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Synopsis

Trapped dilute mixtures of atoms, ions and molecules enable the study of a wide range
of inter-species interactions, ranging from 1/r to 1/7%. The quantum nature of the in-
teractions can be studied at ultracold temperature. Additionally a stable mixture opens
up the possibility of non kinetic energy driven ultracold reactive chemistry. Techniques
for production, trapping, cooling and detection of the individual species are well estab-
lished and come with individual complexity. Recent efforts have been made to produce
spatially overlapped mixtures of cold atoms and ions in a variety of systems ranging
from single ion in BEC [1, 2], mixture of laser cooled ions [3] and atoms to spatially
overlapped trapped ions with cold atomic ensemble [4-6].

Interaction of atoms, ions or molecules with quantized electromagnetic modes of an
optical cavity allows the study of interesting physics ranging from optical bi-stability
in weak coupling regime [7] to cavity QED in strong coupling regime [8]. The enhanced
intensity of light and larger frequency selective interaction time due to long lifetime of
resonant photons in the cavity makes the optical cavity an effective tool for precision
spectroscopy and measurements [9].

The main motivation of the thesis is to build a platform that can create, cool and detect
mixtures of atoms, ions and molecules, for the study of interaction at low temperature,
within a Fabry-Perot cavity. The cavity can be used as a sensitive, frequency selective
tool for probing the interactions in the mixture. In this thesis we describe the detailed
construction of the apparatus. Then we study the interaction of the cold atomic en-
semble in a magneto optical trap (MOT), with the quantized electro-magnetic mode
of the cavity and the interactions of trapped atoms with the trapped ions. The atom
cavity collective strong coupling is developed as a detection tool in the system. We
demonstrate the formation of cold molecules in the apparatus and discuss possibility
of trapping neutral molecules in the apparatus. Finally we demonstrate the formation,

trapping and mass spectrometry of molecular ions in this system.



Design and construction of the hybrid apparatus

In contrast with the popular linear Paul trap [10] for study of ion-atom mixtures, we
have utilized a modified spherical Paul trap, built using thin tungsten wires, in our
system [11]. The open geometry of the trap provides large optical access to the center
which allows a Fabry-Perot cavity to be built around it. The design is optimized keep-
ing in mind the experimental requirements and the geometrical, optical and physical
constraints. The detail of the process of assembling and aligning the components are

discussed.

Collective strong coupling of atoms to the cavity

We have studied the collective strong coupling of the cold 3 Rb atomic ensemble with
the fundamental mode of the cavity. In the experiment we prepare the atomic popula-
tion in the F = 3 ground hyperfine state by sequentially switching off the cooling and
the repumper laser. A very weak probe laser, scanning in frequency, is then passed
through the cavity which excites the population. The strong coupling interaction be-
tween the atom and the field lifts the degeneracy of the system. As a result the trans-
mitted spectra gets split (vacuum Rabi splitting) by a twice the coupling strength. The
coupling strength () as a function of number of atoms effectively coupled to the cav-
ity (N¢) is measured for the closed F = 3 <+ F = 4 transition as well as for the open
F = 3 & F = 3,2 transitions. It is observed that in the later case, weak repumper
light is required in order to pump the atoms back to F = 3 ground state. The result
agrees with the Tavis-Cumming model [12,13] where ¢ = ¢o+/N.. The experiments are
performed with linear and circularly polarized light but no experimentally significant
difference is found. This is because the randomly oriented atomic dipoles, in presence
of the gradient magnetic field, see the probe light isotropically polarized. The experi-
mental determination of the single atom coupling strength g, allows us to measure N,
at a given time. In the next experiment we perform ballistic expansion of the cloud by
switching off the cooling process. The measurement of N, as a function of time allows

us to measure the rate of expansion and hence the initial temperature of the atomic
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ensemble [14].

The ion trap and ion atom interactions

The modified spherical Paul trap is constructed using four thin tungsten wires wound
in a square shape geometry. The center of the ion trap, by design, coincides with the
center of the MOT which lies on the axis of the Fabry-Perot cavity. The novel design of
the trap provides large optical access to the trap center. The ion trap is characterized
in detail. The trap is loaded with ®Rb™ ions derived from the parent MOT atoms by
resonance enhanced two photon ionization (RE2PI). The number of ions trapped can
be counted by extracting them onto a channel electron multiplier (CEM). Because the
cavity is situated along the axis of the trap, a non standard transverse extraction is per-
formed. The trap is well characterized and a good regime of operation for 8Rb* ions
is established. The trap depth along radial and axial direction is determined by finding
out the macro-motion resonance frequencies along the corresponding directions. The
lifetime of the ions in the trap is measured in presence and absence of the MOT. When
the ions are not in contact with the MOT, the RF heating leads to loss of the ions from
the trap and eventually in few tens of seconds all the ions from the trap are lost. But
when the ions are held together with cold atomic ensemble, the number of ions in the
trap stabilizes to a value almost two third of the initial number. This demonstrates sym-
pathetic cooling of ions by the localized parent cold atoms. There are two mechanisms
for the cooling process. i) Elastic scattering, where the ion transfers a small amount of
momentum to the atom with every scattering and hence cools down in multiple scat-
tering events. ii) Resonant charge exchange, where the ion, in a glancing collision with
the atom, receives an electron, and the newly created free atom escapes from the trap
volume with the velocity of the incoming ion. On the other hand, the ion formed from
the cold atom at the trap center has the low velocity of the parent atom and is trapped
close to the center of the ion trap. As a result of the resonant charge exchange, the cold
atom - hot ion pair ends up in a hot atom - cold ion pair in a single glancing collision.

The hot atom leaves the trap (the vacancy get immediately filled as the MOT is con-
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tinuously loading) and the cold ion gets trapped. This whole process of sympathetic
cooling of ions by the localized ensemble of pre-cooled atoms [5,11] leads to a stable
ion-atom mixture which opens up the possibility of further studies including ultracold

reactive chemistry [15,16].

Toward composite molecular systems

Rby molecules were formed from the MOT by photo-association (PA). We have used a
~ 60 GHz red detuned laser for the process. In this process a colliding pair of ground
state atoms, in presence of a photon (resonant to free to bound transition) forms a
weakly bound excited molecular state. A fraction of the excited molecules then spon-
taneously decay to the deeper vibrational level of the ground electronic state forming
a stable molecule. In our process of photo-association, the molecules created were not
trapped and hence they escape from the MOT region. This introduces a mechanism
for loss of atoms from the MOT. When the PA laser is scanned in frequency, dips in
the MOT fluorescence can be observed as a result of atom loss from the MOT. We have
observed the MOT loss spectra by scanning the PA laser.

In presence of the cooling laser light, a fraction of the Rb atoms in the MOT forms long
range molecules by photo-associative process which are lost as they are not trapped.
We use a nanosecond (ns) pulsed dye laser operated at 602.6nm, pumped by the sec-
ond harmonic of a pulsed Nd-YAG laser, to perform a resonant two photon ionization
of these molecules. The molecular ions produced in this process are then trapped in the
ion trap. Atomic ions are also formed in the same process which are simultaneously
trapped with the molecular ions. We perform a mass spectrometry to detect the ions

by extraction onto the CEM [17].

Summary

In summary, we have designed, built and implemented a unique hybrid apparatus for
the study of multi species interactions at ultracold temperature. The collective strong

coupling of the cold atoms with the quantized electromagnetic mode of the cavity is
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studied and it is developed as a tool for probing interactions in the system. The ion
trap is characterized in detail and sympathetic cooling of the ions by the parent atoms
is demonstrated. Finally formation of cold molecule and formation and trapping of
molecular ions are demonstrated. The results establish the apparatus as an ideal plat-
form for a variety of experimental investigations, including ultracold reactive chem-

istry, at low temperature.
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CHAPTER 1

Introduction

1.1 Overview

Development of techniques for the production of cold, localized atomic ensembles [18]
has opened up a new era of atomic physics. A variety of experiments have been per-
formed with cold and ultracold gases for the study of many interesting problems rang-
ing from fundamental interactions [19,20], quantum simulators for magnetism [21],
quantum computation [22], many and few body physics [23] etc. On the other hand,
developments on trapping of ions and ability of laser cooling has provided excellent
opportunity to study equally interesting problems ranging from precision metrology
and clock, quantum computation, QED [24-26] etc. In fact, due to the similarity in
the atomic structure and ability of preparing the systems of atoms and ions in specific
quantum states, often similar physics has been demonstrated by both cold atom and
ion systems. The interactions in pure atomic and pure ionic systems allows extensive
studies of long range interactions of the form of 1/7° (induced dipole - induced dipole)
and 1/r (Coulomb) respectively.

Trapping of ions and atoms with spatial overlap opens up the possibility of studying
interactions between the two species, both reactive and non-reactive. The long range
interaction of an ion with a permanent dipole is 1/7? in nature. In a system where the
ion can reach much closer to the atom, it induces a dipole moment to the atom, lead-
ing to 1/7* type relatively short range interactions. In case of atoms and ions, as the
time averaged atomic dipole moment < y >,= 0, the lowest order of non-vanishing
interaction between the ion and the atom is 1/7* due to the polarizability mediated
interaction between them. W. W. Smith et. al [27] first demonstrated a hybrid trap that
allows simultaneous and spatially overlapped trapping of atoms and ions. A group of

labs across the world has demonstrated interesting physics arising from ion-atom in-



teractions in hybrid traps in a variety of systems. Single trapped ion inside BEC [1,2],
co-trapped laser cooled ions and atoms [3], spatial overlap of hot ions and cold atomic
ensemble [4—6] are to name a few.

Developments in physics with optical cavities has enabled creation of quantized electro-
magnetic vacuum with desired boundary conditions, making it an attractive tool for a
variety of experiments. Cold atomic and ionic ensemble have been separately coupled
to optical cavities both collectively or at single entity limit. The interactions have been
studied over a wide range of experimental systems [9] ranging from optical bistabil-
ity [7], weak measurement [8], quantum entanglement [8], precise spectroscopy [28],
study of QED [29] to enumerate a few.

Direct laser cooling of molecules is very challenging because of large number of states
and absence of closed transition in molecules. There have been only some recent suc-
cess [30,31] in past few years. However to establish a general technique for direct
laser cooling and specific state preparation of molecules are still challenging task. The
most popular route for creation of cold molecules is from cold atomic ensemble. Co-
existing mixture of atoms and molecules offers the study of anisotropic interactions.
The dipole-dipole interactions can be of 1/72 (static dipoles) or 1/7° (freely rotating
dipoles in space). In addition, reactive chemistry is possible in such mixture.

Overall, the study of cold dilute gas mixtures in the field of atomic physics has been of
immense interest and holds out the promise of rich physics in near future. Although
successful experiments have been performed with any two of these species, attempts
have not been made toward combining these technologies to provide a common plat-
form for study of multi-species interactions. In this thesis we address this problem and
try to provide such common platform for the study of multi-species interactions at cold

temperatures.



1.2 Motivation

Trapping of atoms, ions and molecules at low temperature in the same spatial region
offers study of inter-species interactions at a largely unexplored region of collision en-
ergies below 1leV. Few and many body interactions, ranging from 1/ to 1/7°, can be
studied by choosing the right combination of the mixture. Precise measurements, free
from Doppler and other kinetic energy effects can be performed at cold temperature.
The stable co-existence of such mixture opens up the possibility of non kinetic energy
driven reactive chemistry leading to production of complex molecules at cold temper-
atures. The molecules offer internal degrees of freedom which can be manipulated in
order to explore physics of inter-species interactions. Further, a class of the interactions
can be be initiated, enhanced, tuned, or inhibited by means of near resonant photons
or modified electro-magnetic (EM) vacuum inside an optical cavity.

The primary motivation of this work is to explore the physics of such multi-species
mixture at low temperatures. Further, we implement an optical cavity around the hy-
brid trap to study interactions of the species within, with quantized EM field which
can be developed as a frequency sensitive detection tool. The cavity can also be used

for photon mediated reactive chemistry.

1.3 Objective

The primary objective of this work is to create a platform which provides the opportu-
nity to create spatially overlapped mixtures of atoms, ions and molecules at low tem-
perature, within an optical cavity and to study some of the interactions. The concept
of an ideal apparatus is explained in a cartoon below (Fig.1.1). There exist established
techniques for the implementation of each of the above-mentioned. The idea is to com-
bine them in a feasible geometry so that the trapping, cooling and detection for the
species can be done without interfering each other’s performance.

Below we identify the key objectives of the thesis



. Trapping - In same spatial region

"Atoms

=Jons Cooling ‘ Individually or sympathetically

*Molecules ~
Detection - Destructive or Non-destructive

Figure 1.1: Concept of an ideal apparatus for the study of inter-species interactions. Atoms,
ions and molecules must simultaneously trapped in the same spatial region. There must be pro-
cess for cooling of each of the species. This can be direct laser cooling or any other process like
sympathetic cooling. There must be mechanism for detection for the species trapped, prefer-
ably non-destructive. Sometimes for optically dark ions we have to use destructive detection

method like extracting onto a channel electron multiplier.

* To design a hybrid apparatus that is capable of creating spatially overlapped di-
lute mixtures of atoms, ions and molecules, within a Fabry-Perot cavity. Individ-

ual aspects of trapping, cooling and detection of the species are addressed.
¢ To construct the hybrid apparatus and demonstrate its operation.
* To characterize the free space operation of the Fabry-Perot cavity.

¢ Investigate the collective strong coupling of the atoms with the fundamental

mode of the cavity.

¢ To establish the atom-cavity strong coupling as a detection tool to probe the in-
teractions. Use the technique to measure the temperature of the cold atomic en-

semble.
¢ Characterize the ion trap and finding out the optimal region of operation.
¢ Establishing reliable detection techniques for the optically dark ions.

* Demonstration of stabilization of the ion-atom mixture and sympathetic cooling

of ions by the parent cold atoms.



¢ Production of cold molecules from the cold atomic ensemble using photoassocia-

tion and explore the possibilities of trapping neutral molecules in the apparatus.

¢ Creation of molecular ions and demonstration of simultaneous trapping of atomic

and molecular ions.

1.4 Organization of the thesis

In the second chapter we discuss the conceptual background of the experiments per-
formed. A brief introduction to laser cooling and magneto-optical trap is provided.
We discuss the solution of wave equation with imposed boundary conditions. A detail
understanding of spherical mirror Fabry-Perot cavity is given. Collective coupling of
the atoms to the fundamental mode of the cavity is also discussed. At the end, we
provide an understanding of ion trap and its operation.

In the third chapter we discuss the detail design of the apparatus and the construction
process. The detail of the lasers used for the experiments and the optical setup are also
discussed.

In the fourth chapter, we characterize the free-space operation of the Fabry-Perot cav-
ity. Then we discuss the formation of MOT inside the cavity and methods of detection
of atoms from the MOT. Atom-cavity collective coupling is demonstrated for closed
as well as the open atomic transitions. Vacuum Rabi split was observed as a proof
of strong coupling and its variation with number of atoms coupled to the cavity was
measured. The atom-cavity coupling is then developed as a tool for detection and the
temperature of the cold atomic ensemble was measured using it.

The fifth chapter is dedicated for the ion trap, its operation and characterization. We
characterize the trap in detail to find out the optimal operating region and compare it
with the results obtained in simulation. We find the trap depth at the optimal operating
parameters by means of a combination of simulation and experiment. We demonstrate
the stabilization of the number of ions in the trap when held together with the cold

atomic ensemble and attribute this to the sympathetic cooling of the ions by the cold



atoms. Finally we discuss a possible method of non-destructive detection of the dark
ions by means of the cavity.

In the sixth chapter we demonstrate formation of composite objects. We demonstrate
photo-associative production of homonuclear molecules. We discuss possibilities of
trapping neutral molecules that can be implemented within the infrastructure of the
apparatus. We finally demonstrate the production and trapping of molecular ions. We
conclude the thesis by summarizing the work and the future prospects of research with

multi-species experiments in such hybrid apparatus.



CHAPTER 2

The conceptual background for the

experiments

2.1 Overview

The experimental apparatus envisaged in the beginning of this thesis is extremely in-
volved and complex. The apparatus constructed is unique of its kind. The construction
and operation of the hybrid apparatus relies on careful understanding of the detailed
background of several critical technologies and systems which have to be carefully
put together. The resulting amalgam, that our experiment is, needs to work without
any crosstalk from the atom trap, ion trap and cavity, yet allowing the species trapped
within to interact. In this chapter we will discuss the conceptual backgrounds of the
techniques that form the basis of the experiments reported in this thesis. We start with
trapping and cooling of neutral atoms in a Magneto Optical Trap (MOT), follow up
with a discussion on cavity and atom-cavity coupling and conclude with trapping of

ions in a Paul trap.

2.2 Interaction of a classical field with a two level atom

Let us consider an ensemble of two level atoms consisting of the ground state |g) and

the excited state |e) with eigen energies E; and E, respectively. The system can be

Pee  Peg
Pge Pgg

The diagonal elements of the density matrix p.. and pg, represents the population in

described by the density matrix

the states |e) and |g) respectively, whereas the off-diagonal terms represents the co-
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Figure 2.1: Two level atom consisting of ground state |g) and excited state |e) is interacting with
a laser radiation field of frequency wj. ¢ is the detuning of the laser from the atomic resonance

frequency we,.

herence. For simplicity of calculation we consider E; = 0. The atomic part of the

Hamiltonian is

Hy = hwegle) (e, (2.1)

where weq = (E, — Eg) /i is the transition frequency from the state |e) to |g).
Now let us assume that the atoms are at rest and interacting with a monochromatic,
near-resonant radiation field E = €Eycos(kz — w;t), € being the direction of the polar-

ization. The atom-field interaction Hamiltonian is

A

Hy =

=D

.E = —eF-E, (2.2)

‘SD

where ji is the atomic dipole moment operator and e is the electron charge. Under the
rotating wave approximation, the interaction Hamiltonian can be written as [32]

~ Q)

Ay = == (le)(gle™™" + g) ele“"")
_ _hTQ(A emiwit 4 it (2.3)

0" = le)(g| and & = |g) (e| are the atomic raising and lowering operators respectively.
Q) is the Rabi frequency of oscillation of the atomic population between the states |g)
and |e) under the influence of the radiation and is given by

€E0

Q= ——={(e|7[g) (2.4)

The dynamics of the system can be described by the time evolution of the density

matrix. In Heisenberg picture, the time evolution of the density matrix is given by it’s



commutator with the total Hamiltonian H = H4 + H;

p= _E[H’ o] (2.5)

The finite lifetime of the atomic excited state introduces a dissipative loss mechanism.
We introduce T as the spontaneous emission rate from the excited state |e) so that T~}
is the radiative lifetime of the state. In presence of this loss, the time evolution of the

density matrix is given by the Lindblad equation [33]

] r
p= —%[H, o] — 5[0'1-0"0 —20p0" + poto] (2.6)
which leads to the optical Bloch equation for the two level atomic system

i)

Pee = _rpee+ > (pge_peg)

) i), .

Pgg = Tpee — T(Pge - Peg)

. r ... o)

Peg = (_E +10)Peg — T(Pee — Pgg)

. r ... i

Pge = (_E - 15)96g + T(Pee - ng) (2.7)

Where feg = pege™!!. We have introduced § = wj — weg as the detuning between the
laser frequency and the atomic transition frequency. The first two equations describe
the evolution of the atomic population in the excited and the ground state respectively
whereas the last two equations describe the change in coherence with time. In a closed
system, the total population distributed among the ground and the excited state is

constant. So that,

Pee = —Pgg (2.8)
which reduces the total number of the optical Bloch equations to three. In steady state,
the density matrix does not change with time. So applying ¢ = 0 in equation 2.7, we

get the steady state solutions. Here we are interested in the steady state population in

the excited state
QZ
Pee = T2 7002 1 452

(2.9)
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Figure 2.2: The figure shows the scattering force on an atom by momentum transfer due to
successive absorption and spontaneous emission photons. Initial momentum of the atom is mv
where m is the mass of the atom and v is the velocity. Absorption of a single photon leads to a
net momentum loss of hk of the atom, where k is the wavenumber of the incident photon. The
spontaneously emitted photon is emitted in a random spatial direction. So the time averaged

momentum change due to spontaneous emission is zero.

