied the blue Rabi frequency at four different

densities, each color represent a set of data taken at a different density. We fitted a Gaussian to each

spectrum and extracted the amplitude and FWHM of the loss feature. The left and right figure shows

the variation of the amplitude and FWHM of the loss feature, respectively; see the text for more details.

Fig. 7.4 shows the extracted FWHM from the same set of data. From this plot is
not possible to see a clear difference for different densities. This may be because the
gradients are limiting the width of the feature we are able to measure, thus no effect
could be observed. Another issue is the possible population of Rydberg P states
via blackbody radiation, and the resulting dipole-dipole interaction between these
P states and the original Rydberg S state [33]. This comes into play for excitation
pulses that are longer than the Rydberg lifetime (typically tens of microseconds).
Thus it is relevant for the 7-ms excitation pulses used here; see also the discussion
on the linewidths in the Chapter on molecular features, Ch. 6.

7.4 Conclusions

The trapping parameters of our atom chip bring the Rydberg interactions into the
1D regime. The analysis of Sec. 7.3 shows that this leads to qualitatively and
quantitatively different behavior of the Rydberg blockade. Due to the small effects
we see from the data in Fig. 7.4 it is not possible to assure that we are in presence of
collective effects in these experiments. From the amplitude of different features is not
possible to infer that the blockade effect is taking place, because the feature does
not saturate. Nevertheless, the measurement shows a dependence on the density
in the amplitude of the Rydberg feature (at different densities a different slope is
observed). This is not observed for the FWHM of the feature. We think that this
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92 Rydberg interactions

might be due limitations in the width of the feature, due to a broadening of it
produced by field gradients (see Ch. 5) or other mechanisms of broadening (such
as blackbody-induced dipole-dipole interactions, see Ch. 6). An important point
to mention in the context of blackbody-induced effects is that Rydberg pulse used
in the experiments in this Chapter is 7 ms long. It thus seems important to carry
out follow-up experiments with much shorter excitation pulses, to map out the time
dependence of quantities such as the Rydberg population.
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8 RF transitions between Rydberg
states

In this chapter we investigate the possibility of inducing rf-transitions
within the Stark-Zeeman manifold of the 28D5/2 state. These tran-
sitions can be use to enhance the detection method as well as to
populate states that are not accessible via a two-photon transition
from the initial ground state. Also, the control over the electric field
at the position of the atoms allows us to create a favorable situation
to induce rf-transitions.

8.1 Introduction

Atom chips offer easy access to strong radio-frequency (rf) oscillating magnetic fields
[48, 87]. While atoms are kept in a magnetic trap generated by one of the wires in
the chip (plus a bias field) an rf-current can be sent to a neighboring wire to generate
oscillating rf-fields. This result in a rf-dressed potential. In the past this potential
was used in our group to modulate the original trapping potential for ground state
atoms in a BEC [25,102]. Thus, in that work the coupled states were the hyperfine
magnetic sublevels of the ground state, which are non-degenerate in the presence of
a magnetic field.

A different approach is to use rf fields in the context of Rydberg states, where the
coupled states are the magnetic sublevels of the Rydberg state. With an achievable
oscillating rf current of ∼ 100 mA, and a distance of ∼ 200 micrometer, the oscillat-
ing field can usually have strengths of the order of a Gauss. This means that is rel-
atively straightforward to have rf coupling strengths Rabi frequencies (∝ μBBrf/�)
that are strong compared to the inverse lifetime of the Rydberg state. Here we focus
in the study of the 28D5/2 Rydberg state, which has a lifetime of 15.1 μs at room
temperature [89].

In our experiment, we typically have E ⊥ B and it is not immediately obvious
which rf transitions are allowed. Thus, it is necessary to calculate the strengths
and specific directions in which the rf field should be applied in order to induce the
desired transitions. An advantage of our system is that we have control over the
electric field we can generate at the position of the atoms (see Ch. 5). Therefore,
it is possible for us to use an extra electric field to create a favorable situation
and thus induce the desired transitions. These transitions can be used to extend

93
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Figure 8.1: a) Coordinate system used in this Chapter (3D). The yellow rectangle represents the chip,

which lies in the xy plane. The grey ellipse represents the elongated cloud of cold atoms. The static

magnetic field at the bottom of the trap is parallel to the x axis whereas the applied electric field lies in

the yz plane in the direction of û. Gravity is in the direction of ẑ. The black dashed and grey arrows,

(x, y, z) and (x, u, v) indicate the orthogonal coordinate systems used. b) For clarity we show a 2D

version of the coordinate systems. The grey circle represents the cloud of cold atoms. The x axis points

towards the viewer.

our experimental capabilities, for instance to populate states that are not accessible
directly with a two-photon laser transition from the initial magnetically trapped
ground state.

