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Synopsis

In this thesis we present experiments that investigate the interaction of atoms
with resonant light utilizing an optical cavity. The cavity is envisioned as a
frequency sensitive detector at low light levels. The physics of interactions
between atoms (either at room temperature or in the cold regime) and opti-
cal cavities of varying finesse, in both the steady state and transient regime,
has been discussed and presented in this thesis. Till date, to the best our
knowledge, detection of cold and ultracold molecules is largely destructive uti-
lizing either trap loss mechanisms or mass spectrometry methods relying on
the creation of molecular ionic species from the parent molecules, which are
then subsequently detected on a channel electron multiplier (CEM) or from
techniques that allow reconversion of the molecules to its constituent atoms
using Feshbach resonances. A cavity could enable frequency sensitive, non-
destructive detection of molecular states by coupling the weak molecular flu-
orescence over and above the atomic fluorescence, if any, to the mode of the
cavity. Experiments with cold atoms interacting with optical cavity modes is a
precursor to the experiments to be done with cold molecules in the near future.
The experiments reported in this thesis form the key towards our objective of

utilizing the optical cavity as a low light level, frequency sensitive detector.
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The first chapter motivates the study of experiments that have been reported
in this thesis. A few of the long standing issues in the field of cold molecules
are the techniques to synthesize molecules from cold atoms in large numbers,
trapping these molecules for long enough time to conduct useful experimen-
tation and lastly detection of cold molecules. In this context, our goal was
to build a hybrid trapping apparatus that enables us to form, trap and detect
molecules from cold atoms. Given the problems associated with the detec-
tion of molecules in low numbers using conventional imaging techniques such
as spatial filtering, we highlight the possibility of using an optical cavity that
could enable frequency sensitive detection of molecules in low numbers. We
then provide a background of low atom number detection using cavities in the
context of the Purcell effect. We give a very brief overview of atom cavity ex-
periments that have been reported in literature using both hot and cold atoms.
We also describe briefly the state of the art experiments that have demon-
strated low atom number detection utilizing optical cavities in this context. We
then provide a brief outline of the thesis and mention the physics problems
that were investigated in improving our understanding of the atom-cavity sys-
tem using atomic vapor at room temperature and cold atoms. The physics
problems reported in the thesis are the initial experiments undertaken towards

using the optical cavity as a frequency sensitive low light level detector.

The second chapter contains a review of the theoretical tools necessary for
the experiments reported in this thesis. We start with the basic description
of an optical cavity and introduce and explain the physical significance of the
terms like finesse, free spectral range, quality factor, etc. of an optical cav-
ity. We next discuss the physical origin of the eigen-modes of a resonator.
We then introduce the concept of higher order modes that can be realized in
an optical cavity and discuss origin and significance of the Hermite-Gaussian
and Laguerre-Gaussian modes in this context. We then move into the atom-

cavity interactions and discuss the Jaynes-Cummings model in the context of
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SYNOPSIS

the quantum theory of a two level atom interacting with a field of a single cavity
mode. Using the Jaynes-Cummings model we describe the interaction of a
single atom located at the center of a single mode cavity in both the ideal and
in the dissipative regime using an analytical approach. Following this we move
into the atomic physics segment for the remaining portion of the chapter. We
discuss briefly the atomic properties of the Rubidium (Rb) atom and explain
the origin of resolving the spectral lines of Rb using saturated absorption spec-
troscopy. We then describe the interaction of atoms with static magnetic fields
that gives rise to Zeeman effects. We next describe atoms interacting with an
external laser field that gives rise to coherent and incoherent processes. In
this context we discuss the optical Bloch equations for a two level atom inter-
acting with an external light field. Following this we discuss the AC Stark shifts
that arise when the atomic energy levels are perturbed by the electric field of
the external light field. We next discuss the spontaneous force that acts on an
atom as a result of the incoherent process mentioned earlier. We then discuss
the physics of laser cooling and optical molasses and finally conclude with the

magneto-optical trap.

The third chapter is documented in the following manner. As a precursor to
performing the actual experiments with cold atoms in ultra high vacuum con-
ditions, we tried to see whether we could stimulate light from atoms in a room
temperature vapor cell to couple into a cavity mode. In this aspect, we first
describe the relevance and context of the experiments reported using a va-
por cell placed inside an optical cavity at room temperature. We then briefly
review previous research on all optical switches. In the next section we in-
troduce the experimental apparatus, describe the cavity characterization and
optical system set-up relevant for negative logic switching, follow it up with the
experiments performed in relation to the negative logic switching and conclude
with results and discussions. Both steady state and transient changes in the

transmitted intensity are recorded for both cases of operation. Following this
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we shall present the experimental set-up and results for positive logic switch-
ing and compare the results with the negative logic switching experiments dis-
cussed in the previous section. In the next section we discuss the physical
process behind the operation of the switching mechanism by invoking a simple
model. Finally we conclude by discussing the results of both switching experi-
ments in the context of all optical switching utilizing a vapor cell encompassed

within an optical cavity.