As the Rabi frequency depends on the intensity I = |Eg|* of the laser radiation, the
steady state population in the excited state can be written as a function of the laser

intensity

o 1 I/Isut
Pee = ST 1)1+ 42/T2

1

2

50
1+ 59 +462/T2

S
= 0t (2.10)

Where L = 2L is the saturation intensity, so = I/Lgy = 202 /T2 is the on res-
373 Y

onance (0 = 0) saturation parameter and s = is the off resonance saturation

50
1+40%/T2
parameter. Clearly with increase of the incident laser intensity I, more fraction of the
atomic population populates the excited state. On resonance, at I = I, one fourth of
the total atomic population is in the excited state (see eq.2.10). The spontaneous emis-

sion rate from the excited state is given by I'. Hence the rate at which the photons are

scattered from the ensemble is

r I/Isat

Ry = —
T 214 I/ Iy + 462/T2

(2.11)

When an atom absorbs a photon, its momentum gets transferred to the atom. After

the lifetime of the excited state, the photon is spontaneously emitted. The direction of
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the emission is random and hence the average momentum transfer is zero. The stimu-
lated emission does not change the momentum of the atom as the emitted photon has
the same direction, momentum and polarization of the absorbed photon. So on the
average, the atom experience a force causing a change of momentum due to scatter-
ing of photons. Considering the momentum of the photon to be 7k, the force due to

scattering of photons exerted on the atom is

r I/Isat

F.. = hk=
5 21+ 1/ Isq + 462 /T2

(2.12)

For a stationary atom, force from two counter-propagating beams of equal intensity

balance each other and the net force on the atom is zero.

2.3 Cooling and trapping of neutral atoms

The idea of cooling of neutral atoms by scattering of near resonant photons was first
proposed in 1975 by T. Hansch and A. Schawlow [34]. Chu et. al. [18] in 1985 demon-
strated the ”"Three-dimensional viscous confinement and cooling of atoms by reso-
nance radiation pressure”. Further, suggested by Jean Dalibard et. al. and demon-
strated by Raab et. al. [35] in 1987, in a MOT, position dependence of the viscous force
is introduced by an inhomogeneous magnetic field which, along with the laser radia-
tion, simultaneously cools and spatially confines the cold atoms. Magneto optical trap,
soon after its demonstration has become the most widely used technique for produc-
ing spatially confined cold atoms due to its robustness and simplicity. In the sections

below we will describe the basic concepts of Doppler cooling and MOT.

2.3.1 Doppler cooling: Optical molasses

Let us consider an atom moving at a velocity v and interacting with two balanced
counter-propagating beam of frequency w; which is red detuned from the atomic reso-
nance w,g by ¢ (Fig.2.3). For simplicity we consider a one dimensional case where the

atom moves either in or against the direction of the k vector of the laser radiation. In

11



Figure 2.3: The figure explains the concept of Doppler cooling using red detuned laser beam.
The atoms that are counter propagating the laser beam, see the frequency Doppler shifted to-
ward the atomic resonance, resulting enhanced photon scattering. Whereas the atoms that are
co-propagating the laser beam, see the frequency Doppler shifted away from the atomic reso-
nance, resulting in a reduction of photon scattering. This process introduces a frictional force

against the velocity of the atoms and leads to cooling.

the frame of reference of the atom, the atom sees the frequency of the light Doppler
shifted by kv. The sign of the shift depends on the relative velocity of the atom w.r.t
the k vector of the laser beam. The atoms moving against the k vector will see the fre-
quency shifted by +kv and hence closer to the atomic resonance. Whereas the atoms
moving along the k vector will see the frequency shifted by —kv and hence away from
the atomic resonance. This leads to a radiation force against the velocity of the atom
caused by more scattering of photons by the atom from the beam propagating against
its velocity. Mathematically the scattering force from the two beams will be

E I/ Isat

Fi = +7ik
* 21+ 1/Iar + 4(6 F kv)2/T2

(2.13)

where F; is the force from the beam co/counter propagating w.r.t the atomic velocity.

So the total force on the atom will be

Fpw = F.—F_
I 25/T

Loar 1 + 462 /T2

= —av (2.14)

= —4hk*o

where « is the proportionality constant that depends on the choice of transition (I') in

a specific atomic species and the experimental parameters J, I.
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Clearly the total force on the atom is frictional in nature. So the atom in motion will
experience a damping force against its velocity. As a result, the atom will lose mo-
mentum and translationaly cool till it comes to rest. At rest, the F; and F_ cancels out
each other as described earlier and no net force is applied on the atom. This opens up
the possibility of a cooling mechanism of neutral atoms, namely optical molasses [18].
A combination of three orthogonal pairs of counter-propagating beams can cool an
ensemble of atoms in all three directions and leads to a cold atomic ensemble at the

intersection.

2.3.2 Position dependent force: MOT

X=0

Figure 2.4: The figure explains the concept of MOT. The inhomogeneous magnetic field (green
line) B causes position dependent Zeeman splitting of the hyperfine levels. Here the F = 1
excited hyperfine state splits into three Zeeman sublevels mr = —1,0,+41 and the amount
of splitting depends on position. The F = 0 ground hyperfine state does not undergo any
split. The selection rule Amr = +1 ensures enhanced scattering of photons from the counter-
propagating beams of orthogonal circular polarization when the atom tends to move away

from the center. The result is a position dependent force that localize the cooled atoms.

The technique of optical molasses, described in the previous paragraph, provides
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a mechanism for cooling of neutral atoms but does not localize the cooled atoms in
space. In Magneto Optical Trap, a position dependence of the scattering force, along
with the velocity dependence, is introduced by means of an inhomogeneous magnetic
tield. The magnetic field is created by a co-axial pair of coils in anti-Helmholtz configu-
ration along the z-axis. In absence of the magnetic field the Zeeman sublevels (denoted
here by mr) within a hyperfine level (total spin F) are degenerate. The field lifts the de-
generacy of the mr levels. The inhomogeneity of the field causes the splits of various
Zeeman sublevels to be position dependent. For simplicity we choose the hyperfine
levels, for the ground state with F = 0 and for the excited state F = 1, so that the
ground state does not experience Zeeman splitting in the magnetic field and the ex-
cited state splits into three states mr = —1,0, +1. The energy mr = —1 and mr = +1
states has position dependence as shown in Fig.2.4. Two counter propagating beams
of opposite polarization, are interacting with the atom. When the atom is away from
the center in +# direction, the level mr = —1 becomes near resonant with the applied
laser frequency and the selection rule is also satisfied for o_ polarization. The atoms in
that state and position experience enhanced scattering of photon from the ¢_ polarized
beam until it moves back toward position x = 0. A similar enhanced scattering from
the atoms takes place from the o polarized beam, when the atom is displaced along
—£ direction. The tendency of scattering more photons away from the origin develops
into a position dependent restoring force which allows the cooled atoms to be localized
in space. Mathematically, the force from a pair of balanced counter propagating laser

beams of orthogonal polarization is

E I/ Isat

Fry = +hk 21
o 211 1/ Tour + 400 T (ko — ) 2/ T2 215)
where B determines the Zeeman shift under the magnetic field B and
_ 8effHBdB
B = P (2.16)
where g,r is the effective Lande g factor. So the total force on the atoms is
Fnot = Fop — Fou
= —av— %x (2.17)
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Clearly, along with the frictional force, the atoms experience a harmonic restoring force
with the spring constant of a/k. This process simultaneously traps and cools the
atoms leading to a localized cold ensemble of neutral atoms which is very convenient
and useful for a variety of experiments. The remarkable point about this process is
that the same magnetic coil pair can be used for cooling and trapping different atomic
species simultaneously. As far as the alkali atoms are concerned, the ji.B interaction
depends on the moment of the outermost electron and B which is same for all the
atoms. The efficiency of the cooling and trapping process in a MOT for different species
is thus different only because of mass of the atom and the selected optical transition.
This provides a versatile platform for the study of interactions of neutral atomic species

at low temperature.

24 Wave equation and its solution

Let us start with the vacuum wave equation which determines the propagation of any

electromagnetic(EM) wave E(r, t) in the free space.

1 9% -

V2E(r,t) = S3E() (2.18)

This equation has infinite number solution. The plane wave and the spherical wave solu-
tions are two of specific relevance and widely known.

Here we consider scalar electric field with explicit time dependence as
E(7,t) = eEop(7)e! (2.19)

where € is the unit vector in the direction of the polarization. We also assume that the
propagation of the wave in space is paraxial so that the wavefront is normal to the

wave vector. For a wave propagating in the z direction,
¥(7) = u(x,y)e™ = u(rr,0)e™ (2.20)

where (x,y) and (rr,6) represents the orthogonal coordinates of a 2D Cartesian or

cylindrical coordinate system respectively. Inserting eq.(2.19) and eq.(2.20) into eq.(2.18)
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and neglecting the fast varying term of ¢ w.r.t z under the slowly varying approxima-
tion, we get

)
(V3 + 2ik=—)ip =0 (2.21)

where V2 is the transverse Laplacian and is given by

N
2 _ —_—— —
Vi=gat e (2.22)

Eq.(2.21) is known as transverse Helmholtz equation and governs the propagation of a
paraxial wave in space. The transverse Helmholtz equation has many solutions. De-
pending on the symmetry of the boundary conditions, polynomial solutions may exist.
These solutions are denoted as TEM,;, , where m and n are the order of the polynomi-
als in the corresponding transverse coordinates. The fundamental mode TE My for a

regular symmetric boundary condition is given by [36]

2 2

— Mexp[_sz(z)] X explikz — itan—l(zz_o)] X exp[ikZ;T(z)] (2.23)

where Ej is the electric field amplitude constant. The light is assumed to be monochro-
matic of wavelength A. The beam waist is defined as the minimum beam radius and is
given by

wy = \/Azo/ 7 (2.24)
The Rayleigh length z is the distance from the waist, along k, where the area of the
beam is double than that of at the waist. This parameter depends exclusively on the
geometry of the boundary conditions. The beam radius and the radius of curvature of the

beam at a distance z is given respectively as

w(z) = wor/1+ (z/20)? (2.25)

R(z) = z[1+ (z/2)% (2.26)

The first part of ¢ in eq.(2.23) provides information about the electric field amplitude.
wo/w(z) gives the decay of the electric field on the axis (r7 = 0) with propagation.
At a given z, the electric field amplitude away from the axis is given by the factor
exp[—r7?/w?(z)]. The second part is the longitudinal phase factor, on the axis, ac-

quired with propagation. exp(ikz) is the phase factor due to plane wave propagation.

16



Due to structural deviation from the plane wave, the Gaussian wave acquires an addi-
tional phase, given by tan—!(z/zy) over propagation. This phase is called Gouy phase
and monotonically increases with propagation. The last part exp[ikrr?/2R(z)] repre-

sents the radial phase factor arising from deviation from the axis of propagation.

Higher order modes

The structure of the higher order modes depends on the symmetry of the boundary
condition on the radial plane. For x — y symmetry, the solutions are in terms of Hermite
polynomial and the higher order modes of this Hermite - Gaussian beams are given

as [37]

w(z) 7| w(z)

p(r) = 2, [ﬁ] H, [%] exp [—wz—z)]
xexp [ikz —i(m+n+ 1)tan1(;—0)} X exp [ik%ﬁz)] (2.27)

where m and n are the orders of the polynomials along x and y directions respectively.
Similarly a boundary condition with cylindrical symmetry leads to the higher order

Laguerre - Gaussian beams which can be represented as [37]

xexp |ikz —i(m+ 2n + 1)tan_1(i) x exp |ik o (2.28)
20 ZR(Z)

2.5 Fabry-Perot cavity

2.5.1 Plane mirror cavity

We consider the simplest type of cavity, the plane mirror cavity consisting of two plane
mirrors placed parallel, facing each other. The EM wave inside the cavity forms stand-
ing wave by multiple reflection from the two mirrors. For a monochromatic plane

wave of frequency v (wavevector k), the criteria to form the standing wave is that the
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Figure 2.5: A plane mirror cavity consisting two plane mirrors separated by a distance d. When
the resonance condition (given in eq.(2.29) is satisfied, the electric field forms a standing wave

in the resonator so that the input light can transmit through the cavity.

total round trip phase will be integer multiply of 27t.

2kd = 2mg
cq
or,v; = o (2.29)

where g is any integer and d is the distance between the two mirrors. So, for a light,
scanning in frequency, as input to the cavity, whenever this resonance criteria is sat-
isfied, light gets coupled out of the cavity. The difference in frequency between two

peaks is called the Free Spectral Range (FSR) and is given by

C
FSR = - (2.30)

where c is the speed of light in free space. FSR is the inverse of the time taken by a
photon for a complete round trip of the cavity. Ideally for a pair of perfectly reflect-
ing mirrors, the cavity resonance peaks are delta function. But in practice, the finite
reflectivity of the mirrors and several other loss mechanisms of the photons from the
cavity (e.g. absorption and scattering of photons by the mirrors) leads to broadening
of the peak. Assuming the photon losses are caused by only transmission through the

mirrors, the full width at half maximum (FWHM) of the peaks are given as
AVigeqs = FSR/F (2.31)

where F is the finesse of the cavity and is determined by the reflectivity of the mirrors

rm as [36]
/T m

Fideal = (2-32)

1_rm
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F /27 is the number of round trip a photon executes before leaving the cavity. Hence

the lifetime of a photon inside the cavity is given by

F 1

27(FSR) ~ 2mAv (2.33)

Tp —

2.5.2 Cavity with concave mirrors

Now we consider a Fabry-Perot cavity consisting of concave mirrors with their re-
flective concave surface facing each other. Because of the geometry of the boundary
conditions imposed of the EM field inside by the concave mirrors, the modes survive
inside have much more complex structure than simple plane wave. Initially we con-
sider only the fundamental mode TE M.

We consider symmetric Fabry-Perot cavity where the mirrors are of equal radius of
curvature R. The separation between the mirrors are d. The primary criteria for the
mode to survive within the cavity is that the radius of curvature of the beam should
match to that of the mirror at the concave reflecting surface. This constraint on the
geometrical structure of the mode, defines the Rayleigh length for the TEMgy mode
as [36]

d [2|R]
2

il | (2.34)

zZ0 = p

And the corresponding beam waist as

~/Ad (2[R /2

Once the structure of the beam inside the cavity is defined, the resonance condition

can be found out by equating total round trip phase to integer multiple of 27t. For a
Gaussian beam, in addition to the plane wave phase factor, the Gouy phase makes the

resonance condition different from the plane wave. The new resonance condition is

2ng = 2kgd — (tan_l (%> — tan™! <ﬂ>)
20 20

B 27tv,d 1 d
= c — 2cos (1—W> (2.36)
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Figure 2.6: The figure shows a Fabry-Perot cavity consisting of two concave mirrors of radius
of curvature R separated by a distance d. A schematic of the fundamental mode supported by

the cavity is also shown.

so that the new resonance frequencies are
|
v; = FSR g+ —cos (1—-4d/|R]|) (2.37)

The point to note here is that although the resonance frequencies changes, the separa-

tion between two fundamental modes are still ¢/2d i.e. FSR.

Resonance condition for higher order modes

Similar to the fundamental TEMyy mode, for the other higher order transverse modes
also the Rayleigh length and the waist of the beam is determined by the radius of
curvature of the two mirrors and their separation. The resonance condition for the
TEM, can then be calculated in the similar way and the resonance frequencies for the

TEM;,» mode is given as

1+m+n
Uq,m,n :FSR (q+%

cos (1 — d/\R|)) (2.38)
one must notice that the modes TEM,;,,,, and TEM;,,, are degenerate if m; +n; =
my + ny. Let us take m +n = N. The separation between the ¢'th and the (g + 1)'th
transverse mode of N’th order is the FSR. The separation between the N'th and the
(N + 1)'th transverse mode within the same longitudinal manifold (same ) is given
as [37]

_ FSR 4 d
Avy = Tcos <1 — W) (2.39)
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2.5.3 Practical cavity

In the physical realization of an optical cavity, other than the loss of photons from the
cavity due to the finite reflectivity of the mirrors, there are additional loss channels, for
example the absorption and scattering of the photons from the mirrors. The effective
FWHM of the peak reflects the total loss rate of the photons. The FSR does not change.
So its more convenient to describe the systems in terms of loss rates. We assume both
the mirrors to be identical and introduce the photon loss rate «x;;, due to finite reflectivity
'm as

We also introduce «, as the loss rate due to all other process. So that the total loss rate

k is the sum of loss of photons from both the mirrors and the additional loss x,.
K = 2Ky + K, (2.41)

We assume that the cavity length is tuned such that the resonance frequency for
a particular mode is w. which satisfies the relation given in eq.(2.37). We define the
laser-cavity detuning as

AC — wc - C(JZ (2.42)

where wj is the frequency of the laser interrogating the cavity. In this case the steady

state transmittivity 7 and reflectivity R of the cavity can written as [38]

E;y, K2 + Ag
Ev > 42
= |22 = 2.43
T Ein K2 + Ag ( )

Eiy, Ere and Ey, are the electric field amplitude of the input, reflected and transmitted
light from the cavity respectively. The peak in the transmitted profile and the dip in the
reflected profile of a scanning laser input to a cavity is determined by eq.(2.43). Note

that both have a Lorenzian profile and the new FWHM of the peak/dip is

Av = 2x/27 (2.44)
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So the new finesse can be defined as
F = FSR/Av (2.45)

This finesse can be experimentally measured for an empty cavity by measuring the
transmitted/ reflected intensity profile for a scanning (in frequency) laser input to
the cavity. The frequency difference between two fundamental modes gives the FSR
whereas the FWHM of the particular peak measures the Av. The ratio gives the exper-

imental value of the finesse.

2.6 Atom cavity interaction

In section 2.2 we have discussed the interaction of atom with a classical EM wave. In
this section we will discuss the interaction of the atoms with a quantized EM field.
Inside the cavity, the EM field that can survive, is determined by the boundary con-
ditions imposed by the mirrors. Here we describe the interaction of the atom with a
single quantized EM mode within the cavity.

When an atom is placed within the EM mode of a cavity, the system can be described
in terms of three parameters. The photon leak rate from the cavity 2« (as described
in the earlier section), the spontaneous emission decay rate of the atoms into the free
space 27y = I' and the atom cavity coupling g(r). When the atoms cavity coupling g(r)
is larger than the other two loss mechanisms of photons from the cavity, an oscilla-
tory energy exchange takes place between the atoms and the cavity field in a timescale
much faster than the lifetime of the photon in the cavity. This regime is called as the

strong coupling regime and has very interesting features which will be described below.

2.6.1 Single atom interacting with a single EM mode

We consider a single atom interacting with a single mode of the EM field inside the
cavity. The system can be described within the Jaynes-Cumming picture. The total
Hamiltonian is

HZHA+HF—|-HAF (2.46)
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H 4 is the atomic part of the Hamiltonian is given by eq.(2.1).
Hy = hwegle) (e| (2.47)
A is the photon-field part of the Hamiltonian and is given as
Hr = hwed'a = hwhy, (2.48)

where a' and a are the photon creation and annihilation operators respectively. i, is
the number operator and expectation value of 71, gives the number of photons in the
cavity mode.

