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Abstract

This thesis reports the first observation of the resonant electric dipole-dipole interaction
between cold Rydberg atoms using microwave spectroscopy, the observation of the magnetic
field suppression of resonant interactions, and the development of a unique technique for precise

magnetic field measurements.

A Rydberg state (46d5/5) of laser cooled 85Rb atoms has been optically excited. A fraction
of these atoms has been transferred to another Rydberg state (47pz/5 or 45f5 /5 7/2) to introduce
resonant electric dipole-dipole interactions. The line broadening of the two-photon 46ds,, —
47d5 /5 microwave transition due to the interaction of 46ds /5 with 47ps /5 or 45 f5 /5 7/2 atoms has
been used as a probe of the interatomic interactions. This experiment has been repeated with
a DC magnetic field applied. The application of a weak magnetic field (< 0.6 G) has reduced
the line broadening due to the resonant electric dipole-dipole interaction, indicating that the
interactions are suppressed by the field. Theoretical models have been developed that predict
the energy shifts due to the resonant electric dipole-dipole interaction, and the suppression
of interactions by magnetic fields. A novel technique for sensitive measurement of magnetic
fields using the 34s; /5 — 34p; /o one-photon microwave transition has also been presented. Using
this technique, it has been possible to calibrate magnetic fields in the magneto-optical trap
(MOT) apparatus to less than 10mG, and put an upper bound of 17mG on any remaining field

inhomogeneity.
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Chapter 1

Introduction

1.1 Rydberg Atoms

Rydberg atoms are atoms that are excited to states of high principal quantum number n. An
example of excitation to Rydberg states of sodium is given in Fig. 1-1 [1]. Rydberg atoms
have a number of peculiar properties including an exaggerated response to electric fields, long
radiative decay times, large transition dipole moments, and electron wavefunctions that under
some conditions approximate classical orbits of electrons about the nuclei.

In Rydberg atoms the valence electrons, in high n, have binding energies that decrease

2 and geometric cross-sections that scale as n* [1].

as 1/n?, orbital radii that increase as n
Therefore, Rydberg atoms are extremely large and are easily perturbed or ionized by collisions
or external fields. For instance, the orbital radius of n = 100 of Rb is roughly 0.5 um, and it
has a binding energy (~ 0.047eV) comparable to thermal energies at 300 K. The n? scaling
of the size of Rydberg atoms for 24 < n < 56 was confirmed in a clever experiment by Fabre
et al. in 1983 [2]. In general, different properties of Rydberg atoms scale with some power of
n, and can be exaggerated. Because of these unusual properties, Rydberg atoms have been of
interest in physics and chemistry for a long time. The lack of an efficient method of producing
single-state Rydberg atoms had made it difficult, however, to study these atoms systematically.
Electron impact excitation and charge exchange excitations were the only available schemes of

producing Rydberg atoms that were used by scientists in the 1950s and 1960s. These methods,
however, resulted in the spread of Rydberg population over many states. In the 1970s, with
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Figure 1-1: Excitation to Rydberg states in sodium atom (from Ref. [1]).

the advent of tunable dye lasers, it became possible to produce samples of single-state Rydberg
atoms (atoms excited to the same energy level). Since then, the interest in Rydberg atoms
has increased constantly owing to the development of techniques to create and study Rydberg
atoms. Laser cooling and trapping is one example of these techniques that has opened new
areas of research related to Rydberg atoms such as ultracold plasmas [3,4], quantum computing
with cold neutral atoms (see for example [5] and [13]), and Rydberg atom-surface interaction
in atom-chip experiments.

One of the interesting properties of Rydberg atoms that has been the subject of investiga-
tions for a long time is their particular sensitivity to external fields. Over the years, studies
of atom-field interactions have provided important keys to understanding atomic structure,
spin-dependent interactions, and angular momentum coupling schemes in atoms. The effects of
external perturbations (such as electric and magnetic fields) on ground state atoms are usually
small compared to intra-atomic interactions. However, in highly excited atoms, these two types
of interaction can be comparable, especially for large fields. This is because the excited electron
is so far away from the nucleus that its Coulombic interaction with the nucleus is diminished,
and it can be perturbed easily by moderate fields. Rydberg atoms strongly resemble the hy-

drogen atom in many aspects, and are readily accessible, for instance, for detailed studies of



Chapter 1. Introduction 3

the influence of external magnetic and electric fields on the level structure. Because of the
sensitivity of Rydberg atoms to external fields, they are sometimes used as sensitive tools for

probing small electric and magnetic fields [6,7].

1.2 Dipole-dipole interaction between Rydberg atoms

Due to the large separation of the valence electron from the ion-core in highly excited Rydberg
atoms, these atoms have large electric transition dipole moments compared to ground state
atoms [1]. The strength of the dipole-dipole interaction between two atoms is dictated by
the size of their dipole transition moments. This means that the dipole-dipole interaction,
which is negligible for ground state atoms, can be turned on by excitation to Rydberg states.
Several groups around the world have designed experiments to study different aspects of dipole-
dipole interactions between highly excited atoms. These experiments were initially focussed on
interactions between Rydberg atoms produced in atomic beam experiments [1,2,4]. With the
arrival of magneto-optical trap (MOT), this focus changed to the study of interactions between
cold Rydberg atoms [9-16].

In 1981 Raimond et al. [8] observed for the first time the spectral line broadening due to
van der Waals interactions (nonresonant dipole-dipole interactions) between Rydberg atoms.
They showed that for high density samples of Rydberg atoms, when the average interatomic
separation is just a few times larger than the Rydberg atom radius, the direct van der Waals
interactions between Rydberg atoms become comparable to the binding energy of the Rydberg
electron. There have also been experiments on the observation of nonresonant dipole-dipole
interactions (van der Waals) between cold Rydberg atoms [14,15]. In these experiments, it has
been shown that excitation to Rydberg states in a cold cloud of atoms in a MOT saturates due
to the van der Waals interaction between Rydberg atoms.

In some cases Rydberg atoms do not interact in zero field conditions, but start to resonantly
interact when a specific electric field is applied. Here, the applied electric field shifts the Rydberg
energy levels due to the Stark effect, and makes them interact through resonant energy transfer.
Resonant energy transfer between Rydberg atoms was first studied in atomic beam experiments

(see chapter 14 of Ref. [1]), and then between cold Rydberg atoms in a MOT [9-13].
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Recently, dipole-dipole interactions between cold Rydberg atoms have received attention in
the context of quantum information processing using cold neutral atoms [5] and [13]. Dipole
blockade is one of the proposals that utilizes dipole-dipole interaction between cold Rydberg
atoms to store qubits in clouds of cold atoms without the need for individual addressing of
atoms [13]. In dipole blockade a single atom excited to a Rydberg state blocks further resonant
excitation of atoms to same Rydberg state due to the dipole-dipole interaction. However, this

has not yet been experimentally observed.

1.3 Structure of thesis

In this thesis, the resonant electric dipole-dipole interaction between cold Rydberg atoms is
studied. For the first time, microwave spectroscopy is used to probe the influence of resonant
electric dipole-dipole interactions on radiative transitions between nearby Rydberg states. Also,
the effect of applied DC magnetic fields on the strength of resonant dipole-dipole interactions is
investigated. Cold Rydberg atoms are produced by laser excitation of laser cooled and trapped
atoms in a MOT. Microwave radiation is then used to transfer Rydberg atoms to different
states and to probe interatomic interactions. For the observation of the resonant dipole-dipole
interaction and its suppression due to applied magnetic fields presented in this thesis, 46ds/,
is excited. Then, using microwave radiation, a fraction of these atoms may be transferred to
other nearby Rydberg states, such as 46p3/9, 47p3/2, or 45 f5/57/2, to study resonant dipole-
dipole interactions. The linewidth broadening of the two-photon 46ds/5 — 57p3/, microwave
transition is used to probe the interactions between Rydberg atoms. These experiments are
repeated when a DC magnetic field is deliberately applied to investigate its effect on linewidth
broadening due to resonant dipole-dipole interactions.

In chapter 2 of this thesis, a summary of the background theory for this work is presented,
together with some experimental techniques that were used in these experiments. Then, in
chapter 3, the use of microwave transitions between Rydberg states for measuring stray electric
and magnetic fields is explained. The results of the observation of the resonant electric dipole-
dipole interaction between cold Rydberg atoms, and its suppression by an applied magnetic field

are presented in chapter 4. Theoretical models that explain the agreement of the experimental
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results with theory are presented in chapter 5. Chapter 6 includes a summary and discussion

of the results along with proposed future work. The method for determining the density of the

interacting Rydberg atoms is presented in Appendix A.
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Chapter 2

Theoretical Background and

Experimental Techniques

2.1 Introduction

As explained in the previous chapter, resonant electric dipole-dipole interactions between cold
Rydberg atoms with and without the presence of a DC magnetic field are studied experimentally
in this thesis. To help the discussions in the following chapters, a summary of the basic theory
related to these experiments is presented in this chapter, as well as some of the experimental
techniques that were used. Details of the theory of Rydberg atoms, their properties, and their
interactions with external fields have been discussed in many papers and books (see for example
[1,2]). This chapter starts with a description of the operation of the magneto-optical trap used
for production of cold atoms. Rydberg atoms are produced by exciting the cold atoms; this
excitation scheme is also presented. Since studies of Rydberg atoms in the presence of external
fields is a major part of this work, the effects of external fields (electric and magnetic fields) on
Rydberg atoms are explained in greater detail. In the last section, the selective field ionization

technique for Rydberg state detection is discussed.
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2.2 Laser cooling and trapping of atoms

To study the interactions between cold Rydberg atoms, laser cooled and trapped atoms were
excited to high energy levels. A standard vapour-cell rubidium magneto-optical trap (MOT)
was used to make a cold cloud of atoms. In this section, I present a brief description of the
operation of a MOT. Detailed studies of laser cooling and trapping can be found in literature,
such as Ref. [3].

The magneto-optical trap has been the most commonly used apparatus for producing cold
samples of neutral atoms since its invention in 1987 [4]. In the MOT a certain type of atom in
the gas phase are exposed to a combination of electromagnetic radiation and an inhomogeneous
magnetic field. By tuning the radiation field to an appropriate frequency, one can force the
atoms to scatter photons from the radiation field that opposes their motion. The absorption and
emission of photons on average results in a reduction of atomic velocities. An inhomogeneous
magnetic field helps trap the atoms once they are cold. A schematic picture of a MOT is shown
in Fig. 2-1. Atoms, which are captured from a vapour in a vacuum cell, are initially at room
temperature and move randomly in all directions. To achieve cooling and trapping in three
dimensions, three pairs of counter-propagating laser beams and an inhomogeneous magnetic
field produced by a pair of anti-Helmholtz coils (AHCs) are used (see Fig. 2-1). To account for
the Doppler effect caused by the atomic motion, the laser beams are detuned to the red of a
specific atomic transition. In this case, atoms scatter more photons from the laser beam that
opposes their motion. Also, the laser beams are circularly polarized such that counterpropa-
gating beams have opposite helicity. The combination of an inhomogeneous magnetic field and
circularly polarized laser beams ensures that atoms experience a space dependent force. This
way, atoms experience a friction force (needed for cooling) that attempts to bring the atoms to

rest, and a harmonic force (required for trapping) that bounds the atoms to the trap centre [3]:

F=-87—k7. (2.1)

The primary force that atoms feel is a radiation pressure force or recoil each time they scatter
a photon and receive its momentum. The momentum kick that the atom receives from each

scattered photon is quite small; however, by exciting a strong atomic transition, it is possible
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Figure 2-1: Schematic of the magneto-optical trap: the cloud of cold atoms is located at the
intersection of three pairs of counterpropagating laser beams. In the ideal situation, where the
laser beams are aligned properly and stray magnetic fields are nulled out, this is at the center
of a pair of anti-Helmholtz coils.
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to scatter more than 107 photons per atom per second and produce large deceleration [3]. For
85Rb, the 581/2(F = 3) — 5p3o(F = 4) transition at 780 nm is an appropriate transition for
laser cooling and trapping. A repump laser is used to drive the 551 /5(F = 2) — 5p3/o(F = 3)
transition to make sure that atoms do not fall into the dark F' = 2 hyperfine sublevel of the
ground state. The energy levels of 8Rb for the ground state (5s; /2), the first excited state
(5p3/2), and the transitions used for cooling and trapping in a MOT are shown in Fig. 2-2.
Both cooling and trapping and repump lasers are locked to atomic transitions in 3°Rb using the
dichroic atomic-vapor laser lock (DAVLL) technique [5]. Saturated absorption spectroscopy [6]
was used to identify the cooling and trapping and repump atomic transitions for the purpose
of laser frequency locking. These techniques are explained in Ref. [7].

Initially, for cooling and trapping and repump transitions, home-made external cavity diode
lasers were used. The output beam of each laser (with a power of roughly 20 mW measured
after a Faraday isolator used for laser protection) was split into two beams. One beam went to
the setup for saturation absorption spectroscopy used for laser frequency stabilization [7], and
carried roughly 3mW power. The other beam of the cooling and trapping laser was focused
down into an acousto-optical modulator (AOM) (IntraAction, Model ME-801ENG Modulator
Driver) for possible fast switching off the MOT. The first-order diffracted output of the AOM
was then split into six beams which were sent into the MOT setup in a configuration shown in
Fig. 2-1. The remaining of the repump laser was split into two beams which were made collinear
with a pair of counterpropagating cooling and trapping beams. In order to shape the MOT
lasers, and also reduce the sensitivity of the MOT to any changes in the alignment of the lasers,
it was decided to couple the lasers into single mode fibers. A higher power commercial external
cavity, grating stabilized diode laser (Toptica DLX 110, output power: 380 mW) operating at
780 nm was used to compensate for the power loss in fiber coupling. Also, to enhance the repump
power, this laser was used to injection lock a temperature stabilized, commercial, 780 nm diode
laser (Thorlabs, DL7140-201S). The output power of the slave laser was 35 mW. The maximum
coupling efficiency that was obtained for single mode fibers was roughly 50%.

A picture of the MOT setup that was used in this thesis is shown in Fig. 2-3. The larger
coils on this figure are the compensating coils used to null out stray magnetic fields so that the

zero of the inhomogeneous magnetic field lies at the center of the AHCs. Details of the stray
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Figure 2-2: The ground state (5s1/;) and the first excited state (5ps/2) of 85Rb, and the tran-
sitions used for cooling and trapping in a MOT [7].
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Figure 2-3: The magneto-optical trap setup used to produce cold Rb atoms. This picture was
taken before optics and microwave components were set up.

field compensation and its importance are explained in chapter 3.

2.3 Production of Rydberg Atoms

Rydberg atoms may be produced in different processes such as electron impact, photoexcitation,
charge exchange, and collisional and optical excitation [1]. Electron impact, charge exchange,
and photoexcitation were common in last few decades ending in 1980, and laser excitation

has been the dominant method used to produce Rydberg atoms in the past three decades.
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In electron impact excitation of Rydberg states of atoms, a pulsed beam of electrons passes
through the sample of target atoms and excites them to Rydberg states by collisions [8,9]
(A+e” — A(nl) + e™). Similarly, charge exchange or electron transfer collision [10] can be
formulated as AT + B — A(nl) + BT. In both processes A(nl) is the produced Rydberg
atom in a state with principal quantum number n and orbital quantum number [. Based on
kinetic energies of particles before and after collision, and their angular distribution at impact,
excited atoms with different energy levels (with different principal quantum number n) may be
produced. Also, the atoms initially excited to low [ states, are redistributed over states with
high [ by subsequent collisions. Therefore, in general, these two methods distribute atoms over

different energy states, and are not useful for selectively producing single state Rydberg atoms.