The fourth chapter is organized in the following manner. We introduce the
context and relevance of optical cavities in exploring cold and ultracold molecule
formation, cold atom - cold ion interaction and of course the rich physics that
can be explored using only cold atoms itself. We next project clearly the
physics goals that are of primary interest and the technological issues that
need to be addressed in order to realize the stated physics objectives. In the
following section we describe the design and construction of the UHV cham-
ber housing the experiment. We point out the key components that have been
incorporated to address the physics goals that we want to address. Follow-
ing this is the subsection where we describe in detail the design, mounting,
alignment and characterization of the optical Fabry-Perot cavity, which is the
key tool for the experimental observations reported in this chapter. In the next
subsection we discuss very briefly the design, construction and mounting of
the thin wireframe trap that has been constructed overlapping the mode of the
optical cavity. We then discuss in detail about the imaging system to detect
atomic fluorescence from the MOT and light detection out of the cavity. We
also discuss in detail about the characterization of the various optical elements
and the respective detectors in the context of the imaging system that has
been incorporated. In the following section we move into characterizing the
magneto-optical trap trap (MOT) realized experimentally in the UHV system
constructed by us and follow it up with a description of the experimental real-

ization of coupling light from cold atoms trapped in the MOT into cavity modes.
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SYNOPSIS

Next we focus on the dynamics of atomic population by a periodic modulation
on the MOT repumper beam as measured by the photo-multiplier tubes (PMTs)
placed along the cavity axis in transmission and the spatial filter assembly to
pick up fluorescence from trapped atoms in the MOT. In the next section we
shall try to explain qualitatively the dynamics of the atomic population mea-
sured by the PMT along the MOT spatial filter axis by an effective simplified
four level system using a density matrix approach. Following this section is we
shall try to give a qualitative understanding of the dynamics of the composite
atom cavity system using a simplified system of a two level atom in a cavity for
the experimental observations. After the discussion on the above two qualita-
tive models, we shall demonstrate the realization of collective strong coupling
achieved in the composite atom cavity system through the experimental obser-
vation of normal mode splitting for cold atoms trapped in the MOT and located
at the mode of the optical cavity. Finally we conclude by summarizing the ex-

periments and observations reported in this chapter.

The fifth chapter is the concluding chapter where we summarize the work
done in this thesis. We also project possible future aims and experimental
goals that can be followed up with cold atoms using the optical cavity, in the
ultra-high vacuum system, that has been extensively characterized both with

and without atoms.
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Introduction

1.1 Introduction

The physics of cold dilute atomic gases has thrown up a range of possibili-
ties for new types of experiments. Among these is the study of cold molecular
gases. Cold molecule experiments represent the next generation of experi-
ments in the domain of cold dilute gases. Molecular gases bring in structural
complexity and therefore internal degrees of freedom to the problem of cold
dilute gases. Thus, they are a necessary and nontrivial extension of the enter-
prise. Within the field, the experimental techniques to achieve these molecular
gases are still under development. Cold molecules are nearly impossible to
make using the laser cooling techniques that very efficiently cool atoms due
to the non-availability of closed cycle transitions. Thus new methods need to
be invented for this purpose. One major direction towards this goal is the for-
mation of bonds between cold atoms to directly synthesize cold molecules.

Lasers of suitable frequency could be used to forge bonds either between the



1. INTRODUCTION

same atomic species (homo-nuclear molecules like Rbs, Cs,, etc.) or multiple
atomic species (hetero-nuclear molecules like KRb, NaCs, RbCs, etc.). An-
other possible route towards the formation of cold molecules and the study of
cold molecular ions is to allow interaction of cold atoms and cold ions in suffi-
cient numbers with each other within a small spatial volume. The long range
anistropic ion-atom interaction potential is expected to catalyse formation of

cold molecular ions.

Another issue dominating the study of cold molecular gases is the efficient
detection of cold molecules formed from cold atomic gases. Atom detection
has been established very reliably using conventional spatial filtering meth-
ods that image the fluorescence from cold trapped atoms in a MOT (magneto-
optical trap) onto either a PMT (photo-multiplier tube) or a CCD (charge cou-
pled device) camera. Absorption methods can also be implemented reliably to
detect temperature and density of a cold dilute atomic gas. In contrast, detec-
tion of cold and ultracold molecules [1-14] till date, to the best our knowledge,
is largely destructive utilizing either trap loss mechanisms or mass spectrome-
try methods relying on the creation of molecular ionic species from the parent
molecules, which are then subsequently detected on a channel electron multi-
plier (CEM) or from techniques that allow reconversion of the molecules to its

constituent atoms using Feshbach resonances.

We wanted to build an instrument capable of simultaneously creating, trap-
ping and detecting cold molecules formed from cold atoms. Long trapping
times are desirable in the context of useful experimental measurements. Cold
atom preparation can be routinely achieved using standard laser cooling tech-
nigues. One could also obtain a spatially localized cloud of cold atoms in a
magneto-optical trap (MOT). Typically 107 atoms could be trapped in a MOT
with an =~ cloud size of 1imm. To generate cold hetero-nuclear molecules
one needed addtional atomic species of interest that could be simultaneously

trapped in the same spatial region. This would generate 2x 107 atoms over a



1.1 INTRODUCTION

spatial diamter of ~ 1mm. Assuming that it is possible to convert 2 out of every
102 atoms to cold molecules, one shall end up with 10* molecules. This is a
very small number of molecules that have been created from the entire cold
atomic ensemble. Given the weak decay rates of molecular states compared
to atomic dipole transitions it is very difficult to efficiently detect molecules in

low numbers created from cold atoms.

The low production efficiency of molecules (typical rates of photo-association
~ 10° - 10° molecules per sec) leads to lower density compared to atoms in
the MOT (=~ 10'° atoms per cm?). Hence in effect there is a lower fluorescence
from the molecules (formed from cold atoms) compared to trapped atoms in the
MOT. The collection of fluorescence is also limited by solid angle constraints
imposed by vacuum chamber view-ports. Enhancement of signal to noise ratio
(which in this case is background fluorescence from laser cooled atoms) even
by spatial filtering becomes a challenge which in effect is a frequency insensi-
tive technique. Further, the use of a spatial filter assembly would not enable
the distinction between the atomic and molecular fluorescence over and above
the background of the atomic fluorescence signal reaching the detector. In this
aspect a cavity could possibly enhance the weak molecular fluorescence by
stimulating decay along the cavity mode and thus enabling frequency sensitive
detection of the weak molecular fluorescence. An additional advantage could
be the realization of an optical dipole trap in the mode of the cavity allowing
simultaneous trapping of the cold molecules formed with the added benefits of

in-situ detection.