8.2 Coordinate system

We want to use one of the wires on the chip to generate an oscillating magnetic
field at the position of the atoms. It is important to know the direction in which
this field should be in order to induce transitions within the 28D5/2 state manifold.
In Fig. 8.1a) a 3D drawing of the coordinate system we use is shown. The yellow
rectangle represents the atom chip, which lies in the xy plane. The long direction
of the atom cloud is parallel to the x axis which is also the direction of the static
magnetic field B at the bottom of the trap that is used to set the quantization
axis. With one of the wires on the chip (wire 4) we generate an electric field at the
position of the atoms. This field points in the direction of û, perpendicular to x̂.
Thus, (x̂, û, v̂) is an orthogonal system. The orthogonal system (x̂, ŷ, ẑ) is shown as
reference, ẑ points in the same direction as gravity. For clarity we also show a 2D
version of the same coordinate system in Fig. 8.1b. It is important to notice that
the static magnetic field is perpendicular to the applied electric field, E ⊥ B. For
more detail about the electric field configuration in practice in our experiments see
Ch. 5. We will use the (x̂, û, v̂) coordinate system as a reference frame for all the
calculations presented in this chapter.
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Figure 8.2: At the left the calculated Stark-Zeeman map for the 28D5/2 state is shown. Each state is

labeled at zero electric field from top to bottom with its energy Ei, with i = 1, ..., 6. At the right the

calculated energy difference between neighboring states within the 28D5/2 manifold is shown.

8.3 Characteristics of the rf field

In the following sections we want to investigate if the oscillating field direction
(set by the direction of the wires on the CELSIUS atom chip, along the x̂ axis) is
suitable to induce the desired transitions. We also calculated the frequency that
this oscillating field should have in order to be resonant with the desired transitions.
These calculations are based in the numerically-obtained Stark-Zeeman map of the
28D5/2 state (see Ch. 5).

8.3.1 Energy difference

Transitions within the 28D5/2 state manifold can only be induced if the energy
difference between neighboring states is resonant with the driving rf-field. In order
to make sure this is possible in the experiment we calculated these energy differences
as a function of the applied electric field (produced using wire 4). We labeled the
states from 1 to 6 from top to bottom (at zero electric field, see plot at the left in
Fig. 8.2) and subtracted the energies as shown at the right in Fig. 8.2.

The calculation was done based in the calculated Stark-Zeeman map of the
28D5/2 state for a static magnetic field of B = 3.41 G and a parallel residual electric
field of 0 V/cm (the value along x̂ we found from the measured 28D Stark-Zeeman
map, see Ch. 5). The applied electric field is set to be perpendicular with the static
magnetic field, E ⊥ B. The resulting Stark-Zeeman map is shown at the left of
Fig. 8.2 (this is essentially identical to the red lines in Fig. 5.1). From the plot
at the left we calculated the energy difference between different neighboring states,
Ei−Ei+1, with i = 1, ..., 5. The results are shown in the plot at the right in Fig. 8.2.
As expected, the energy differences are equal for all pairs of states at zero electric
field, and correspond to the Zeeman shift splitting between adjacent levels. The sit-
uation changes as the applied electric field is increased. An interesting point can be



517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin
Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018 PDF page: 104PDF page: 104PDF page: 104PDF page: 104

96 RF transitions between Rydberg states

Figure 8.3: a) Diagonal elements for the Ĵx operator. Each color represent a different element,

〈ei| Ĵx |ei〉 with i = 1, ..., 6. Different states are indicated with different colors. See main text for more

details.

observed around 5 V/cm, where the energy difference between the first and second
states (ΔE1 = E2 − E1), and second and third states (ΔE2 = E3 − E2) is equal.
This means at this point we could induce transitions from the top state, |e1〉, to the
third state, |e3〉, via the second state, |e2〉 (because ΔE1 = ΔE2). The population
of the |e2〉 or |e3〉 states may allow us to enhance the losses when measuring a Ry-
dberg loss spectrum. This will happen if atoms in the Rydberg states |e2〉 and |e3〉
will decay to ground states that are eventually lost from the magnetic trap. If the
excitation to the originally excited stated is causing the cloud to be blockaded then
the population of a different Rydberg state could frustrate this blockade effect, thus
producing more losses.