2.3.1 Optical excitation

Photoabsorption has been extensively used for a long time to produce and study Rydberg
atoms. In this process, an atom or a molecule is excited to a Rydberg state by absorbing a

photon from a light source:

A+ hv — A(nl). (2.2)

In early experiments, Rydberg states of atoms and molecules were produced by absorbing
photons from a source of light that emitted the appropriate wavelength [11-13]. The efficiency
of excitation with a diffuse light source is poor, since the flux of emitted photons is small. This
problem was solved by invention of dye lasers. A high photon flux may be achieved from lasers,
unlike normal sources of light. Lasers can also be focussed into the cloud of atoms to produce
high density samples of Rydberg atoms. This density may be varied systematically, where it is
desirable, by changing the laser beam spot size or its power.

In the experiments of this thesis, excitation to Rydberg states of ®®Rb is a two-photon
process for which two different sources of light are required. A 780nm laser excites 5sq/o
ground state atoms to 5psp, which may then be excited to different Rydberg states by a
tunable wavelength laser. In a Rb MOT, 5p3/5 atoms are continuously produced by the cooling
and trapping laser, and with a tunable 480 nm laser, it is possible to selectively excite different

Rydberg states from 5p3/5. Figure (2-4) shows the excitation of the ground state rubidium
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atoms to Rydberg states in a MOT.

2.4 Rydberg atoms in external fields

One of the interesting properties of Rydberg atoms that has been the subject of investigations
for a long time is their particular sensitivity to external fields. In highly excited atoms, the
excited electron is far away from the nucleus so that its Coulombic interaction with the nucleus
is diminished, and it can be perturbed easily by moderate fields. Therefore, Rydberg atoms
are readily accessible for detailed studies of the influence of external electric fields on the
level structure. Also, because of the sensitivity of Rydberg atoms to external fields, they are
sometimes used as sensitive tools for probing small electric fields. A brief explanation of the

behaviour of Rydberg atoms in electric and magnetic fields is presented in this section.

2.4.1 Rydberg atoms in electric fields

Electric fields shift the atomic energy levels and split them into several spectral lines due to the
Stark effect. The effect arises because of the interaction between the electric dipole moment of
an atom with an external electric field. If the electric field is uniform over the length scale of

the atom, then the perturbing Hamiltonian is of the form

H=—-7.72 =ee.z, (2.3)

where 70 is the electric dipole moment and € is the electric field. The first order energy
shift of the state |¥,,) due to the perturbation is given by AE,, = e, (¥, |2| ¥pp,). Since the
unperturbed states may be degenerate, we normally need to use the eigenvectors of H when
calculating the energy shifts. Fundamentally, the electric field changes the boundary conditions
for the electron from closed to open, converting the bound states into continuum states. This
effect starts to be important at a characteristic field which is given by e = 1/ (16n*) [1]. For
n = 15, the value of ¢, is about 6kV /cm.

To explain the detail of the Stark effect, the following simplified Hamiltonian (which neglects

the relativistic and radiative interactions) is used [14]
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Figure 2-4: Excitation to Rydberg states of Rb using a two-colour two-photon process.
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H= —%V2 +V(r)+ez, (2.4)

where the potential seen by the electron, when V(r) is a central potential and electric field
directed along the z axis, is given by V(r) = —% + €z. For hydrogen atom, the Schrodinger
equation for an electron orbiting a singly charged ion with the Hamiltonian given by Eq. 2.4 is
separable in parabolic coordinates, and it is possible to obtain exact expressions for the Stark
effect of hydrogenic energy levels (see for example [15,16]).

An energy level diagram for n = 8 to n = 14 of the hydrogen atom is shown on Fig. 2-5.
The levels exhibit linear Stark shift from zero field to the point at which field ionization occurs,
which is shown by broken lines in Fig. 2-5. So, the first order energies are adequate for many
purposes. We also see, in this diagram, that the red, or downshifted, Stark states ionize at lower
fields compared to the blue, or upshifted, states. The classical threshold field for ionization of
different Stark states, which is obtained from E. = —2,/¢ [1], is shown by a heavy line. As seen
on this diagram, the Stark levels of the adjacent n cross in hydrogen atom, which is because of
the lack of coupling between these states.

The behaviour of nonhydrogenic atoms in an electric field is not exactly the same as that
of the hydrogen atom, and we cannot use the same approach for other atoms. The reason is
that the Hamiltonian in Eq. 2.4 is not separable in parabolic coordinates for nonhydrogenic
atoms. Therefore, in order to study the Stark effect in these atoms we should look for some
approximation schemes.

In alkali atoms there is a core of closed-shell electrons and a single valence or outer electron.
If we excite this electron to a high enough level, it will spend most of its time at large distances;
hence, the potential experienced by this electron approaches —1/r. Ignoring the spin of the

Rydberg electron, the Hamiltonian is given by

1 1
H= —§V2 +— 4 Valr) + ez, (2.5)

where Vy(r) is the difference between the potential of the Rydberg atom in zero field and the
Coulomb potential —1/r. Using this Hamiltonian, the energies of the alkali atoms in zero field

are given by
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Figure 2-5: Energy level diagram for n = 8 to n = 14 of the hydrogen atom as a function
of electric field [1]. The ionization threshold field for different Stark states is also shown by a
heavy line. The electric field is in atomic units; 1 a.u. ~5.14 x 10% V/cm (from Ref. [1]).
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1

o —

(2.6)

where ¢; is a constant for a given [ and is called the quantum defect. Quantum defects are large
when [ is less than the maximum angular momentum of a core electron and are small otherwise.
The energies in Eq. 2.6 are actually the diagonal elements of the Hamiltonian matrix. The
energy levels for the |m| = 1 sublevels of n = 15 of Na, which were obtained by diagonalization
of the Hamiltonian matrix, are shown in Fig. 2-6. The energy levels of different n do not cross
as in the case of hydrogen atom- indeed, we see avoided crossing in this figure. Another evident
point in this figure is that in zero field the s and p states are displaced from the high [ states
and they show large Stark shift at higher fields.

2.4.2 Rydberg atom interactions with magnetic fields

Magnetic fields shift the atomic energy levels due to the Zeeman effect. Compared with electro-
static interactions, the Zeeman effect is small for the magnetic fields that are normally produced
in laboratories (magnetic fields up to 30 T). The complete Hamiltonian for an electron in a

magnetic field is given by [14]

H:H0+Hp+Hd—|—HS—|—th, (27)

in which Hy is the Hamiltonian for the free atom, and H,,, the paramagnetic term, Hy, the

diamagnetic term, H,, the spin-orbit term, and Hy, the hyperfine term, are written as

Hy = So(L+0.5) - B, (2.8)
1

H; = §a232r23in29, (2.9)

Hy=¢(r)L- S, (2.10)

1 .
Hyp = A(I-J) + ag,1 - B. (2.11)
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Figure 2-6: The Stark effect of energy levels for the [m| =1 of n = 15 of Na (from Ref. [14]).
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In these equations, r is the radial coordinate of the electron relative to the nucleus, « is the fine
structure constant, gs and gy are the electronic spin and nuclear g factors, (r) is the radial spin-
orbit operator, and A is the hyperfine constant. The operators L, S, J, and I are the electron
orbital angular momentum, electron spin, total electronic angular momentum, and nuclear spin
respectively. The Bohr magneton, which is the coupling constant for the paramagnetic effect, is
small (in atomic units: pg = a/2 ~ 4 x 1073); therefore, for small magnetic fields, the magnetic
field interactions are small contributions to the Hamiltonian.

In theoretical studies of atom interactions with magnetic fields, different field strengths are
usually considered. At low magnetic fields, the fine structure due to the L and S coupling, and
the hyperfine structure due to J and I coupling are not altered appreciably. As the magnetic
field is increased, the linear Zeeman effect due to the paramagnetic term in the Hamiltonian first
becomes greater than the hyperfine splitting, and then exceeds the fine structure separations.
For low magnetic fields, the diamagnetic term is small compared with the other terms in the
Hamiltonian. The expectation value <7’2> scales as n*; therefore, the ratio of the diamagnetic
to the paramagnetic term scales as n*B. If n*B < 1, the diamagnetic term in the Hamiltonian
can be ignored. In this case, the shift in atomic energy levels is linear in magnetic field (linear
Zeeman effect) and is given by ugmB. Also, the magnetic effects are of the same order for
high and low excited states of the same [, except for the fact that, due to the smaller sizes of
the fine structure separations, the decoupling of L and S (Paschen-Back regime) is reached at
lower magnetic fields for highly excited states.

The diamagnetic term becomes important in large magnetic fields, since it increases quadrat-
ically with field. This term, that scales as n* B2, becomes especially important for highly excited
Rydberg states at large fields, and it can even exceed the Coulombic interaction. However, the

diamagnetic term is completely negligible at the fields used in this work.

Zeeman effect of the hyperfine structure

The Zeeman effect of the hyperfine structure comes from the interaction of the total electronic
magnetic moment 4 ; and the nuclear magnetic moment p; with the magnetic field. Because
of the small size of the hyperfine interaction compared with the spin-orbit interaction, a field

which is considered small for the fine structure can be large for the hyperfine structure. This
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is especially true for highly excited Rydberg atoms for which the hyperfine splittings are much
smaller than that of ground state. As an example, the hyperfine splitting of 5s;/5 of Rb is
~ 3GHz (see Fig. 2-2), and that of 34s; /5 is ~ 500KHz (Ch. 3), and the Zeeman shift of an
F = 3 hyperfine level at B = 1G is ~ 1.4MHz. Since the microwave transitions between Rydberg
states under different magnetic field conditions are studied in this thesis, it is reasonable to
discuss the Zeeman effect of hyperfine structure separately.

We consider the IJ coupling and the interactions of the magnetic field with electron and nu-
clear magnetic moments as perturbations to all electrostatic and magnetic interactions internal

to the electron system. This perturbation is given by [17]

H = AIl-J+u, B—pu, B (2.12)
= AI-J+gsupJ.B— gupl.B.

eh

sa7> and M is the mass

g; in this equation is defined as g; = % = gfﬁ—g, in which py =
of the proton. Therefore, g} = gry; ~ TI:SGQI’ which is a very small number. Therefore, in
defining the weak and strong field regions, we should only compare the first and second terms
in Eq. 2.12. The condition gjupB < A, defines the weak field region, gjupB > A the strong
field, and between the two cases is the intermediate region. For 34s; /5 of 8Rb, A/h is roughly
500kHz in frequency units [17] (or A/upg ~ 0.35 G); hence, for weak fields B < 0.35G, and for
strong fields B > 0.35G.

For a weak field, applying the Zeeman term gjugJ.B — g},u gl.B as a perturbation using

the |[JF MFp) representation, the first order energy shift is obtained as
AE = grupBMp, (2.13)

where gp is defined as [17]

O F(FADA4JJ )~ I +1) . F(F+1) = J(J+1) + I +1)
gE =97 2F(F + 1) T 2F(F + 1)

L (214)
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In the strong field case, gjupJ. B is the largest term in Eq. 2.12, and using the |IJ MM )

representation, the first-order energy shift is given by

AE = gjugBM;j — grugBM; + AMM;. (2.15)

In the intermediate field region, the energy shift for J = 1/2 (and arbitrary I) is given by
the Breit-Rabi formula [17]:

hAv . 1 AMp ) 1/2
AE=——2Y% g upBMp+-hAv (1 2.1
21 1) JmsBMEEGh ”< +2I+1x+x> ’ (2.16)
where
(97 + 91)npB
= /T IDEBZ 2.1
o hAv (2.17)

hAv is the separation of F' = [ +1/2 and F' = I — 1/2 at zero magnetic field (hyperfine
separation at zero field). A graph of the Zeeman shifts of the hyperfine structure of 34s;
Rydberg state of Rb which was obtained using Eq. 2.16 is shown on Fig. 2-7.

2.5 Detection of Rydberg atoms

In Fig. 2-5, the broken lines show the ionization region, and the corresponding electric fields
are the fields needed for ionizing different energy levels. The red or downshifted Stark states
ionize at lower fields compared to the blue or upshifted states. We also see on this figure that
the ionization region moves to lower electric fields as the principal quantum number n increases.
This suggests that the application of a varying electric field may be a suitable technique for
detecting Rydberg states. In this method, which is called the selective field ionization (SFI), the
atoms are ionized in an increasing electric field, and the resulting electrons or ions are detected
as a function of applied field (see for example Ref. [18]). SFI has become the most popular
method of Rydberg atom detection in recent years, and is especially suitable for atoms in states
with large principal quantum number that require a lower ionizing field [2]. Also, because atoms
in different Rydberg states evolve differently in an increasing field, it is in principle possible

to identify Rydberg atoms from the field dependence of their ionization signal. This became
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Figure 2-7: The Zeeman shifts of the hyperfine structure of the 34s; /5 state of Rb calculated
using the Breit-Rabi formula, Eq. 2.16. The hyperfine splitting at zero magnetic field was
obtained using v s = 14.6(x1.4) GHz(n*)~® [7], where n* is the effective principal quantum
number n* = n — s, and 65 = 3.1311804 is the quantum defect of the ns; /o states [7].
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more important with the arrival of tunable lasers that made the selective excitation of Rydberg
states possible. When SFI is combined with multistep laser excitation of ground state atoms,
Rydberg states may be populated and observed with a high degree of selectivity: an analysis
of an individual SFI spectrum yields information on the initial magnetic sublevel population of
Rydberg atoms [19].

For the experiments described in this thesis, the selective field ionization pulse, required for
ionization of Rydberg atoms, is applied to one of the electric field plates shown in Fig. 2-3.
Figure 2-8 provides a closer look at these plates. There are three holes in each plate to let
the cooling and trapping laser beams into the trap, and for trap imaging and ion detection
purposes. When varying the electric field, each Rydberg state is ionized when the field reaches
the threshold value necessary for its ionization. The resultant ions (or electrons) are pushed to
the microchannel plate detector (MCP) by the same electric field that produces them, and the
detected signal is amplified and sent to a boxcar integrator for data analysis. A graph of the
ionization pulse and the detected signals corresponding to two Rydberg states is shown in Fig.

2-9. Details of SFI and MCP equipment are explained in Ref. [7].
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Figure 2-8: The electric field plates used for selective field ionization of Rydberg atoms (from

Ref. [7)).
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Chapter 3

Calibration of The Electric and
Magnetic Fields

3.1 Introduction

Due to the MOT configuration, cold atoms experience an inhomogeneous magnetic field pro-
duced by a pair of anti-Helmholtz coils (AHCs). There are also sources of stray electric and
magnetic fields in our MOT. Stray electric fields can be produced, for example, by the mi-
crochannel plate detector and the Rb dispenser. Stray magnetic field, on the other hand, are
produced by the earth and an ion pump.