We envisaged the use of a Fabry-Perot cavity for the frequency sensitive
detection scheme at low light levels. The cavity could be initially tuned to the
reference frequency for best possible finesse. A cavity could lead to enhanced
emission by a factor 2F/x, where F is the cavity finesse. The idea is to stimulate
emission of the photons from molecules in excited states into the cavity mode.

The cavity might enable re-interrogation of molecules and a large signal to
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noise ratio by selectively discriminating against the atomic fluorescence and
not allowing it to get coupled to the cavity mode. This could pave the way
for efficient detection of molecular states. We did not know apriori whether
this method could work for molecules. Hence the first step would be to check
it on atoms to verify and estimate whether this technique is efficient or not.
Carefully chosen atomic transitions could either enhance or suppress emission
of photons into the cavity mode. This was a key factor for investigating atom-

cavity interactions with atoms at room temperature and in the cold regime.

In order to establish the protocol for detection of molecular states using the
cavity, we needed to understand the dynamics of atom-cavity interactions. To-
wards this end, we embarked upon the experiments initiated with a Rubid-
ium(Rb) vapor cell placed in a cavity. Exploring the atom-cavity interactions at
room temperature enabled us with the requisite understanding and framework
necessary to probe the interactions of laser cooled atoms placed in the cavity.
The transient studies in both the room temperature and the cold regimes were
motivated by the issue of detector response towards cold molecule formation,
if, and when external electro-magnetic fields could be used to influence the

formation of such molecules from cold atoms.

This thesis focuses on the initial experiments towards using the cavity as a
frequency sensitive detector at low-light levels. As a precusor towards utiliz-
ing the cavity for detection of molecular states, experiments with atoms (both
at room temperature and the cold regime) interacting with optical cavities of
varying finesse are presented. These experiments have been conducted both
in the steady state and in the transient regimes of atom cavity interactions.
The experiments with Rubidium (Rb) atoms in a vapor cell (placed inside an
optical cavity) at the room temperature were motivated by the investigation of
gain/stimulated emission in such systems using an optical cavity and to in-
vestigate the possibility of using the cavity as a frequency sensitive low light

level detector. We realized that the transmission of the cavity encompassing
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the vapor cell could be manipulated using appropriate transitions of the Rb
atom. This led to the investigations and experiments related to the all optical
switching phenomena observed and reported in this thesis. The experiments
with cold atoms was a natural extension of the investigations done with Rb
atoms at room temperature. The experimental apparatus designed to study
the simultaneuous formation, trapping and detection of cold molecules or cold
molecular ions is non-trivial in concept and design. The need to facilitate over-
lap of the cavity mode with the neutral atom trap and the molecular trapping
apparatus was of prime concern to achieve and understand the above stated
goal. Characterization of the optical cavity in the ultra-high vacuum (UHV) sys-
tem and the investigations on the transient and steady-state dynamics of the
composite atom-cavity system using a cloud of laser cooled Rb atoms (con-
fined in a magneto-optical trap) located at the center of the optical cavity are
also presented in this thesis.

Keeping in view the above perspective, a brief review to the experiments in-
vestigating atom-cavity interactions using thermal atoms as well as cold atoms
is presented. The state of the art experiments utilizing optical cavities as de-
tectors of low atom numbers are also discussed briefly in this context. A very

brief outline of the thesis is included at the end.

1.2 Atom-cavity interactions: Purcell effect

The study of atom-cavity interactions gained importance after the publication
of a small note by Purcell [15] in the Proceedings of the American Physical
Society, 1946 where he pointed out that the spontaneous emission probability
of nuclear magnetic moment transitions can be considerably enhanced when
the system is coupled to a resonant electrical circuit. The physical significance
of the work reported by Purcell implied the possibility of altering or enhanc-

ing the rate of spontaneous emission of atoms within a resonator when the
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atoms are subject to electro-magnetic conditions having boundary conditions
differing from that in free space. Thus the afore-mentioned article by Purcell
became one of the most influential references in works on cavity quantum-
electrodynamics (CQED) as it is one of the foremost articles on the “Purcell
effect” in CQED. The spontaneous emission enhancement factor n [16] (also

known as the Purcell factor) is given as

_ 3 QX
C4n2 Vv

n (1.1)
where \. = 2nc/w, is the wavelength of the cavity field which is resonant with
the atomic transition w,. Here c is the speed of light, Q the quality factor of the
cavity and V denotes the mode volume of the cavity. An important application of
the Purcell effect could be the detection of single atoms with high efficiency us-
ing cavity-aided fluorescence detection and thus count small numbers of atoms
with very good resolution using either or a combination of fluorescence and ab-
sorption methods. This technique of atom detection could well be extended to
the detection of molecular states where one could stimulate the molecules to
decay along the cavity mode with suitable pumping schemes. The cavity would
then enable frequency sensitive detection of molecular states over and above
the background of atomic fluorescence (if for example, the molecules are pre-

pared from an ensemble of cold/ultracold atoms).

1.3 Experiments on cavity QED

The first experiments in atomic physics were conducted in the 1980’s using
thermal molecular [17] and atomic beams [18]. Early experiments utilized Ry-
dberg atoms in microwave cavities. Rydberg atoms were a natural choice for
the experiments in cavity QED due to their large dipole moments and the avail-

ability of super-conducting high-Q cavities allowing a strongly coupled system.
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CAVITIES

Enhanced spontaneous emission was first demonstrated in such a system [18],
and in a similar setup like the one in [18] a one-atom maser was realized [20].
Experimental demonstration of inhibited spontaneous emission was also first
observed using Rydberg atoms [21] after the proposal of Kleppner [22].