H 4 is the atom-field interaction Hamiltonian and is given by

Har = —j.E(r) (2.49)
ji being the atomic dipole moment operator [32] and

i =0t +0) (2.50)

where ji is the expectation value of the dipole operator between the atomic states |e)
and |g) and is assumed to be real [32]. The single mode of the quantized EM field in

the cavity can be written as
E(r) = Eogeyp(7)(a +a") (2.51)

€ is the polarization direction of the field. ¢(7) is the spacial profile of the EM mode
in the cavity and is determined by the boundary conditions. For TEMyy mode the
expression for §(7) is given in eq.(2.23). Vi is the effective mode volume of the cavity

and given as
Vew = [ lg(r) P’ (2.52)
Ey is the electric field amplitude. Zero point energy of the field mode at resonance

frequency w; is hw./2. Normalizing the electric field energy €0Eo?Vep with the zero

hew,
En = 2.53
0=/ SeaVont (2.53)
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So the atom-cavity coupling Hamiltonian takes the form of

Har = —jlE(r)
E

= hg(r)(o+o%)(a+a") (2.54)

1
§0) = —Eofi&p(r)

= =\ 3 RE(r)
N 2h€0VCM‘u' ¢

= goyp(r) (2.55)

Qo is the single atom-cavity coupling strength for an atom that is placed on a anti-node
at the center of the cavity. From eq.(2.54), by dropping the energy non conserving

terms oa and o'a’, we get the final form of the atom-field coupling Hamiltonian
Har = hg(r)(67a + oa") (2.56)

We further assume that the atom is positioned at the center of the cavity and placed
on the antinode EM mode so that position dependence of coupling strength is avoided

and g(r) — go. The total Hamiltonian then takes the form of
H = hwegle) (e + hwea'a + higo(6a + oa') (2.57)

This is the famous Jaynes-Cumming Hamiltonian [39] that determines the dynamics of
the two level atom-cavity coupled system. The first part of H4r represents absorption
of a photon from the cavity mode by the atom which takes it from the ground state to
the excited state. The second part represents emission of a photon by the excited atom
into the cavity mode, resulting a ground state atom and an extra photon in the cavity
mode.

Now we treat the problem in a new Hilbert space which is a product of the atomic and
photonic Hilbert space. We define |g, 1, + 1) = |g) ® |1, 4+ 1) and |e,n,) = |e) @ |np)

as the dressed states where the atom is in its ground state with 7, + 1 photons in the
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cavity mode and atom is in its excited state with 7, photons in the cavity mode. The
states |g, 1, + 1) and |e, 1) are the eigenstates of the atomic and photonic Hamiltonian

H4 + Hp.

(Hp —|—Hp)|g,np—|—1> = hwc(np +1)|g,np—|—1>

(Ha + Hp)le,np) = (hweg +hweny)le, np) (2.58)

Clearly the sates |g, 7, + 1) and |e, 1) are degenerate if w. = weq ie. the cavity is
resonant with the atomic transition. The atom-cavity coupling part of the Hamiltonian
lifts the degeneracy of these states and the states |g, 7, + 1) and |e, 1) are no longer
the eigenstates of the total Hamiltonian. The new eigenstates and the eigenenergies

can be obtained by diagonalizing the total Hamiltonian [33].

AIEy) = hwy|Ey)

Q”p +
with,
N ficweq
Hlg,0) = —=lg,0)
O, = 4g0°(np +1) + A (2.60)

,0) is the lowest state of the system. ), is the n, photon Rabi frequency of the
8 y p p P q y

oscillation of the system between the new eigenstates which are given as

|Ey) = sinby,le,np) + cosby,|g, ny 4 1)
|E,) = cosOn,le,np) —sindy,|g,np+1) (2.61)

where,

2g0/Np +1

tanb,, =
np Qi’lp - AC

The states |E;) and |E, ) are called the dressed states. 6,, is the mixing angle. An
elementary excitation of the system in its ground state |g,0) carries the system to the

states |Ey ) and |E; ) separated by 20}y = 2gy when A, = 0. The corresponding excita-

tion spectra shows a double peak structure separated by 2g¢. This phenomena is called
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Figure 2.7: The schematic diagram explains the atom-cavity strong coupling in dressed state
picture. The states |e,0) and |g,1) are nearly degenerate in absence of the atom-field cou-
pling Hamiltonian Hsp. The coupling lifts the degeneracy and the new eigenstates (|e,0) +
|g,1))/v/2and (|e,0) — |g,1))/+/2 are separated in energy by 2go.

vacuum Rabi splitting or normal mode splitting. The new eigenstates are

ED = 5 (0 +g1)
E5) = %(\e,o>—|g,1>> (2.62)

Fig.2.7 schematically explains the splitting of the degenerate states in presence of the
coupling. Vacuum Rabi splitting for single two level system strongly coupled to cavity
has been demonstrated over a wide variety of system ranging from single atom [40],

quantum dot [41] to superconducting qubit [42].

2.6.2 Multiple atoms interacting with a single EM mode

Now we consider the interaction of multiple atoms with a single EM mode of the cavity.
This case was studied and the exact solutions were provided by Tavis and Cumming
[12,13]. The Hamiltonian can be written as
N Ne
Hy, = ) _ hweglej) (ej| + hiweata + ) hgo(crfa + chaJr) (2.63)
=1 =1
We restrict ourselves within the lowest levels of the system which consists of N atoms
in its ground state and one photon in the cavity mode. The photon can be absorbed

by any one of these N, atoms going to the excited state, leaving no photon in the field
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and remaining N, — 1 atoms in the ground state. The unperturbed states then can be

written as

g DN = lg)lg)-lg)-lgn)ID)
Ne¢
e,0)y, = ﬁv_cjzl|g1>|g1>...\e]->...|ch>|o> (2.64)

The coupling part of the Hamiltonian connects these two states and the expectation

value can be obtained as

N Nc
N (1] gon Y (ca+ajat) |e,0)y, = (igo/VND) Y (8;,1] (efa+oja") |e;,0)
j=1 j=1
= hgo\/ NC = thC (265)

So when N number of atoms collectively couple to the cavity, the degeneracy is again
lifted and the energy separation between the two states are 2iigy, which is reflected
in the double peak structure of the emission spectrum. The important thing to notice
here is that the collective coupling strength ¢y, is /N times higher than the single
atom coupling strength. So even if in a system the single atom cavity coupling is not
large enough to achieve strong coupling, a collective strong coupling can be easily
achieved by simply increasing the number of atoms coupled to the cavity mode. In
the experiment presented in this thesis we have used this phenomena which will be
described later. Collective strong coupling of atoms to a single mode of cavity has

been observed in a variety of experimental systems [43—45].

2.6.3 Effect of photon loss

So far we have discussed about the atom- cavity strong coupling in a loss less cavity.
The degeneracy of the dressed stated are lifted in presence of a strong coupling which
is reflected in a double peak structure of the excitation spectra. Ideally these peaks are
delta function. Practically, the photon loss from the cavity leads to broadening of the
lines. There are two principle mechanisms for the broadening: the photon loss through
the cavity mirrors and the photon loss by spontaneous emission of the atoms into the

quasi continuum. The rates for these processes are given by 2x and 2+ respectively.
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The reflection and transmission spectra from of an empty cavity is given in eq.(2.43).
In presence of a near resonant medium, the modified reflectivity and transmitivity are

given as [38]

E;, K2 + Aéz
E; | 42
T = ’E_m _ WmAg (2.66)

where the effective detuning A’ and the modified photon loss rate «” from the system

are given as

I 2 Y
K = K+ g Ncm
A

Clearly due to the structure of A, in the denominator, for a large value of g, both

reflectivity and transmittivity will have double peak structure now.

2.7 Ion trap

Earnshaw’s theorem states that ”A charged particle can not be maintained in sta-
ble equilibrium solely by electrostatic forces”. However techniques exist to confine
charged particles without violating Earnshaw’s theorem. For example, a Paul trap [46]
uses time varying electric field in combination with a DC electrostatic field to dynam-
ically trap the ions in space. A Penning [47,48] trap uses an axial magnetic field su-
perposed on a quadrupole electric field to trap the ions. In our experiment we have
designed our ion trap based on a quadrupole Paul trap geometry. Below we provide a

basic understanding of the working principle of a quadrupole Paul trap.

2.7.1 Paul trap

An ideal Paul trap consist of a ring with a hyperbolic inner surface and a pair of end-

caps. A combination of an oscillating electric field on the ring and a DC electric field on
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the endcap electrodes provides the confining potential. Electric field of peak voltage
Vo, oscillating at radio frequency ),y = 27tv, ¢ in combination with the DC field Up on
the endcaps creates the trapping potential of the form [10]

Uy + VocosQ,ft

¢(x,y,2) = ¥ (222 — x* — ), (2.68)
0
7,2
dy = 50 + 23 (2.69)

where rg is the smallest inner radius of the ring electrode and 2zj is the minimum
separation of the endcaps. In practice, for traps with non-hyperbolic electrodes, ry and
zo defines the distance from the center of the trap upto which the form of the potential
is pure quadrupolar. The equation of motion of a particle of charge Q and mass mj,,

in the potential is then

X— Uy + VocosQ),et)x = 0
miond%( f )
j — Uy + VocosQ),. ¢t =0
Y miond(z)( 0+ VocosOiyt)y
. 20
Z+ o (Uo + VocosQst)x = 0 (2.70)
iont(

we use the notation u; for the spatial coordinates so that u; = x, up = y and u3z = z.

We also define the parameters

o 4QUy
ay =a, = mlond%fo
o 20W
== T mlondéﬂgf

~8QUy
T 22
Tont( rf
_ 40V
T T adiCZ,
Q, ¢t
| 2.71)

2
In terms of these dimensionless parameters the ion equation of motion can be reduced

to three uncoupled Mathieu type differential equations.

du; |
> + (aj — 2qjc05(27)) u; = 0,j = 1,2,3 (2.72)
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Depending on the combination of the parameters a; and g; these equations have stable,
bounded or unstable, unbounded solutions. The region in which the combination of 4;
and g; provides a stable solution is called the “stability region” of the trap.

The stable solution of the Mathieu equation is of the form [49]
u(t) =n(r)et* (2.73)

where 77(7) is a 7 periodic function and represents the rapid oscillation of the ion in-
side the trap, namely micromotion, driven by the trapping RF field. The other term
represents the slower secular motion of the ion in the trap under the time averaged
trapping potential. u is a parameter that depends on a and 4. For an ideal Paul trap,

the secular motion resonance frequencies are given by

where 7 is the order of the resonance. The fundamental resonance frequency is at n =
0. Under adiabatic approximation (2,9 << 1) the parameter B can be approximated
as [10]

B~ a+q*/2 (2.75)

2.7.2 Modified spherical Paul trap

In our experiment we have used the basic geometry of a quadrupole Paul trap and
modified the geometry according to the experimental needs and geometrical constraints.
The electrodes consist of four thin tungsten wires wound in square shape geometry. An
RF voltage in the inner pair of wires in combination with a DC voltage on the outer pair
of wire provides the trapping potential. Because of the non-standard geometry, the po-
tential can not be fitted with a pure quadrupolar form. As a result, analytical solution
of the Mathiew equation is not possible. Hence in our study of the ion trap, most of the

parameters of the ion trap are determined either experimentally or from simulation
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where the equation of motion of the ion is solved numerically in the exact potential
due to all the electrodes present in the setup. Near the trap center the potential can be
approximated to be harmonic so that the ions can be trapped. As one goes away from
the center, the anharmonicity increases. If an ion encounters the anharmonic part of
the potential, it gets immediately ejected out of the trap. Fig.2.8 shows the projection

of the secular motion and micromotion of a trapped 85RbT ion.
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Figure 2.8: The projection of the motion of the ion on the x axis (a) and z axis (b) in our trap is
shown. The lower frequency secular motion is modulated by the higher frequency micromo-

tion.

2.8 Discussion

In this chapter we have discussed in detail the underlying physics of the experiments
described in this thesis. We have discussed about the cooling and trapping of atoms,
the fundamentals of Fabry-Perot cavity, strong coupling of the atomic ensemble with
the cavity mode and finally the basic physics of quadrupole Paul trap. The understand-
ing of the systems allows us to design and built the hybrid apparatus that combines

these techniques and perform the experiments in a comprehensive way.
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CHAPTER 3

The experimental apparatus

3.1 Overview

The hybrid apparatus that enables simultaneous and spatially overlapped trapping of
atoms, ions and molecules within a Fabry-Perot cavity, relies on various crucial estab-
lished techniques described in the prervious chapter. In this chapter we will discuss in
detail the design and construction of the apparatus. The diverse experimental needs
and geometrical constraints arising from the symmetry of the individual traps make
this a very involved and complicated process. We first explain the requirements and
constraints of the design and then describe step by step the construction and assem-
bling of the apparatus. Finally we provide the details of the lasers and the optical

arrangement that has been used for the experiments described in this thesis.

3.2 Requirements of the apparatus

3.2.1 Experimental requirements

The primary experimental requirement of the apparatus is to have spatially overlap-
ping traps of the atoms, ions and molecules, which can be operated simultaneously,
minimally effecting each others performances, yet allowing the species to interact. Be-

low we discuss the points we have considered for designing the hybrid apparatus.

Combination of ion trap and MOT

A magneto optical trap (MOT) simultaneously traps and cools atomic ensemble. The
cooling is done by momentum transfer from photons to atoms as discussed in chapter

2. Three counter-propagating pairs of orthogonal red detuned laser beams cools the
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atomic ensemble in all six directions whereas a gradient magnetic field from a pair
of anti-Helmholtz coil, combined with the laser beams (Fig.3.1), provide the position

dependent force which cools and localize the atoms.

E))

o,

G,

C.

Figure 3.1: The schematic of an experimental arrangement for MOT. Three orthogonal pairs of
counter-propagating beams of opposite circular polarization, with the gradient magnetic field
provided by the pair of coils in anti-Helmholtz configuration, cools and localize the atomic

ensemble at the intersection of the beams.

For trapping ions, the two most widely used techniques are Penning trap and Paul Trap.
A Penning trap uses a combination of DC electric field and a magnetic field to confine
the motion of ions in radial and axial directions. The typical magnetic field used for
a Penning trap is few Tesla whereas the magnetic field gradient required for a MOT
is few tens of Gauss/cm. The field of a Penning trap would cause non-linearities in
the Zeeman shift of the atoms and is therefore unsuitable for ion traps which are to
be combined with a MOT. In a Paul trap, the motion of the ion is confined using a
combination of RF and a DC voltage at the endcaps which makes it a better choice
for a hybrid trap. At the time of designing this instrument, it was already shown
that the relatively weak magnetic field gradient used for MOT do not visibly effect

the performance of the Paul trap [4]. In our experiment we use ~ 22 Gauss/cm of
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magnetic field gradient for the MOT and ~ 80V, 500 kHz of RF for the Paul trap.

MOT in a cavity

The cooling and localization of atomic ensemble in MOT relies on the fact that the
spontaneous emission of the photons from the atoms have no preferred direction and
hence happens at all 47t directions with equal probability. A presence of a near resonant
cavity around changes the rate of emission in the direction of the cavity. In a very high
tinesse cavity this change of scattering rate can result in significant perturbation in the
MOT, resulting in its destruction. We choose a moderate finesse Fabry-Perot cavity
(finesse ~ 2400) so that the formation of the MOT is not compromised yet a collective
strong coupling can be achieved. The moderate finesse also allows to develop enough
intra-cavity intensity. This situation allows one to use the cavity as versatile tool for

resonant or off-resonant interrogation of the species within.

Creation and trapping of molecules

Direct laser cooling of diatomic molecules is challenging and no general prescription
exist due to absence of closed transition and closely spaced large number of energy
levels. So one usually creates cold diatomic molecules from cold atomic ensemble.
Photoassociation and the utilization of a Feshbach resonance are two popular tech-
niques. The Feshbach resonance technique often requires high magnetic field which
does not allow coexistence of a MOT as a source of atoms. In our experiment we
choose Photoassociation, which requires only far red detuned (few tens of GHz) in-
tense laser light, as the technique for production of cold diatomic molecules. Trapping
of neutral molecules is another challenging task. The cavity allows us to think about
the possibility of creation and trapping (by optical dipole force) of molecules within the
mode. Multispecies experiment provides the opportunity of creating polar molecules
which can be electrostatically or dipole trapped. But in that case the ion trap can not

be operated simultaneously.

34



3.2.2 Practical constraints for combining the trap

Every trap comes with its own geometry and symmetry. While designing a hybrid ap-
paratus, we have to take care to maintain the symmetries of the corresponding traps
and combine them. Another requirement is to have large optical access to the center
of the trapping region. MOT itself requires 3 orthogonal pairs of beams for formation.
Every type of optical interrogation or light collection requires optical access. Further-
more the cavity requires an input and an output optical port. The last, but not the least,
one requires enough feed-through for electrical connections. The connecting conduc-
tors must be positioned such that they do not interfere with the operation of the trap.
Altogether the challenge in designing lies in combining the traps with their natural ge-
ometric symmetries, with large optical access to the center and accommodating enough
feedthrough with minimal stray field.

In principle, all the experiments described so far would also be possible with a seg-
mented linear Paul trap with an axial cavity. But the problem lies in axial extraction
of the ions for detection due to presence of the cavity mirrors. To solve this problem
we have designed and constructed a Modified Spherical Paul trap (MSIT) in which the
electrodes consist of thin tungsten wires of 80ym diameter. The ions can be radially
extracted onto a CEM for detection. Further the same electrodes can be used to ap-
ply high DC electric fields or gradient electric fields for alignment or trapping of polar
molecules [50]. So one needs the electrodes to be close to the center to obtain high elec-
tric field at the center, but without obstructing the MOT laser beams. Hence the choice
of thin wires which do not create significant shadow at the trapping region. Also one
gets large optical access to the center. Tungsten can also withstand very high energy of
laser pulse making it the choice of element for electrode in our experiment. The whole
experimental design resulted in a spherical hexadecagon vacuum chamber with 16 ra-

dial and 2 axial viewports that allows enough optical and electrical access.

Below we describe in detail the designing and building of the apparatus step by
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step.

3.3 The Vacuum system

3.3.1 The main chamber

The core of the apparatus is situated inside a stainless steel (55304) spherical hex-
adecagon chamber (Kimball physics Inc: MCF600-SphHexadecagon-F2A16). A schematic
of the core is given in Fig.3.2 and Fig.3.3. The chamber has 16 CF16 and 2 CF100 ports,
which allows sufficient optical and electrical access. The central electrode assembly
has 4 stainless steel rods of 3 mm diameter held in a quadrupolar configuration, with
center to center distance of 17 mm. The rod assembly is arranged symmetrically about
the chamber diameter that runs through the center of two of the 16, CF16 ports of the
chamber. The rods are electrically isolated as well as mechanically supported by two
Macor®(machinable ceramic) plates of 3mm and 6mm thickness. The plates are 32 mm
in diameter and has a central hole of 7.7 mm diameter for optical access to the cavity
whose mirrors are mounted symmetrically on the Macor®support. A semi-circular
section is cut off from the sides of the plates so that the laser beams for the MOT can
pass through without any obstruction. Two highly reflective concave mirrors are used
to form the Fabry-Perot cavity. The mirrors are 12.5 mm in diameter and 6 mm thick.
The concave surface has radius of 50 mm. On the thicker plate, one of the cavity mir-
rors is fixed, by means of Torrseal, such that the concave side is facing the center of the
chamber. On the other plate, a 3 mm thick ring piezoelectric transducer (pzt) is first
attached so that the pzt is concentric with the hole in the plate. Then the other cavity
mirror is attached on the pzt with TorrSeal. The highly reflective concave surfaces, fac-
ing each other, forms the Fabry-Perot cavity. The pzt can be used to scan the length of
the cavity by several FSR of the cavity.

The Macor plates are attached to the chamber wall by means of groove-grabbers
(Kimball Physics: MCF600-GrvGrb-C01). Each plate is attached to a pair of stainless

steel (SS) groove-grabber (top and bottom) by means of four screws. With two of the
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Figure 3.2: The main chamber (False colored): A 3D impression of the main chamber of the
apparatus. The four-wire ion trap is shown wound around the white ceramic sleeves. The
mirrors (blue) forming the Fabry-Perot cavity are attached to the Macor plates (white) of pzt
(golden) which are then mounted on the chamber by means of groove grabber (pink). The SS
rods (violet) provides support to the structure as well as used for ion extraction. The CEM

(black) for the detection of the extracted ions is also shown.

screws, SS spacers are used to define the position of the Macor plates w.r.t. the chamber
wall. The other two screws are used without spacers so that they can be used to provide
a slight tilt, if required for the cavity alignment, to the mirror attached to the plate.