In this chapter, I initially explain the motivation for compensating for stray fields. Then, the
properties of the inhomogeneous magnetic field of the AHCs are presented and the way AHCs
are switched off is described. In the final section, the use of microwave transitions between

Rydberg states for studying and compensating stray electric and magnetic fields is explained.

3.2 Motivations for compensating stray fields

For several reasons we would like to eliminate the stray fields in the trap region. Because of the
Stark and Zeeman effects [1, 2], stray fields can mix atomic energy levels and make it difficult,
and sometimes impossible, to excite a particular atomic level. In addition, stray fields broaden

atomic transitions and reduce our sensitivity to detect physical phenomena such as the dipole-
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dipole interaction between highly excited atoms. Also, in order to apply a well-defined field for
some experiments, we need to know what fields are already present. For the same reasons, we

sometimes need to switch off the AHCs.

3.3 Switching off the anti-Helmholtz coils

The strength of the inhomogeneous magnetic field produced by AHCs in the trap region depends
on the coils’ current. For an AHCs current of 9.5 A, the magnetic field has an inhomogeneity
of 12, 12, and 24 G /cm. The Rydberg cloud in these experiments has a Gaussian profile with
FWHMs of 0.190 £+ 0.015mm in two dimensions (dictated by the Rydberg excitation laser)
and 0.5 + 0.1 mm in the third dimension (dictated by the trap size). Measurements of the
profile of the Rydberg cloud are presented in Appendix A. The largest magnetic field gradient
is along the coils’ common axis, which corresponds to the largest dimension of the Rydberg
cloud. Therefore, cold atoms experience a magnetic field strength which varies between 0 and
approximately 1.2G. This gives a root mean square (RMS) magnetic field of approximately
0.5 G. The Zeeman shift of atomic energy levels is on the order of 1 MHz / G, as described in
section (3-4-2). Therefore, the upper value of the magnetic field is large enough to affect the
results of our experiments, as I will explain later. To avoid the line broadening due to the
inhomogeneous magnetic field, it should be turned off before doing certain experiments. We
have to minimize the amount of time that the MOT is off so that we do not lose a significant
number of cold atoms. On the other hand, we have to take into account the fact that switching
off the large AHCs current produces an induced magnetic field due to eddy currents (see, for
example, Ref. [3]). We need to wait for the eddy currents to die down to an appropriate level
before we can conduct our experiments.

Figure (3-1) shows how the magnetic field changes in the trap after turning the AHCs off.
The magnetic field measurement was done by placing a Gaussmeter (MEDA yMAG) at the
large fused silica window of the MOT (see Fig. 2-3). The time constant of the Gaussmeter
(which indicates its response to field changes) was measured to be 1.6 ms. To measure this time
constant, a magnetic field was produced by running a current through a wire, then the current

was switched off and the time in which the magnetic field (showed by Gaussmeter) had dropped
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to 1/e of its maximum value was measured. To confirm this measurement, a second experiment
was carried out in which an ac magnetic field was produced by running an ac current (sine
function) through a wire, and the produced magnetic field was measured by the Gaussmeter.
Then, the frequency of the applied current was increased until the amplitude of the measured
magnetic field dropped to 1/ V2 of its low frequency value. In both measurements, a time
constant of 1.6 ms was obtained.

The AHCs current was brought to zero in approximately 1.7ms (see Fig. (3-1-a). The
resulting magnetic field decay is shown in log-linear scale in Fig. (3-1-c). The time constant of
the magnetic field decay shown on this graph was measured to be 6.5 + 0.5 ms; therefore, the
obtained behavior of the magnetic field is not due to the time response of the magnetic field
sensor. Based on the result of this measurement, the inhomogeneous magnetic field, measured at
the large fused silica window of the MOT, almost dropped to zero 25 ms after shutting the AHCs
off. As mentioned before, the RMS magnetic field due to the quadrupole field was calculated
to be 0.5G. According to the exponential decay of the field gradient, 25 ms after the coils’
current is shut-off the RMS magnetic field is expected to decay to 8 mG. This inhomogeneity
is insignificant in the dipole-dipole interaction experiments discussed in the next chapter. An
upper bound was put on this field using the microwave spectroscopy of Rydberg atoms, and
will be discussed later in this chapter.

The circuit used for switching off the AHCs is shown in Fig. (3-2). The basics of operation
of this circuit is as follows: this circuit essentially increases the on and off switching speed of a
high current supply. When current supply is on, Q1 and Q2 shown on Fig. (3-2) are switched
on, and current flows through the AHCs and is sunk by Q2. R3 controls the amount of time
that Q2 stays on. When this time is over (when the desired current is reached), Q2 turns off
leaving Q1 to sink the current from the AHCs and external current supply. During turn-off,
Q1 is switched off and current flows through the AHCs and D3 until the energy in the coils is
dissipated. SW1 allows the circuit to be bypassed so that the coils stay energized continuously.
Von is the turn-on voltage; the higher the voltage, the shorter the turn-on time. This was set
to 100V for the experiments in this thesis.

Although the inhomogeneous magnetic field was switched off, we still had a reasonable

number of trapped atoms after 25 ms, and it was possible to do the measurements at this time.
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off for 30 ms; a) AHCs current versus time, b) inhomogeneous magnetic field decay in time, and

c) magnetic field decay in time (log-linear graph). Time is measured relative the switching off
of AHCs.
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Figure 3-2: The circuit that was used to switch the AHCs off and quickly turn back on, was
built by Ashley Mugford at the University of Waterloo.



Chapter 3. Calibration of The Electric and Magnetic Fields 36

The detuning of the cooling and trapping laser, and the relative power of the counterpropagating
MOT beams were optimized to keep the atoms in the trap during this waiting period. We need
to compensate for stray magnetic fields so that the zero of the inhomogeneous magnetic field
lies at the center of the AHCs. This keeps the zero of the magnetic field in the same place
when the AHCs are switched off, and prevents the cold atoms from being pushed off to one
side. Immediately after the experiment is done, the current to the AHCs is turned back on to

recapture cold atoms for the next shot.

3.4 Studying microwave transitions for stray field compensa-
tion

Microwave transitions between highly excited Rydberg states were used to study and compen-
sate for stray electric and magnetic fields. The sensitivity to small changes in electric and
magnetic fields makes Rydberg atoms perfect tools for this study [2, 3]. Another reason for us-
ing microwaves in these experiments is that they can be generated with high frequency stability.
In addition, long microwave pulse lengths can be used (for narrow linewidths) to improve the
sensitivity of the measurements. Redistribution of Rydberg state population due to thermal
radiation limits the microwave pulse length. A microwave pulse length of 36 us was used for
the experiments presented in this chapter. Although the resonant electric dipole-dipole exper-
iments (presented in the next chapter) were done using energy levels with principal quantum
number n & 46, for electric and magnetic field calibration we used 34s;/5 — 34p; /5 microwave
transition. The separation of hyperfine states and magnetic sublevels are larger at lower n
(these scale as 1/n?) [1]; therefore, it is easier to observe transitions between individual energy

sublevels for the purpose of detection and measurement of homogeneous and inhomogeneous

fields.

3.4.1 Electric field

Electric fields shift the atomic energy levels due to the Stark effect. Stark shifts of atomic
transitions have been used for stray electric field measurements [2,3]. M. T. Frey et al. [4] used

transitions from the ground state to Rydberg states in potassium to compensate homogeneous
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electric fields to less than 50 'V / cm, and A. Osterwalder et al. [5] exploited millimeter wave
spectroscopy of the krypton atom to monitor compensation of homogeneous and inhomogeneous
electric fields with a 20 £V / cm accuracy.

Due to Stark shifts, the 34s;,5 — 34p; /o transition is shifted to lower frequencies in the
presence of an electric field. The plot of microwave transition frequency versus electric field
has a parabolic form, since we are dealing with the quadratic Stark effect. To compensate for
the stray electric field in a given direction, we apply different electric fields in that direction
and record the center value of the microwave transition frequency for the above mentioned
transition. Plotting transition frequencies versus electric field values gives a parabola whose
apex provides the compensating electric field that we should apply in this direction. This should
be done for all three orthogonal directions. Because of the configuration of our magneto-optical
trap, we are not able to independently apply electric fields along each axis. Instead, we control
the electric field in the vacuum chamber by controlling the voltage of the Rb dispenser relative
to the grounded chamber, and also the average and differential voltages of the electric field
plates (see Fig 2-3). We find the optimum values of the average and differential voltages of
the plates and the voltage of the Rb dispenser in the way explained above. This process is
repeated iteratively to improve the optimum field values. Figure (3-3) is an example of such an
experiment that shows the change in microwave transition frequency in terms of the differential
voltage of the electric field plates. The microwave transition frequency increases after each
optimization. We continue this process until the change in transition frequency falls within the
experimental error in finding the apex of the parabolic fit. This error was approximately 1kHz
in our measurements. We take the electric field corresponding to the frequency change of 1 kHz
to be the upper bound of stray electric field in our setup, which is 10mV / cm.

One of the sources of stray electric fields in our experiments is charged particles produced
during photoexcitation or by collisions of Rydberg atoms with other particles in the MOT.
These ions appear early in time in field ionization signals as they are free and are pushed to
the microchannel plate detector (MCP) by a small electric field. Figure (3-4) shows a field
ionization spectrum including ion signal (labeled by ions), and Rydberg state signals. These
charged particles produce an inhomogeneous electric field [6]. To estimate the electric field

produced by these ions in our setup, we need to know the density of ions. Knowing the density
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Figure 3-3: Microwave transition frequency as a function of differential voltage of electric field
plates. The apex of this parabola gives the optimum value of differential voltage. The vertical
axis shows the frequency of microwave transition which is offset by 104.1039595 GHz. The
horizontal axis values were obtained by dividing differential voltages by the distance beween
the electric field plates.

of Rydberg atoms, the ion density may be obtained approximately by comparing the selective
field ionization signal of ions to that of Rydberg atoms. The fraction of ions to Rydberg
atoms obtained this way using Fig. (3-4) is approximately 0.5%. Therefore, with a Rydberg
atom density of ngyg = 1 X 107cm~3 (see Appendix A for density measurements), we get
Nion = 5 x 10* cm™3 for the ion density. It is explained in Ref. [10] that for a given ion density,
approximately 95% of the electric fields produced by the ions is less than

Bmasx(ion) = 2.78 x 1078 (v /m) n’/? (3.1)

ion*

The value of Epax for the ion density given above is roughly 4mV /cm. This is lower than
the error in compensating stray electric fields, meaning that the inhomogeneous electric field

produced by the ions is negligible.
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Figure 3-4: Amplified microchannel plate detector signal corresponding to ions and two Rydberg
states. The zero time is when the field ionization pulse is applied.

3.4.2 Magnetic field

Atomic spectroscopy has been used for the calibration and compensation of magnetic fields [7].
To compensate for stray magnetic fields, S. Kuhr et al. [7] used three pairs of Helmholtz coils
to minimize the Zeeman splitting of the hyperfine ground state mp manifold of cesium which
was probed by microwave spectroscopy. Using this method, they achieved residual magnetic
fields of Byes < 4 m@G, with the limit being determined by the accuracy within which they could
change the coils currents. The earth’s magnetic field and an ion pump are two known sources
of unwanted stray magnetic fields in our MOT. To calibrate magnetic fields, and compensate
for stray fields, we use the one-photon 34s; /, — 34p; /o microwave transition.

To investigate the effect of magnetic fields on atomic energy levels, the following perturbation

should be considered [§]

_ BB ppgsB . upB
H= —thf J+ =) = =L (3.2)

where I and J are the nuclear spin and total angular momentum of the electron, respectively,
and pp is the Bohr magneton. In order to find the Zeeman splittings of the atomic energy

levels, the eigenvalues of this Hamiltonian should be calculated. Neglecting the last term of
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this Hamiltonian relative to the others, the shift of the hyperfine structure in a magnetic field

for J = 1/2 is given by the Breit-Rabi formula [8]

hAv hAv dmp 9 1/2
AE = — + 1
2021 +1) 2 ( +2I+1”+$> ’
AE—;hAl/il B for mp =+ I—i—l (3.3)
BETES] R I7HB "= 2 ‘

where © = Buggy/(hAv), and Av is the hyperfine splitting at the absence of magnetic fields.
By measuring the zero field hyperfine splittings of 28s and 33s states of ®Rb, W. Li et al. [9]

found the following relationship for the ns hyperfine intervals [10]

Av = 14.6(41.4) GHz(n*) 3, (3.4)

where n* = n — §, is the effective principal quantum number, and 65 is the quantum defect of
the s state. For s;/9 states, 6, = 3.1311804 [9]. The hyperfine interval of the 34519 state can
be obtained using equation (3.4), and the hyperfine intervals of 34p, /2 can be measured using
microwave spectroscopy, as will be explained later. Knowing the zero field hyperfine intervals,
Eq. (3.3) can be used to find the Zeeman shifts of different energy states in different magnetic
fields. The Zeeman shifts of the 34s; /o and 34p; /5 states are shown on Fig. (3-5).

The 34s; /5 Rydberg state of rubidium is excited in a two-colour, two-photon process in-
cluding the red-detuned 780nm cooling and trapping laser and a 480nm laser. The 780 nm
laser is almost resonant with the 5sy/9F = 3 — 5p3 /o' = 4 transition of rubidium, and the
480 nm light completes the excitation to the Rydberg state. To produce the 480 nm light,
the 960 nm output of a CW Ti:sapphire laser (Coherent MBR-110) is frequency doubled in
an external ring resonator (Coherent MBD 200). The electric dipole selection rule for F' is
AF = 0,£1,F = 0 - F = 0 [11]; therefore, F' cannot be changed by more than one in
a single photon transition. Since Rydberg state excitation starts from F = 4 of the 5p3/s
state, F' = 3 is the only populated hyperfine state of 34sy/, at zero magnetic field, and
34s1/9F = 2 is not excited. Therefore, the 34s; /5 — 34p; /o microwave transition shows two

resonances at zero magnetic field, as shown on Fig. (3-6-a). These resonances correspond to
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Figure 3-5: Splittings of the magnetic sublevels of 345/, and 34p, ), energy levels of 85Rb due
to the Zeeman effect, calculated using the Breit-Rabi formula, Eq. 3.3, and Eq. 3.4 for the
hyperfine intervals.
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348179, F' =3 — 34py 9, F' = 2, and 34sy /9, F' = 3 — 34py 9, I’ = 3 transitions. The separation
of these two transitions gives the hyperfine interval of 34p, /, in the absence of a magnetic field.
This was measured to be approximately 140 + 10 kHz.