Experiments using single atoms in the optical domain were first realized by
the group of Heinzen et al. [23]. They experimentally measured enhanced and
inhibited emission rates of a thermal beam of Ytterbium (Yb) atoms traversing
a confocal optical cavity. By controlling the flux of atoms traversing the optical
cavity, one could attain the regime of single atoms occupying the cavity mode
and this led to interesting atom-cavity effects, such as the observation of nor-
mal mode spectrum [24-H26] of the composite atom-cavity system. The optical
analogue of the famous one-atom maser (then dubbed microlaser) was also
demonstrated in such a system [27].

The experimental realization of laser cooling [28-31] leading to the magneto-
optical trapping of neutral atoms [32-36] further refined these experiments
since the atoms could be delivered into smaller volume cavities in a more con-
trolled way: by dropping them from a MOT [37] or pushing them from below in
an atomic fountain [38]. The transit and even the trajectory of a single atom
could be inferred from the cavity transmission signal. Trapping and cooling of
single atoms for up to 3 seconds [39, l40] was demonstrated using this signal.
Further an atomic “conveyor belt” [41] to guide atoms has been realized using

a dipole trap formed in the cavity mode.

1.4 A brief introduction to low atom number

detection using cavities

In this section we shall briefly review some of the state of the art experiments

demonstrating low or even single atom detection with very high fidelity using

11
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an optical cavity. An important quantity in characterizing cavity enhanced de-
tection is the single atom cooperativity factor [42] C = g?/2xI", where g is the
single-photon Rabi frequency at the peak of the cavity intensity distribution,
is the cavity linewidth (full width at half maximum), and T" is the natural atomic
linewidth. The cooperativity factor physically signifies two important aspects
of the atom-cavity system: (a) it determines the effect of a single atom on the
cavity spectrum and (b) it also governs the rate of fluorescence into the cavity.
For more than one atom located in the mode of a cavity, the cooperativity factor

is given by C.;r = CN.ss, where N.;, [43] is the effective atomic number given

by
eff—/// ") p(7)d*F (1.2)

where x(7) = sin(2rz/A\)exp[-(x* + y?)/w?] defines the cavity field mode function,
L defines the cavity length, and p(7) denotes the atomic density with A being
the wavelength. For low atomic numbers present inside the cavity mode vol-
ume, single-atom physics dominates, whereas, at higher densities, multi-atom

effects become important [43].

Cavity assisted atom detection can be implemented via absorption meth-
ods [44-46] or fluorescence [47-H49] since the emission of light into the cavity
mode is enhanced by the Purcell factor 2F/x, where F is the cavity finesse.
The early attempts at investigating the possibility of detection of single atoms
using optical cavities were reported by Horak et. al. [42]. They suggested
the possible use microcavities of sufficiently high finesse to be built around the
trapped atomic ensemble to enable detection of a single atom in the trap with

10 us of integration.

Following this protocol, M. Trupke et. al. [50] demonstrated the use of a
microfabricated optical cavity, which combined a very small mode volume with
high finesse to allow atoms and molecules to interact strongly with the photons
in the cavity for the purposes of detection and quantum-coherent manipulation.

One of the key features of their experiment was to use an optical fiber mounted

12
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in situ with one of the resonator mirrors which enabled them to avoid sensitive
coupling optics to couple light into the cavity.

Single atom detection using an optical cavity was demonstrated experimen-
tally by Teper et. al. [51]. Here the atomic sample initially prepared from a MOT
was trapped magnetically using suitable current carrying wires integrated on a
chip. Using fluorescence techniques to detect atoms, they have been able to
detect single atoms with 75% efficiency using 250us of integration time. They
have also demonstrated single atom detection in absorption by measuring the
attenuation of the cavity transmission due to presence of atoms in the cavity
mode with a resolution of about 1 atom.

In a recent work by Goldwin et. al. [52] local density measurements were
performed on clouds of laser cooled 8"Rb atoms by dropping them through
a high-finesse optical microcavity. The experimental apparatus is similar to
the one described earlier in [53]. They show that effects of atomic fluctua-
tions could be suppressed while making local density measurements on clouds
of cold atoms by using the combined effects of nonlinearities and multi-atom
statistics. They show that even at densities on the order of one atom per cavity
mode volume, the effects of atomic shot noise are heavily suppressed. They
demonstrate atom detection with fidelities in excess of 97% with 10us of inte-
gration time which can be enhanced to reach a fidelity value of 99.9% using

30yus integration time.

1.5 Thesis outline

The work presented in this thesis includes the experimental realization of an
all optical switch using a Rubidium(Rb) vapor cell enclosed within an optical
cavity and design and construction of the experimental apparatus which tries
to explore atom cavity interactions using laser cooled Rb atoms confined within

a magneto-optical trap and located at the center of the cavity. A brief outline of
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the thesis is presented in this section.

Fundamental concepts and theoretical background necessary for understand-
ing resonator physics, atom cavity interactions and light-atom interactions are
discussed in chapter 2. Here we discuss the various aspects of Fabry-Perot
cavities like free-spectral range (FSR), finesse, eigen-modes and higher order
transverse modes. We also discuss atom-cavity interactions using the Jaynes-
Cummings model both in the ideal and dissipative regimes. We next focus our
discussion on the atomic properties of the Rb atom and describe the hyper-
fine structure of Rubidium and also discuss the spectrum of Rb obtained by
Doppler free saturated absorption spectroscopy in this context. We then dis-
cuss the optical Bloch equations for a two level atom and introduce the physics

of laser cooling leading to the discussion on the magneto-optical trap(MOT).

Chapter 3 introduces the concept of optical switches and a brief review of the
earlier work in the context of all optical switching is discussed. We then present
our experiments on all optical switching using a Rb vapor cell enclosed within
an optical cavity. We show switching realized in the negative and positive logic
by manipulating the transmission of the cavity using appropriate transitions
of 8"Rb. We investigate hysteresis effects in both positive and negative logic
switching. We characterize the transient responses of the cavity transmission
when an external control beam, incident from the transverse direction of the
cavity axis, is modulated in intensity using an acousto-optic modulator (AOM).
We explain qualitatively the origin of the two timescales associated with the

transient dynamics of the system.