It is worth to mention that in the presence of field gradients the slope of the
energy difference as a function of the electric field is important. A too pronounced
slope would result in various parts of the cloud being resonant with a wider range
of frequencies (of the rf field). Therefore, another interesting area in the plot shown
in Fig. 8.2 is for values of the electric field higher than 8 V/cm, where the energy
difference between the first and second state is close to constant, ΔE1 ∼ 15 MHz.

The point at zero electric field, Eap = 0, seems ideal to drive transitions between
all the states within the 28D5/2 manifold. Nevertheless this point is practically very
difficult to achieve due to the residual fields that are present in the experiment, see
Ch. 5 and Ref. [16].
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α
α

Figure 8.4: Norm of the off-diagonal elements 〈e2| Ĵα |e1〉 with α = x, u, v as a function of the applied

electric field. The contribution of both Ĵu and Ĵv are non zero while the contribution of Ĵx is zero.

8.3.2 Direction of the oscillating field

In order to know how well the different states can be coupled via an oscillatory
magnetic field we will calculate various transition matrix elements. As long as we
stay within the 28D5/2 manifold (i.e. when the relevant Stark and Zeeman shifts
are much smaller than the finestructure splitting to the 28D3/2 manifold), we can
characterize it with a single value of J and Lande factor gJ . In this regime, for an
applied magnetic field Brf , the coupling between the state |ei〉 and the state |ej〉 is
given by the matrix element 〈ej|Brf |ei〉, with

Brf =
1

�

(
brf,xĴx + brf,uĴu + brf,vĴv

)
. (8.1)

With the Rabi frequency set by

Ωα,ij =
gJμB

2�
brf,α| 〈ei| Jα |ej〉 |, (8.2)

where gJ is the Lande factor given by eq. 2.59 (which gives gJ = 6/5 for J = 5/2,
S = 1/2 and L = 1) and brf,α is the strength of the oscillating rf field in the α-
direction, with α = x, u, v. Since the optical excitation to the 28D5/2 Rydberg
state (from the magnetically trapped ground state) is strongest to the uppermost
sublevel (see Ch. 5) we are most interested in the coupling between the first and
second states, set by the matrix element 〈e2|Brf |e1〉, and second and third states,
set by the matrix element 〈e3|Brf |e2〉.

Because the oscillating field is set by the different components of the Ĵ operator
we calculated the contributions from Ĵα with α = x, u, v. First we show the result of
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98 RF transitions between Rydberg states

the diagonal elements 〈ei| Ĵα |ei〉, with i = 1, ..., 6 and α = x, u, v. The results for Ĵx
are shown in Fig. 8.3. This is the direction in which the static magnetic field points.
Thus, at zero electric field, the matrix element is defined by the various magnetic
sublevels and corresponds to 5/2, 3/2, 1/2,−1/2,−3/2,−5/2 for the different states
from top to bottom, respectively (As in the Stark-Zeeman map, see plot at the left in
Fig. 8.2). The results for Ĵu are not shown because they give zero for every diagonal
element, at any value of the electric field. For Ĵv the diagonal elements are very
small (compared to the values for Ĵx) thus we do not show these results here. In
short, for the diagonal elements, the main contribution comes from Ĵx.

For the off-diagonal terms we plotted the norm of each element, this means the
y-axis represents the value of | 〈ei| Ĵx,u,v |ej〉 |. The results for the elements 〈e2| Ĵα |e1〉
and 〈e3| Ĵα |e2〉, with α = x, u, v, are shown in Fig. 8.4 and Fig. 8.5, respectively,
as a function of the applied electric field. From the figures one can see that for
the first transition, 〈e2|Brf |e1〉 (Fig. 8.4), the transition elements related to both

Ĵu and Ĵv, contribute equally at an electric field of ∼ 0 V/cm (as expected, since
there is nothing distinguishing between the û and v̂ direction in this case). For
increasing electric field along û the contribution of the Ĵv operator start being more
important than that of Ĵu. In practice this means that, for low values of the electric
field, driving the rf transition at the resonant frequency would make it possible to
populate the second state |e2〉.

For the second transition, 〈e3|Brf |e2〉 (Fig. 8.5), the situation is similar for the

Ĵu and Ĵv operators. For small values of the electric field both transition elements
have similar strengths. As the electric field increases the coupling related to the Ĵu
operator decreases while the contribution related to Ĵv has a minor increase. This
mean we can still drive a transition to the third state with resonant rf radiation.

8.4 Conclusions

From the calculations above we can conclude that the control of the electric fields in
our setup (see Ch. 5) allows us to choose a scenario in which rf-induced-transitions
are possible in our system. Of particular interest are electric fields of ∼ 5 and � 8
V/cm.