When a homogeneous magnetic field is applied, the magnetic sublevels of 34s; 5 and 34p; /»
are split due to the Zeeman effect, and as a result, the microwave transition between these
two states has multiple peaks, as shown in Fig. (3-5) and Fig. (3-6-b). This can be used to
guide the compensation for stray magnetic fields. We apply a DC magnetic field along an axis
using a pair of compensation coils and record the coils’ current. The inhomogeneous magnetic
field, produced by AHCs, is switched off 25 ms before photoexcitation to Rydberg states. The
detuning of the cooling and trapping laser and the relative power of the counterpropagating
MOT beams are changed slightly to minimize the reduction in the number of cold atoms during
the wait period. We scan the microwave frequency to drive the 34s;/, — 34p;/y transition
and take spectra. These spectra have multiple lines at different microwave frequencies. By
changing the current of the same Helmholtz coils, we try to apply a magnetic field with the
same magnitude in the opposite direction. The spectral lines of the 34s; /5 — 34p; /5 transition
should match those of the opposite magnetic field. The average of these two currents nulls the
stray magnetic field along this axis. This procedure is followed for all three orthogonal axes,
and the obtained nulling currents were: I, = —91+1mA, I, = =58 £1mA, I, = —395+ 1 mA,
where x is the axis perpendicular to the electric field plates, y is the axis pointing towards the
ion pump in our setup, and z is along the AHCs’ axis (see Fig. 2-3). The signs of these currents
are chosen so that increasing currents produces larger magnetic fields in the three directions
mentioned above. The uncertainty in setting the currents of the magnetic coils determines the
upper limit of the homogeneous magnetic field in our MOT, which was determined to be 6 mG.

To investigate the effect of a DC magnetic field on the linewidth broadening due to resonant
electric dipole-dipole interaction, we need to apply a known DC magnetic field in a given
direction. This can be done by changing the current of a pair of nulling coils from the zero
magnetic field value. The magnitude of the applied magnetic field can be calculated using the
coils’ geometry. Microwave spectroscopy, however, can be used to calibrate magnetic fields more
precisely. Figures (3-7) and (3-8) show the microwave spectra corresponding to the 34s;/, —

34p, /5 transition taken in different DC magnetic fields. For taking the spectra in Fig. (3-7), the
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polarization of the microwave radiation was parallel to the direction of the applied magnetic
field, and for Fig. (3-8), the microwave polarization made an angle of roughly 30° with the
magnetic field direction.

Single-photon transitions between hyperfine states should satisfy the selection rules: AF =
0, Amp = 0, when microwave polarization is parallel to the applied magnetic field direction.
Therefore, the number of spectral lines in Fig. (3-7) is less than that of Fig. (3-8), which
makes it easier to identify different spectral lines. According to the Breit-Rabi formula, the
positions of different spectral lines in this graph generally depend on the magnetic field and
hyperfine splitting of 34s;/ and 34p; /5. The exact values of these hyperfine splittings are
unknown. However, there is a particular spectral line, corresponding to the 34sy /5, mp =
—3 — 34py 2, mp = —3 transition, whose frequency change in the magnetic field only depends
on the magnetic field and not on the hyperfine spacing of the energy levels. This line, which
is marked with arrows on Fig. (3-7), has a shift of (2/3)ugB (=~ 0.93MHz /G) in a magnetic
field, where up (=~ 1.4MHz / G) is the Bohr magneton, and B is the magnitude of the applied
magnetic field. We plot the frequency of this line as a function of the coils’ current and fit it with
a straight line to find the relationship between the magnetic field and the coils’ current. This
plot is shown in Fig. (3-9). The slope of this line is 1.66 MHz / A, which gives the relationship
between the magnetic field and the coils’ current on this axis to be B, = 1.77I,, with B in
Gauss and [ in Amperes. The magnetic field and current relations were also obtained based
on the coils’ geometry for the three orthogonal directions, and for the x axis on Fig. (2-3) we
have B, = 1.681, which is in good agreement with the previous relation. Since we will only
apply a DC magnetic field in one direction for studying interatomic interaction, we only need
to calibrate this component of the magnetic field very accurately. This calibration, however,
can be done for the other components of the magnetic field, if necessary.

The linewidth of the transition marked on Fig. (3-7) can be used to determine the up-
per limit of the inhomogeneous magnetic field in the trap. The linewidth of this transition is
measured to be almost 30kHz. The transform limited linewidth associated with a 36 us long
square pulse is approximately 25 kHz. Assuming that, as a worst case, the linewidth contribu-
tions combine in quadrature, the residual line broadening due to the inhomogeneous magnetic

field and other mechanisms is 17kHz. Knowing that the shift of this line in magnetic fields
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is (2/3)upB, the upper limit of the inhomogeneous magnetic field is measured to be roughly

17mG.
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Chapter 4

Observation of Resonant Electric

Dipole-Dipole Interaction

4.1 Introduction

Resonant electric dipole-dipole interactions between cold Rydberg atoms were observed by op-
tical excitation of laser cooled and trapped atoms to Rydberg states and manipulation of these
states with microwaves. In this chapter, the details of the experiments on observation of reso-
nant electric dipole-dipole interaction between cold Rydberg atoms are presented. Initially, an
explanation of our method for the production of cold Rydberg atoms will be given, followed by
a description of microwave spectroscopy of cold Rydberg atoms. The timing of the experiment
is demonstrated next. Then, the details of the resonant electric dipole-dipole interaction and
the results of the experiment are presented. This includes studies of the effect of hot Ryd-
berg atoms and other particles in the trap on the linewidths of microwave transitions. Finally,
the suppression of resonant electric dipole-dipole line broadening due to the presence of a DC

magnetic field is explained.

o1
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4.2 Plan for observation of resonant electric dipole-dipole in-

teraction

To study resonant electric dipole-dipole interactions between cold Rydberg atoms, laser cooled
Rb atoms are first excited to a Rydberg state. A fraction of these atoms may then be transferred
to another Rydberg state that is coupled to the first one through dipole-dipole interaction (see
the last paragraph in this section for a discussion on how to verify the strength of the coupling
between Rydberg states). In the presence of dipole-dipole interactions, the two Rydberg states
of the two atoms involved are shifted, broadening the linewidths of the transitions including
either of these states. Therefore, the linewidth broadening of a microwave transition to or
from one of the Rydberg states may be used as a means of observing resonant dipole-dipole
interactions.

The two Rydberg states that were excited in this work for the observation of resonant dipole-
dipole interactions were 46ds5/5 and 47p3/o, and the transition that was used as the probe of
interatomic interactions was 46ds/5 —47d5/5. To better understand the detail of this interaction

we consider the dipole-dipole interaction between two atoms (A and B) which is given by:

Ha-wp—=3(Ean) (Wp- n)
R3 ’
AB

Vag = (4.1)

where 1 4 and 77 g are the electric dipole matrix element operators evaluated on each atom,
7 is the unit vector pointing between the atoms, and Rap is the separation of the two atoms.
This perturbation may split the energy states [1) = [46d5/9m; A1) a|4Tp3/2m; B1)B and [2) =
|4Tp3 2mj, 42) A|46d5/9mj p2) p that are all degenerate in the absence of magnetic fields, where
|1) and |2) refer to the energy states of the two-atom system. With a 50% mixture of 46ds
and 47p3/y atoms we can obtain a very rough idea of the magnitude of the energy splittings
from Avgg ~ p?/R3, where p = [(46d5/9.1/2|11.|4Tp3 2.1 /2)| & 0.49 X [(46d5,5|r[4Tps/2)|. The

interatomic separation is given by R = (47n4z,/3) /3

, where nyzy is the 47p3 5 number density.
In this estimate, m; is considered to be 1/2, r is the radial coordinate of the Rydberg electron,
and the radial matrix element (46ds/2|r|57p3/2) is evaluated by numerical integration of the
Rydberg electron wave functions [1]. A density of n4z, = 5 X 108 cm ™2 gives Avgg = 33kHz.

This means that in the presence of resonant electric dipole-dipole interactions, the two Rydberg
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states involved are shifted by roughly 4+33 kHz.

Figure 4-1 shows several Rydberg states of 8°Rb together with the magnitudes of relevant
electric dipole matrix elements <nlj|r|n’l’j,>. This matrix element is a measure of the strength
of the dipole-dipole coupling between a pair of states. As shown in Fig. 4-1, resonant electric
dipole-dipole interaction is strong between 46ds/, and 47ps/5, and 46d5/, and 45f, and it is
weak, for example, between 46d5/5 and 46p3/; states. This suggests that the resonant electric
dipole-dipole interaction can be observed by producing a mixture of either 46ds,, and 47p3 s,
or 46ds/; and 45f cold Rydberg atoms. As seen on Fig. 4-1, when exciting 46ds5,, and 47p3 5
states, only the initial state of the two-photon probe transition is dipole coupled to 47p3/s
state and is split by the resonant dipole-dipole interaction with 47p3/5 atoms. Therefore, the
introduction of the resonant dipole-dipole interaction is expected to give rise to a linewidth

broadening on the order of 2Awg4.

451:5/2,7/2

47p5),

Energy relative to 46d;,, (GHz)
o
L1 1 1 I 11

100 o 46p,,

Figure 4-1: Energy levels of Rydberg states of rubidium relevant to our experiment. The electric
dipole matrix elements magnitudes <nlj |7 nl]> are shown between appropriate states. These

are calculated by numerical integration of the Rydberg electron wave functions [1]. Spectro-
scopic data are from reference [7].
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4.3 Cold Rydberg atom production

4.3.1 Excitation scheme

To produce cold Rydberg atoms, laser cooled and trapped atoms are excited in a magneto-
optical trap. Starting from the ground state of rubidium, 5s /5, Rydberg states with principal
quantum number n close to 45 can be excited in a two-colour, two-photon process using a 780 nm
and a 480 nm laser. In a magneto-optical trap, the 780 nm cooling and trapping laser is always
on during our experiments, and the Rydberg state production can be completed by shining a
480 nm laser into the trap. Initially, a pulsed dye laser (with an output tunable between 470 nm
and 490nm) pumped by the third harmonic of a nanosecond pulsed YAG laser was used to
provide the 480nm light. This laser was used to excite 45d5/, to study the resonant electric
dipole-dipole interaction between cold Rydberg atoms [2]. One of the problems with using a
multi-mode dye laser is its power and frequency fluctuations. Because of these fluctuations, the
density of Rydberg atoms produced varies for different laser shots. Therefore, to have better
control over the Rydberg density, an excitation source with better power and frequency stability
is required.

In addition, the output bandwidth of the dye laser used was large (~ 20 GHz), resulting in
the excitation to Rydberg states of a large number of hot rubidium atoms in the background
of the MOT. The linewidth broadening of the microwave transitions arising from the collisions
between hot and cold Rydberg atoms makes the effect of the resonant dipole-dipole interaction
to look less prominent. To solve the problems associated with the excitation source, it was
decided to use a more stable, narrower linewidth light source (a cw 480nm light described in
the next paragraph) for production of Rydberg atoms. The results of the two experiments for
observation of resonant dipole-dipole interactions are compared later in this chapter.

The Rydberg state excitation scheme using a cw 480nm laser was briefly explained in
chapter 3, but now will be explained in greater detail. To make the 480 nm laser beam, the
960 nm output of a CW Ti:Sapphire (Coherent MBR~110) is frequency doubled in an external
ring resonator (Coherent MBD 200). There are several atmospheric water absorption lines in
the vicinity of 960 nm which restrict performance of the Ti:sapphire laser system. For instance,

the Ti:sapphire laser is not stable at the wavelength required to excite 45ds /o (a list of other
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wavelengths is given in Appendix B); therefore, to observe the resonant electric dipole-dipole
interaction, we excite 46ds/, Rydberg state of 85Rb instead of 45d5 /2 that was excited in the
pulsed laser experiment [2]. In order to produce these Rydberg atoms, the vacuum MBD
wavelength should be approximately 480.32nm [3]. Roughly 10% efficiency was achieved in
frequency doubling, resulting in an MBD output power of 90 mW from a 900 mW MBR power.
The doubling efficiency and power stability of the MBD output power was dependent on room
conditions such as temperature and humidity. In general, the CW laser works better when the
room temperature is constant and the humidity is low. The experiment is done at a 10Hz
repetition rate; therefore, we need to make pulses of the 480 nm laser. To this end, the MBD
output is sent through an acousto-optic modulator (AOM) whose driving power was pulsed by
an arbitrary wave generator to produce pulses of CW light. The first-order diffracted output
of the AOM is coupled into a single mode fibre whose output is collimated using two lenses in
a telescopic configuration. A half-wave plate and a polarizing beam splitter (PBS) were used
after the collimator to set the polarization of the 480 nm laser beam that was then focussed into
the trap using a lens. The position of this lens was changed, relative to the trap, to change the
laser spot size in the trap. A schematic of this laser beam collimating and focussing assembly
is presented in chapter 6, where the Rydberg atom density measurement is explained. The
spot size of the 480 nm laser around the tightest focus was characterized using the knife-edge
scanning method. The number of excited cold Rydberg atoms was controlled by changing the
excitation laser power. This power was varied using the AOM driver level. The maximum laser
power at the output of the fibre was 25 mW. It is verified in chapter 5 that cold Rydberg atoms
that are produced this way can be considered to be effectively stationary during the 8 yus time

of the experiment.

4.4 Microwave transitions between Rydberg states

After production of 46ds/, atoms by optical excitation, microwave radiation is used both to
transfer these atoms to other Rydberg states, such as 46ps /5, 47p3/5, and 45f5/5 7/2, and to
probe interatomic interactions by driving 46d5/, —47d5 /o transition. To drive the 46d5 /5 —47p3 9
(required frequency ~ 22.1 GHz), and 46d5,3 — 45f5/2,7/2 (required frequency ~ 24.1 GHz) one-
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Figure 4-2: The magneto-optical trap used to produce cold Rb atoms. The horns shown in this
picture were used to direct microwaves into the trap for Rydberg state manipulation.

photon transitions, the unamplified output of an Agilent E8254A microwave synthesizer was
used. This microwave radiation is called the transfer pulse, and was 0.60 us long. For a specific
orientation and distance of the microwave horn relative to the trap (shown on Fig. 4-2), a
microwave power of 0.1uW was used to transfer 50% of 46ds /5 atoms into the 47p3/, state.

To probe the interactions between 46ds,, and 47ps/, atoms, we measure the linewidth
broadening of the two-photon 46ds,5 — 47d5/ probe transition. The rationale for using a two-
photon transition as the probe is as follows. The large inhomogeneous magnetic field required
for operation of the MOT in general broadens the spectral lines because of the Zeeman effect.
The energy shifts due to this effect are given by AE = gjupBMj, where pug is the Bohr
magneton, My is the magnetic quantum number, B is the magnetic field, and g7 is the Landé

factor which, ignoring the hyperfine structure at large magnetic fields, is given by [4]
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JUFD+LL+) =SS +1) | JI+1) = LL+D+S(S+1)

2J(J +1) 95 27(J + 1) ) (4.2)

9J =

and gs ~ 2. Since g is normally different for the initial and final states of transitions, inho-
mogeneous magnetic fields broaden atomic transitions. However, for a two-photon transition
g can be the same for the upper and lower states, because S, L, and J can be kept the same.
Therefore, two-photon transitions with AMj; = 0 are not broadened due to the Zeeman ef-
fect. This fact has been demonstrated for optical transitions [5], microwave transitions between
Rydberg atoms in an atomic beam [6], and cold Rydberg atoms in a MOT [7]. Figure (4-3)
compares one-photon and two-photon transitions in magnetic fields. Hence, the two-photon
46d5/9 — 47ds5/; transition can be used as a sensitive probe of interatomic interactions in a

MOT.
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Figure 4-3: The effect of magnetic fields on one-photon and two-photon transitions.