In Chapter 4 we present our experimental set-up incorporating an optical
cavity spatially overlapping with the centers of a magneto-optical trap and an
ion trap. We discuss the design and construction of the ultra-high vacuum
(UHV) system in the context of the physics goals to be pursued and related
technical issues that needed to be addressed. We present detailed methodol-

ogy of the alignment and characterization of the optical cavity which is one

14
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of the key components for the experiments that have been done with cold
8Rb atoms. We then present the characterization of the detection appara-
tus (spatial filters and imaging system) for the MOT and cavity transmission.
We next present our experiments related to measurement of the linewidth of
cavity modes formed due to emission of photons from the cold atoms trapped
in the MOT and characterization of the linewidth of these modes with respect
to total number of atoms in the MOT. We then describe our experiments on the
transient dynamics of the atom-cavity system by switching the MOT repumper
beam. We also discuss the two models which qualitatively describe the tran-
sient responses measured by the photo-multiplier tubes (PMTs) placed after
the MOT spatial filter assembly and along the cavity axis respectively. We fi-
nally demonstrate the capability of our composite atom-cavity system to enter

the regime of strong coupling.

We finally conclude the thesis with chapter 5 by summarizing the contents
of the entire thesis and provide future aims and directions that can be imple-
mented and investigated experimentally using cold atoms located in the mode

of the optical cavity.
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Fundamental Concepts and

Theory

2.1 Introduction

Fabry-Perot (FP) cavities or resonators support discrete modes of the electro-
magnetic (EM) field, constrained by the EM boundary conditions [1},[2]. We can
think of a cavity as a store-house for light or electromagnetic energy. Discov-
ered by Charles Fabry and Alfred Perot [3], the Fabry-Perot cavity has proven
its versatality in the multitude of experiments that have been possible in the
domains of optics, atomic and molecular spectroscopy, metrology and atomic
physics. The unique property of this device to act as a filter for frequency, in-
tensity or beam jitter noise as well as act as a mode filter to clean up the spatial
mode of a given beam has made it an important tool for atomic and molecular

physicists and precision measurement experimentalists. Atoms in cavities [4]
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(operating in either the optical and/or microwave regime) have made possible
the visualization of novel quantum phenomena [5-8] by altering the vacuum
field inside the cavity mode and thus modifying the mode density an atom ex-
periences when placed inside the cavity.

The simplest cavity configuration would be that of two curved mirrors facing
each other. One can in principle also construct a cavity with plane mirrors.
However issues of maintaining the planar geometry to sub-wavelength accu-
racy combined with the “walking-off”of the input beam to the planar cavity after
a few reflections between the two planar mirrors limit the use of such a config-

uration for practical purposes.

2.1.1 Basic properties of a resonator

We shall for simplicity consider a planar cavity configuration consisting of two
plane mirrors and relate the important cavity parameters with the quality of the
mirrors which is nominally specified by the reflectivity of the mirrors, the length
of the cavity, the size and radius of curvature of the mirrors. Let us assume
that the length of the cavity is L and the mirror reflectivities are R; and R,.
The corresponding transmissions for the mirrors are specified by T, and T,
respectively. For simplicity we set R = /R, R, and T = /11 T5.

Let a laser beam of frequency w and wave-vector k = # = 27” be incident on
one of the mirrors. Here w is the frequency of the input laser beam, X is the
wavelength of the laser beam and c is the velocity of light. The incident laser
beam shall be partially transmitted and partially reflected. The transmitted part
enters the resonator and is reflected forth and back many times within the
resonator, with a fraction leaking through either of the resonator mirrors each
time on reflection. However this process being coherent will lead to addition of

amplitudes of each of the reflections and thus result in an interference. This is
depicted pictorially in Fig. [2.1]

23



2. FUNDAMENTAL CONCEPTS AND THEORY

—_—ny
Pl ~
< — > _
-Eim/R ) > E;,/TB
<€
< .......
EERec® | >
—>
N E, BB/ RiRs ¢
Greeereeeeed
E, TyR:/RR: 12
—>
HE;, \TERR:¢2¢
Tl l‘I Tl Rl

L

FIGURE 2.1: Basic two mirror planar Fabry-Perot cavity. Shown in the figure are
successive reflections and transmissions after each round trip.

The transmitted field amplitude is the sum of all amplitudes after the second

mirror given as:

T

Eirans = Eine(T + TRe™ + TR* + ..) = Ejpe———
’ (T +TRe® + TR +...) T Reib’

(2.1)

where ¢ = 2Lk is the round trip phase of the light wave in the resonator.

The transmitted intensity is proportional to the square of the above field and

is expressed as:

T —
1— Re®|

, 17 1
(1 — R)? 1+(1 ap sin (%)

(2.2)

Itrans |Etrcms | = mc

It is easy to see that the maximal transmission E2

inc (T R happens when

the round trip phase ¢ is a multiple of 2x. This happens at the resonance
frequencies w,.; when all reflections add up coherently. This condition is given
by:

%w:¢:2ﬂ'.n7n:1’2,... (2‘3)
C
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FIGURE 2.2: Transmission of a cavity versus frequency.