In the case of fields � 8 V/cm the difference in energy from the |e1〉 and |e2〉
states is close to constant. Therefore, driving an oscillating field at that frequency
would be favorable in the sense that we could avoid the effects of electric field
gradients in the cloud (see Ch. 5). In the case of having an electric field of ∼ 5
V/cm one can observe a crossing in the energy difference plot of Fig. 8.2. Hence, it
is possible to induced transitions to more than one state simultaneously. We usually
measure a Rydberg loss spectrum by optically exciting atoms to the top state in the
Stark-Zeeman map of Fig. 8.2(E1, |e1〉). Thus, inducing transitions to the |e3〉 state
could be used as a tool to enhance the losses from the magnetic trap and thus get
a stronger signal when measuring a Rydberg loss spectrum.

From the calculation of the off-diagonal elements of the Ĵα operators we conclude
that transitions within the 28D5/2 state manifold, starting from the upper state,
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α
α

Figure 8.5: Norm of the off-diagonal elements 〈e3| Ĵα |e2〉 with α = x, u, v as a function of the applied

electric field. The contribution of both Ĵu and Ĵv are non zero while the contribution of Ĵx is zero.

favor rf radiation polarized along the v̂ direction (orthogonal to both E and B), since
the matrix elements for that direction are high for all the electric fields considered.
For an on-chip rf current of 100 mA, the achievable rf Rabi frequencies are in the
MHz range, larger than the inverse lifetime of 28D5/2 Rydberg state (with lifetime
15.1 μs).
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A Effect of gradients

In this appendix we show a theoretical estimation of the electric field
gradient. The results are consistent with the experimental value ob-
tained in Ch. 5. With the value of the gradient we estimated the
broadening of the Rydberg feature produced by this field variation.

A.1 Effects of gradients in the cloud

Due to the challenges in measuring an actual number of Rydberg atoms in the cloud
we want to see how the presence of Rydberg excitations in the cloud affects the
broadening of the loss feature (instead of the amplitude). This analysis is possible
due to a previous characterization of the stray electric fields at the position of the
atoms as well as the extraction of the field gradient. The value of the gradient was
obtained using the Stark map of the 28D state, giving a value of g = 179±9 V/cm2

(see Ch. 5). The value of the gradient allows the determination of the broadening of
the feature that can be compared with the effective broadening due to the presence
of Rydberg atoms in the cloud.

A.1.1 Estimation of the gradient

Besides the experimental value we got for the gradient, it is also possible to get
a theoretical estimation of it. In order to do so we start by writing the field as a
function of a potential, that is

E = −∇V, (A.1)

where V is the potential and ∇ is the differential operator ∂
∂x
x̂+ ∂

∂y
ŷ+ ∂

∂z
ẑ. As was

mentioned before, spatial variations in the electric field are to lowest order described
by gradients, δE(r). To first order in δxi it is possible to write

δEi = E0,i +
∑
j

vjiδxj, vji = − ∂2V

∂xj∂xi

, (A.2)

101



517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin
Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018 PDF page: 110PDF page: 110PDF page: 110PDF page: 110

102 Effect of gradients

and E0,i = E(0). With this it is possible to calculate the norm of this quantity, also
to first order in δxi,

|δE|2 =
∑
i

δEiδEi (A.3)

=
∑
i

[
E0,i +

∑
j

vjiδxj

][
E0,i +

∑
j

vjiδxj

]
(A.4)

=
∑
i

E2
0,i − 2

∑
i,j

E0,ivjiδxj +O (
δx2

i

)
. (A.5)

Using the approximation
√
1 + x ≈ 1+ 1

2
x, we obtain an expression for the norm of

the spatial variations of the electric fields,

|δE| ≈ E0 − 1

E0

∑
i,j

E0,ivjiδxj, (A.6)

with E0 = |E0,i|. With this expression we can make an estimation of the gradients
that are affecting the atoms in our experiment. To do so we will first set the electric
field E0 along the ŷ axis, so E0 = E0ŷ, this mean E0,x = E0,z = 0. Replacing this
condition in eq. A.6 and using eq. A.2 we will get,

|δE| = E0 − ∂2V

∂y∂x
δx. (A.7)

Where we have also considered that the trap frequencies in our experiment are set
in such a way that we end up with an elongated cigar-shape cloud of atoms in which
the long direction of the cloud is parallel to the x axis, so δx dominates over the
other two components, δy and δz.