Periodically grooved Macor sleeves are attached to the SS rods at the center of the
chamber. The v’ shaped grooves are 100um in depth and are placed 1.5mm apart.
Around these sleeves, four 80um tungsten wires are tightly wound in identical square
configuration, separated by 1.5 mm, 3 mm and 1.5 mm respectively. The wires goes
into the grooves and sits firmly so that the square structure does not distort with time.
These four wires forms the modified spherical Paul trap for the apparatus. Another
set of Macor sleeves are attached to the SS rods in front of the 3mm Macor plate. A
pair of 80um tungsten wires are wound around these sleeves. The first wire is wound
in square configuration, similar to that of the ion trap. The second wire is wound in

a criss-crossed configuration. The wires are placed at a distance 11 mm and 12.5 mm
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Figure 3.3: The main chamber: Top view of the main chamber. Crucial components are

marked.

respectively from the 3 mm Macor plate. Details of the wire winding geometry are
discussed later in this chapter. These wires protect the ion trap from the pzt voltage

and plays crucial role in ion extraction process as will be discussed later.

Feedthroughs and electrical connections

There are two 10 pin (Kurt J Lesker, 2 kV, 10 A) and one 4 pin (Kurt J Lesker, 5 kV, 15 A)
electrical feed-through (FT) directly attached to the chamber as can be seen in Fig.3.3.
The 4 pin FT is used to provide electrical connections to the electrodes as well as to
the pzt. The pins of the FT are separated using hollow glass beads. The electrodes are
connected to the FT using bare copper wires. One side of a set of 1.5 mm thick copper
wires are flattened using a hydraulic press and a tiny hole is drilled through. A M1.6

screw can go through the hole. These wires are used to carry the electrical connections
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very near to the MSIT and then the tungsten wires are attached to it using the M1.6
nuts and bolts. The specialty of the copper wires are that they are flexible enough to
bent arbitrarily but rigid enough to carry its own weight without any support. Also
bare copper has reasonable UHV property, which makes it an ideal choice to use for
electrical connections inside the chamber. The copper wires providing connections to
the MSIT, are bent and placed in the shadow region behind the SS rods in such a man-
ner that the voltage applied on them are screened from the trap by the SS rods. A set
of specially designed copper beads are used to attach the copper wires to the FT. The
copper beads have an off-axis through hole along with two radially threaded M2 holes
on two end to connect the FT and the copper wires on two ends. It is also slotted axi-
ally to provide air-relief. The slots are also used to attach the dispensers which sources
the atoms for our experiments.

Detail of the mechanical drawings of the crucial components of the apparatus are pro-

vided in the appendix.

Metal vapor dispensers

The apparatus is designed for the study of multi-species interactions. Naturally one
requires sources of the corresponding metal vapors to be inside the chamber. As a
source of metal vapors, we use dispensers that contains alkali metal salt. When heated,
usually by passing few Amps of current through it, metal vapor is emitted out of the
dispenser. In our apparatus we have used one 10 pin FT to connect 6 of these metal
vapor dispensers. The copper beads with slots, mentioned earlier, were used to attach
the dispensers directly onto the FT. The dispensers are mounted in such a way that
the opening slot is facing towards the central trapping region. A list of the dispensers

mounted are given in Table 3.1.

3.3.2 Channel Electron Multiplier

A channel electron multiplier (CEM) is used as an ion detector in this experiment. The

CEM (Dr. Sjuts: KBL10RS) has a opening cone of 10 mm diameter for accepting the
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Table 3.1: List of alkali metal vapor dispensers installed.

Species Isotopes Make Number
Rubidium % Rb(72.2%), 8 Rb(27.8%)  Saes 2
Potassium 40K (8.4%), 3K Alvatec 2
Cesium 133Cs Saes 1
Calcium 40Ca(99.9%) Alvatec 1

Figure 3.4: Mounted CEM: Side, back and front view of the CEM mounted in the aluminum

box with the shielding grid in front is shown.

ions. It is mounted 44 mm away (cone position) from the trap center, facing the trap,
transverse to the cavity axis, in front of a CF16 viewport (Fig.3.3). The CEM is housed
in a grounded aluminum box to shield the field due to the high voltage applied on it.
Also a homemade copper wire mesh is mounted on the aluminum box, in front of the
CEM cone to protect the ion trap from the high voltage on the CEM cone. The CEM
with the aluminum box and the grid is shown in Fig.3.4 . The aluminum housing along
with the mesh is mounted on the chamber wall by means of a groove grabber. A 4 pin
FT is attached to a CF40 - CF16 conical reducer nipple and the nipple is attached to
the port. Bare copper wires, insulated by glass beads, are used to provide electrical

connections from the FT to the CEM.
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Figure 3.5: The vacuum system The image shows side and top view of the assembled vacuum

system.

3.3.3 Pumps and Gauge

The chamber, along with the conical nipple for the CEM, is attached with a CF40 four
way cross using another conical reducer nipple of similar dimensions. The arm oppo-
site to the chamber is connected with a ion pump using a CF600 - CF40 zero length
reducer flange. The ion pump is from Varian (Vaclon Plus 919-1210) and has 40 1/s
pumping speed. A titanium sublimation pump, contained within a CF40 flanged tube,
is attached with the the top arm of the cross. The bottom arm of the cross is further
attached with a CF 40 "T” section. One arm of the T’ section contains a ion gauge (Var-
ian: UHV-24) for measuring the pressure inside the apparatus. On the other arm, an
all metal valve is attached which can connect or disconnect the apparatus with a turbo
molecular pump (Pfeiffer: TMU 071). A schematic of the assembled system is shown
in Fig.3.5.
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3.4 The assembling process

3.4.1 Making and aligning the Fabry-Perot cavity

The Fabry-Perot cavity is the most alignment sensitive part of the instrument. Also the
axis of the cavity should go through the center of the chamber and hence the center
of the hybrid trap. Thus it requires utmost care in assembling and alignment. In the
following we describe the step by step procedure of assembling it.
At first the cavity mirrors and the pzt are stuck to the Macor plates as described in
section 3.2.1. The pzt is vacuum compatible. But the connecting wires are coated with
Teflon, which is not. So the wires are carefully stripped off the Teflon. A dab of Torrseal
is applied on the connecting point of the wire and the pzt to ensure durability of the
connection. It also covers the surface of the connecting point to prevent any emission
which is not good for vacuum.
A laser, at 780 nm, from a Toptica DL100 laser system is used for the cavity alignment.
The spatial profile of the laser beam is cleaned up by passing it through a single mode
polarization maintaining (SMPM) fiber. We use a small focal length output coupler to
get a small output beam diameter which illuminates only a small part of the cavity mir-
ror. The chamber is mounted horizontally 30 cm above the optical table. Two Teflon
caps, with Imm hole at the center, are fitted tightly on two opposite CF16 viewports of
the chamber. The reference laser beam coming out of the fiber is carefully aligned, by
means of two beam steering mirrors, to pass through the tiny holes of the Teflon caps.
In this process we make the reference beam coincident with the diameter of the cham-
ber, and therefore ensure passage through the center. Now we have to build the cavity
w.r.t this reference beam so that the mode of the cavity will pass through the trap cen-
ter. A pair of apertures are installed outside the chamber on the reference beam path.
The mirror attached with the 6mm Macor plate is chosen as the rear mirror. The
plate is mounted on the chamber wall, in front the CF16 viewport, using the SS spacers

and groove grabbers. The plate is positioned such a way that the reference beam is
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Figure 3.6: Cavity mirror alignment principle: The image shows the laser beam reflected from

the front and the rear mirrors of the cavity and its impression on a pair of apertures positioned

on the path of the incoming beam.

incident more or less at the center of the concave surface. The reflection of the beam
from the concave surface will first focus within the chamber and then diverge and
propagate out of the chamber (Fig.3.6). The projection of the beam can be seen on the
aperture. The mirror is finely aligned, using the screws attaching the Macor plate to
the groove-grabber, so that the diverging beam is centered around both the apertures.
The plate is rigidly fixed in this position. Now we install the front mirror, along with
the pzt, in a similar way, facing the rear mirror. The four SS rod along with the Macor
sleeves, are secured in a manner which allows some play at the time of connecting
the macor plates. The reference beam will have two reflections from this mirror as
can be seen in Fig3.6. The reflection from the flat surface does not diverge and has
the same spot size as the incident beam. The reflection from the convex side (back
side of the concave plane) will diverge when propagating post reflection. The plate
is aligned, again using the screws attaching the Macor plate to the groove grabber, in
such a way that the reflection from the flat surface goes through both the apertures and
the diverging reflected beam from the convex surface is concentric with the apertures.
The Macor plate is rigidly tightened in this position and also the threads at the ends of
the four SS rods are gently tightened to provide a rigid mechanical coupling between
the two mirrors. This process ensures primary gross alignment of the cavity mirrors.

For finer alignment of the cavity, the beam coming out of the cavity through the
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Figure 3.7: Cavity alignment setup: The image shows setup for the cavity alignment. A Gaus-
sian shaped and collimated laser beam out of a SMPMF, scanning in frequency, is incident on
the cavity using two beam steering mirrors. The output of the cavity is divided in two parts.
One part is imaged on the CCD while the other part falls on a photodiode to measure the

intensity.

rear mirror is monitored while the laser is scanning in frequency. The beam is divided
using a non-polarizing beam splitter (NPBS) as shown in Fig.3.7. One part is picked
up by a photodiode and is monitored at a oscilloscope triggered by the laser scan. The
other part falls on a CCD camera to monitor the spatial profile of the mode. In the
camera, two bright spots originating from two mirrors can be seen. When the primary
alignment is done carefully, these two spots merge and gives rise to a bright single
spot. Several TEM spatial profiles (zeroth and higher orders), with visible distortion,
can be observed on the camera while the reference laser is scanning. Now the rear
mirror tilt is slightly adjusted, using the screws without the spacers, to get a radially
symmetric spatial profile of the beam. An iterative alignment is performed, using these
two screws, to ensure a good overlap of the spots as well as a radially symmetric beam
profile. When this condition is satisfied, a series of narrow peaks can be observed
on the photodiode signal, corresponding to the cavity resonances. A mode matching
lens (100 mm focal length, plano-convex) is placed outside the chamber, at a distance
100 mm from the center of the cavity. The lens is placed on a 3D translation stage. The
position of the lens is again adjusted by monitoring the spatial profile of the outcoupled

beam for radial symmetry. After successful mode matching, the relative strength on
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the TEMy mode increase significantly while the other higher order modes becomes

weaker.

3.4.2 Winding the ion trap

Macor Sleeve SS rod Macor Sleeve Macor Sleeve SS rod Macor Sleeve SS rod
l l ‘L“ 73
Tungsten
— ;
—_—> wire
Axial view of Radial Axial view of
Pzt shield view Ion trap

Figure 3.8: The schematic of the thin wire ion trap and the pzt shield: The image shows the

radial and axial view of the winding of the thin wire trap and the pzt shield.

The ion trap is constructed by winding 80uym tungsten wires, in square shape,
around the Macor sleeves as shown in Fig.3.8. The high elastic limit of tungsten and
fragility due to minimum thickness of the wire makes the winding and the connection
a difficult and delicate job. At first a mm graph paper is installed at the bottom of the
chamber as a reference. It is made sure that the SS rods are parallel to each other and
positioned correctly. The macor sleeves are stuck on the SS rod using Torrseal such
that the four grooves, on which the wires will be wound, are placed symmetrically
around the center. Once the Torrseal is dried, we start the winding. The wire is first
threaded into a needle. Then, starting from one corner, the wire is wound in square
shape around all the four sleeves so that it comes back to the sleeve we started from
(Fig.3.9). The front and back end is then pigtailed gently on the groove. A dab of
Torrseal is applied on the pigtailed part to prevent unwinding from mechanical strain.
All the four squares are wound in this way starting from one side. The open ends are
now connected to the one side flattened copper connectors using M2 nuts and bolts.

The grid in front of the pzt is also wound in a similar way. But this time the winding
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is criss-crossed geometry to shield the pzt voltage. The process of winding may cause
some deformation in the cavity. So the cavity fine tuned once again by adjusting the
rear mirror angle and monitoring the radial symmetry. At the end, the CEM with the

housing and wire mesh is installed as described in section 3.3.2.
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connecting FT

Figure 3.9: The thin wire ion trap: The image shows the thin wire trap after winding and

connection. The pzt voltage shield electrode is also shown.

3.5 Bakeout and achieving UHV

After the mounting process is complete, all the CF 16 viewports as well as the top and
bottom CF 100 viewports are closed using torque wrench. The sealed chamber is now
attached with the remaining part of the vacuum system, which is already built on the
table, as shown in Fig.3.5. For achieving UHYV, at first step we run the turbo pump for
a week and achieved ~ 3 x 1078 mBar of pressure. After this a very slow and low
temperature bake-out of the whole system is performed by wrapping it with heating
tape and aluminum foil. The temperature was raised to ~ 110 degree centigrade over
24 hours, held at that temperature for 48 hours and then slowly lowered to the room
temperature for 24 hours. This allows the surface adsorbed water vapor to be pumped
out. Thermocouple sensors were attached at different parts of the system to ensure a

uniform temperature across the entire vacuum system. The slow bakeout was required
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Figure 3.10: The assembled main chamber: A photograph of the main chamber with all the

components mounted is shown. The crucial parts are marked.

to prevent any misalignment of the cavity and the wire trap. During the lowering of
the temperature, we start the ion pump and in the end, the Ti-Sublimation pump was
fired with 50 Amp, for 30 seconds. In this process, we achieved a vacuum of 5 x 10711

mBar.

3.6 Magnetic coils

We use a pair of coils in anti-Helmholtz configuration to create the gradient magnetic
tield required for the MOT. The coils are 40 mm in diameter and has 100 turns each.
The coils are wound using 1.2 mm copper wire around a copper former. The copper
formers with the coils are mounted on brass plates, which sit on the CF 100 viewports
of the chamber. Both the copper structures and the brass plates are slotted to prevent
the flow of eddy current. In our experiment we pass 5 Amps of current through the
coils to obtain a magnetic field gradient of 22 G/cm at the center of the trap. At the
bottom of each coil, a set of 8 ultraviolet LEDs, in an annular printed circuit board

(PCB) is attached. The PCB is insulated from the copper coil by thin annular strip
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of Teflon. The PCB, mounted on the coil structure with the brass plate is shown in
Fig.3.11(a). The LEDs can be used to perform light induced atomic disorption (LIAD)
of the Rb atoms physisorbed on the glass surface. This is useful to cleanup the glass
surfaces, especially the reflecting surface of the cavity mirrors, at regular intervals.
LIAD can also be used to create low velocity atomic vapor in the chamber, from which

the MOT can be loaded. The spectral profile of the LED is shown in Fig.3.11(b)
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Figure 3.11: (a) The UV LED s mounted at the bottom of a magnetic coil is shown. The remov-
able Teflon piece attached at the center of the coil is used to align the MOT laser beams w.r.t. the
coils. (b) The experimentally measured spectral profile ( red dots) of the LED . A Gaussian fit
(green line) on the regular part of the data yields a central wavelength of 403.4 nm and FWHM
of 13.2 nm.

3.7 Lasers

For the experiments performed for the work of this thesis, we have used four external
cavity diode lasers (ECDL) [51]. Detail of the design of these homebuilt ECDL can be
found in ref. [52]. In the following we describe the detailed optical arrangement of

these lasers.

3.71 Cooling laser

The cooling laser is a home-built ECDL with a Thorlabs:DL7140 laser diode installed.

The temperature, current and the cavity length is tuned so that it scans across ®Rb
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5512 (F = 3) <> 5P;, atomic transition. The laser can be actively stabilized (locked)
to a frequency, red detuned to the 551/, (F = 3) <> 5P3,, (F/ = 4) transition, using a
PID and Pound-Drever-Hall (PDH) combination.

The detail of the optical arrangement is given in Fig.3.12(a). The light out of the
laser is first shaped using an anamorphic prism pair and then passed through a 40 dB
isolator to prevent optical feedback to the laser. Post isolator, the beam is divided into
two parts. One part is frequency shifted for red detuned locking of the laser using
a pair of AOMs. The frequency of the laser, before and after the frequency shifting,
is monitored using saturation absorption spectroscopy (SAS) setup. The first AOM,
Al(Isomet:1206C), shifts the frequency by 2 x 110 MHz in double pass in +1st order.
The second AOM, A2(Isomet:1205C), shifts the frequency by —2 x 90 MHz in double
pass in -1st order. So in combination, these two AOM provides a frequency shift of
+50MHz. In this process, the 1st cross over of the frequency shifted SAS lies ~ 12
MH?z red detuned w.r.t the unshifted 55,5, (F = 3) <> 5P/, (F' = 4) peak which is
the cooling transition. Hence locking the laser on the first crossover of the shifted SAS
ensures the cooling laser to be locked at a frequency ~ 12 MHz red detuned w.r.t the
5515 (F = 3) <> 5P3/, (F' = 4) closed transition.

The other part of the beam with the bulk of the laser power is injected into a tapered
amplifier (TA). The output of the TA, after an isolator, is coupled into a single mode
polarization maintaining fiber (SMPMF). The output coupler of the SMPMF is chosen
to have a small focal length aspheric lens to have a small diameter Gaussian beam
out. This is passed through another 80 MHz AOM, A3 (Isomet). The zeroth order is
coupled to another SMPMF which carries the light to the experiment table. This AOM
is used to control the intensity of the cooling laser. When the AOM is switched on with
maximum RF power, most of the laser power is shifted to the first order. The remaining
power in the zeroth order also fails to couple to the SMPMF as the spatial mode profile
is not Gaussian anymore and propagation through SMPMF extinguishes it. This gives
very high fidelity switching of the cooling laser beam. The RF power to the AOM can

be varied to achieve a analog modulation of the cooling laser power.
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3.7.2 Repumper laser

The repumper laser for the MOT is a Toptica DL100 laser system. It is locked to the
551/5 (F = 2) <> 5P3/, (F' = 3) atomic transition during the operation of the exper-
iment. The detail of the optical arrangement is given in Fig.3.12(b). The beam out of
the laser is first passed through an APP and isolator and then divided into two parts.
One part is double passed through a 200 MHz AOM, A5(AA optics: MT200-A0.5-800)
and coupled to a SMPMF which carries the laser to the experiment table. The AOM A5
is used to completely extinguish or modulate the intensity of the laser beam delivered
to the experiment. The MOT can survive even with very low repumper laser intensity
(few tens of micro-watt is enough). Hence this double pass arrangement is required to
completely cut off the laser beam. The other part of the laser is double passed through a
similar 200 MHz AOM, A4 (AA optics: MT200-A0.5-800) to ensure the same frequency
shift as the part going to the experiment. The frequency is monitored in a SAS setup.
The laser can be locked on the above mentioned atomic transition based on the signal

from PD3 using a PID-PDH combination.