The frequencies at which this maximum transmission occurs are the reso-

nance frequencies and are given by

Wres = ﬂin = Awpsr.n,n=1,2,... (2.4)

The transmission spectrum of the resonator is thus periodic with a period
Awrsr = 2157 called the free spectral range (FSR) of the resonator as illus-
trated in Fig. -. Physically it signifies the round trip time taken by a photon
to traverse the length of the cavity at the speed of light c. The round trip time

of the photon is thus given t,,4i, = 2= = . From equation (2.2) we can

c Awp

calculate the linewidth Awrw s Of the resonances as

1-R AwFSR
= A 2.
Awpwaym = Awpsr - \/— Ia ( 5)

It is important to note that ideal reflectors suffer from zero losses on sur-
faces. Hence in the ideal configuration the widths of these resonances should
be represented by Dirac-Delta functions. However, for practical purposes real
cavities suffer from losses on surfaces which lead to leakage of light after re-

flection on each surface causing a damping of the cavity field amplitudes and

25



2. FUNDAMENTAL CONCEPTS AND THEORY

=
(@)
>

=
o
[

=
Qo
i

1000

Finesse (F)

100)

10

10.5 0.6 0.7 0.8 0.9 1.0
Mirror Reflectivity

FIGURE 2.3: Finesse of a cavity versus reflectivity for a cavity with mirrors having
identical reflectivity. One can see that the finesse reaches extremely high values as
one approaches unity value in mirror reflectivity.

thus resulting in a broadening of resonances as illustrated in Fig. 2.2

The quantity F is called the resonator finesse and is expressed by

P ™R Awpsg
B 1-R B AuJFWHM

(2.6)

Physically the finesse signifies the number of bounces a photon makes be-
tween the resonator mirrors before exiting the resonator from one of its sides.
As we can see from the above expression, the finesse F is purely determined
by the quality of the mirrors R. Hence it is imperative to have extremely low
lossy mirrors to get a high quality cavity at optical wavelengths. The variation

in cavity finesse as a function of mirror reflectivity is shown in Fig. [2.3]

The quality factor of the cavity is denoted by Q and is given by

B w B wF B w VR
Awpwaym  Awpsp  Awpspl — R

(2.7)
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The cavity stores photons for a characteristic time 7., where 7. is given by

_FL F
Cwce Awpgg

Te (2.8)
7. gives the 1/e lifetime of a photon inside the cavity. This timescale is also
equivalent to the rate of decay of intra-cavity intensity. The finite lifetime of the
photons inside the cavity is due to the limited reflectivity of the mirrors. The
decay rate of the cavity electric field is therefore x = Ti The mean number of

reflections N in the cavity is hence given by

N=2 =2
Lrndtrip 2T Awpw M

Te Awpsr _ F (2.9)
s

For a symmetric resonator with R; = R, = Rand T; = T, = T, we have for

very high reflectivity mirrors (R ~ 1), T = 1 — R. Thus the field inside the cavity,

which forms a standing wave, has the resonant intra-cavity field strength at an

antinode given by E.,, and is expressed as

2
Ecav ~ Einci 210
5 (2.10)
The resonant intra-cavity intensity at an anti-node is then given by
4 F
Icav - ]inc ~ 47]@71(; 2.11
1-R s ( )

This shows that the cavity enhances the intracavity intensity at an antinode
by 4£. Hence one can in principle increase the strength of interaction be-
tween an atom and the field inside the cavity by several orders of magnitude
as compared to that in free space. However, for the experiments reported in
this thesis, the atoms are not localized to an anti-node along the resonator axis

and hence they will see an average intensity over one or several periods of the
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FIGURE 2.4: Spherical two mirror resonator configuration for Gaussian beam anal-
ysis.

standing wave along the resonator axis given by:

F
[ =95 I, (2.12)
T

cav

2.1.2 Gaussian beam properties of a spherical mirror cavity

Let us consider a cavity composed of two spherical mirrors of radius of curva-
ture R1 and R2 separated by a total distance d. Let us assume further that a
Gaussian beam fits into the resonator and is focused at z = 0. Individually the
mirrors are placed at distances z; and z, from the point z = 0 with the constraint
that z, + z, = d as shown in Fig.

For stable cavity configuration, the radius of curvature of each mirror at a
given point z within the cavity must be identical to the radius of curvature R of

the Gaussian beam at the same point within the cavity. This condition gives

2

R(»)=—Rl= Rl =2 + Zzﬂ (2.13a)
1
2

R(z) = +R2 = R2 = 2 + Zzi (2.13b)
2
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R(2)

4

FIGURE 2.5: Variation of the radius of curvature R of a Gaussian beam from the dis-
tance z from the beam waist is shown by the red (solid line) curve. The black curve (dot
dashed curve) shows the ~ % variation while the blue curve (dashed curve) shows the
z (linear) dependence (that is the spherical wavefront nature of the Gaussian beam).
The point of intersection of the black and blue curves is the Rayleigh range of the
beam.

The sign convention used here is taking into account the Gaussian wave-
front curvature which is generally taken as positive for a diverging beam and
negative for a converging beam for a beam propagating from left to right. The
sign convention followed for the mirrors are that the radius of curvature for the
mirrors are positive for mirrors that are viewed to be concave from within the
cavity while negative for those which are viewed to be convex from within the
cavity. We further assume that this treatment is being done in the paraxial
wave approximation. A plot of the radius of curvature of the Gaussian beam as
a function of z is shown in Fig. 2.5

The quantity zy, is called the Rayleigh range and signifies the depth of focus
for a Gaussian beam. Physically it implies the maximal usable working length
for a given Gaussian beam at a wavelength A with a minimum beam waist w
before the beam starts to diverge. A more commonly used quantity used in the

context of Gaussian beam propagation is the confocal parameter b = 2z.

We further define the Gaussian beam stability parameters for the two mirrors
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FIGURE 2.6: Stability diagram of a two mirror resonator. Resonators with parame-
ters in the shaded regions are stable.

as g, and g;. These are expressed as

d
gr=1- 1 (2.14b)

For resonator stability we have the criterion that

0<g192 <1 (2.15)

Fig. [2.6] depicts the regions of stability for which the resonator stability con-

dition as given in equation (2.75) is satisfied for a two mirror resonator.