The output of an Agilent E8254A microwave synthesizer was used to drive the probe tran-
sition, at a frequency of =~ 35.7 GHz. The frequency of this probe transition is scanned be-

tween experiment shots and its linewidth is studied to measure interatomic interactions. In
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Figure 4-4: Microwave spectra for the two-photon 46ds,5 — 47d5 /5 transition at different mi-
crowave power.

the absence of interatomic interactions, microwave spectra should have a sinc?(7 fT') lineshape
for a microwave square pulse of length T' [8]. Figure (4-4) shows the microwave spectra for
46d5 /7 —47d5 /5 transition at different microwave powers. At high microwave powers, the spectra
show power broadening. Since we are going to measure linewidth broadening due to interatomic
interactions, we should eliminate other sources of line broadening. Therefore, to improve the
sensitivity of our probe transition to dipole-dipole interactions, the microwave power should
be set so that the power broadening is negligible. The microwave power used to drive the
two-photon probe transition with a 6 us pulse was approximately 60 uW. On the other hand,
the linewidths of the probe transition at low microwave powers are dictated by the length of
the microwave pulse. The transform-limited linewidth (ultimate linewidth due to the finite
length of the pulse) for a square pulse is given by 5.6/(27T"), where T is the length of the pulse
[8]. This ultimate linewidth for a 6 us long pulse is 148 kHz. Introduction of the dipole-dipole
interaction by production of 47p3/, atoms will broaden the linewidth of the probe transition

beyond the transform limit.
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Figure 4-5: Timing of the resonant electric dipole-dipole experiment.
4.5 Observation of resonant electric dipole-dipole interaction

4.5.1 Timing of the experiment

The timing of the resonant electric dipole-dipole interaction experiment for a single shot is
shown on figure (4-5). After the 1 us-long optical excitation pulse that excites atoms to 46ds /2
a microwave pulse, 0.6 us long, may transfer a fraction of these atoms to other Rydberg states,
such as 47p3/o, 46p3/9, or 455,97/ in this experiment. Then, a 6 us-long microwave pulse
drives the 46d5 /5 —47d5 » two-photon transition, whose linewidth is studied to probe interatomic
interactions. The Rydberg state populations are detected at the end using the selective field
ionization technique. Figure (4-6) shows the field ionization signal corresponding to a) 46ds /2
atoms, b) 46ds /5 and 47ds5/, atoms, and c) 46ds /5 , 47ds5/2,and 47p3 /5 atoms. Since 46ds/, and
47p3/ states are indistinguishable in the field ionization technique, we verify production of

47p3 /2 atoms by observing the reduction in the 47d5/; signal.
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Figure 4-6: Field ionization signal for a) 46ds /o, b) 46d5/9 + 47d5 9, and c) 46ds/5 + 47p3/o +
47d5 /5. The zero of time is the start of field ionization pulse (FIP). Data are offset vertically

for clarity.
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4.5.2 Results and discussion

The experimental procedure for observation of resonant dipole-dipole interaction is as follows:
after optically exciting 46ds/3, in one experiment, the two-photon probe transition is driven
whose linewidth is measured as will be explained later. In the second experiment, 47p3 /o atoms
are produced by transfer pulse before driving the probe transition. The microwave spectra for
the two-photon 46ds5/ — 47d5/9 transition is given in Fig. (4-7-a) in the absence of 47p3 /2
atoms, and in Fig. (4-7-b) when 47p3 /5 atoms are produced. The power of the probe transition
is adjusted so that the power broadening is negligible, and in the limit of low Rydberg densities,
the transition linewidths are entirely due to the transform broadening. As it is shown on Fig.
(4-7), production of 47p3 /5 atoms broadens the linewidth of the two-photon probe transition.

The dipole-dipole interaction between two atoms is given by Eq. 4.1. According to Fig. 4-1,
the magnitude of the electric dipole matrix element (nlj|7’|n'l’j,) is large between the 46d5/, and
47p3 /o states; therefore, these states are strongly coupled by resonant dipole-dipole interaction,
whereas the 47d5/; and 47p3)5 states are not. Hence, only the initial state of the two-photon
probe transition is split by the resonant dipole-dipole interaction with 47p3/, atoms. As will
be explained, the linewidth broadening in Fig. (4-7-b) is due to this resonant dipole-dipole
interaction. To analyze interatomic interactions, microwave spectra are fit to the transform
limited lineshape for a square pulse , sinc?(wfT), convolved with a Lorentzian of variable
linewidth é6v adjusted to give the best least-squares fit to individual spectra. A theoretical
model of the resonant dipole-dipole interaction, explained in chapter 5, results in lineshapes
with Lorentzian tails.

Because of the dependence of Vg in Eq. 4.1 on the interatomic separations (1/R3 de-
pendence), the linewidth broadening of the two-photon probe transition should depend lin-
early on the average density of Rydberg atoms. For a spatially averaged Rydberg density of
1 x107cm™3, for example, the linewidth broadening dv increases from approximately 1045 kHz
to 120+ 10 kHz. Measurement of Rydberg state densities is presented in chapter 6. Figure (4-8)
shows the linewidth broadening of the two-photon 46ds/5 — 47d5 /5 transition as a function of
the spatially averaged Rydberg density, with and without production of 47p3/, atoms. The év
in the two cases converge in the limit of low Rydberg densities which shows that the broadening

effect is due to interatomic interactions. According to Fig. (4-1), only the initial state of the
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probe transition is coupled with 47p3 /5 state through resonant electric dipole-dipole interaction;
therefore, the broadening effect is due to the interaction of 46d5/, and 47p3/, atoms.

Figure (4-1) shows strong coupling between 46d5,5 and 45f states, and poor coupling be-
tween 46ds /5 and 46p3 /5 states. This suggests two tests of our understanding; transition broad-
ening due to resonant electric dipole-dipole interaction is expected to be observed if 45 f states
are excited instead of 47p3 /5, and no broadening is anticipated if 46p3 /5 states are excited. In the
first experiment, an active quadrupler (Spacek Labs P/N A100-4XW) is driven by an Agilent
E8254A synthesizer to produce the required frequency of ~ 100.1 GHz to drive 46d5,5 — 46p3 /2
one-photon transition. The length of this transfer pulse was 0.6 us, same as before, and the
power input to the active quadrupler was —15dBm. In this situation, as shown in Fig. (4-9),
the linewidths of the two-photon probe transition when the transfer pulse is on or off, are ex-
perimentally indistinguishable, confirming that the resonant electric dipole-dipole interaction
between 46ds /5 and 46p3 /5 states is weak. On the other hand, transferring a fraction of 46ds
atoms to 45 f5 /9 7/2 state introduces interatomic interactions, and as Fig. (4-9) demonstrates,
linewidth broadening is observed for the probe transition. The 46d5/5 — 45 f5/,7/2 one-photon
transition is driven using the output of an Agilent E8254A microwave synthesizer, and a mi-
crowave power of 100 uW is needed to transfer 30% of atoms to 45f5/57/2 state. These tests
confirm that the linewidth broadening observed in Figs. (4-8) and (4-9) are due to resonant
electric dipole-dipole interactions.

One issue is the fact that we almost always observe some linewidth broadening when p
atoms are not produced. There could be different interactions responsible for this linewidth
broadening such as collisions with hot Rydberg atoms, interactions with cold less excited (5p3 /2)
atoms, and collisions with particles emitted from the Rb dispenser. Several tests have confirmed
that this line broadening arises from collisions with hot Rydberg atoms.

The 480 nm excitation laser can produce both cold Rydberg atoms from laser cooled and
trapped atoms, and hot Rydberg atoms from the hot Rb atoms in the background of the trap.
If collisions with these hot Rydberg atoms are responsible for the slope of “no transfer” line
in Fig. (4-8) and Fig. (4-9), reducing the number of these atoms should lower this slope. To
check this, the current of the Rb dispenser is lowered to reduce the number of hot Rb atoms.

If the power of the excitation laser and the number of cold atoms in the trap are kept constant
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Figure 4-7: The two-photon microwave probe transition with and without production of 47p3 5
atoms. The overall linewidth increases from 120kHz to 205kHz when 47p3/, atoms are pro-
duced.
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Figure 4-8: Linewidth broadening of the two-photon 46d5/5 —47ds5/o probe transition with and
without production of 47p3/; atoms. The errors on the linewidths are roughly 7kHz, and come
from uncertainty in fitting the data.
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(by changing the detuning of the cooling and trapping laser), less hot Rydberg atoms will be
excited, but the number of cold Rydberg atoms will stay the same in this case. Figure (4-10)
shows that the linewidth broadening is indeed lower when less hot Rydberg atoms are created.
Therefore, collisions with hot Rydberg atoms produce linewidth broadening when p atoms are
not excited.

To check the effect of cold 5p3/o atoms, we change the cooling and trapping laser detuning
to reduce the number of these atoms keeping the Rydberg density constant by increasing the
excitation laser power. If collisions with less excited 5p3/, atoms has an effect, we should observe
less linewidth broadening; however, no reduction in broadening was detected, ruling out the
effect of less excited cold atoms.

The effect of particles coming off the Rb dispenser on the linewidth of the two-photon
probe transition should be studied, because the number of these particles will change when
the dispenser current is varied. The number of particles emitted from the dispenser should
change immediately when the current of the Rb dispenser is changed, but it takes some time
for the number of background atoms to change. Therefore, if the linewidth of the two-photon
transition is studied before and immediately after changing the dispenser current, keeping
all other conditions the same, any observed change in the linewidth should be attributed to
collisions with the particles from the dispenser. This experiment was done, and the results

showed that these collisions do not have any observable effect on the transition linewidths.

4.6 Magnetic field effect

It was shown in the previous section that the linewidths of microwave transitions between cold
Rydberg states are broadened because of the resonant electric dipole-dipole interaction when
one of the states involved in the transition resonantly interacts with another state. So far, we
have assumed that there is no magnetic field in the experimental region, and therefore that all
the magnetic sublevels of any atomic state are energy degenerate. This degeneracy is responsible
for the strength of the resonant electric dipole-dipole interaction between Rydberg atoms. With
an external magnetic field, however, the degeneracy of the magnetic sublevels is removed, and

atoms in different magnetic sublevels have different energies. As a result, a two-atom state
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Figure 4-9: Production of 46p3/, atoms instead of 47p3 /o does not show transition broadening
due to resonant electric dipole-dipole interaction, and is experimentally indistinguishable from
the case when no p atoms are produced. Production of 45f atoms, on the other hand, does
show broadening.
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Figure 4-10: Comparison of the linewidth broadening of the two-photon probe transition in the
absence of p atoms at two different densities of hot Rydberg atoms shows that collisions with
these atoms are the reason for this broadening.
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of |46ds5 /9, mjA1) A|4TD3. j2, MjB1) B can resonantly interact with [47ps o, m;42) 4|46d5 /9, mjB2) B
only if mja1 = mjp2 and mjp; = mja2. This means that the external magnetic field spoils
part of the degeneracy that is responsible for the strength of the resonant electric dipole-dipole
interaction, and suppression of this interaction is expected when a magnetic field is applied. In
this section, the result of the experiment when a DC magnetic field is applied is discussed.

To study the effect of external magnetic fields on linewidth broadening due to interatomic
interactions, a calibrated DC magnetic field is applied (by changing the current of a pair of
compensating coils) while doing the experiment. The timing sequence of the experiment is the
same as before, only this time the anti-Helmholtz coils are switched off 25 ms before doing the
experiment. Our method of measuring magnetic fields, together with the reasons for switching
off the quadrupole field are explained in chapter 3. Figure (4-11) shows the microwave spectra
corresponding to the two-photon probe transition at the presence of 47p3/, atoms with and
without the application of an external magnetic field; when a magnetic field of 0.47 +0.005 G is
applied the linewidth broadening due to interatomic interactions is reduced by roughly 60+5 kHz

at a Rydberg atom density of 1 x 107cm™3.

The suppression of the resonant dipole-dipole
interaction by external magnetic fields is also clear in Fig. (4-12), in which the measured
linewidth broadening of the probe transition is shown at different applied magnetic fields for two
different Rydberg densities. These results are compared with those obtained from a theoretical
model in chapter 5.

As was explained in chapter 3, the stray magnetic field should be nulled out so that the zero
of the inhomogeneous magnetic field lies at the center of the AHCs. This keeps the zero of the
magnetic field in the same place when the AHCs are switched off, and prevents the cold atoms
from being pushed off to one side. In this situation, when a DC magnetic field is deliberately
applied, the zero of the quadrupole magnetic field is shifted and so is the trap location. For
the DC magnetic fields less than 0.6 G used in these experiments, the shift of the zero of the
quadrupole field is small enough that it stays at the intersection of the trap lasers, and we still
have a reasonable trap. This said, the trap position is slightly different for different DC magnetic
fields. This causes different expansion of the trap and consequently different average Rydberg
density when AHCc are switched off. To solve this problem, the alignment and the relative

power of the counterpropagating MOT beams were adjusted for each applied magnetic field, so
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that at a fixed excitation laser power, a constant average Rydberg density is maintained for each
set of data in Fig. (4-12). This is verified by keeping a constant selective field ionization signal
corresponding to the 46ds5/, Rydberg state. Figure (4-13) shows two spectra corresponding to
the lowest and highest magnetic fields applied in Fig. (4-12) for the Rydberg atom density of
n = 7.3 x 106 cm 3. The similarity of the baselines and the signal levels on this graph confirms

a constant density. The results of the experiments presented in this chapter are published in

Ref. [9].

4.7 Conclusion

The resonant electric dipole-dipole interaction between cold Rydberg atoms has been observed
using microwave spectroscopy. This is a step towards the realization of “dipole blockade”
which was proposed by Lukin et al. [10]. The magnetic field induced partial suppression of
the resonant electric dipole-dipole interaction has also been presented. Theoretical models that

predict similar effects will be presented in the next chapter.
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Figure 4-13: The microwave spectra for the two-photon probe transition for two different mag-
netic fields of 0.040 G and 0.362 G and a Rydberg density of 7.3 x 10% cm 3.
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Chapter 5

Theoretical Models of The Line
Broadening Due To The Resonant

Electric Dipole-Dipole Interaction

5.1 Introduction

In this chapter a theoretical model will be presented which estimates the line broadening due
to the resonant electric dipole-dipole interaction both with and without the application of
a homogeneous magnetic field. Initially, the motion of the cold Rydberg atoms during the
timescale of the experiments is estimated, verifying the assumption of dealing with stationary
atoms. In the following sections, estimates of the line broadening due to resonant electric
dipole-dipole interactions, and the suppression of this interaction by a DC magnetic field are

presented.

5.2 Motion of cold Rydberg atoms

In the simulations, it is assumed that cold Rydberg atoms are effectively stationary during
the experiment period. This can be checked by estimating the motion of cold Rydberg atoms
during each experiment. Assuming the cold Rydberg atoms to be a classical gas, their speed

and temperature are related according to (1/2)mv? = (3/2)kT, where m is the mass of Rb,
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v is its speed, k is the Boltzman constant, and T is temperature. For 3Rb, m = 84.912
amu~ 1.4 x 1072 kg (1 amu= 1.66053886 x 1072"kg); therefore, assuming a typical MOT
temperature of T = 300 K, we get v ~ 0.3m /s. Each experiment is done in approximately
8 us, and during this time, cold Rydberg atoms move for z ~ 2.4 um. For an average cold
Rydberg atom density of n = 5 x 10%m =3, using R = (47n/3)~'/3, the average interatomic
separation is R ~ 35 um; therefore, because of their thermal energy, cold Rydberg atoms on
average move by only 7% of their separation over the 8 us experiment time.