3.7.3 Cavity laser

The cavity laser is a homebuilt ECDL with a Thorlabs:DL7140 laser diode in it. The
laser is tuned to scan across the 8°Rb5S; /, (F = 3) <+ 5Pz, atomic transition. The op-
tical arrange is very similar to that of the repumper laser, as can be seen in Fig.3.13(a).
After APP and isolator, the beam is divided in two parts. Both the parts are frequency
shifted by same amount (2 x 200 MHz) by double passing through similar AOMs A6
and A7 (AA optics: MT200-A0.5-800). One part of the frequency shifted laser is moni-
tored in a SAS and the signal from PD4 can be used to lock the laser on desired atomic
transition. The other frequency shifted part is passed through an isolator and then
coupled to a SMPMF which carries the laser to the experiment table. The isolator is
required to prevent optical feedback from the cavity. This AOM A7 is used to control
the cavity laser intensity. Between the AOM set up and the SMPME, another SAS set
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Figure 3.12: The laser setup: Schematic of the optical setup for the cooling (a) and the re-
pumper (b) laser is shown. The abbreviations are explained. APP: Anamorphoic prism pair,
ISO: Optical isolator, PBS: Polarizing beam splitter, NPBS: Non Polarizing beam splitter, TA:
Tapered Amplifier, M: Plane mirror, CM: Concave mirror, LC: Plano-concave lens, LA: Plano-
convex lens, L/2: Half wave plate, L/4: Quarter wave plate, NDF: Neutral density filter, A:
Accousto optic modulator, SMPMEF: Single mode polarization maintaining fiber, Rb: Rubidium

reference cell, PD: Photo diode.
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Figure 3.13: The laser setup: Schematic of the optical setup for the cavity (a) and the Photoas-
sociating (b) laser is shown. The abbreviations are explained. APP: Anamorphic prism pair,
ISO: Optical isolator, PBS: Polarizing beam splitter, NPBS: Non Polarizing beam splitter, TA:
Tapered Amplifier, M: Plane mirror, CM: Concave mirror, LC: Plano-concave lens, LA: Plano-
convex lens, L/2: Half wave plate, L/4: Quarter wave plate, NDF: Neutral density filter, A:

Accousto optic modulator, SMPMEF: Single mode polarization maintaining fiber, Rb: Rubidium

reference cell, PD: Photo diode.
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up is installed to actively monitor the frequency of the laser going to the experiment

table.

3.7.4 Photoassociation laser

The Photoassociation (PA) laser is also a homebuilt ECDL with a Thorlabs:DL7140 laser
diode in it. The laser is tuned to ~ 60GHz red detuned from the Rb5S, /, (F = 3) «»
5P;/, transition. The laser has a very wide mode hop free scanning range of ~ 10GHz.
The optical arrangement is shown in Fig.3.13(b). The output of the laser is passed
through APP and isolator and then divided into two parts. One part is coupled to a
SMPMF which is connected to a wavelength meter (High Finesse: WS6) to monitor the
wavelength of the scanning laser. Other part is injected into a tapered laser amplifier
(Toptica BoosTA) which provides 1W output power. The BoosTA is accompanied by
two optical isolators, at input and output end, to avoid feedback. A part of the out-
put from the BoosTA is coupled to a SMPMF which transports the laser light to the

experiment table.

3.8 Discussion

In this chapter we have discussed in detail the design and construction of the hybrid
apparatus. With the requirements of the apparatus in mind and the constraints arising
from combining the traps and the cavity, we have established the platform in which the
interaction of multiple species can be studied. We have also discussed about the lasers
and the optical arrangements that have been used for the experiments described in this
thesis. The experiments performed in the hybrid apparatus to establish its credibility

will be discussed in the following chapters of the thesis.
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CHAPTER 4

Strong coupling of cold atoms to cavity

41 Overview

We now turn our focus to the coupling of atoms to the Fabry-Perot cavity and therefore
accessing the QED regime of atom-photon interactions. We will characterize the Fabry-
Perot cavity, the MOT of 85Rb atoms formed within the cavity and study the coupling
of the laser cooled atoms with the TEMyy mode of the cavity. The finesse of the cav-
ity is insufficient to couple individual atoms strongly to the cavity mode. However, a
fraction of the atoms in the MOT can couple collectively to the cavity to achieve strong
coupling. Vacuum Rabi splitting is demonstrated as an experimental manifestation of
atom-cavity strong coupling, and its variation with an effective number of atoms (N¢)
coupled to the cavity mode is shown. The system is studied for a closed two-level
case as well as with open three-level atomic systems. In both cases the results agree
well with the Tavis-Cummings model. This allows one to reliably determine number
of atoms effectively coupled to the cavity from experimentally measured VRS. We use
this to determine the temperature of the MOT. The significance of such a measure-
ment and its utility as a general technique for the study of interactions in multispecies

experiments will be discussed.

4.2 Magneto optical trap of >°Rb atoms.

4.2.1 Rubidium energy level

In the second chapter of this thesis we have discussed the principle of a MOT for a
simple two level atom with ground state F = 0 and excited state F/ = 1. Rubidium is

a group 1 element with atomic number 37. 8°Rb has a nuclear spin of % The energy
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level diagram for the relevant (to the expt) 8Rb 55; /2 <+ 5P3,, D2 atomic transition

is shown in Fig.4.1. 551 ,,(F = 3) <> 5P3,(F' = 4) is a closed (within dipole approx-
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Figure 4.1: Energy level diagram relevant to 8°Rb D2 transition

imation) and strong transition, so is chosen for the cooling cycle. Our cooling laser
is locked ~ 12MHz (2I') red detuned from the atomic resonance. Due to off-resonant
pumping from the tail of the Lorenzian frequency distribution of the cooling laser light
and quadrupole allowed decay transition from the F = 4 excited state, a very weak
transition to the F = 2 ground hyperfine state is active. The result of this atom ac-
cumulation in the F = 2 ground state is that within a short time interval the entire
population transfers to the F = 2 ground and the cooling stops. To operate the MOT
in steady state, a mechanism to transfer the atoms to the F = 3 ground state is required.
This is achieved with the help of another laser, namely the repumper laser. This laser
is locked on the 557 /5 (F = 2) <+ 5P5,(F' = 3) transition. So the atoms are repumped
back by dipole allowed decay from the 5P;,,(F' = 3) to 551,5(F’ = 3) ground state
and reenters the cooling cycle. Switching off the cooling or the repumper for a short

duration, that is for which the atoms hardly moves but the internal state populations
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completely modify due to the transitions, allows us to transfer the entire population in

one of the ground states.

Reduction to a two level system

The inhomogeneous magnetic field applied causes Zeeman splitting of both ground
and excited hyperfine levels (denoted by quantum number F). The ground F = 3 state
splits into 7 Zeeman sublevels, denoted by quantum number mp, ranging from mp =
—3tomp = +3 while the F’ = 4 excited state splits into 9 m s states ranging from mp =
—4 to mpr = +4. Dipole transition between different mr levels are allowed if Amp =
0,41, —1 which can be accessed by 7,0+, 0~ polarized light respectively when the
angular momentum conservation is satisfied. Clearly, for a MOT, under the influence
of o+ and, o— light, all the atoms will eventually be transferred to the extreme mr
states and will cycle in the mr = —3 <+ mp = —4 or mr = 43 < mp = +4 states.
So the whole system reduces to an equivalent two level atomic system which can be
modeled easily so that the effective position dependent scattering force on 8°Rb atom

as given in eq.(2.17).

4.2.2 Formation and loading of the MOT

The 8 Rb MOT is formed using three mutually orthogonal pairs of counter propagat-
ing laser beams intersecting at the geometrical center of the vacuum chamber. The
wires of the ion trap is wound in a manner that the center is free from any shadow.
Also the thin wires do not create any significant diffraction pattern at the trapping
region. Each of the laser beams is ~ 8 mm in diameter and 2I' detuned from the
551 /2(F = 3) <> 5P3/5(F' = 4) transition, where T is the natural linewidth of the tran-
sition. The repumping light is on resonance with the 551, (F = 2) <> 5P3,(F' = 3)
transition and co-propagating with the cooling laser beams. The cooling and the re-
pumper lights are derived from two different lasers and mixed using a beam splitter.
Both the lasers are frequency referenced by saturation absorption spectroscopy (SAS)

and can be actively stabilized to a desired frequency by means of PID feedback to
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the ECDL cavity. The smoothed SAS signal is shown in Fig.4.2. Both the lasers goes
through AOM before being transferred to the experiment table (see section 3.7 for de-
tail). The driving RF power to the AOMs can be used to control the intensity of the
lasers at the experiment. A complete ON(OFF) of the RF power of the AOM in the

cooling (repumper) path leads to complete switch OFF (ON) on the experiment table.
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Figure 4.2: Saturation absorption spectroscopy of the cooling (a) and the repumper (b) laser.
The dipole allowed hyperfine transitions and the crossovers are marked with solid line. F;
represents the F = i <» F/ = j hyperfine transition. The dotted line shows the position where

the cooling laser is locked.

The magnetic field gradient is produced using a pair of coils in anti-Helmholtz con-
tiguration. Detail of the coils are provided in chapter 3. We use 5 Amps of current
through the coils to obtain a 22 G/cm of magnetic field gradient at the center of cham-
ber. This relatively high gradient magnetic field helps to create a compact but dense
MOT which is helpful to couple a larger fraction of the atomic ensemble to the cavity
mode.

The atoms are derived from a Rubidium getter source (SAES:Rb /NF / 4.8 / 17FT10+10).
When a few Amps of current is passed through it, the getter heats and emits hot atomic
vapor. The rate of emission depends on the current which is not linear. However at
any set value of getter current, the rate emission of atoms is very stable and repro-

ducible. The capture velocity for ®Rb atoms in our MOT configuration is 30 m/s.
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So only a very small fraction of the atoms emitted by the source are captured in the
MOT. The rest, in an equilibrium between the emission and pumping out rate, forms
the background vapor. Collision between the MOT atoms and the relatively high en-
ergy background vapor leads to loss of atoms from the MOT. An equilibrium between
the loading rate and the loss rate of atoms determines the total number of atoms in the

MOT. The dynamics of the loading process can be written as [53]

Npor(t) = Np(1—e 7mf)

L
= — (1—¢ Ymt 4.1
Ymi ( ‘ ) ( )

where Ny = # is the steady state atom number in the MOT. L is the loading rate of
the atoms in the MOT and 7, is the loss rate of atoms from the MOT. Fig.4.3 shows a
typical loading of the MOT. A fit of the presented data with eq.(4.1) yields MOT loading
rate L = 3.31 x 10° atoms/s and collisional loss rate 7,,; = 0.254/s corresponding to
a steady state atom number in the MOT, Ny = 1.3 x 10°. In our experiment, we vary
the total number of atoms in the MOT by changing the current through the dispenser

which changes the MOT loading rate too.
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Figure 4.3: Typical MOT loading: The red dots shows the experimental data. The dashed line
is a fit with eq.4.1 yielding MOT loading rate L = 3.31 x 10° atoms/s and collisional loss rate

Ym1 = 0.254/s corresponding to a steady state atom number in the MOT, Ny = 1.3 x 100.
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4.2.3 Imaging and atom number detection

The atoms participating in the cooling cycle scatters photons at a rate given by eq.(2.11)
in all 47t steradian. The photons, scattered in a given solid angle, are collected to
image the MOT as well as determine the number of atoms in the MOT. In addition
to the atomic fluorescence, the thin Tungsten wires of the ion trap also scatters some
light which creates a very noisy background for measurement. To eliminate this prob-
lem, we spatially filter the fluorescence of the MOT using a 2f-2f lens combination. A

schematic of the set up is shown in Fig.4.4.

SS Chamber
L1 Aperture L2 NPBS
MOT | >6MT1
Viewport ~ % CCDI
211 2f1 22 212

Figure 4.4: Schematic of the MOT detection scheme: The fluorescence is collected and spa-
tially filtered to eliminate background scattered light. The light is then divided into two parts
using non polarizing beam splitter (NPBS). One part goes to a photomultiplier tube (PMT) for
total atom number detection. Other part images the MOT onto a CCD camera to obtain the

spatial profile of the MOT.

The viewport of the chamber defines the solid angle of the light collection. The spa-
tially filtered light is then divided by a non-polarizing beam splitter. One component
is incident onto a CCD camera (Thorlabs: DCU224M), imaging the MOT. The other
component is incident onto a calibrated PMT (Hamamatsu Photonics:R636-10) which
returns a current value proportional to the incident light intensity. The photon flux,
scattered by the atoms in the MOT, is measured by the PMT. The small current signal
is then amplified by 10° times using a calibrated preamplifier (Hamamatsu Photonics:

C7319) and then terminated onto an oscilloscope to obtain a voltage proportional to the
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number of atoms in the MOT. Given the atom-photon scattering rate for the intensity
and detuning of the cooling laser, the total number of atoms in the MOT is determined.

Calibrated band pass filters (Thorlabs: FL780-10) are installed in front of both PMT and

3.2
l (10" e¢m?)

CCD camera in order to eliminate all the off-resonant light.
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Figure 4.5: Typical MOT profile: (a) False colored unsaturated image of a typical MOT. (b)
The MOT density profile. The Gaussian FWHM is 235um and peak number density is 3.2 X

1010/ cmi®

The camera images the MOT and provide information about the projection of the spa-
cial profile of the MOT in a plane perpendicular to the imaging axis. The spatial profile,
along with the total number of atoms captured in the MOT provides the density profile
of the MOT. We assume a symmetric 3D Gaussian MOT which is accurate to a certain
extent in our experiment. Fig.4.5 show a typical MOT and the density distribution. A
symmetric Gaussian fit on the spatial profile obtains the full width at half maximum
(FWHM) of 235 ym. Normalized Gaussian distribution with the fitted FWHM, mul-
tiplied by the total number of atoms captured in the MOT gives the number density
distribution p4(x,y, z) of the MOT.
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4.3 The Fabry-Perot cavity

The Fabry-Perot cavity consists of two mirrors with radius of curvature R = 50mm.
The mirrors are mounted (See chapter 3 for detail) symmetrically on both side of the
MOT at a separation of ~ 45 mm. A DC voltage can be applied to a ring pzt attached
to one of the mirrors to fine tune the length of the cavity. The axis of the cavity passes
through the center of the trapping region. The measured reflectivity 7, of each mirror

is 7, = 0.9997 at A = 780nm. Detail characterization of the cavity is given below.

4.3.1 Cavity characterization setup

To characterize the cavity, a probe laser beam scanning in frequency, is coupled into
the cavity by means of two beam steering mirrors. The setup is shown in Fig.4.6. The
beam is coming out of a SMPMF in order to clean up the spatial mode and have a pure
TEMyo mode at the input of the cavity. A half wave plate and polarizing beam splitter
(PBS) combination at the input provides control over the intensity of the input light as
well as ensures pure linear polarization. Output of the cavity is divided in two parts
using a NPBS. One part fall on a CCD camera to monitor the mode built within the
cavity. The other part fall on a photodiode which monitors the intensity of the light

coupled out of the cavity.

4.3.2 Coupling the probe laser to the cavity

The initial alignment for coupling is done by monitoring the light reflected back from
the cavity. The ray reflected from the plane surface of the input mirror should track
back the original ray and the diverging ray reflected from the convex (w.r.t the input
beam) surface of the mirror should also be coaxial. This can be achieved by a beam
walk using mirrors M1 and M2. At this stage, some mode should be visible at the CCD
camera while the probe laser is scanning. The coupling is further optimized in an it-
erative process by monitoring the higher order modes at the CCD camera. Using one

mirror the brightness of the mode is increased while using the other mirror the sym-
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Figure 4.6: Set up for cavity characterization: The TEMy, beam coming out of the SMPMF
is coupled into the cavity using a pair of beam steering mirrors (M1 and M2) and a mode
matching lens. A half wave plate and PBS combination controls the input light intensity. Light
coupled out of the cavity is divided into two parts. The intensity is measured in a photodiode

while the mode profile is monitored on a CCD camera.

metry of the mode is restored. After a few iterations one can obtain a bright symmetric
mode. At last the mode matching lens is placed on the path of the input beam just
before the cavity to ensure maximal light coupling to the desired TEMyy mode. We
use a 100 mm focal length achromatic doublet mounted on a 3D translation stage for
this purpose. The lens is positioned ~ 100mm from the center of the cavity. The x-y

position of the lens is again adjusted by looking at the symmetry of the mode.

4.3.3 Cavity linewidth and finesse

A typical spectrum of the cavity while the probe laser is scanning in frequency is shown
in Fig.4.7(a). The probe laser is frequency referenced by means of a SAS of Rubidium.
The separation between two TEMgy modes is measured to be 3.3 GHz. The linewidth
of the cavity, is measured by creating 20 MHz sidebands on the laser light coupled
into the cavity and detected in transmission as the cavity length is scanned (Fig.4.7(b)).
A series of these measurements permits the determination of the cavity linewidth at
this frequency as 1.4 £ (0.2) MHz, which corresponds to the finesse of ~ 2350 as per
eq.(2.45). The measured reflectivity of the mirrors are ~ 0.9997 which corresponds to

an ideal finesse of ~ 10500. The reduction in the measured value of finesse of our
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cavity can be attributed to the additional loss channels of the photons from the cavity
by scattering and absorption at the two mirrors and the fact that the laser used has a
linewidth of ~ 1 MHz. It must be noted that generation of side bands actually increases

the FWHM slightly. So what we measure is actually the lower bound of the finesse.
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Figure 4.7: Cavity transmission: (a) A full FSR scan is shown. After mode matching, the
dominant peaks are TEMyy. The next higher order transverse peak TEMy,+ is also shown.
Other higher order transverse modes appears due to aberration effect lifting the degeneracy of
the folded transverse modes. (b) 20 MHz sideband generated around the TEMyy peak. The

position of the sidebands are used as a frequency reference to measure the FWHM of the peak.

4.3.4 Cavity waist and mode volume

In order to determine the mode volume V() and the waist w, one needs to accurately
measure the length d of the cavity. The frequency spacing between a specific TEM,;;;,
and the next higher order transverse mode is given by

c _ d
Al/tr =Vmn — Vm,n+1 = ﬁ COSs 1 (]. — E) , (42)

where c/2d, the free spectral range (FSR) of the cavity is the frequency spacing between
two adjacent TEMyy modes. The exact length of the cavity is obtained by measuring
Avy, using the sideband technique, giving the precise value of d = 45.7 mm. The waist

of the TEM(y mode at the center is wy = 78um.
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4.4 Atom Cavity Interactions

When the cavity is loaded with near resonant atoms, the emission properties of the
atoms and the cavity gets modified in presence of each other [8,29]. Two regimes
of interest are (a) weak coupling and (b) strong coupling between the cavity and the
atoms. These regimes are categorized using three independent parameters, the free
space atomic spontaneous emission decay rate -y, the photon decay rate from the empty
cavity x, and the single atom cavity coupling go. In the weak coupling regime, when
¥ > go > k, the spontaneous emission rate of the atom into the cavity mode can be en-
hanced or inhibited depending on the system parameters. For a single atom, the strong
coupling regime is achieved when gy > (1, k) [39]. Here the atom cavity coupling lifts
the degeneracy in the atom photon dressed state manifold. This lifting of degeneracy
is detected, by measuring the near atomic resonance transmission profile, of the atom
cavity coupled system. A split in the transmission profile of 2gy is observed and identi-
tied as the vacuum Rabi split (VRS) [43,54,55]. When N¢ atoms collectively couple to a
single mode of the cavity, the coupling strength is enhanced by a factor of 1/N¢ and the
new eigenstates are separated by the effective coupling strength 2¢0+/Nc [44, 56,57].

In our experiment, the finesse of the cavity is not sufficient for achieving a single atom
-cavity strong coupling. However a fraction of the atoms can collectively couple to the
cavity mode to achieve strong coupling. Vacuum Rabi splitting is demonstrated as an

experimental manifestation of atom-cavity strong coupling.