Solving the above equations (2.13) and (2.14) along with the constraint z; +

Z, = d for the Rayleigh range zr and the mirror locations z; and z,, in terms of

the stability parameters g; and g,, we have as zy

2 d*g192 (1 — g192) (2.16)
B (—2g9g1 + g1 + o) 2
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w(2)
c .“‘.

o

z
FIGURE 2.7: Dependence of the diameter or spot size w(z) of a Gaussian TEM

beam on the distance z from the beam waist. The angle ¢ is far field divergence angle
and 2wy is the beam waist at z=0.

and the mirror locations at z; and z, as

o= 1) (2.17a)
—2g291 + g1 + G2

2 pr—
—2G2g1 + g1 + 92

We can also express the minimum beam waist w, at the focus in terms of

the above resonator parameters as

2
Wy

_dA | 9192 (1 g190) : (2.18)
T\ (—29201 + 91 + 92)

The beam diameter w(z) is expressed as

w(z):wmll—i—;z (2.19)
R

From Fig. [2.7|we see that the beam diameter w(z) has the following proper-

ties:
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FIGURE 2.8: Comparison of several properties of a TEMyy, mode in the whole stabil-
ity region of a symmetric optical resonator. Both curves are normalized to the TEMyg
mode of a confocal cavity where L = R. For the plot of beam spot size versus %, the
red curve (solid line) shows the variation of the cavity waist w, as a function of £, while
the blue (dashed line) curve shows the variation of the spot size at the mirror position
versus £.

* For z > zy the radius w(z) has a linear dependence on z at the asymp-
totes given by
w(z) = wpe = 25 =05 (2.20)

ZR TWo

where § = 2,

TWQ
« At z =z, we get w(z) = v2wy.

The beam waist (or the beam spot size) at the mirrors are then given by w;

and wy which are expressed as

dA 92
w? =, [—— T 2.21a
' ™\ g1 (1—g192) ( )
w3 = Al a (2.21b)

™\ g2 (1 - 9192)

As seen from Fig. the waist is minimum in both near-planar and near-
concentric configurations, but the spot size on the mirror increases as the near-

concentric case is approached. Further the mode volume is maximum for % =
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3, and approaches zero in the near-planar (L — 0) and near-concentric (L —
2R) configurations.

The mode volume for the TEMy, mode is given by Vg, where

Voo = 1 (2.22)
The mode volume for higher order modes is given by V,,,,, where
Vin = Vio(m!n120m+m) (2.23)

For a fixed set of mirrors with radius of curvature R, a cavity constructed in
the confocal configuration always has the maximum waist wy. This is evident
from the Fig. [2.8] where the waist, the spot size on the mirror and the mode
volume have been plotted as a function of and all values have been normal-
ized for a TEMy, mode for the case of a confocal cavity. This is a particularly
advantageous configuration for the experiments where the atom number in the

cavity mode is of primary concern.

2.1.3 Eigenmodes of a resonator

The field inside the cavity is the solution of Maxwell equations with appropri-
ate boundary conditions imposed by the mirror geometry. The wave equation
for an electric field propagating along the z-direction in the paraxial regime is

known as the Helmholtz equation and is given as

(V2 + 2in2

50 =0 (2.24)

Here ¢ is the envelope of the wave and we assume that it varies slowly on

the scale of ), the wavelength of the field. Here V* = W+é?;2 and k = 2”. The
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implication of the smooth variation of the wave envelope over the scale of A are

as follows:

2, <7 (2.25)

which we can rewrite as
gf <L k¢ (2.26)

and hence it follows that
?;;f < k:gf (2.27)

and thus we can neglect the 38722 term in the Helmholtz equation.

For fields propagating along a given direction (assuming z-direction for the
treatment reported here), the solution for the wave equation in the paraxial
regime is well described by a Gaussian beam. To obtain the zero order solution
of the wave equation above, we first introduce a trial solution of the form

ik(z2+y?)

W(@,y, 2) = doe 0 P (2.28)

The solution of equation is then reduced to finding q(z) and p(z). The
trial solution as given in equation fixes the dependence on the trans-
verse coordinates x and y and thus forces the solution to have a symmetric
transverse profile as demanded physically by the field. A complex solution for
g will lead to the terms introduced intuitively above. The final solution for the
electric field amplitude v is expressed as

2242 2,2
Wo =4yt ity
e w2 (z) eZkZ ttan (C) €Z R(z) (229)

Q/J(QZ', Y, Z) = ¢0

w(z)
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where w(z) is the beam waist as a function of z defined as

w(z) = woy | jj +1 (2.30)
R

with z being the Rayleigh length or Rayleigh range of the beam and given by

2
ip = ”T“’O (2.31)

Further R(z) is the radius of curvature of wavefronts and is expressed as

2

z
R(z) =z(1+ z—};) (2.32)
while the tan~!(¢) term is called that Guoy phase shift [9] and is given by
tan"1(¢) = (2.33)

The first exponential term along with the prefactors as given in equation
describes the amplitude factor which represents completely the intensity
profile of the Gaussian beam. The second exponential term describes the
longitudinal phase factor and since it depends only on z, it gives the on axis
phase behavior for the Gaussian beam. The third exponential term in equation
is the radial phase factor and it describes the behavior of the beam
phase in the x-y plane.

The Guoy phase shift describes the rapid phase change of the electric field
when traversing the point of minimal beam diameter at w, = 0 (beam waist)and
represents a small departure from planarity. Physically it signifies a phase
retardation in comparison to the plane wave with the tan=! form implying a
monotonically increasing retardation, amounting to a total of = phase change

over all z. Gouy phase effects are generic to focusing-beam-type solutions to
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the wave equation and are important in computing the resonant frequencies of
optical resonators. Further the Guoy phase retardation implies that the phase
velocity of a Gaussian beam is slightly larger than c, since the spacing between
wave fronts is slightly larger than .