Finally, it is possible to identify the gradient, g, in the previous expression as

|δE| = E0 + gδx, g = − ∂2V

∂y∂x
, (A.8)

and get an estimation of the gradient. For this we consider a patch potential that
is given by a characteristic strength ΔV acting over a distance R,

Epatch ≈ ΔV

R
⇒ ∂2V

∂y∂x
≈ Epatch

R
. (A.9)

In Ch. 5, we obtained the value for the local electric field at the position of the atoms
using Stark-Zeeman maps of S and D Rydberg states, from which we got Epatch ≈
2 V/cm (where we have identified Ev with the potential, Epatch). Considering a
longitudinal extension of 100 μm (this extension correspond to a cloud of T ≈ 2.5
μK), we get a gradient g ≈ 200 V/cm2. This value is consistent with the gradient
obtained from the measured D state Stark-Zeeman map of gmeas = 179± 9 V/cm2.
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A.1.2 Broadening of the loss feature due to gradients

Now that we know the value of the gradient along the long direction of the cloud
(both the estimated and measured one) it is possible to obtain a minimum value for
the broadening of the Rydberg loss feature produced by this field variation.

The calculation is going to be done for the 30S Stark-Zeeman map, particularly
we will choose a point such that Eap > Eres, with Eres ≈ 2 V/cm the inferred
residual local electric field along the long direction of the cloud. This condition
is necessary so we can ensure that the broadening of the Rydberg loss feature is
dominated by gradient effects. For the 30S state we applied a maximum voltage
of ∼ 1.75 V. This value corresponds to an applied local electric field of Eap ∼ 5.9
V/cm, at this point we measured a FWHM of ∼ 10 MHz. The shift in energy due
to the applied electric field is given by

Δ = −1

2
α30SE

2
ap (A.10)

where α30S = −1.39 MHz/(V/cm)2 is the polarizability of the 30S state [68]. Then,
the width will be given by the variation of energy due to spatial field variations,

δΔ = −1

2
α30Sδ(E

2
ap) (A.11)

= α30SEap
∂2V

∂y∂x
δx (A.12)

= α30SEapgδx, (A.13)

where we have used the convention used in Sec. A.1.1 for the different directions.
Thus, for an applied field of Eap = 5.9 V/cm, a longitudinal extension of δx = 100
μm and a gradient of g = 179 V/cm2 we get a width of Δ ∼ 15 MHz. This value is
the same order of magnitude as the measured value of ∼ 10 MHz, which means the
width of the S state Stark-Zeeman map can be explained by the gradient inferred
from the D state Stark-Zeeman map. In the next section we will study how the
broadening of the feature is affected by the presence of Rydberg interactions in the
cloud and how the elongated character of it also influences this broadening.

A.1.3 Enhancement of the broadening due to Rydberg in-
teractions

From eq. 7.8 it is possible to obtain the Rydberg density as a function of the ground
state density. For a thermal cloud the density of ground state atoms is given by a
Gaussian distribution in all three directions as is shown in eq. 7.4. If we put these
two equations together we will get an expression for the Rydberg density,

nr(r) =

(
2�

ZC6

)2/5

Ω
2/5
R ρpeak

{
exp

[
−
(

x2

2σx

+
y2

2σy

+
z2

2σz

)]}1/5

, (A.14)
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Consideration
of interactions

Gradient
calculation (V/cm2)

NO 179± 9
3D 79.9± 9
1D 49.5± 9

Table A.1: Comparison of the different calculations of the gradient when considering (or not) Rydberg

interactions as an enhancement of the measured FWHM

from this equation it is possible to identify a Rydberg density distribution that will
have an effective peak density n0,r and that is also Gaussian but with an effective
width σi,r,

nr(r) = n0,r

∏
i=x,y,z

exp

[
− i2

2σ2
i,r

]
(A.15)

n0,r =

(
2�

ZC6

)2/5

Ω
2/5
R ρ

1/5
peak (A.16)

σi,r =
√
5σi , i = x, y, z. (A.17)

This mean in a 3D situation and in the presence of Rydberg interactions the observed
width will be enhanced by a factor

√
5.

The same analysis can be done for the 1D case. In that case the Rydberg
density distribution is given by eq. 7.12 where the ground state density distribution
is Gaussian and given by eq. 7.13. Thus, it is possible to identify an effective peak
density and width,

nr,1D(r) = n0,r exp

[
− x2

2σ2
x,r

]
(A.18)

n0,r =
1

212/13

(
ΩR

C6

)2/13

ρ
1/13
1D,peak (A.19)

σx,r =
√
13σx. (A.20)

From the last equation it is possible to see that the consideration of a 1D geometry
results in an increase of the enhancement of the width by 63% compared to the 3D
case.