4.41 Experimental setup

A schematic of the experimental setup is shown in Fig.4.8. The probe laser scanning in
frequency, comes out of a SMPMF and is coupled into the cavity by means of two beam
steering mirrors M1 and M2. A PBS along with a A /2 wave plate is used to control the
intensity of the probe laser as well to ensure a linear polarization. A neutral density
tilter (NDF) is used to further reduce the light intensity. A mode matching lens L3 is

placed 100 mm from the cavity center to match the spot size and radius of curvature of
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the input beam to that of the TEMyy mode of the cavity to ensure maximum coupling
of light to the TEMyy mode. A A/4 wave plate, with its axis oriented at +45° w.r.t to
the polarization of the input beam, can be placed just before the mode matching lens
to create circularly polarized light. The output light is divided into two parts. One
part goes to a calibrated PMT (PMT2) to measure the intensity of the output beam.
The other part is imaged onto a CCD camera to monitor the mode developed within
the cavity. The fluorescence from the MOT is collected using lens L1 and is spatially

filtered as shown in Fig.4.4 for atom number detection as well as monitor the spatial

profile.
To spatial L1 M1
filtering
VLLH_D—@D‘
PMT2 NPBS L/4 PBS L2
SMPM fiber
D < [I— 0 [
i X
MOT
FL Rear Front L3 NDF M2

CCD2 ! Mirror Mirror

Figure 4.8: The experimental setup: The MOT is formed at the center of the cavity. The probe
light is coupled into the cavity using a pair of beam steering mirrors (M1, M2) and a mode
matching lens (L3). Intensity of the input probe light is controlled using a NDF and a combina-
tion of half wave plate (L/2) and PBS. A quarter wave plate (L/4) controls the polarization of
the input beam. The transmitted probe light from the cavity is divided and detected by PMT2
and CCD2. Fluorescence light from the MOT atoms is collected on lens L1, spatially filtered (as
shown in Fig.4.4), and detected by the PMT1-CCD1 setup. Narrow band optical filter (FL) is

installed in the path in order to eliminate light of unwanted wavelength.

4.4.2 Alignment of MOT to the cavity

Alignment of the MOT center with the cavity axis is very crucial for this experiment.

By design, the cavity axis is supposed to pass through the center of the MOT. The po-
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sition of the MOT can be changed by adjusting the anti-Helmholtz coil pair. With basic
alignment, a fraction of the MOT fluorescence is coupled out of the cavity. The spatial
structure of the modes is monitored on CCD2. Fine alignment is achieved iteratively,
by maintaining radial symmetry of the higher order modes coupled out of the cavity as
well as the symmetric Gaussian spatial profile of the MOT (imaged on CCD1). Fig.4.9
shows the MOT fluorescence coupled out of the cavity at different modes when a good

alignment is achieved.

TEM,, TEM,, TEM,,-

Figure 4.9: The MOT fluorescence is coupled to the cavity if the resonance condition is satisfied.
When the MOT is well aligned w.r.t the cavity axis, radially symmetric modes (fundamental
and higher orders) can be observed on CCD2 as the cavity length is scanned. The images

shows few such modes imaged on CCD2.

It must be noted that the MOT density FWHM is much larger than the cavity waist.
Also the radius of curvature of the spherical wave front of the fluorescence do not
match exactly to that of the mirror at the reflecting surface. As a result, the spectral
degeneracy between several higher order transverse modes are broken. So if we scan
the cavity length while the MOT is fully loaded, a number of higher order transverse
modes apart from the TEMyy mode also gets excited and the spectra is quite dense.
Also with every peak in the cavity transmission, one observes a dip in the free space
MOT fluorescence collected by PMT2. This is due to enhanced spontaneous emission
of the atoms into the cavity mode by suppression of the free space emission rate. This
effect can be used to develop a cavity mediated frequency sensitive detection technique

for trapped molecules.
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4.4.3 Experimental procedure

Below we describe the experimental procedure to measure the VRS across all the dipole
allowed D2 atomic transitions (w,¢) from the F = 3 ground state. The relevant en-
ergy level diagram is shown in Fig.4.10. The MOT is first loaded to number satura-
tion. The cavity length is tuned so that it is resonant with one of the atomic transition
frequency wss 3332 corresponding to 551/, —5P;/5, F = 3 <> F/ = 4,3,2 (shorthand
notation: 3 — 4/,3’,2') transitions shown in Fig.4.10(a). The atoms are then optically
pumped by sequentially switching off the cooling and repumping lasers to create a
non-fluorescing atomic population in the 551/, (F = 3) atomic state. At first the cool-
ing laser is switched off, preparing the atoms in F = 3 state. The repumper laser
pumps the small fraction of atoms in the F = 2 state back to F = 3 state and then
switched off after 100 us. After another 100 us, the weak probe laser is turned on and
scanned across the relevant w,; within next 1ms. The experimental sequence is shown
in Fig.4.10(b). The transmitted light from the cavity is detected as illustrated in Fig.4.8.
The transmitted spectra shows a double peak structure around the atomic resonance
(as shown in inset of Fig.4.10(b)) when strong coupling is achieved. It is important to
note that the 3 — 4’ is a closed cycle transition but the 3 — 3’ and 3 — 2/ are not. When
these open transitions are being probed, no VRS is seen, unless the weak repumping

light is also kept on to recycle back the atoms to the 55, /,, F = 3 ground state.

4.4.4 Conditions for atom-cavity strong coupling

Condition for strong coupling for a single atom to a single mode of a cavity is

g0 > (7, %) [44,55]. The single atom-cavity coupling gy is written as [29,54],

12 way
= _ 4,
80 \ 2heoVem” #3)

where, y is the transition dipole matrix element between the participating states, wg; is
27t times the transition frequency, € is the permittivity of free space, i is the reduced

Planck’s constant and Vcy ~ mw3d/2 is the cavity mode volume. In our experiment,
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Figure 4.10: (a)The energy level diagram for °Rb relevant to the present experiment. The
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solid orange line shows the dipole allowed atomic transitions (w,;) connecting F = 3 ground
state. VRS is observed against one of these transitions. Cooling laser is ~ —2I" red detuned
from (ws4). The dashed blue line represent the repumping laser frequency. The dotted red
arrow represent the probe laser scanning across. (b) Timing sequence diagram illustrates the
procedure for measurement of the VRS on the F = 3 <+ F' = 4 transition. The cooling and
the repumper lasers are sequentially switched off at 100us interval to prepare the population
in F = 3 ground state. A weak probe laser scanning across w3y is then turned on for 1ms. The
transmitted spectra shows VRS (inset) during the measurement, the cavity is tuned to ws4. The
whole sequence is repeated at 12.5Hz. In the bottom figure, the solid trace shows a typical
VRS spectrum while the dashed trace exhibits a part of the Rb saturation absorption spectrum,

which serves as a frequency reference.

given the relatively large mode volume required by geometric constraints to accom-
modate the MOT, the single atom cavity coupling strength is too small to allow strong
coupling. However collective strong coupling can easily be achieved by increasing the
number of MOT atoms (N¢) coupled with the cavity mode as discussed in chapter 2
of this thesis. In this scenario, the separation between the new eigenstates is given
by [44,56,57],

VRS = 2g0+/Nc (4.4)

Depending on the strength of the dipole transition of the two participating states,

the minimum number of atoms required to achieve strong coupling changes. In the
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present experiment, the MOT gradient magnetic field is on throughout the experiment.
In this case the atomic dipoles of the cavity mode atoms will have projections along
all three directions depending on their positions. As a result, over the entire atomic
ensemble in the cavity mode, the probe light of any given input polarization can be
considered to have a nearly isotropic polarization, seen by the atomic dipoles. So we
utilize the transition dipole matrix for isotropically polarized light [58], in estimating
the theoretical value of go, using eq. (4.3). The calculated values for gg are 142 kHz, 93
kHz and 50 kHz corresponding to w34, w3z and ws; respectively. The typical N¢(~ 10%)
in the present setup is therefore sufficient to achieve a detectable strong coupling VRS,

for these transitions.

4.4.5 Experiments and Results

The number of atoms in the MOT is determined by measuring the fluorescence col-
lected on PMT1. The density profile of the MOT is determined by fitting a symmetric
Gaussian to the image of the MOT captured by CCD1. The fitted normalized Gaussian
distribution with the measured FWMH, multiplied by the total number of atoms cap-
tured in the MOT gives the number density distribution p4(x,y,z), of the MOT. The
tield distribution of the TEM(y mode of the cavity is given by [59],

X2 442

wuég) exp[— w2(zy) | sin(kz), (4.5)

W(x,y,z) =

where, £ is the cavity axis and w(z) is the width of the cavity mode at a distance z from
the cavity center. So the effective number of atoms coupled to the cavity mode is given
by

Ne = [ palx,y,2) ¥2(x,y,2) ddyz, (4.6)

where the integration volume, V > Vo1 the MOT volume.

The variation of VRS as a function of N¢, when the cavity length is tuned to the atomic
resonance (w,; ), is measured. In such a measurement only the 3 — 4’ transition is closed
and therefore is a two level system, whereas the 3 — 3’ 3 — 2/ transitions are open, al-

lowing the atom from the excited 3/,2’ state to decay to the 557 /,(F = 2) state, making
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Figure 4.11: (color online) (a) Typical experimentally observed VRS against the F = 3 <> F' =

4,3,2 atomic transitions. Panels (b), (c) and (d) illustrate VRS as a function of atom number

(Nc) in the cavity mode. Red discs, orange triangle, green square and blue circles represent

VRS across w34 with repumper on, wzs with repumper off, w33, and ws; transitions respectively.

The error bars are the statistical errors representing one standard deviation. The dashed lines

are the fits to each set of data by 2g9/Nc, from which the value of gg can be determined for

each transition. Data for linear polarization (LinP) (b), left circular polarization (LCP) (c), and

right circular polarization (RCP) (d), of the probe laser has been shown. Fit value and errors to

the fits have been summarized in the Table.4.1.
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these effectively three level systems. This then constitutes a loss channel from the ex-
cited state, and no VRS is detected in this case, unless this loss channel is plugged
by keeping the weak repumping light on. When this is done, VRS can be observed
around the 3 — 3,2’ transitions also. VRS measurements were made across 3 — 4’ tran-
sition with repumper on and off to compare the difference. These measurements are
illustrated in Fig. 4.11.

To measure the atom cavity coupling, the number of atoms in the cavity mode volume
is varied by changing the getter current in a systematic way. The variation in the atom
number is measured from the MOT fluorescence. The corresponding change in VRS is
shown in Fig. 4.11. Fit of the data by eqn. (4.4) measures the g¢ for each transition. The

results are given in Table. 4.1.

Table 4.1: Experimentally measured values of g, the atom—cavity coupling constant, for the
various cases of probe polarization and transitions considered. R and NR in parenthesis repre-
sents a measurement with repumping or no repumping respectively. The standard deviation

errors to the fits in Fig. 4.11 are shown for each measurement.

At.—Cav. LinP LCP RCP
Coupling (kHz) (kHz) (kHz)

2034(NR) 114+ (2.6) 124+ (29) 125+ (3.3)
80:34(R) 130+ (3.9) 141+ (3.2) 138+ (3.7)
g0:33(R) 97+ (21) 95+ (24) 94+ (1.8)

g0:32(R) 414+ (35) 31+(1.7) 31+(1.3)

Clearly, when repumping is off, the measured value of gy34 is lower than when the
repumping laser is on. This is attributed to a loss of atoms during the experiment, into
the F = 2 dark state. When the repumping laser is on, the atoms are pumped back

into the F = 3 ground state, and participate in atom-cavity coupling. For the gp.33 and

71



g0;32 measurements, the presence of the repumping light is a must. We also note that
the measured values of gy are mostly insensitive to the polarization state of the probe
light, as seen in Table. 4.1, and discussed earlier. For further measurements using VRS,
we use the experimental values of gy, as these will incorporate any birefringence due

to the cold trapped atoms and the cavity mirrors.

4.4.6 Temperature measurement of MOT using VRS

Having determined the experimental atom cavity coupling constants, we now use
them to measure the MOT temperature. Since the duration of the measurement is
long, the getter source is kept at a low current value, so that there is no build up of am-
bient vapor pressure during the experiment. This means working with a small MOT
and therefore smaller VRS. It also implies that the measurements needs to made across
ws34. The experimental sequence remains similar to the one described above, with one
exception. The time interval between the switching off of the cooling laser and the
probing of the cavity mode atoms, 7 is now varied. Once the cooling laser is turned
off, the cooling stops and the MOT undergoes ballistic expansion. The repumper laser
remains on throughout the experiment. As T increases, number density of the MOT
decreases and hence the number of atoms coupled to the cavity mode falls. The fall
of Nc with T can be probed from the measured VRS at different time intervals using
eqn. (4.4). This behavior is illustrated in Fig. 4.12. Under the reasonable assumption
that the expanding atom density distribution is Gaussian and symmetric, the ¢ for the
Gaussian density distribution can be found as a function of 7. For the ballistically
expanding cold cloud with initial temperature T the rate of expansion is given [60] as,

o?(1) = 0?(0) + kB—Trz, (4.7)

MRp

where kj is the Boltzmann constant and g, the mass of the 8Rb atom.

Fig. 4.13 shows experimentally measured ¢%(7) as a function of 72. The linear slope
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Figure 4.12: (color online) The fall in the VRS as a function of time interval 7. Due to the
systematic decrease in the N¢ after the cooling laser is cut, the VRS falls with increasing T.
The measurement is done across ws4 transition, with repumper on, for a MOT with low atom
number. Red square, green disk and blue circles represents data for LinP, LCP and RCP probe

laser respectively. The error bars represents the statistical errors in measurement.

on this plot is proportional to the temperature of the MOT (T107). We note that the in-
tercept 02(0) very accurately measures the initial spatial size of the MOT, emphasizing
the robustness of the time of flight measurement technique demonstrated here. The
experiment was performed across w34 with linearly polarized (LinP), left (LCP) and
right (RCP) circularly polarized probe laser, with the repumping light on. The MOT
temperatures obtained are given in Table. 4.2, along with the one-sigmas errors to the
respective fits. The combined temperature of the MOT obtained from all three polar-
ization states of the probe laser is Tyjor = 107.7 £+ 7.5 uK [14], which is reasonable for

the small MOT in the experiment.

4.4.7 Systematic errors

In addition to the statistical errors that has been stated, two sources of systematic errors
in this method for temperature determination are the gradient magnetic field and grav-

ity. It must be noted that the gradient magnetic field has not been turned off during
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Figure 4.13: (color online) The plot of the square of the width of the released distribution of
atoms as a function of the square of the time interval between the release and the measurement.
The slope of the linear fit gives the MOT temperature and the y intercept the initial size of the
MOT. Red square, green disk and blue circles represents data for LinP, LCP and RCP probe

laser respectively.

MOT expansion. The field causes acceleration/deceleration of the atoms depending
on their mF state and direction of velocity. The effect of the magnetic field on ¢?(7) is
~ + (vatar3), where a is the magnitude of acceleration/deceleration of the atom in the
magnetic field and v, is the initial atomic velocity. Maximum a4 in this case is ~ 15
m/s? leading to a worst case error ~ 9%, in the measurement of ¢?(7). In the cur-
rent experiment, where the potential energy of the atoms in the magnetic field is much
smaller than their kinetic energy, the contribution can be neglected. The effect of grav-
ity is to shift the center of the atomic cloud with time, causing the overlap of the MOT
and the cavity mode to reduce faster. The present experiment was performed for a
very small time of expansion so that the effect of gravity can be safely be neglected [61]
for the measured temperature limit. It is estimated that the error in the measurement
due to gravity would cause a maximum error of ~ 20 kHz in VRS for the maximum T,
which is well within the statistical error bars of the measured VRS, and is therefore not

corrected for.
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Table 4.2: Measured temperature of the cold atomic cloud for linear (LinP), left and right cir-
cularly polarized (LCP and RCP) probe light and the corresponding measured go value. One

standard deviation errors are shown for each temperature value.

Probe 20 Tmor

Polarization (kHz) (uK)

LinP 130 115+9.4
LCP 141 101 £5.7
RCP 138 107 £7.3

4.5 Discussion

MOT densities are low enough for the atoms to be non-interacting and there is little
contribution from any potential energy or interaction terms, in the present single MOT
experiment. Therefore the method does measure the temperature of the MOT. When
one considers loading cavities with mixtures of interacting cold species in their respec-
tive traps, the technique can be adapted to measure the inter-species interaction [62],
with minimal perturbation of the overall system. As an example one could use this
method for the determination of ion-atom interactions and atom temperature in mixed
ion-atom systems [3,5, 6,16, 63]. The fact that the measurement takes place within a
milli-second, allows for repeated and frequent measurement. Since a cavity supports
only a narrow band of frequency, it can be used to selectively interrogate the properties
of a specific species in atom mixture experiments, to be performed in the near future.
The demonstration that the atom-cavity system can be pushed into strong coupling
and this can be detected whether we probe on an open or a closed transition allows for
flexibility in detection. This is significant because in the presence of other fluorescing

atoms/ions, the frequency of the probe light for one set of atoms, might coincide with

75



resonant build up from fluorescing atoms/ions of the other species, in one of the many
transverse cavity modes, and saturate the detector. If several options are available for
interrogation, as demonstrated here, this problem can be avoided to a very good ex-
tent. For atom—cavity systems, this technique therefore represents a versatile method

for measurement of temperature and other properties of cold atomic ensembles.
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CHAPTER 5

Ion trap and ion-atom interaction

5.1 Overview

The study of atom-ion mixture in ion-neutral hybrid trap opens up the possibility of
studying interactions at collisional energy below 1eV. The ion induces dipole moment
on the atom which offers the study of relatively short range 1/7* type interactions.
A handful of experiments has been constructed and applications ranging from colli-
sion studies, few particle processes to ultracold chemistry have been experimentally
demonstrated in these experiments. In such trapped mixtures of ions and atoms, the
ion trap utilize linear Paul trap as it provides the large amount of optical access re-
quired. In our hybrid apparatus, we develop a modified quadrupolar Paul trap using
thin tungsten wire electrodes with large optical access such that it is geometrically con-
sistent with the requirements of the experiment. The design of this ion trap is inspired
by a configurationally similar wire trap for neutral cold polar molecules [20]. Further,
the precise design of the trap ensures the need for overlapping the trapped ion atom
mixture with the mode volume of the Fabry-Perot cavity, so that entirely new meth-
ods of manipulating and detecting the mixtures can be developed. In this chapter, we
demonstrate the operation of the ion trap, establish a mechanism for detection of the
trapped ions and characterize the trap both numerically and experimentally for 8 Rb*
ions. We also demonstrate the stabilization in the number of trapped ions when held
together with the cold atomic ensemble and attribute it to the sympathetic cooling of
the ion by the atoms. Finally we propose a method for cavity mediated detection of
the trapped ion and probing the ion-atom interaction for the study of mixed species

systems.
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5.2 The ion trap

The thin wire ion trap consists of 4 square-shaped loops of tungsten wires of diameter
80 um, separated by 1.5, 3 and 1.5 mm, respectively, and held taut by winding over
a scaffolding provided by four stainless steel rods in quadrupolar geometry (Fig.5.1).
Detail of the construction of the trap is given in chapter 3. The wires are electrically
isolated by the ceramic (Macor) spacers. The inner two wires are supplied with a time
varying radio-frequency (rf) voltage, and the outer wires are held at a constant DC
voltage with respect to the experimental ground. The rods around which the wires are
wound can themselves be biased in order to influence the position and trajectory of the

ions. These are normally kept at the ground potential while the trap is in operation.
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Figure 5.1: Side and axial view of the ion trap containing 4 square shaped tungsten wireloops
wound over four quadrupole rods A, B, C, and D. The outer pair of wires are biased with con-
stant voltage Vouter, and the inner pair of wires are biased with a time varying radio-frequency

voltage V,s at frequency (), y = 27tv,¢. All dimensions are in mm.