When excited to Rydberg states, cold atoms experience a force due to the dipole-dipole
interaction and accelerate towards one another [1]. This force, which is the gradient of the
dipole-dipole interaction potential, is given by F = |VVyy| ~ 3u?/R*, where p is the electric
dipole moment, and R is the interatomic separation. For two atoms in the 46ds/5 and 47p3 /o

states, p can be calculated using

po = |(46ds/2,1 2] 11.14Tps /2.1 /2) | (5.1)

which gives y = 1268. Assuming cold atoms to be 35um apart, or R = 6.614 x 10%ag =
6.614 x 10°a.u., where ag = 5.2918 x 10~ m is the Bohr radius, we get F' = 2.52x 10" 7a.u. The
acceleration of Rydberg atoms due to this force is a = F/m = 2.969x 10" %a.u.= 3.4x10*m / s?,
using la.u.= 2.4189 x 10717s, and ag = la.u.= 5.2918 x 10~!' m, to convert a.u. to m/s?. As
a result of this acceleration, Rydberg atoms move by 3.5 um during 8 us; therefore, interatomic
distance changes by only 10% because of the dipole-dipole interaction force. Since the separation
of Rydberg atoms does not change appreciably during the experiment period, one can assume

that they are stationary in this time.

5.3 Simulation of the line broadening due to resonant electric

dipole-dipole interactions

To obtain estimates of the line broadening, we consider interactions between pairs of atoms (A

and B) due to the electric dipole-dipole interaction operator:
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Ha-fp—3Ha n)(Hp-n)

Vdd =
3 )
RAB

(5.2)

where I 4 and 77 g are the electric dipole matrix element operators evaluated on each atom,
7 is the unit vector pointing between the atoms, and R4p is the separation of the two atoms.
In the absence of magnetic fields, this perturbation may split the otherwise energy degenerate
states |1) = ’46d5/2mj7A1>A !47p3/2mj731>B and [2) = }47p3/2mj,A2>A !46d5/2mj,Bg>B. A rough
estimation of the resonant dipole-dipole line broadening was presented in Ch. 4 using Avgq ~
u?/R? as an approximation. There we used a fixed interatomic separation, and neglected
different orientations of dipole moments relative to one another.

To make a better estimate of the line broadening due to the resonant electric dipole-dipole
interactions, one should account for the orientations of the dipole and 7 operators and the distri-
bution in interacting atoms separations. Also, different possibilities for the distribution of atoms
over different magnetic sublevels should be considered. In the absence of magnetic fields, all the
different magnetic sublevels of the two-atom states |1) = ’46d5/2mj,A1>A {47p3/2mj,31>B and
|2) = }47p3/2mj,A2>A }46d5/2m]-,32>3 are energy degenerate; therefore, all the atoms in 46ds/,
state can resonantly interact with those in 47p3 /5 state. However, in the presence of a magnetic
field, different magnetic sublevels experience different Zeeman shifts; therefore, only pairs of
states for which mja1 = mjp2 and mjp1 = mja2 are energy degenerate. For example, in the
presence of a magnetic field, the |1) = ‘46d5/2,mj = —3/2>A ‘47p3/2, mj = —1/2>B state of the
two-atom system can resonantly interact only with |2) = ‘47p3/2mj :—1/2>A ‘46d5/2mj:-3/2>B
state. On the other hand, in the absence of magnetic fields, the |1) state is also coupled
to other states such as |2) = }47p3/2mj = _3/2>A !46d5/2mj = —1/2>B through the resonant
dipole-dipole interaction. The reduction in the number of interacting states results in a decrease
in the strength of the resonant dipole-dipole interaction. In this section it is assumed that there
is no magnetic field applied to the interacting atoms; the effect of an applied magnetic field on
linewidths will be discussed in the next section.

In order to calculate the linewidth broadening due to the dipole-dipole interaction, the

matrix elements <1 ’Vdd 2>should be computed in which |1) and |2) were defined in the previous
paragraph, and Vgq is given by Eq. 5.2. To do this calculation, we need to know the magnetic

quantum number m; of the interacting atoms. Due to the presence of the quadrupole magnetic
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field required for the operation of the MOT, different atoms experience different magnetic fields
and might be in different magnetic sublevels. Without a detailed knowledge of the distribution
of atoms over magnetic sublevels, two cases can be considered in our calculation: 1) all atoms are
in the same magnetic sublevel, and 2) atoms are randomly distributed over different magnetic

sublevels.

5.3.1 Case 1: similar magnetic sublevels

In the first case, it is assumed that the common magnetic sublevel is m; = 1/2; therefore, for

these calculations we have

‘1> = ‘466[5/2, 1/2>A ‘47173/27 1/2>B ’

12) = |4Tp3)2,1/2) , |46d5/2,1/2) 5 - (5.3)

The single atom states may be transformed from j, m; representation to m;, ms representa-

tion using [2]

‘nalvjamj> = Z ’n>l7ml7ms> <Z,S,ml,m5’l,5,j,mj>, (54)

mp,ms
where (I, s,m;,msl|l,s,j,mj) are Clebsch-Gordan coefficients. Therefore, {46d5/2,mj = 1/2>

and ’47p3/2,mj = 1/2> can be written as

|46ds5/9,m; = 1/2) = ]46,2,0,1/2) (2,1/2,0,1/2(2,1/2,5/2,1/2)

+146,2,1,-1/2) (2,1/2,1,-1/2|2,1/2,5/2,1/2) (5.5)

|47p3/27 mj; = 1/2> |477 17 07 1/2> <17 1/27 07 1/2|17 1/27 3/27 1/2>

F47,1,1,-1/2) (1,1/2,1, —1/2[1,1/2,3/2,1/2) . (5.6)
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The Clebsch-Gordan coefficients for the case of s = 1/2, and ms; = +1/2 are given by (note
that j =1£1/2, and my =m; £1/2)

[+ my+1/2]"2
12,5~ 12,1200, 1/2, 14 1/2,my) = | P L2

[ —m; +1/2]%2

A+1 |
[l —my +1/2]'
BEETE
[l +my +1/2]'

The dipole moment operators may be expanded in Cartesian coordinates as 1’ = i +pyJ+
,uzl%, where the three orthogonal components are written as: u, = rsinfsing, u, = rsinfcosep,

and p, = rcosf. These components can also be expressed in spherical harmonics as:

2
Pz =4 ?(YLA Y1),
27
[y = i1/ ?(Yl,fl +Y11)r,
A7
W, = “?YL()T. (5.8)

Using Eqs 5.5, 5.6, and 5.8, one can verify that for states |1) and |2) given in Eq. 5.3: (1 |u,|2) =
<1 }uy| 2> =0, since (I,m; =1|Y1 41|l,m; =1) = ([,m; = 0]Y1 +1|1,m; = 0) = 0, and we only

need to keep p, in our calculations. Therefore, Eq. 5.2 in this case can be written as

p2(1 — 3n?)

Vdd =
Rip

(5.9)

To calculate the value of ’Vdd‘for a given Rap and n, we need to determine (1 |u,|2), where

|1) and |2)are the two states given in Eq. 5.3. This can be written as
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<1 \,uz\ 2> = <llml1 ‘COS 9‘ 12m12> <n111 ”I”‘ n2l2> s (5.10)

where r is the radial coordinate of the Rydberg electron. For this particular case, the angular

part of the dipole moment operator (cosf) is given by

a7
(lymyy |cos @) lamye) = ?(<l =2,m; =0|Yio|l=1,m =0)
+({l=2,m =1|Y10/l=1,m =1)). (5.11)

The two terms inside brackets can be calculated using spherical harmonics, resulting in
(limg1] cos 0]lamy2) = 0.490. The radial part of the dipole moment operator (nl |r|nl) is ob-
tained from integrating the radial part of the Rydberg electron wavefunction [3]. For the two
states involved, this gives: (46ds /2|1 47p3 /2> = 2700 in atomic units [4].

To account for random distributions of atoms in the sample, the interatomic separation
Rp is chosen using the nearest neighbor probability distribution given by [5]:

dP(R4B) Am

where n47p, , is the density of 47p3 /5 atoms, as half of the atoms are in 47p3 /5 and interact with
the other half in 46d5/,. Here, we only consider interactions between pairs of atoms, and neglect
multi-body interactions. Also, unit vectors 7 is chosen randomly so that we have spherically
uniform distributions of atoms for a fixed R4g. The value of <1 ’Vdd‘ 2> is then calculated for
each R4p and n picked as above. This process is repeated numerous times to get a distribution
for the resonant dipole-dipole interaction energy Vgq. This distribution is histogrammed and
is shown in Fig. 5-1. In the spectra presented in the previous chapter for resonant dipole-
dipole line broadening, the ultimate transition linewidth was dictated by the finite length of
the probe microwave. This finite pulse length results in a sinc?(7 f7') lineshape [6], where T' =
6 us. Therefore, to compare the linewidth broadening with experimental data, the calculated
distribution is convolved with a sinc?(7 fT) lineshape, and fitted using a sinc?(7 fT') lineshape

convolved with a Lorentzian of adjustable width év, see Fig. 5-2. The linewidth broadening
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Figure 5-1: The distribution of the resonant dipole-dipole interaction energies for the case of
mja =mjp = 1/2, and a total Rydberg density of 107 cm 3.

3

obtained from this calculation for a 47p3/, density of 5 x 106 cm™3 (corresponding to a total

Rydberg density of 107 cm™3) was év = 69 kHz.

5.3.2 Case 2: atoms distributed over magnetic sublevels

In the second case, when atoms are randomly distributed between different magnetic sublevels,
some pairs of atoms are not coupled by the resonant dipole-dipole interaction. For example, an
atom A with m; = 3/2 does not resonantly interact with an atom B with m; = —1/2. In this
case, only those states that satisfy m;a, = m;p, and mja, = m;p, are exactly degenerate and
are coupled by the resonant dipole-dipole interaction. To calculate the linewidth broadening
due to the resonant electric dipole-dipole interaction, the above calculation is repeated when
m;a and m;p are chosen randomly from different possibilities for j4 = 5/2 and jp = 3/2. With

this selection, <1 Vdd

2> is zero 50% of the time. This means that the strength of the resonant
dipole-dipole interaction is reduced, and we expect to observe less linewidth broadening in this
case. The distribution of the resonant interaction energies was obtained in the same way as

above, and so was the linewidth broadening ér. This results in a resonant dipole-dipole line

broadening of év = 23 kHz.



Chapter 5. Theoretical Models of the Line Broadening ... 79

35x10° —
30
25
20 —
15 —
10 —

5 —

Convolved probability distribution

0 T I I I I I T |
800 -600 -400 -200 0 200 400 600 800

Energy (kHz)

Figure 5-2: The calculated line shape for resonant dipole-dipole line broadening that is the
result of convolving the histogram given in Fig. 5-1 with a sinc?(7f7T') function with 7' = 6 us.

At a Rydberg density of 107 cm™3, introduction of the resonant electric dipole-dipole in-
teraction, in the experiments presented in Ch. 4, results in a linewidth broadening of roughly
100 &+ 7kHz. This is in the same order as the broadening obtained from the theoretical model.
The main reason for the difference could be the error in estimating the density of Rydberg
atoms. This is presented in the next chapter where it is explained that the densities used for
analysis of experimental data are uncertain by a factor of 2. Also, multi-body effects were
neglected in our estimate. As demonstrated by experimental observations of resonant energy
transfer between cold Rydberg atoms [8,9], a more accurate calculation should take multi-body

interactions into account.

5.4 Suppression of resonant dipole-dipole interactions by a DC
magnetic field
In the calculation presented in the previous section, it was assumed that there was no ho-

mogeneous magnetic field present in the experimental region. If the hyperfine structure is

neglected, in the absence of dipole-dipole interactions, all 24 states of the two-atom system
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1) 2)

|47p3j9m; = —1/2) , |46ds5/m; = —1/2)

‘ ‘ |47p3/om; = 3/2>A |46ds5/3m; = _1/2>B |

| [46d5/0m; = 1/2) , |4Tp3jom; = 1/2) | |4Tpsjam; = 1/2) , [46d50m; = 1/2) ;|
|
|

\ \ |47p3/2mj = 3/2>A |46d5/2m]~ = 3/2>B

Table 5.1: List of states that are coupled to !46d5/2mj = 1/2>A }47p3/2mj = 1/2>Bby resonant
dipole-dipole interactions at zero magnetic field.

of the form |1) = }46d5/2mj,A1>A }47p3/2mj,31> are energy degenerate with all 24 states of

B
the form |2) = ‘47p3 /21, A2> A }46d5 /21, Bg> p- 1t is this degeneracy which is responsible for
the line broadening due to resonant electric dipole-dipole interactions. However, the applica-
tion of a magnetic field shifts the atomic energy levels due to the Zeeman effect, removing
part of the degeneracy of the system. At a non-zero magnetic field, only pairs of states for
which m;41 = m;p2 and mja2 = m;p; are energy degenerate. For example, consider the state
{46d5 somy =1/ 2> A }47p3 somy =1/ 2> B This state is coupled by V4q to several states as shown
in Table 5.1.

All of these states are energy degenerate in the absence of magnetic fields and dipole-
dipole interactions. Once a magnetic field is applied, only }47 p3/om; =1/ 2> ’46d5 somy =1 / 2>
remains degenerate with state |1), since they have the same Zeeman shift. Since the application
of a magnetic field lowers the energy degeneracy within the system, it is expected that it
reduces the strength of the resonant dipole-dipole interaction. In this section, a theoretical
model is presented that predicts the suppression of the resonant interatomic interactions by an
applied magnetic field. The results of this calculation are compared with the experimental data
presented in previous chapters.

In the presence of an applied magnetic field and dipole-dipole interaction, the Hamiltonian

of the two-atom system can be written as

H = vdd + vZeeman: (513)

where Vdd is given by Eq. 5.2, and VZeeman is the Zeeman interaction. We consider a magnetic

field B applied in the z direction, and take this axis as the quantization axis. With this choice of
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quantization axis, \Y% Zeeman gives the diagonal elements of the Hamiltonian matrix and does not
contribute to off-diagonal elements, since it only couples similar states. This can be expressed

as

<\Ilb ‘vZeeman

‘If;> = (upgsamja + npgrpmip) B, i Wy =1, (5.14)

<\Ijb ‘VZeeman

\pg> =0, if T, £,

g7 is the Landé factor and is given by g4 = 6/5, and g, = 4/3 for d and p state respectively
[7]. The Bohr magneton in frequency units is given by up = 1.40 x 103kHz /G. On the other
hand, Via does not couple identical states, and only has off-diagonal elements. In finding the

matrix elements of Vdd, we observe the following selection rules

(v

except possibly in cases where Amjs = 0 and Am;p =0, or Amjs = +1 and Am;p = £1.