Before we calculated the gradient using the Stark map of the 28D state, from
that we obtained a value that was close to the estimation shown in sec. A.1.1. We
did not considered any enhancement of the FWHM of the Rydberg loss feature when
calculating a value for the gradient in the long direction of the cloud. Table A.1.3
shows a comparison of the values obtained when considering Rydberg interactions
in the cloud in both the 3D and 1D case.
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B Rydberg molecules and the
atom-electron scattering length

Here we extend the description of the molecular spectrum presented
in Ch. 6. We show how the scattering length can be derived ex-
perimentally both with and without considering the k-dependence of
it.

In the description of the molecular spectrum we considered a scattering length
value of a = −16.1a0. This value was taken from [6,29] and it is a theoretical value.
From this value we have found the binding energies mentioned in Ch. 6. This choice
of the scattering length consider a dependence on the momentum, k, of the Rydberg
electron given by [8, 9, 39]

a(k) = aatom +
π

3
αk, (B.1)

where aatom is the zero-energy scattering length, α the rubidium ground state po-
larizability (α = 319 a.u. for the 5S1/2 ground state) and k is the momentum of the
Rydberg electron, which depends on its position R, k = k(R). The choice of the
scattering length presented Ch. 6 considers only s-wave scattering. This can be done
because p-wave scattering influences the inner part of the molecular potential [3,39].
This means that the outermost well is very weakly affected by p-wave scattering.
The relevant bound states in our work are found indeed in the outermost well, hence
we can neglect the effects of p-wave scattering. Nevertheless, here we show an ex-
perimental derivation of aatom by comparing the measured binding energies with
the calculated ones which considers p-wave scattering. Thus, corrections for p-wave
scattering are contained in the value of the zero-energy scattering length, aatom.

The value of k can be extracted from the equation

k2

2
= − 1

2n∗2 +
1

R
, (B.2)

with n∗ the effective principal quantum number, set by the quantum defect, n∗ =
n − δ. In the previous expression −1/2n∗2 is the energy of the Rydberg electron
and −1/R the potential energy, thus the expression above corresponds to the (semi-
classical) relation between the potential and kinetic energy (kinetic energy is total
energy minus potential energy). On one hand, if we consider this k dependence we
found that the calculated binding energies agrees better with the observed molecular
spectrum (see Fig. 6.1) for a scattering length of −17.1a0 (zero-energy scattering
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106 Rydberg molecules and the atom-electron scattering length

length, aatom in eq. B.1). With this value of the scattering length we obtained a
value for the binding energy that match the measured one of 16.1 MHz (see Table
6.1). On the other hand, if we do not consider a k dependence we found a value
of 14.7a0 for the scattering length. With this value the calculation of the binding
energy match the measured one of 16.1 MHz.
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tistical Mechanics. Springer Science & Business Media, 2012.

[38] Eugene P. Gross. Structure of a quantized vortex in boson systems. Il Nuovo
Cimento (1955-1965), 20(3):454–477, 1961.

[39] Edward L. Hamilton, Chris H. Greene, and H. R. Sadeghpour. Shape-
resonance-induced long-range molecular Rydberg states. Journal of Physics
B: Atomic, Molecular and Optical Physics, 35(10):L199, 2002.

[40] Jianing Han, Yasir Jamil, D. V. L. Norum, Paul J. Tanner, and T. F. Gal-
lagher. Rb nf quantum defects from millimeter-wave spectroscopy of cold
85Rb Rydberg atoms. Physical Review A, 74:054502, Nov 2006.
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Summary

On one side, atom-chip experiments have demonstrated to be a versatile tool to
study quantum physics in cold atoms systems. On the other side, Rydberg atoms
have exaggerated properties that makes them good candidates to study quantum
information and quantum simulations protocols. In this thesis both system are put
together with the aim to study Rydberg physics (in particular atom-atom interac-
tion) in an atom-chip experiment.

We magnetically trap clouds of rubidium atoms and cool them down to the ∼ μK
level via laser cooling and evaporative cooling. While the atoms are magnetically
trapped we excite them to a high principal quantum number (27 ≤ n ≤ 37) using a
two-photon excitation scheme. The remaining ground-state atoms are then imaged
by absorption spectroscopy (excited Rydberg atoms are lost from the magnetic trap).
The main element of our setup is the microchip placed at the center of the vacuum
chamber. We use this chip for magnetic trapping of the atoms as well as for electric
field control at the position of the atoms.