Another pair of tungsten wires are wound (not shown in the figure), in square and
criss-crossed configuration, around ceramic sleeves mounted on the SS rods in front of
the ceramic plate holding the cavity mirror attached to the ring pzt. The high voltage
on the pzt may effect the performance of the trap. The pair of square and criss-cross
wound tungsten wires are maintained at ground during the operation of the trap and

shields the pzt voltage from penetrating the center of the trap.
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5.3 Loading of ions

The 85Rb™ ions are created from the magneto optically trapped 85Rb atoms by res-
onant two photon ionization (TPI). The ionization potential (IP) of Rb atom is 4.18
eV [64]. The two photons for ionization here come from the MOT laser (1.59 eV) and
a blue laser (Toptica Ibeam smart A = 473 nm / 2.63 eV). Since the MOT cooling laser
is just slightly red detuned with respect to the atomic transition, 551 ,,(F = 3) <
5P;/5(F" = 4), the process is 1 + 1 resonant TPIL. The sum of the energy carried by the
red and blue photons is ~ 4.22 eV, slightly higher than the IP of the Rb atom. The
advantage of creating the ions in this method are twofold. First, the ions are created
at the center of trap, which implies that the loading process is predominantly insen-
sitive to the phase of the trapping voltage. Second, the ions are created almost at the
temperature of the MOT (~ few hundred microkelvin) as the recoil from the ejected
electron imparts a little momentum on the ion due to enormous mass ratio. Hence the
loading mechanism is very efficient and the daughter ions can easily be accumulated
in the ion trap. However, with the passage of time post ionization, the ions are sub-
jected to various heating mechanisms and therefore require a cooling mechanism to
continue remaining trapped. Later in this chapter we will show that the trapped ions
are sympathetically cooled, when held together with the parent cold atoms. This leads
to stabilization in trapped ion number and long lifetime of the ®Rb™ ions in the present

setup and opens up the possibility of further investigation like reactive chemistry.

5.4 Simulation and results

To find out a good operating region of the trap, extensive simulations were developed.
A specialized software SIMION™is used to create the potential profile due to all the
electrodes in the chamber. At a time, the potential due to unity voltage on a particu-
lar electrode, with all other electrodes at ground, is generated by solving the Laplace

equation. The potential arrays are then imported into Mathematica and added with
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appropriate weightage (which is the voltage on that electrode) to create a 3D matrix of

potential at space. So the total potential is given by

Viot(x,y,2,1) = Vrf(x, y,z)Cos(Qrft) + Vouter(%,¥,2) + Veem (X, Y, 2) + Vipesn (X, Y, 2)
(5.1)
Here Vicpp and Vg, are the voltages applied on the CEM and the wire mesh in front
of the CEM respectively. Fig.5.2 shows the potential on the radial and axial plane
passing through the center of the trap. The corresponding field can easily be obtained
by differentiating the potential w.r.t. the spatial co-ordinates. The equation of motion

of an ion is solved in that field in order to investigate the dynamics in the trap.

X (mm)

Figure 5.2: Potential profile in XY and XZ planes passing through the trap center. The spatial
extent of the stable trapping region is contained within the dashed line, the criterion for which

is discussed in section 5.9.
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5.4.1 Region of stability

To find out a stable region of operation for a given ion in the trap, we solve the equation

of motion of the ion given by

d?x 0
mIonW = _Qavtot(x/]// z, t)
d? 0
mIO?’ld_t]z/ = _Q@Vtot(x/yzzz t)
d*z 0
m[onﬁ = _QEWOt(x/y/Z/ t) (52)

Here mj,, is the mass of the ion and Q is the charge of the ion. We have always worked
with singly charged positive ions. For a given combination of V, 3 and Vjyter, a single
ion is evolved in the trap for 500 cycles and its position is monitored. If it goes beyond
a pre-defined volume within the specified number of cycles, we assume that the ion
is lost. If not, we assume it to be a stable operating voltage combination. The simu-
lation is performed for a combination of V,r and Vouter at (2, = 271 x 500 kHz. The
stable points of operation for the °Rb™ ion are shown in Fig.5.3(a). Similiar simula-
tion were performed for other possible lighter and heavier ions also at the same (), .
Fig.5.3(b) shows the boundary of the stable operating region. It is evident that there are
significant overlap in the stability region of multiple ionic species. This opens up the
possibility of simultaneous trapping of multiple ionic species and investigate complex

collisional physics.

5.4.2 Maximum trappable initial velocity

We also find out maximum initial velocity of the ion that is trappable in our ion trap by
a similar simulation. A single ion is loaded at the center of the trap with an assigned
initial velocity. Then the ion is evolved in the trap for 500 cycles by solving eq.(5.2)
the position is monitored to be inside a defined volume. If the ion goes beyond the
volume, we assume the ion to be lost and the initial velocity is high for trapping. In
Fig.5.4 we show the maximum inital trapping velocity as a function of the trapping

voltage Vis. The simulation was performed at €}, £ =27 x 500 kHz and V,,4er = —5 V.

81



(a) 100 (b) 200
el °
2 _100 %
2 £ -200
~° 200 3
|| -
-400 Rb*
-300 | e
-400 —600 .
0 50 100 150 200 250 300 0 100 200 300 400 500
Vii(v) Vrf (V)

Figure 5.3: (a)The region of stability for a single Rb™ ion in the trap for a combination of V,
and Vourer at v,¢ = 500 kHz. (b) The stability region for K*, Ca*, Rb* and Cs* is shown for

comparison
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Figure 5.4: Stability plots showing maximum trappable rms velocities of a single Rb™ ion as

function of V, for Vourer = =5V and v, = 500 kHz.

5.5 Trapping of ions

While the atoms are ionized, the trap should be operational to contain the ions. The
trapping potential is generated by applying a rf voltage (V) on the inner pair of wires.
This produces a time varying saddle between the radial and the axial directions, as
shown in Fig.5.2, providing an effective trapping potential for the ions. A DC voltage
on the outer pair of wires can be applied to modify the trap depth in the radial and axial
directions. Also, an asymmetric DC voltage combination can be used to translate the

ion trap center along the axis in order to have maximum overlap with the MOT atoms.
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A small DC voltage can also be applied on the SS rods to shift the trap center radially to
maximize over with the MOT. In our experiment, we have systematically maintained
equal voltages on the outer pair of wires and all the SS rods are grounded while the
trap is operational. The time varying rf signal is produced in a function generator
(Agilent: 33512B) and amplified using a wide band rf amplifier (Krohn-Hite: 7602M).
As the simulation suggest, the typical range of the parameters used for trapping ions
is 400kHz < v, F < 600kHz and 70V <V, § < 120V. The static voltage on the outer pair

of wires is in the range —15V < Vi1 < 10V

5.6 Detection of ions

5.6.1 Extraction of ions

The lack of accessible optical transition in Rb™ ion due to its closed shell structure
makes fluorescence detection impractical. In the present experimental setup, a CEM
(Dr. Sjuts KBL10RS) is used to detect the ions. Since the cavity and the ion trap share
the same axis, axial extraction of the ions is not possible as in ref. [4]. In this experi-
ment, the CEM is placed perpendicular to the cavity axis (along y-axis) at a distance
of 44.5mm from the trap center. The CEM is housed in a metallic box, and a mesh is
used in front of the cone to shield the high voltage from altering the ion trap potential.
The CEM cone is maintained at a voltage of -2.4 kV, and the mesh is biased at -120 V
for efficient extraction. The voltages on the CEM and the wire mesh is kept on even
during the operation of the trap. Simulation show that this has negligible effect on the
performance of the trap. The trapped ions are extracted toward the CEM by switching
the left side pair of the quadrupole rods, A and B, to +400 V and keeping the right side
pair of rods, C and D, at 0 V (Fig. 5.6). The switching of the extraction voltages on
the quadrupole rods is done using a Behlke™(HTS-31) high voltage switch. A simula-
tion, performed in SIMION™, of trapping and extraction of 100 non-interacting ions is
shown in Fig.5.6.

Due to design constraints, the drift length of the ions from the center of the trap to the
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CEM is much less compared to a typical mass spectrometer. So a large of ions arrives
within a very short duration of time. Once an ion has been detected by the CEM, if
a second ion arrives within the dead time (8ns) of the detector, then it can not be de-
tected. This pile up problem restricts the number of ions that can be reliably counted
to ~ 100/us. A partial solution to this problem is given in the following paragraph.
Fig.5.5 shows the number of ions detected by the CEM as a function of blue laser power.
The number initially increase and then saturates. But we can not conclude whether the

nature of saturation is due to the trap saturation or detector saturation.
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Figure 5.5: Number of ions detected at the CEM as a function of blue laser power. The satura-

tion might be due to pile up of ions at the detector or trap saturation.
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Figure 5.6: A simulation of (a) trapping and (b) extraction of 100 non-interacting ions are
shown. The ions are loaded at the trap center at zero initial velocity, evolved for 500 cycles
and then extracted onto the CEM. The typical voltage configuration on the electrodes for trap-

ping and extraction are shown.
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5.6.2 Dependence of extraction on the phase of trapping voltage

The extraction of the ions is performed while the trap is operational. +400 volt DC
on the pair of electrodes A and B, grounded pair of electrodes C and D, -120 volt on
the mesh and -2400 volt on the CEM creates a potential slope superimposed on the
effective trapping potential which drives the ions out of the trap and accelerates toward
the CEM. The field along the line of extraction (y axis in this case) is the resultant of the
extraction field and the instantaneous trapping rf field. Hence the field at any point
along this line varies in time at the rf frequency. As a result, the peak position and the
width of the TOF distribution is significantly affected by the phase of the trapping rf
tield at which the electrodes are switched on. A detail investigation on this work can
be found in ref. [17]. In our experiment, we choose the phase of extraction to be the one
with maximum width in TOF distribution. This occurs at phase ¢ = 7 of the Cosine
trapping rf voltage. The increase in the width of the TOF distribution reduces the pile
up at the detector. Fig.5.7(a) shows the real trapping V,r and the 400 volt extraction
pulse being switched on at phase ¢ = 7. The resultant TOF distribution of the Rb™
ions is shown in Fig.5.7(b).
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Figure 5.7: (a) The trapping V; and the 400 volt pulse for the extraction of the ions to the CEM
is shown. (b) shows a high density TOF ion signal from the CEM
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5.6.3 Counting ion number

To determine the number of ions extracted onto the CEM precisely, two schemes are
employed. These are the pulse counting and the integration mode. In the pulse count-
ing scheme, the arrival of the ion train on the CEM create a corresponding train of
current pulses as shown in Fig.5.7(b). These are converted into a voltage signal and
measured as 8ns wide negative irregular pulses with amplitudes ranging from a few
to several ten milli Volt per pulse. The pulse train is recorded in a digital storage oscil-
loscope (DSO) and then the number of pulses are counted using an appropriately set
discriminator level [4], in the post processing, of approximately 4 mV in the present
experiment. Negative peaks with amplitude greater than the discriminator level are
counted while the smaller peaks are discarded as noise. Since the data is recorded and
therefore always available, it allows for a variety of post processing. A drawback of
this scheme is the inability to identify pileup of ions which occurs due to the arrival
of more than one ion within the 8ns pulse width. The advantage is that a robust algo-
rithm for pulse counting allows data from several experimental runs to be analyzed in

a uniform manner.

In the integration mode, the CEM signal is fed into a low bandwidth amplifier with set
amplification factor and the output is recorded on a DSO. The area under the curve,
measured in V-us unit, and a proportionality is established to the number of ions de-
tected. Fig.5.8 shows the ratio of the number of ions counted in pulse counting mode
and the corresponding area under the curve in integration mode method as a function
of blue laser power. The calibration gives the constant of proportionality as 5.114-0.23
ions per Vus. It should be noted that this constant of proportionality is dependent on
the CEM bias voltage, the amplifier gain and cut-off frequency. This scheme potentially

allows higher ion count rates.
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Figure 5.8: Ratio of the number of ions counted in pulse counting mode and the corresponding
area under the curve in integration mode methods as a function of blue laser power. The solid
line show the established constant of proportionality. At low ion number limit (low BL power)
the integration mode gives a higher area due to the low bandwidth of the amplifier. It must be

noted that time of ionization for this plot is different than that of Fig.5.5.

5.7 Optimal trapping condition for Rb™

In this experiment, at a suitable rf frequency of operation (500 kHz), the optimal trap-
ping of the Rb™ ions rely on two parameters, V¢ and Vurer. Optimal trapping condi-
tions should ensure long lifetime of the ions and is experimentally determined in two
steps. In the first set of experiments the number of trapped ions is counted as a func-
tion of V, £- The experiments are repeated at different values of V,,tr as shown in Fig.
5.9(a). The shift in the trapping region with Vs, can be explained from the stability
diagram (Fig. 5.3). More negative values of V. increases the threshold and reduces
the range of V, for stable trap operation. The study allows us to choose V,f = =5V
as a good operating regime because it provides a trap depth close to maximum, with
a lower threshold and wide range of V,;. The high frequency cutoff of V, in this
experiment comes from the imperfection of the rf arising due to the gain-bandwidth
saturation of the amplifier. With the chosen value of V,,¢.r, the number of ions in the

trap, when held together with the cold atoms, is measured as a function of V,. Fig.
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5.9(b) shows the results for different holdtimes. For longer holdtime, the stable V,;
regime shrinks, allowing us to find out ~ 80 V as the most stable V, of operation for

the given trap parameters.
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Figure 5.9: Variation in number of trapped ions detected as a function of V,, at 500 kHz for
(a) different values of V,uir and (b) different trap hold time at V,usr = -5 V. All the above

measurements were done with the trapped ions overlapped with the cold Rb atoms in the

MOT.

5.8 The secular motion and motional resonances

The dynamical trapping of ions in a radio frequency trap leads to motion of the ion
that can be decomposed into micromotion and macromotion. The former is induced
by the driving rf field and has the same frequency as the driving field. The latter is
a slower orbital motion caused by the effective trapping potential. Experimental de-
termination of the macromotion frequencies is done by first trapping ions at the good
operating point established above and then applying a weak rf perturbation to the V, .
The trapped ions are held for 10 ms during which a low power rf voltage is mixed in
with the V, ¢ before the rf amplifier and applied to the inner wires. The perturbation,
scanning in frequency, when in resonance with the macromotion frequencies, results
in rapid heating of the ions leading to their ejection from the trap. Fig. 5.10 shows the
macromotion resonance spectrum of the Rb™ ions obtained at V, =80V, Vouter = =5

V and v,y = 500 kHz. Several resonances are identified as the fundamental, harmonic
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and sub-harmonic frequencies corresponding to the oscillation of the Rb™ ions. From
the excitation spectrum in Fig. 5.11, we find the resonance frequencies £, and f; to be

54 kHz and 43 kHz respectively.

The experimentally measured macromotion resonance frequencies are independently
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Figure 5.10: Motional resonance spectrum of trapped Rb™ ions measured at Vi =80V, Vouter =
—5V and v,s = 500kHz. The figure illustrates the variation in the ion counts as a function of the
excitation frequency, where each point represents the average of 20 measurements, comprising

a full cycle of ion creation, trapping, excitation and ion detection. The shaded area represents

the standard deviation error.

determined from simulations. Here, the equation of motion of a single ion is solved
for 5,000 cycles, in the potential obtained using SIMION™, for the optimized trap pa-
rameters. The position of the ion as a function of time is noted as it evolves in the
trap. The macro motion frequencies in radial and axial directions are found from the
power spectrum (Fig.5.11) of the particle trajectories in the corresponding directions.
The measured frequencies agree within a few percent with the macromotion frequen-

cies obtained from the ion trap simulations.
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Figure 5.11: Motional resonance spectrum of trapped Rb" ions obtained from simulation. The
radial and axial secular motion frequencies are identified. The small peak at 500 kHz cor-
respond to the micromotion frequency. The low frequency secular motion creates sidebands

around the high frequency micromotion.

5.9 Estimation of trap extent and trap depth

We determine the secular trap depth at the above optimized operating parameters by a
combination of simulation and experiment. In the simulation, we determine the maxi-
mum spatial displacement that an ion can be subjected to, with zero velocity, and still
be trapped. This distance along the x and y axes are found to be 4.2 mm and the dis-
placement is 3.0 mm along the z direction as shown in Fig. 5.12. This is consistent with
the potentials illustrated in Fig. 5.2. Substituting these values for maximal displace-

ment into the harmonic oscillator potential energy expression,

1
ux,z = Emlon (anx,zAx,z)Zr

where, 1y, is the mass of the Rb™ ion, Uy, is the maximum secular potential energy,
fxz is the experimentally determined secular frequencies and A, is the maximum
displacement in the x and z directions respectively, we obtain the secular trap depth.
On substitution, we find the secular trap depth is lower in the z direction and has a
value of U, = 0.46 eV, which can be regarded as a reliable upper bound on the trap

depth.
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Figure 5.12: The time spent (Tjec¢) by the ion in the trap before it ejects when initial position is
displaced along x or z direction is shown. This illustrates the maximum extent of displacement
of a trapped ion along the x and z axis. The extreme values represent the outermost turning
point for an ion with zero velocity, and therefore the overflow point of the secular trap. The
asymmetry along z axis is due to the presence of unbiased electrodes in the set up causing a
slight asymmetry in the potential. Therefore in the z direction we take the lower of the two

values and define the trap extent as 3.0 mm from the origin.

5.10 Ion-atom interactions: Stabilization of Rb™ ions

Finally we measure the lifetime of the trapped ions in absence and presence of the cold
parent atoms. The lifetime of the ions in an imperfect trap is finite. The loss of ions
from the trap due to heating is caused by mainly two factors. Deviation of the trap po-
tential from the ideal quadrupole form and collision induced phase change. However
when the ionic ensemble is held together with the localized parent cold atoms, they are
cooled by elastic and resonant charge exchange collisions. This leads to stabilization
of the number of ions in the trap as has been shown in earlier work [5,6]. The present
experimental system [11], as shown in Fig. 5.13, shows a significant improvement over
the earlier works [5, 6] in the lifetime of the trapped ions, in the absence of the cold
atoms and a much larger fraction of ions are stabilized when held together with the

cold atoms, indicating that the combined ion-atom trap presented here is robust. This
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establishes the instrument for hosting a stable ion-atom mixture within a Fabry-Perot

cavity.
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Figure 5.13: Plot showing ion yield as a function of hold time in absence and presence of the
MOT. Presence of the MOT leads to longer ion lifetimes attributed to sympathetic cooling. Solid

lines are exponential fits without or with an offset for the respective experiments.

5.10.1 Mechanisms of cooling

The Rb™ ions are cooled when held together with the parent cold Rb atoms. There are
two mechanism involved for the cooling [5]. Detail of the process can be found in the
ref. [52]. Here we provide a brief description for the understanding of the reader. The
tirst mechanism is elastic collision between the ion and the atom. In every collision the
hot ion transfers a tiny fraction of its momentum to the atom. Over multiple elastic
collisions, the ion gradually loses its kinetic energy and gets cooled. The second mech-
anism is resonant charge exchange. In a glancing collision the cold atom transfers its
electron to the hot ion resulting in a cold ion and a hot atom. The atom is lost from the
trap but the vacancy gets immediately filled as the MOT loading process is continu-
ously on. The cold ion is immediately trapped in the ion trap and again start gaining
momentum as it evolves in the trapping potential. The final temperature is an equi-
librium between the trap heating rate and sympathetic cooling rate. It must be noted

that the cooling of the ion is due to the reduction of macromotion energy. Since the
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micromotion is ion position and rf field dependent, any collisional reduction in micro-
motion velocity is regained instantly post collision, and therefore does not contribute

to ion cooling.
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Figure 5.14: The phase space diagram of ®Rb™ ion before collision (blue) and post collision
(brown) with its parent atom. (a) represents an elastic and (b) resonant charge exchange colli-

sion respectively. The dashed line shows the typical FWHM of the MOT.