Vaa| 1) =0, (5.15)

Using the two-atom states of the form |1) and |2) as the basis set, we will get a 48 x 48
Hamiltonian matrix for a given Rap, 11, and an applied magnetic field B. The diagonal elements
of this matrix are given by Eq. 5.14, and the off-diagonal elements come from the dipole-dipole
interactions and are calculated in the exact same manner as presented in the previous section.
After writing the Hamiltonian matrix, it is diagonalized to find the energy eigenvalues F; and
corresponding eigenvectors |W;).

As it was explained in previous chapters, the two-photon 46d5/, —47d5 /5 transition that was
used to probe the interatomic interactions is not sensitive to magnetic fields. Therefore, to com-
pare the result of our simulation with the experimental data, the Zeeman energy contribution

is subtracted from each energy eigenvalue

V Jeerman \Ifl> . (5.16)

Eei=E; — <‘I’z

These corrected energies may be calculated for a fixed value of R4p, 1, and B. The distribution

of these corrected energies corresponds to the linewidth broadening due to resonant dipole-dipole
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Figure 5-3: Variation of root mean square corrected energies as a function of applied magnetic
—
field for relative orientations of n and B, and Rap = 28.5 um.

interactions. As the magnetic field is increased this distribution becomes narrower resulting in a
smaller broadening. The application of a magnetic field suppresses the resonant electric dipole-
dipole interaction. To show this suppression of interactions numerically, the root mean square

>1/2

of the corrected energies <ECQZ is calculated for Rap = 28.5 um as a function of magnetic
field B for two cases of 7 || ﬁ, and 72 L B. The results of this calculation are shown on Fig.
5-3. The observed reduction in the value of <E3i>1/ 2 corresponds to a narrower range for the
distribution of eigenenergies of the system, or in other words, to smaller resonant dipole-dipole
linewidth broadening.

According to Fig. 5-3, the effect of magnetic field on the linewidth broadening is stronger
when# L B than @ I E), at least for fields less than 0.6 G. To justify this difference, we consider
2>, and

1> for different states involved.

the example in Table 5.1, and calculate the dipole-dipole interaction energies <1 ’Vdd
2> - <1 ’VZeeman

This is summarized in Table 5.2. As it is seen on Table 5.2, when 7 is parallel to the direction of

vZ eeman

the relative Zeeman energy shifts <2

the applied magnetic field (the quantization axis), only states of the same m; 1o+ are coupled by
Vdd, where m; 1ot = mj a4 +m; p. These states have similar Zeeman shifts compared with states

of different m; ;o¢, see the last column of Table 5.2. This is because of the similarity of g; values



Chapter 5. Theoretical Models of the Line Broadening ... 83

|2> <2 Vdd 1> (kHZ) <2 VZeemcm 2> - <1 VZeeman 1>

mja | mip | mj | 2B 2 LB (kHz / G)

—-1/2 | =1/2| -1 0 55 —3547

3/2 | —1/2 1 21 —11 187

1/2 1/2 1 —147 74 0

—1/2| 3/2 | 1 52 —26 —187

3/2 3/2 2 0 45 3547
Table 5.2: Non-zero matrix elements <2 ‘vdd’ 1> where 1) =
|46d5/om;j = 1/2) [4Tpgjamj = 1/2) and  [2) = |[47p3jomj az) , |46d5/m;B2) 5,  and
Rap = 28.5um. Also shown are the Zeeman energy shifts of the |2) states relative to
|1) state.

for d and p states (6/5 versus 4/3). Therefore, a higher magnetic field is required to break
the degeneracy of these states and observe a more significant drop in the linewidth broadening
shown on Fig. 5-3. However, when n is perpendicular to the magnetic field direction, the
selection rule mj ;ot = mj o +m; p does not apply, and all the states of the form |2) are coupled
to the state |1) by V- Since, the Zeeman shifts of the states with different m;;,; are quite
different, as shown on the last column of Table 5.2, a small magnetic field is able to break their
degeneracy and have a profound effect on the resonant dipole-dipole line broadening.

In the real case, the interatomic separation R, and the orientation of the unit vector n
vary randomly over the sample. Therefore, the above calculation should be done for different
interatomic separations and different orientations of . Using the nearest neighbor probability
distribution given in Eq. 5.12, and random orientations of 7, the above calculation is repeated
numerous times for different magnetic fields. At each magnetic field, the corrected energies
given in Eq. 5.16 are calculated and histogrammed to find the distribution of the energy of the
system. Figure 5-4 shows two of these histograms for two different magnetic field magnitudes

and a density of nazp,, = 8 x 108 cm 3.

As the magnetic field is increased, the corrected
energies are spread over a smaller energy range showing the suppression of resonant dipole-
dipole interaction by a magnetic field.

To compare with the experimental data, these histograms are convolved with a sinc?(7 f7)

function with T = 6 us. In the same manner as the spectra obtained in the experiment,

the resultant line shapes are fit with a sinc?(7fT) function convolved with a Lorentzian of
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Figure 5-4: Histograms of corrected eigenenergies for two different magnetic field magnitudes.
The spread in corrected energies decreases with magnetic field: magnetic field suppresses the
resonant electric dipole-dipole interactions.

variable linewidth év to obtain the linewidth broadening. To make the comparison with the
experimental data, the calculation should be done at the same density as those recorded with
the results presented in Ch. 4. However, since our density estimation could contain a 50%
error, as it is explained in Appendix A, we adjust the density in the calculation so that the
calculated line broadening best fits the experiment. The results of this calculation for two total
average Rydberg densities of 1.4 x 107cm ™3 and 9.5 x 10cm ™3, together with the corresponding
experimental data, are shown in Fig. 5-5. The estimated Rydberg densities for high and low
density data in Fig. 5-5 were (8 & 5) x 10%m =3 and (5.4 4 3.3) x 10%cm 3 respectively.

The variation of the resonant electric dipole-dipole line broadening as a function of magnetic
field is similar in the experimental data and theoretical calculations. However, there is some
disagreement, especially at lower magnetic fields: the experimental data seem to extrapolate to
lower values for zero magnetic field. The hyperfine structure was neglected in these calculations.
This is not a good approximation at lower magnetic fields where the hyperfine splitting exceeds
the Zeeman shifts of magnetic sublevels, and can partially suppress resonant interactions.

Another reason for the small disagreement between experimental data and theoretical model
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Figure 5-5: Magnetic field suppression of the resonant electric dipole-dipole interactions for two
different Rydberg densities. The densities recorded for the experimental data are obtained from
density estimations explained in Ch. 6, and the densities used in calculations are the ones that
give the best fits to the data.

may be the neglect of multi-body interactions. Experimental observation of the resonant energy
transfer between cold Rydberg atoms have demonstrated that this picture in not complete [8,
9]. Also, it is expected that at higher densities the two-body van der Waals interactions which
behave as % become important. Taking these factors into account would further complicate

the calculations [10, 11], but should result in a better agreement with the data.

5.5 Conclusion

Calculations of the linewidth broadening due to the resonant dipole-dipole interactions are
presented in this chapter. These are of the same order as the linewidth broadening that was
obtained in experiments for the same density. The exact comparison of the calculated linewidth
broadening with the observed data may not be possible, as the estimated Rydberg density could
be off by a factor of 2, and only binary interactions are considered in the calculations.

The other theoretical model that is presented in this chapter predicts the magnetic field

partial suppression of resonant electric dipole-dipole interactions. Because of the uncertainty
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in the estimated Rydberg density, the density was adjusted in the calculation to obtain the
best fit to the experimental data. The theory predicts a reduction in the resonant electric
dipole-dipole interactions with the magnetic field that is similar to the observed suppression
of interactions. The small discrepancies between experiment and theory are possibly due to

neglecting the hyperfine structure and many-body interactions.
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Chapter 6

Summary and Future Work

6.1 Summary of research

6.1.1 Observation of the resonant electric dipole-dipole interaction between

ultracold Rydberg atoms using microwave spectroscopy

Resonant electric dipole-dipole interactions between ultracold Rydberg atoms have been stud-
ied both experimentally and theoretically. In the experimental part, line broadening in the
microwave spectra of cold Rydberg atoms due to the resonant electric dipole-dipole interaction
has been observed using a combination of laser and microwave excitations of Rydberg states.
In this observation, microwave transitions between Rydberg states of cold rubidium atoms have
been used both to introduce and to probe the resonant electric dipole-dipole interaction. Ry-
dberg atoms were produced using optical excitation of laser cooled and trapped 8°Rb atoms.
To introduce interatomic interactions, a fraction of these atoms was transferred to another Ry-
dberg state by microwaves. The linewidth broadening of a two-photon microwave transition
between Rydberg states was used to probe the resonant electric dipole-dipole interaction. Using
this technique, it has been observed that introduction of interatomic interactions broadens the
linewidth of the two-photon probe transition. The observed line broadening increases linearly
with the density of interacting atoms, which is consistent with the 1/R® dependence of the
dipole-dipole interaction.

A theoretical model has been presented that predicts the linewidth broadening due to the
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resonant electric dipole-dipole interaction. In this calculation, it has been assumed that each
Rydberg atom interacts resonantly with its nearest neighbour. The simulated line broadening

for a given Rydberg density is of the same order of magnitude as observed in the experiment.

6.1.2 Magnetic field suppression of the resonant electric dipole-dipole inter-

action

The effect of magnetic fields on the resonant electric dipole-dipole interaction has also been
studied both experimentally and theoretically. It has been observed that a homogeneous mag-
netic field suppresses resonant interactions. For this observation, the resonant dipole-dipole
experiment has been performed at a fixed Rydberg density when a calibrated magnetic field is
varied from zero to 0.6 G. The effect of magnetic fields is to remove the energy degeneracy of
different magnetic sublevels and, therefore, reduce the number of resonant coupled states. This
is the basis of a theoretical model that predicts the suppression of resonant electric dipole-dipole
interactions. The predicted reduction in the strength of resonant interatomic interactions agrees
with that observed in the experiment, especially for higher magnetic fields. At lower magnetic
fields, there is a discrepancy between theory and experiment that could be because of neglect-
ing the hyperfine structure. The theoretical model does not take into account the suppression
of resonant interactions due to hyperfine splitting, which becomes more important than the
Zeeman shift at low magnetic fields. Another problem with the theoretical model is the as-
sumption of binary interactions. Mourachko et al. [1] have demonstrated that the dipole-dipole
interaction is indeed a many-body effect. Therefore, a more accurate model should take into

account multi-body interactions, which would complicate the calculations [2,3].

6.1.3 Development of a novel technique for sensitive measurement of mag-

netic fields

To study the effect of magnetic fields on the resonant electric dipole-dipole interaction, a cali-
brated magnetic field should be applied. This magnetic field has been generated using a pair
of compensating coils of the MOT setup. A novel technique has been developed that uses the
microwave spectroscopy of Rydberg atoms to calibrate the magnetic field in the experimental

apparatus. This technique is based on the fact that the frequency change, as a function of the
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magnetic field, of the microwave transition between some of the hyperfine sublevels of Rydberg
states depends only on the magnetic field and not on the hyperfine spacing of energy levels.
Using this method has made it possible to calibrate the homogeneous magnetic field within
the MOT to an accuracy of £10m@G, and put an upper bound of 17mG on any remaining

inhomogeneity.

6.2 Future Work

The resonant electric dipole-dipole interaction that has been observed and discussed in this
work may be used for the realization of the dipole blockade proposed by Lukin et al. [4]. The
dipole blockade is achieved by interactions between atoms excited to the same Rydberg state.
An electric field should be applied in this case to tune the Rydberg interactions into resonance.

To further study the magnetic field suppression of the resonant electric dipole-dipole inter-
action, especially the angular dependence of this phenomenon as predicted by the presented
theoretical model, a one-dimensional sample of Rydberg atoms could be produced. This may
be achieved by focussing down the excitation laser so that the beam waist across the sample
is less than the average interatomic separation [5]. By changing the orientation of the applied
magnetic field relative to the excitation laser, the two cases of i || B and 7 L. B may be studied
individually.

As demonstrated in this research, homogeneous magnetic fields cannot completely sup-
press the resonant dipole-dipole interaction. The reason for this is that there are some states
that will remain energy degenerate, and interact resonantly, even in very large magnetic fields;
for instance, !46d5/2, 5/2) }47p3/2, 3/2)and !47p3/2,3/2> }46d5/2, 5/2). Inhomogeneous magnetic
fields, however, may be used to obtain perfect suppression of resonant interactions by produc-
ing space dependent Zeeman shifts. If the field inhomogeneity is large enough, the resonant
condition may be spoiled completely. Strong magnetic field gradients have recently been used
in electron spin resonance (ESR) to suppress spin diffusion due to the magnetic dipolar flip-
flop interaction [6]. An analogous experiment could be performed in the case of resonant
electric dipole-dipole interactions. The observed line broadening due to the resonant electric

dipole-dipole interaction is roughly 100kHz for an average interatomic separation of 30 um.
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Considering Zeeman shifts of 1 MHz / G, a magnetic field inhomogeneity of roughly 50 G / cm
is necessary to achieve significant suppression of the resonant dipole-dipole interaction. This

field inhomogeneity is achievable in magnetic microtraps for example [7].
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Appendix A

Rydberg Atom Density

Measurement

A.1 Introduction

As mentioned in previous chapters, the resonant dipole-dipole interaction is a density dependent
effect. This is because of the dependence of dipole-dipole interaction potential to interatomic
separation. Therefore, it is necessary to estimate the Rydberg atom density for the experiments
presented in this thesis. It is explained later in this chapter that the cold atom sample has a
Gaussian profile; hence, the density of Rydberg atoms varies over the sample. Because of this,
the comparison of line broadening is made using the average Rydberg density. Estimation of
the average density of cold Rydberg atoms requires knowing the total number of these atoms
produced by photoexcitation, and their spatial profile. This density depends on the spatial
profile of the excitation laser, its power, the number of the trapped atoms, and their profile.
In this chapter, the estimation of the number of cold Rydberg atoms is presented in the first
section. To determine the spatial profile of the Rydberg atoms requires evaluating the trap and

the laser beam profiles. These measurements are explained in the following sections.
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Figure A-1: Measuring the trap fluorescence in order to calibrate the microchannel plate de-
tector.

A.2 Estimate of the total number of Rydberg atoms

The number of cold Rydberg atoms was obtained by calibrating the gain of the microchannel
plate detector (MCP). This calibration was done in two different ways. Once, by measuring the
number of ions produced in photoionization of a known number of 5p3/; atoms and comparing
to the signal detected by MCP. The second method was observing the average total charge due

to single events at higher bias voltages than normal operating conditions of MCP.

A.2.1 MCP calibration using photoionization

To estimate the number of ions produced in photoionization of 5p3/; atoms we need to know
the number of these atoms, the ionization laser power, and the ionization cross-section. The
total number of 5p3/, atoms was estimated by measuring the fluorescence of trapped atoms
using a photodiode. The schematic of the setup used for this measurement is given in Fig. A-1.