Because of their large dipole moments, Rydberg atoms are very sensitive to
electric fields. The use of a chip (with a layer of gold) becomes a challenge when
studying Rydberg physics in its vicinity. Adsorbates of rubidium on the surface
of the chip produce electric field gradients, and current carrying wires (used for
magnetic trapping) produce also undesired electric fields at the position of the atoms.
In Chapter 5 we show a full characterization of these electric fields as well as the
electric field gradient. We measure Stark-Zeeman maps of various Rydberg states in
order to perform this characterization. The key point is to use one of the wires on
the same chip to generate an electric field at the position of the atoms. By changing
this field we can measure Stark-Zeeman maps and compensate for undesired electric
fields (in one direction).

Due to the high densities at which we work we were able to observe the formation
of ultralong-range Rydberg molecules in our system. In these molecules a ground
state atom is weakly bound to the Rydberg electron. The formation of Rydberg
molecules is possible due to the negative scattering length of the interaction. In
Chapter 6 we show a molecular spectrum from which we obtained different properties
of the system. For instance, the molecular signal can be used to infer the atomic
density. We also study how broadening due to blackbody-induced dipole-dipole
interactions affects the atomic and molecular signal.

Due to their large size, Rydberg atoms can have strong interactions between
them. As a result of these interactions it is possible to observe the phenomenon
of Rydberg blockade in which the Rydberg excitation of one atom results in the
suppression of excitation of neighboring atoms. In our setup we work with elongated
clouds of atoms. Thus, the phenomenon of Rydberg blockade effectively results
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in the formation of a one-dimensional chain of Rydberg atoms. This means that
there is only one Rydberg excitation in the radial direction while there are several
excitations in the longitudinal direction. In Chapter 7 we theoretically study the
effects of Rydberg blockade in a 3D and a 1D geometry. We show measurements
that attempt to observe Rydberg interactions in our system by studying the behavior
of the Rydberg loss spectrum at various Rabi frequencies.

As was mentioned before, one of the advantages of working with an atom chip is
that it can be very versatile in the sense that it is possible to use different wires on
the chip for different purposes. For example, we use one of the wires to compensate
for undesired electric fields and to change the electric field at the position of the
atoms. At the same time we can use another wire to generate an rf magnetic field.
This field can be use to induce transitions within the manifold of a Rydberg state.
In Chapter 8 we study the advantages of having control over the electric field at the
same time an rf field is generated at the position of the atoms in order to induce the
desired transitions. These transitions can be used to enhance the detection method
as well as to populated states that can not be populated directly via a two-photon
transition.

With this thesis we demonstrated how properties of the experimental setup that
are detrimental for the study of Rydberg atoms, such as electric fields, can actually
be used in favor of the system. For example, for driving rf transitions within a certain
Rydberg state manifold or to extract information about the electric field gradients.
The detailed characterization of the electric fields is thus crucial for future study of
Rydberg interactions in atom-chip experiments and paves the way for the study of
more complex systems.
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Samenvatting

Enerzijds hebben atoomchipexperimenten laten zien dat ze een veelzijdig gereed-
schap zijn bij de studie van quantumverschijnselen in systemen van koude atomen.
Anderzijds hebben Rydbergatomen extreme eigenschappen en dat maakt ze goede
kandidaten om kwantuminformatie en kwantumsimulatie-protocollen mee te bestu-
deren. In dit proefschrift worden beide systemen gecombineerd met als doel om
in een atoomchipexperiment Rydbergfysica te bestuderen (in het bijzonder atoom-
atoom-wisselwerking).

Met behulp van magnetische velden vangen we wolken van rubidiumatomen en
koelen we ze tot microkelvins met laserkoeling en met verdampingskoeling. Terwijl
de atomen magnetisch ingevangen zijn, slaan we ze aan naar hoge hoofdkwantum-
getallen (27 ≤ n ≤ 37) met behulp van een twee-foton excitatieschema. De over-
blijvende grondtoestandatomen worden vervolgens afgebeeld met absorptiespectro-
scopie (aangeslagen Rydberg atomen blijven niet in de val). Het belangrijkste on-
derdeel van onze opstelling is de microchip, centraal geplaatst in de vacuümruimte.
Wij gebruiken deze chip voor het magnetisch vangen van atomen, maar ook voor de
aanpassing van het elektrische veld ter plaatse van de atomen.