Fig.5.14 schematically describes these two process in phase space. The angle of deflec-
tion for the ion in the elastic collision case is 10°. A collisional reduction of macro-
motion results in a tighter ion orbit, and therefore a cooling of ion motion. Since the
macromotion velocity is maximum at the center of the ion trap, where the MOT is lo-
cated (the MOT volume is much smaller than the ion trap volume), the conditions are
ideal for collisional cooling of the ion. While both elastic and resonant charge exchange
collisions participate in the cooling of the ion and it is the localized atom distribution
which results in collisions exclusively at the trap center that enables the cooling. Both
elastic and the charge exchange collision occur at the same spatial point, but the glanc-
ing resonant charge exchange is much faster at cooling the hot ion. Although the final
equilibrium reached is defined by the elastic process, the glancing collision accelerates
the process dramatically. The final temperature of the ions in the trap in this method
of cooling is eventually limited by the micromotion velocity which, on an average, can

not be reduced.
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5.11 Non-destructive ion detection

In our experiment, the trapped 8 Rb* ions do not have easily accessible transitions for
optical detection. So we have to rely on destructive measurement technique (extraction
to the CEM) to detect the ions. It is possible to use the ion-atom interaction to detect the
trapped ions. But this can not be done with low ion number as the ion-atom collisional
loss rate is much lower than the MOT loading rate. In such case the atoms lost by the
collision is immediately filled by newly captured atoms and there is no significant ef-
fect on the steady state population of the trapped atoms. However if the loading of the
MOT is stopped, the collisional loss of the atoms can be easily be probed to detect the
trapped ion number. The experimental idea is described below.

Once the MOT reaches its number saturation, a flash of blue laser on the MOT creates
the ions. The ions gets trapped as they are created. We wait for a second allowing
the MOT to regain the lost atoms. Now the cooling and the repumper lasers are se-
quentially switched off to create the atomic population in one of the hyperfine ground
states. Also the loading of the MOT is stopped in this process. Now we allow the ion-
atom mixture to evolve and the atom loss as a function of time can be probed by a VRS

experiment at different holdtime(7).

5.11.1 Theoretical estimation

The number of atoms effectively coupled to a mode of the cavity at any time is given
by

N, = /vpA(x,y,z)lpz(x,y,z)dxdydz (5.3)
P(x,vy,z) is the electric field distribution of the mode supported by the cavity, in this
case the fundamental TEMy mode. p4 is the atomic density distribution and is given
by

2 2 2
Nu {_M} (5.4)

pa = (27)3/2¢3 202

where Ny is the total number atoms in the MOT at any given time. After the cooling is

stopped, the atomic cloud goes through ballistic expansion. The Gaussian ¢ of a cloud
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with initial temperature T and FWHM of 2v/2In20(0), after an expansion for time T is
given by
kgT

o(t) =4/0?(0) + - (5.5)

Although the total number of atom Nj; do not change, the ballistic expansion changes
the number of atoms coupled to the cavity with time, which can be measured in the

vacuum Rabi split given as
VRS =280V Nc (5.6)

where g is the single atom-cavity coupling strength as explained in chapter 1. Com-
bining eq.(5.4), (5.5) and (5.6), the time dependence of the VRS with a ballistically ex-

panding cloud can be written as

N 2424 2
VRS(7) = ZgO\//v (27r)3/—]2v£r3(r)Exp l—%] Y2(x,y,z)dxdydz (5.7)

Fig.5.15(a) shows a variation of VRS across 3 <+ 4’ hyperfine transition with time 7.
We have chosen parameters consistent with our current experiment.
The ion atom collision cause loss of atoms (Nj) with time which cause further decrease
in N; and hence the measured VRS. The total ion-atom collision rate for cold localized
mixture is given as [53]

z = Kigp ANLM (5.8)
Here «;, is the ion-atom collision rate coefficient. In our calculation we use the value
ki, = 1.23 x 10713m3/s previously measured in our group [53]. Ny.ps is the number of
ions overlapped with the MOT at a time. If a total number of ions N is trapped within

the ion trap of volume Vit then

V
Nrm = Np yOT (5.9)
IT

Vumor is the volume of the MOT. Assuming that every ion-atom collision causes loss of

atoms, we can introduce an atom loss rate 7;, due the ion-atom collisions so that

N V

YiaNm = Kig—2 N;—4OT (5.10)
Vmor Vit
N

= Yia = KiaV_I:KiaPI (5.11)
IT
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p; being the ion density. The rate of change of number of atom in the MOT can be

written as

% = —7iaNm (5.12)
So starting with an initial number of atoms Np, the number of atoms remaining in the
MOT at time 7 is

N () = Noe ™ TinT (5.13)

Inserting this time dependent atom number in eq.(5.7) gives us the variation of VRS as

a function of time in presence of the ions as

Noe—YiaT x2 +y2 + 22
VRSZ“ = 2g0\// 27_(03/203 )Exp [—%(T)} Y2(x,y,z)dxdydz  (5.14)

Fig.5.15(b) show the difference in VRS measured with and without ions.
This method of measuring the loss of atoms from a hyperfine ground state do not
restrict us within measuring ion-atom interactions. In fact any loss mechanism of the

atoms, collisional or reactive, can be probed using this very general method.
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Figure 5.15: (a) VRS against 3 <> 4’ transition as a function of time when an atomic cloud
of 10° atoms at an initial temperature of 107uK goes through ballistic expansion. We have
taken go = 0.14MHz as suggested by our earlier experiments. (b) Difference in VRS with and
without ions with the same atomic cloud. Here we have taken a relatively high ion density of

5 x 107 /cm®.

97



5.12 Discussion

We have designed and built a novel thin wire ion trap that is concentric with a magneto-
optical trap as a part of the versatile apparatus for the study of inter-species interaction.
The open geometry of the trap enables large optical access and allows the trap to be
placed within a Fabry-Perot resonator. The trap is characterized both in simulations
and experimentally to establish optimal operating parameters. The extent of the trap
and the trap depth have been determined at this optimal operating regime. The sym-
pathetic cooling of the ions and hence the stabilization in number was demonstrated.
This opens up the possibility of further investigation with stable ion-atom mixture.
The axis of the Fabry-Perot cavity passes right through the center of the ion-atom trap
allowing the interaction of the mixture to be probed. This can be used to develop a

non-destructive detection mechanism of the optically dark trapped ions.
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CHAPTER 6

Toward composite objects

6.1 Overview

The ultimate goal of the hybrid apparatus built is to create, trap, detect and study the
interactions of composite objects. Stable mixture of composite molecules with atoms
or ions allows to study wide range of central potential scattering from 1/ to 1/7°. The
initial step toward the ultimate goal is diatomic molecules and molecular ions. Due to
chronologically first experimental realization of the ¥ Rb MOT, in this thesis we have
restricted ourselves within the interaction of ¥ Rb atoms with the daughter ions and
separately with resonant quantized EM field. In this chapter we demonstrate the for-
mation of homonuclear diatomic molecules of 8°Rb by photoassociation. We discuss
about various possibilities of trapping of neutral molecules within the infrastructure
of the apparatus. Finally we demonstrate the formation, short time trapping and de-

tection of ¥ Rb,™ molecular ions along with the 8°Rb™ atomic ions.

6.2 Photoassociation of ®Rb,

Photoassociation(PA) of atoms for production of long range molecules at low temper-
ature is a very effective technique. The idea is illustrated in Fig.6.1. A colliding pair
of atoms, in presence of a resonant photon creates a weakly bound excited (electronic)
state molecule. The photon must be resonant with one of the vibrational level of the
excited electronic state from the ground state atomic asymptote. Close spacing of the
vibrational levels near the dissociation threshold makes it convenient to set the pho-
toassociating laser on a resonance by slightly red detuning from the atomic resonance.
Due to large overlap of the wavefunctions, a large fraction of the excited molecules

decay back to free atoms. However, a small fraction of the excited state molecules may
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spontaneously decay to a ground electronic state to form long range (at high vibra-
tional level) ground electronic state molecules. The molecules produced in this process
are inherently translationally cold. However in absence of cooling and trapping, they
eventually escape out of the region of formation in few tens of milliseconds. So the
presence of a PA laser introduces a loss mechanism for the MOT atoms. Photoassoci-
ation spectroscopy can be performed by scanning the PA laser in frequency and mon-
itoring the dip in the MOT fluorescence to identify the resonances. It must be noted
that a dip in the MOT fluorescence corresponds only to molecule formation in the elec-
tronically excited state and does not ensure that the molecule decays to the ground
electronic state. In any event, due to Frank-Condon overlap, the electronic ground

state molecule produced in this manner would be vibrationally highly excited.
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Figure 6.1: The photoassociation scheme for rubidium.

6.2.1 Experiment and result

The photoassociation laser is primarily derived from a homebuilt ECDL. The laser is
~ 60GHz red detuned from the 551 ,,(F = 3) <> 5P;,5(F' = 4) atomic transition of

8Rb. The frequency of the laser can be scanned ~ 20GHz without mode hop by ap-
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plying a voltage ramp on the pzt of the external cavity of the ECDL. The laser power
is amplified using a tapered amplifier (TA) and the output of the TA is coupled into
a single mode polarization maintaining fiber (SMPMF) to deliver to the experiment.
One part of the laser light, before injecting into the TA is coupled to a wavemeter to
monitor the wavelength. Detail of the laser arrangement is provided in chapter 3. The
collimated laser light out of the SMPMF is focused by a 200 mm focal length lens on
the MOT. The focusing serves two purpose i) It increases the peak intensity of the PA
light on the MOT. ii) The small beam size can easily pass through the wire mesh (ion
trap). This dramatically reduces the scattering of the light from the tungsten wires to
provide a less noisy background for fluorescence detection of the MOT.

First, the MOT is loaded to its number saturation. The PA laser light is then allowed
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Figure 6.2: The dip in the MOT fluorescence when the PA laser is scanned in frequency.

to fall on the MOT by opening a mechanical shutter installed in the path the laser.
The fluorescence of the MOT is monitored (as described chapter4) while the PA laser
is scanned in frequency. The dip in the fluorescence corresponds to photoassociation
resonance. Fig.6.2 shows a typical spectra while the PA laser is scanned from 12814.5
cm ™! to 12814.75 cm ™1 .

The spectra shown is not as clean in compared to spectra obtained in another experi-

ment in our lab [65]. This is due to the dips caused by the atomic fluorescence getting
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coupled into the cavity whose length is drifting due to thermal instability. In addition,
the scatter of PA light from the thin wires gives rise to optical noise in the MOT fluo-
rescence signal. Active stabilization of the cavity may lead to better spectra as would
oeperating with a dark spot MOT. Stabilization of the PA laser on one of the PA reso-

nances will allow us to produce molecule at a constant rate.

6.2.2 Possibilities of trapping neutral molecules

The hybrid apparatus provides several possibilities of trapping the cold molecules pro-
duced by photoassociation or any other means. The cavity can be used to form a stand-
ing wave which has a high electric field gradient between the node and the anti-node.
The neutral molecules can be dipole trapped in the cavity anti-nodes using a far red-
detuned trapping light. In fact the enhanced light intensity in the cavity can be used
for efficient photoassociative production of the molecules also.

Heteronuclear diatomic molecules can be produced in the apparatus using photoasso-
ciation in a manner similar to the production of homonuclear molecules. The heteronu-
clear molecules have permanent dipole moments. So it can be confined in an electric
tield gradient trap in a way demonstrated by ref [50]. The gradient electric field can
be easily produced by applying DC bias voltages on the thin tungsten wires. Such a
trap utilizes the Stark shift of molecules to confine the molecules in weak field seeking
states, at the geometric center, where a local minima of the gradient electric field is

formed.

6.3 Production and trapping of molecular ions

Cold Rb; molecules are spontaneously formed in the MOT by long range photo as-
sociation of the atoms in the presence of the cooling laser light [66, 67]. A fraction
of the photo associated molecules decay to vibrational levels of the ground electronic
molecular state. We perform resonance enhanced two photon excitation (RE2PI) of the

ground state molecules to create the molecular ions. Fig.6.3 explains the scheme. The
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Figure 6.3: The scheme for production of Rb; molecular ion.

780 nm cooling laser creates a small number of ground state molecules near the disso-
ciation limit. The molecules produced in this process have the same initial temperature
of the atom. The low initial velocity allows the molecules to spend some time within
the MOT volume before they ballistically fly out of the region. Hence for a continu-
ously loading MOT, with a particular power and detuning of the cooling laser, there is
always a steady population of ground state molecules that is present within the MOT
volume. Two photons of 602.6 nm ionize the newly formed molecule, via an inter-
mediate resonant molecular electronic-vibrational state to create a molecular ion near
asymptote. Due to low Frank-Condon overlap of the transitions, one needs high inten-
sity lasers to make the process efficient. In our experiment we use a pulsed dye laser

(wavelength set to 602.6 nm, pulse duration 1-2 ns) pumped by the second harmonic
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of a Nd:YAG ns pulsed laser (10 Hz repetition rate).

The 602.6 nm photons also ionize a 3°Rb atom from its 5Pz, excited state. So in the
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Figure 6.4: Time of flight signal of simultaneously trapped Rb" and RbS. The ion trap is

switched off before the extraction.

process of creation of molecular ions, we also get a large number of atomic ions. In fact,
due to higher atomic density the number of atomic ions produced per pulse are much
larger than the molecular ions. As a consequence we produce a mixture of atomic and
molecular ions, where the number of atomic ions dominates.

The optimal trapping parameters for Rb™ is not suitable for trapping of Rb; ions
because of its double mass. Hence we operate the trap at V,; = 150V (€2, = 27t x 500
kHz) with the other parameters kept unchanged. Once the MOT reaches its number
saturation, the dye laser pulse is allowed to incident on the MOT at a 10 Hz repetition
rate. The trap is operational while the ions are created from the pulsed dye laser. After
the arrival of the pulse and creation of the ions the trap is kept operational for another
200us, which equals to 100 RF cycles of 500kHz, to examine the simultaneous trapping
of the atomic and molecular ions. Finally the trap is turned off and the ions are ex-
tracted onto the CEM by turning on the extraction electrodes immediately. The TOF
signal is recorded in an oscilloscope for post processing. Fig.6.4 show a sum of 4000
TOF signal. The large peak at TOF = 4.6us correspond to Rb™, whereas the smaller

peak at TOF = 6.5us correspond to Rb; . The signal clearly indicates that it is possible
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to simultaneously trap Rb™ and Rb; ions, at least for a short period of time, in our

apparatus.

6.4 Discussion

In this chapter we have demonstrated some preliminary results toward formation of
composite objects in our apparatus. Formation of cold neutral Rb, molecules by pho-
toassociation was demonstrated. Rb, molecular ions was formed, trapped and de-
tected. Although further investigation is required in these fronts toward achieving
a stable mixture of composite objects, the preliminary demonstration establishes the
credibility of the hybrid apparatus as a universal platform for the study of mixtures at

cold temperature.
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CHAPTER 7

Summary and future prospects

7.1 Summary of the results

We have planned, designed, built and implemented a hybrid apparatus for the study
of multispecies interactions at low temperature. The unique apparatus combines a
MOT and an ion trap that is spatially overlapped with the MOT. Both, MOT and the
ion trap can be simultaneously operated. The combined trap is positioned within a
moderate finesse Fabry-Perot cavity. The geometrical design of the apparatus ensures
that the center of the MOT, ion trap and the cavity coincides. Further, the apparatus
offers possibility of trapping cold neutral molecules within its geometry. The details of
the design and construction of the apparatus have been discussed.

A MOT of ®Rb atoms was formed inside the apparatus. Number of atoms captured
in the MOT and the spatial density was determined. The collective strong coupling of
the cold atoms with the fundamental mode of the cavity was studied. Vacuum Rabi
splitting (VRS) was observed as a signature of the collective strong coupling. VRS was
measured, as a function of atoms coupled to the cavity mode, for both open and closed
atomic transitions with linear and circularly polarized light. The single atom-cavity
coupling strength gy was experimentally determined from the measurement and it
agrees closely with the theoretically calculated values. The knowledge of gp was used
for experimentally determining the number of atoms coupled to the cavity as a func-
tion of time for a ballistically expanding cloud. The initial temperature of the cold
atomic ensemble was measured from the measurement.

We demonstrate the operation of the modified spherical Paul trap, built using thin
tungsten wire electrodes, with ®Rb* ions. The trap was characterized in detail, both
experimentally and in simulations for the same ion. Efficient loading, trapping and de-

tection (by extraction onto a CEM) mechanism were established for the optically dark
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ions. The optimal trapping parameters of the ion trap were established experimen-
tally and its was found to be well within the regime suggested by the simulations. We
found out the radial and axial secular motion frequencies of the trap experimentally,
by resonant excitation of the trapped ions. The extent of the trap was determined from
simulation. Combining these two results we determined the trap depth for Rb™ ions.
The stabilization of the ion number in the trap, when held together with the parent
cold atom were observed and it was attributed to sympathetic cooling of the ions by
the cold atoms. Further, we proposed a scheme for non-destructive detection of the
ions by using the ion-atom-cavity interaction as a probe.

Formation of homonuclear Rb, molecules using photoassociation was demonstrated in
the same apparatus. Schemes for trapping of neutral molecules within the scope of the
apparatus was discussed. Finally, we demonstrate creation of Rb; molecular ion by
resonance enhanced two photon excitation from the spontaneously formed long range
molecules in the MOT. The molecular ions can be simultaneously trapped in the thin
wire ion trap, with the atomic ions generated in the same process. A mass spectrome-

try was performed for detection of the atomic and the molecular ions.

7.2 Future prospects

Within the scope of this thesis we have performed experiments with the 8°Rb atoms,
the daughter 8Rb* ions and homonuclear neutral molecule and molecular ions cre-
ated from the cold atomic ensemble of # Rb. The atoms are derived from getter sources.
Our hybrid apparatus contains sources of other atomic species also. A list of installed
dispensers and the isotopes is given in chapter 3. This opens up the possibility of
studying a variety cross species ion-atom interactions. In a combination of °Rb™
ions with 8 Rb atoms (or vice-versa) resonance charge exchange process is highly sup-
pressed. So processes driven by only elastic scattering can be well studied. This kind of

mixture also provides an ideal platform for the study of isotope effects in cold reactive
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chemistry. The presence 3/4°K and 33Cs along with /8 Rb provides an opportunity
to study ion-atom interactions with different mass ratio and experimentally establish a
general method for sympathetic cooling with localized ensemble. Further, transitions
of ¥°Ca™ ion are optically accessible which opens up the possibility of laser cooling
and forming ion crystals. Also the ions can be optically detected and state prepared.
Interaction of the cold atomic clouds with °Ca™ ions offers the study of a whole new
set of problems with the ease of in situ optical detection.

The presence of the cavity allows frequency sensitive interrogation of the species within.
The cavity was developed as a tool for probing any interaction that causes loss of
atoms. The high intensity of light in the cavity mode may be used for efficient pho-
toassociation to form molecules within the mode. The enhanced spontaneous emission
into the cavity mode may be used as a detection tool for the molecules. Further, high
electric field gradient in the cavity mode standing wave offers the possibility of dipole
trapping the neutral atoms of molecules.

The thin wires electrodes used for the ion trap can also be used to apply high electric
tield at the center of the apparatus which can be useful in many ways. An electrostatic
trap for bipolar molecules, as discussed in chapter 6, can be developed. Also it can
be a useful tool to align dipolar molecules or define a quantization axis for a quantum

system.

Altogether the versatility of the hybrid apparatus offers a variety of experimental

systems and interesting physics that can be explored in future.
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APPENDIX A

Mechanical drawing of the apparatus

We provide the detail of the mechanical drawing of the apparatus. Each figure shows
a crutial part of the instrument. All dimensions are given in milimeter (mm). The com-
ponents are assembled inside a spherical hexadecagon stainless steel chamber (Kimball
physics Inc: MCF600-SphHexadecagon-F2A16). The apparatus is attached to the inner
wall of the chamber using groove grabbers (Kimball Physics: MCF600-GrvGrb-C01).
The mechanical drawing of the chamber and the groove grabber are available from

Kimball physics Inc.
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Figure A.1: The assembled apparatus.
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Figure A.2: The Macor plate and the mounting scheme of the plate to the groove grabber using

stainless steel spacers.
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Figure A.3: The grooved ceramic sleeve on which the thin wire trap is scaffolded.
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Figure A.4: The stainless steel rod for coupling the Macor plates and the stainless steel spacers

to attach the Macor plate to the groove grabber.
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Figure A.5: The aluminum housing of the channel electron multiplier.
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Figure A.6: The copper bead connector to the feedthrough. The connector contains an off-axis

through hole and a horizoltal slot for attaching the connections.
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