The trap fluorescence light was collected and focussed onto a photodiode (Thorlabs Inc,
FDS100) using a lens, and a pinhole was used before the photodiode to block the scattered
light and reduce the background light relative to the trap fluorescence. The photodiode output
was amplified and then measured using a voltmeter. This measurement was done with the trap
on and then off to correct for the background light contribution. Because of the finite collection
angle, the measured signal represents a fraction of the total number of photons emitted by 5ps o

atoms; therefore, it was multiplied by a correction factor to reflect the total number of emitted
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Amplifier gain (V/A) 108

Trap fluorescence (V) 0.71 £ 0.01
Photodiode responsivity (A/W) 0.5
Transmission factor for fused silica 0.92

Power received by photodiode (W) | (3.95 4 0.05) x 1076
Emitted photon wavelength (nm) 780

Photon energy (J) 2.55 x 10719
Lifetime of Rb 5ps 9 (s) [1] 26.63 x 1079
Power emitted by each atom (W) 9.4 x 10712
Number of 5p3 /5 atoms (4.2+£0.3) x 10°

Table A.1: Sample measurement of the number of 5p3 /5 atoms.

photons. This correction factor is given by 47 R?/mr?, where R is the trap lens distance, and r
is the lens radius. For the setup in Fig. A-1, R = 4in, and » = 0.5in; therefore, the finite angle
correction factor was 256. We should also account for the finite transmission of the fused silica
window of the trap, and the responsivity of the photodiode at 780 nm. The room background
light should be excluded from our measurements.

In one experiment, with an amplifier gain of 102V / A, the amplified photodiode voltage was
3.134+0.005V and 2.42 + 0.005V for the trap being on and off respectively; therefore, the net
voltage due to the trap fluorescence is 0.71 +0.01 V. A sample measurement, which considers
all the factors mentioned above, is given in Table A.1.

For ionizing 5p atoms a pulsed dye laser pumped by the third harmonic (355nm) of a
nanosecond pulsed YAG laser (Spectron Laser Systems, SL858G-SLM) was used. The wave-
length of the dye laser was tuned above the ionization potential of the 5p state of rubidium
(~ 477nm), and was sent into the trap through a fused silica window. The output power
of this laser was measured by a pyroelectric detector to be ~ 1uJ. The laser beam hits
eight surfaces (six mirrors and two prisms) after the output mirror and before hitting the
trap. The reflection efficiency for each mirror given by the company (CVI Laser Optics) is
0.965, and the transmission efficiency of the fused silica (prism) for 480 nm is roughly 96%
(Melles Griot Optics Guide). Therefore, the power in the trap was: 1 x 1076 J x(0.965)6 x
(0.96)2 = 7.44 x 1077 J. The photon energy for the ionization laser with A = 477.6nm is
given by he/A = 4.16 x 10712 J /photon; therefore, the number of photons hitting the trap is
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Npp, = 7.44 x 1077 J /(4.16 x 10~ J /photon) = 1.79 x 102 photons.

The column density that indicates the number of atoms per unit area is C' = 0.833N4/
(FWHM )ﬁ, where (FWHM)) is the full width at half maximum of the profile of the cloud
of trapped atoms in the direction of ionization laser. This profile was obtained in two ways:
1) by 780nm fluorescence imaging of the trap, 2) by scanning the Rydberg excitation laser
(480nm) across the trap and measuring the number of excited Rydberg atoms. In the first
method, after taking the trap image with a CCD camera, it was fit with a Gaussian profile
to obtain the trap FWHM. This measurement resulted in (FWHM)| = 0.54 & 0.05 mm, and
(FWHM),; = 0.62+ 0.05mm, where L labels the direction perpendicular to the laser beam.
The trap size depends on the cooling and trapping and repump beam sizes and also the Rb
pressure in the trap (dictated by the current of the Rb dispenser).

In the second method, the Rydberg excitation laser frequency was tuned to excite a spe-
cific Rydberg state; then, this laser was scanned across the trap and the Rydberg signal was
measured. Scanning of the laser direction was performed by turning the mirror that directs
the laser into the trap using a stepper motor driver (Newport, ESP300). Figure A-2 shows
an example of the variation of the detected Rydberg ion signal as the laser is scanned across
the trap. The data was then fit with a Gaussian profile to find the FWHM of the signal.
This measurement was performed both with and without switching the AHCs off, resulting in
(FWHM), = 0.55+ 0.05mm, and (FWHM), = 0.82 £ 0.05mm respectively. It was not
possible to obtain the (FW HM) with this method because of the limited optical access to
the MOT. However, the similarity of the results obtained for (FWHM), in the two methods
confirms that the fluorescence imaging measurement is valid to within 10%.

The ionization cross section for 5ps/y state of rubidium is given as ¢ = 13 x 10722 m?
[2]. The number of ions produced by photoionization of 5ps /2 atoms is Njons = CoNpp =
7.37 x 101" m~2 x13 x 10722 m? x1.79 x 102 = 1710 & 120 ions. The average amplified boxcar
voltage corresponding to this number of ions was 1.6 + 0.2 V; therefore, the calibration factor
for converting the boxcar voltage to number of ions is (1710 £ 120)/(1.6 £0.2) V = 1100 + 200
ions/ V.
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Figure A-2: Measurement of the FWHM of the trap by scanning the Rydberg excitation laser
across the trap.

A.2.2 MCP calibration using single particle pulses

The calibration of the gain of the MCP was also done using single particle pulses. In this
method, the average total charge due to single particles was measured at a higher bias voltage
(1700 V) of the MCP relative to the normal operating voltage (1530 V). Then, to determine the
MCP gain at the operating voltage, a series of measurements were taken at constant charged
particle signal level with variable bias voltages. To measure the total charge due to a single
particle pulse, we shine a light into the vacuum chamber when setting the MCP bias voltage
at 1700 V. The area under the pulse is measured on an oscilloscope for different trigger levels,
and the data is extrapolated to find the single particle signal. This data, which is shown on
Fig. A-3, results in a value of (130 & 15)x107'2 v s for the area under a single particle signal.

Determination of the MCP gain requires knowledge of the absolute detection efficiency. The
absolute detection efficiency of an MCP depends on the kinetic energy at impact, the species
involved, and surface conditions [3]. A recommended efficiency for our specific conditions was
not available. Based on information from the manufacturer and from the literature [3], an
initial detection efficiency of 50% was estimated; however, this could be as high as 80% or as

low as 20%. Calculation of the gain of the MCP at 1700V is summarized in Table A.2.
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MCP detection efficiency [3] 0.5
Area/pulse at 1700V (130 £ 15)x107 12 v's
Boxcar width 160 ns

Boxcar gain 50mV

MCP gain (8.1 £0.9)x1073V /ion

Table A.2: The MCP gain calibration using single particle pulses.
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Figure A-3: Single particles areas as a function of scope trigger level at MCP voltage of 1700 V.

The MCP operating voltage for the experiments done in this thesis was 1530 V; therefore,
the MCP calibration should be obtained for this voltage. To this end, the MCP gain at 1700 V
should be related to that of 1530 V. To do this, we compare the time averaged field ionization
signal corresponding to a Rydberg state (for example 46d5,3) for these MCP voltages. This
was done in a single step going from 1700V to 1530V with a fixed signal level, and also in two
steps with different signal levels (first step 1700 V to 1600V, and second 1600V to 1530V).
The conversion factor obtained in this way that should be used to get the gain at 1530V from
the gain at 1700V is (1040.5)~!. Therefore, the MCP gain for our operating voltage of 1530 V
is given by (8.2 £ 1)x107*V /ion, or 1240 4 150 ions/V. This is in good agreement with the

gain factor of 1100 = 200 ions/ V that was obtained from photoionization of 5ps /2 atoms.
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A.3 Density measurement

As it was explained at the beginning of this chapter, since the density of Rydberg atoms varies
over the sample of cold atoms, the interatomic interactions are compared with the spatially

averaged Rydberg density. The average density of Rydberg atoms is obtained from

| ey

n =" , (A1)
/ n (7)dv
0
where n (77) is the density distribution function and is given by
n(7) = noe (41n2)2> . (41n2)x? . (41n2)y? (A.2)
=ngexp |——————|exp |- | eXp | - )
VP T EWEM)Z | P | T FwHEM 2| TP T FWHM,)Z |

where F'W H M) is the full width at half maximum of the Gaussian profile of the trap, FW HM |
is the full width at half maximum of the irradiance profile of the excitation laser in = and y
directions, and ng is the peak Rydberg density. Evaluating the integrals in A.1 gives n =

(%)

5 no.

Since it is the total number of Rydberg atoms that we obtain from the calibration of the
MCP gain, we should derive an expression for the peak Rydberg density as a function of the
total number of Rydberg atoms. If the waist of the excitation laser is smaller than the width of
the trap profile, and it does not change significantly over the size of the trap, the total number

of Rydberg atoms is obtained from

oo oo IS —(41D2)z2 —(4ln2)x2 _(41n2)y2

Npyg= —(4ln2)y* |
Ryd /_OO /_oo /_Oo ng exp |:(FWHM||)2:| exp [(FWHMLP exp (FWHM, )2 dxdydz

(A.3)

From Eq. A.3 an expression for peak Rydberg density in terms of the total Rydberg atoms is

obtained:

3/2
ng = 41n2 NRyd ' <A4)
T (FWHM_)? (FWHM,)
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Figure A-4: Collimating and focussing assembly used to collimate the 480 nm laser beam at the
output of the fiber, and focus it into the trap. L1 and L2 are the two lenses used for collimation,
and L3 is the focussing lens. Part numbers: L1: Thorlabs LA1951, L2: Thorlabs LA4148, and
L3: Thorlabs LA1172.

Therefore, the average Rydberg density is obtained from the following formula

3/2
— 2In2 NRyd . (A.5)
T (FWHM, )? (FWHMH)

A.4 Laser beam spot size measurement

The frequency doubled output of a single frequency cw Ti: sapphire laser (Coherent MBR-110)
was used for the excitation to Rydberg states. To shape the output of this laser, and also to
avoid the need for daily realignment of it into the trap, it was coupled into a single mode fiber.
The output of the fiber was collimated using a two-lens telescope and then focussed into the
trap using a lens. This assembly is shown in Fig. A-4.

The output end of the fiber, the collimating telescope, and the focussing lens were mounted
on four rods. This way, the telescope configuration and its distance to the fiber were kept fixed
in order to maintain a collimated laser beam with a fixed beam size. Also, it was possible to
slide the focussing lens on these rods to change the laser beam spot size in the trap. The output

beam assembly was moved to an optical table for the beam spot size measurements since it was
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not possible to do this measurement within the vacuum chamber.

Measurement of the waist of the ionization laser was done utilizing the scanning knife-edge
beam profile measurement technique [4]. In this technique, a knife-edge is scanned through
the laser beam while monitoring the drop in the laser beam power using a photodiode. The
knife-edge was scanned using a stepper motor driver (Newport ESP300) that was controlled by
a LabView program that was also used to collect the data corresponding to the transmitted
laser power. The data was then plotted and fit by the function given in Eq. A.6 to obtain the

width of the laser beam;

flx)=c1+c2/2 % {1 + erf

V2(x —cs) "’3)] } (A.6)

C4

where c¢1, co, c3, and ¢4 are factors corresponding to offset, amplitude, center, and waist of the
obtained curve. This function gives the transmitted laser power as the knife-edge is scanned
through the laser beam, and is obtained by integrating the Gaussian profile of the laser beam
in two dimensions.

This measurement was done in horizontal and vertical directions (z and y) for a few different
points throughout the focal region. Figure A-5 shows one of these scans. The laser beam spot
size as a function of the distance from the beam waist at the focus is plotted in Fig. A-6 for
both x and y directions. These curves are fit by a Gaussian beam form [5] to get the waists of

the beam in the two directions;

1+ (%)1 }1/2, (A7)

where wq is the waist, zg is the position of the waist, A is the wavelength, and M, is a parameter

f(Z)—wo{

describing the deviation from a perfect Gaussian profile [5].

There are some density dependent processes in the trap that were used to locate the laser
beam focus in the MOT. The Rydberg density was varied by moving the focussing lens L3
in Fig. A-4 relative to the trap. Ionizing collisions between Rydberg atoms are examples of
density dependent processes that should increase with density. The resultant ion signal, which
is marked with ions in Fig. A-7, is observed at earlier times in field ionization spectra. The

normalized ion signal (resulting from density dependent processes) in terms of the total ion
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Figure A-5: Measurement of the width of the excitation laser beam by scanning knife-edge
technique. The beam waist at the measurement location is obtained from fitting the data by
the knife-edge function.
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Figure A-6: Rydberg excitation beam waist measurement. To find the waist of the laser beam
at the focus, the beam waist is plotted as a function of distance from the focus, and fit with
waist function. The beam waists for the two orthogonal directions normal to the propagation
direction are shown.
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Figure A-7: Amplified microchannel plate detector signal for Rydberg states and ions produced
by density dependent processes.

signal for different positions of the focussing lens is shown in Fig. A-8. The normalized ion
signal level was then tabulated for a given total ion signal, and plotted in terms of the focussing
lens position. This is shown in Fig. A-9. According to this figure, for the lens L3 used in Fig.
A-4, the tightest focus hits the trap when L3 is a distance 43.5 4+ 0.5 cm away from the trap.
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Figure A-8: Normalized free ion signal in terms of total ion signal for different focussing lens
distances from the trap, which label each set of data.
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Figure A-9: Finding the position of the tightest focus of the laser with respect to the trap.
Data shows the normalized free ion signal level for a given total ion signal and different lens
positions. Data is fit with a polynomial function to find the focus position which is located a
distance 43.5 £ 0.5 cm from the trap.
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A.5 Conclusion

To estimate the average Rydberg density in the cold atom sample, the total number of Rydberg
atoms produced by photoexcitation and the spatial profile of the Rydberg atoms are needed.
Two different techniques for measuring the total number of Rydberg atoms were used. Both
techniques used calibration of the MCP gain, and resulted in similar answers. In one method,
the number of ions produced by photoionization of 5p3/; atoms was estimated and compared to
the signal detected by the MCP. Difficulties in estimating the number of excited atoms (5ps/2),
and obtaining the trap profile using fluorescence imaging limits the accuracy of this method.
The problems in estimating the number of excited atoms come from the fact that we cannot
directly measure the focusing lens-trap separation in Fig. A-1. On the other hand, depending
on how well the trap image is focussed onto the CCD camera used for fluorescence measurement,
we may get different answers for the size of the cloud of trapped atoms.

In the second method, the MCP gain was calibrated using single particle pulses. The lack
of accurate knowledge of the MCP detection efficiency is the biggest limitation in this method.
In this estimate a detection efficiency of 0.5 was used. However, depending on the conditions
(particles involved, energy of particles at impact, and MCP surface conditions [3]) the detection

efficiency can change by 50%.
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Appendix B

MBR and MBD Conditions for
Excitation of Some Rydberg States

Rydberg State | Avpr (vac) (nm) | MBR Conditions | MBD Power (mW)
46ds /9 960.650 + 0.005 Stable 80 —90
48s1/2 960.628 + 0.005 Stable 80 —90
45ds5 /9 960.771 £ 0.005 Unstable 30
44ds /o 960.868 + 0.005 Stable 50
34s1/2 963.436 + 0.005 Stable 60
3251 /9 964.189 + 0.005 Unstable 40

Table B.1: MBR and MBD conditions for some Rydberg state excitations.

107