Omdat Rydbergatomen zo’n groot dipoolmoment hebben, zijn ze erg gevoelig
voor elektrische velden. Het gebruik van een chip (met een toplaag van goud) wordt
een uitdaging als de Rydbergatomen in de nabijheid van de chip bestudeerd moeten
worden. Rubidiumadsorbaten op het oppervlak van de chip produceren elektrische
veldgradiënten, en stroomvoerende draden (gebruikt voor de magnetische opslui-
ting) veroorzaken ook ongewenste elektrische velden ter plaatse van de atomen. In
hoofdstuk 5 laten we een volledige karakterisering zien van deze elektrische velden en
de gradiënten ervan. We meten Stark-Zeeman spectra van verschillende Rydberg-
toestanden om de velden te karakteriseren. Belangrijk is het gebruik van één van de
draden op deze chip om een elektrisch veld te genereren op de plaats van de atomen.
Door dit veld te variëren kunnen we Stark-Zeeman spectra meten en ongewenste
elektrische velden (in één richting) compenseren.

Als gevolg van de hoge dichtheden waarbij we werken, waren we in staat om
de vorming van ultralange-afstand Rydbergmoleculen waar te nemen. In deze mo-
leculen is een grondtoestandatoom zwak gebonden aan het Rydbergelektron. De
vorming van Rydbergmoleculen is mogelijk omdat de verstrooiingslengte van de in-
teractie negatief is. In hoofdstuk 6 laten we een moleculair spectrum zien, waaruit
we allerlei eigenschappen van het systeem kunnen opmaken. Zo kan bijvoorbeeld het
moleculaire systeem gebruikt worden om de atomaire dichtheid te bepalen. We be-
studeren ook hoe lijnverbreding ten gevolge van zwarte-straling-gëınduceerde dipool-
dipool interactie het atomaire en het moleculaire signaal bëınvloeden.

Door hun grote omvang hebben Rydbergatomen sterke interacties, ook onder-

119



517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin517162-L-sub01-bw-Martin
Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018Processed on: 15-2-2018 PDF page: 128PDF page: 128PDF page: 128PDF page: 128

120 Samenvatting

ling. Door deze interacties is het mogelijk om het fenomeen van Rydbergblokkade
waar te nemen, waarbij de excitatie van één atoom resulteert in de onderdrukking
van de aanslag van naburige atomen. In onze opstelling werken we met langwer-
pige wolken van atomen. Het fenomeen van Rydbergblokkade resulteert daarmee
in de vorming van een ééndimensionale keten van Rydbergatomen. Dit betekent
dat er in de radiale richting maar één Rydbergexcitatie is terwijl er in de longitudi-
nale richting verschillende zijn. In hoofdstuk 7 bestuderen we theoretisch de effect
van Rydbergblokkade in een drie- en in een ééndimensionale geometrie. We laten
metingen zien die pogen om Rydbergwisselwerking in ons systeem te waar te ne-
men, door het gedrag van de Rydbergverliesspectra te bestuderen bij verschillende
Rabi-frequenties.

Zoals al eerder opgemerkt, een van de voordelen van het werken met een atoom-
chips is dat het heel veelzijdig kan zijn, in de zin dat het mogelijk is om verschillende
draden op de chip voor verschillende doelen te gebruiken. Wij gebruiken bijvoor-
beeld een van de draden om ongewenste elektrische velden te compenseren en om
het elektrisch veld ter plaatse van de atomen te regelen. Tegelijkertijd kunnen we
een andere draad gebruiken om een RF magnetisch veld op te wekken. Dit veld kan
gebruikt worden om overgangen tussen verschillende Rydbergtoestanden onderling
te induceren. In hoofdstuk 8 bestuderen we de voordelen die het heeft om controle
te hebben over het elektrische veld en tegelijkertijd de mogelijkheid te hebben om
een RF-veld te genereren ter plaatse van de atomen. Doel van deze combinatie is
om specifieke overgangen binnen Rydbergtoestanden te maken. Deze overgangen
kunnen gebruikt worden om de gevoeligheid van de detectiemethode te verhogen
maar ook om toestanden te bevolken die niet direct met behulp van twee fotonen
toegankelijk zijn.

In dit proefschrift hebben we laten zien hoe ongunstige eigenschappen van de
experimentele opstelling, zoals elektrische velden, juist op een positieve wijze inge-
zet kunnen worden. Voorbeelden zijn het aandrijven van specifieke RF-overgangen
binnen een verzameling van Rydbergtoestanden of het verkrijgen van informatie
over elektrische veldgradiënten. De gedetailleerde karakterisering van de elektrische
velden is cruciaal voor toekomstige studies van Rydberginteracties bij atoomchip-
experimenten en bereiden de studie van meer complexe systemen voor.
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Marcos, Gabriel, Jorge, Johanna, Chalo, Carlita, Ale, Pablo, entre otros. A la
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