Another important quantity in the above analysis is the complex beam pa-

rameter q(z) which is defined as

q(z) = z+izg (2.34)

The complex beam parameter plays an important role in the analysis of
Gaussian beam propagation, and especially in the analysis of optical res-
onator/cavities using ray transfer matrices. However, it is more commonly used
in its reciprocal form and is expressed by

1 1 1 A

q(2) - z+1izp - R(2) N iﬂwz(z) (2.35)

The higher order solutions of the paraxial wave equation depends completely
on the symmetry of the resonator/cavity mode structure and hence is related
to the system of coordinates chosen to describe the structural mode symme-
try in the resonator. Examples of such higher order modes are the Hermite-
Gaussian modes, the Laguerre-Gaussian modes and the Ince-Gaussian modes
which are related to the cavity mode structures having either rectangular, cylin-

drical or ellipsoidal symmetry.

Hermite-Gaussian modes

As mentioned earlier, Hermite-Gaussian beams are a family of structurally sta-
ble laser modes that have rectangular symmetry (and hence can be described

by a cartesian coordinate system) along the propagation axis. The standard
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FIGURE 2.9: Hermite-Gaussian mode structure recorded for an experimental cavity
in the lab by a charge coupled device (CCD) camera placed in transmission. The
figures represent the images recorded and their corresponding intensity profiles as
mapped by a contour plot over the plane of the CCD camera. Shown in figures (a),
(b), (c) and (d) are the lowest Hermite-Gaussian modes TEMyy, TEMy, TEM;o and
TEMo,-. The TEMg;~ is a very special mode, also known as doughnut mode, is a
special case consisting of a superposition of two TEM;; modes, with each mode being
oriented orthogonal to one another.

form of the Hermite-Gauss mode is given by

X exp*mn (2.36)

The order of the above solution is defined by m+n. Modes of the same order
are degenerate in laser resonators or cavities. Here H,, and H,, are Hermite
polynomials of order m and n respectively. Since the Hermite-Gaussian func-
tion for the electric field is scaled everywhere to the spot size w(z) via the
arguments of e and ﬁ of the Hermite polynomials, the intensity profile of
any given TEM,,,, mode changes size but not the shape/pattern as it propa-
gates forward (in this case the z-direction) in a given direction. A particular
TEM,,,, mode looks exactly the same except apart being modified by a scaling
factor as it propagates along the z-direction.

Apart from the Hermite polynomials, the other terms in equation (2.36) are
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FIGURE 2.10: Representative Laguerre-Gaussian mode patterns obtained from
theoretical plots of the electric field intensity as per the electric field amplitude given
in equation 38. Starting from the top left corner, the first row of figures show the lower
order Laguerre-Gaussian modes TEM;y, TEMyy, TEM3o. The middle row of figures
(starting from the left) represent the modes TEMy;, TEMg2 and TEMg3 while the third
row of figures (again starting from the left) represent the modes TEM;;, TEM,; and
TEM33.

the same as in equation (2.29) with a modified Guoy phase ¢,, ,, = (m+n+1 )tan*l(i).
The physical significance of the dependence of the Guoy phase on the indices
m and n is the manifestation of higher resonant frequencies of higher order

(transverse) modes in laser cavities and resonators. The constant term that

normalizes the total intensity is given by \/2;:?;!”. A few examples of the inten-
sity patterns of Hermite-Gaussian modes recorded for an experimental cavity

in our lab is shown in Fig. [2.9]

Laguerre-Gaussian modes

Another class of modes characterized by azimuthal and radial symmetry along
their propagation axis rather than the rectangular symmetry exhibited by Hermite-

Gaussian modes are known as the Laguerre-Gaussian modes. These modes
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carry an intrinsic rotational orbital angular momentum of iz per photon. This
intrinsic property of the Laguerre-Gaussian beams ensures that a object with
a different refractive index placed along the propagation axis will experience
a torque. This property of the Laguerre-Gaussian beams is of considerable
physical significance and practical interest, particularly in the field of optical
trapping and for driving micromachined elements with light. However it is im-
portant to note that this intrinsic rotational momentum is totally different from
the angular momentum that arises due to the polarization of light. Some of the

lower order Laugerre-Gaussian modes are shown in Fig.[2.10]

The standard form of the Laguerre-Gauss mode is given by

_m! 2 o \" ., [ 20 0> ikp?
Ymn(p:6:2) aw(z) \ mm!(m 4 n)! (w(z)) Lo (w(z)2> eXp(_w(z)2 * 2R(z))
x exp(igk ) exp(inf) (2.37)

where p and ¢ are expressed as

p =\/2? + y? (2.38)

6 = tan™! <y> (2.39)
X
with ¢Z being given by
¢k = (n+2m+1)tan () = (n +2m + 1)i (2.40)

<R

and R(z) being defined in the usual way as given in equation (2.32).

Here L7, is the generalized Laguerre polynomial of order m. Itis evident from
the above form of the Laguerre Gaussian beam that real part of the electric field
amplitudes are rotationally/cylindrically symmetric around the axis z, and the

number (m+1) is the number of minima and maxima along a radial line from
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the center p=0. Thus the modes of a Laguerre Gaussian beam are circles of
constant intensity along the radial axis and have a ¢’ variation in the azimuthal
direction. However one should keep in mind that the first minimum always
occurs at p = 0, where the amplitude of the electric field vanishes. The number
n defines the change of phase in terms of an integral multiple of 27 when one
goes around the axis of propagation p = 0, and thus defines the chirality of the
mode. Further Laguerre Gaussian beams exhibit similar Guoy phase shifts as

the rectangular (Hermite-Gaussian) modes.

2.1.4 Transverse modes of a resonator

As seen from either the Hermite or Laguerre-Gaussian electric field ampli-

tude expression given by equations (2.36) and (2.37) respectively, a Gaussian

beam with transverse mode numbers m,n experiences a Guoy phase shift of
(m+n+1)7 in passing through a focal region relative to a plane wave. The total
Gouy phase shift is reduced in the case of a resonator since the the beam is
confined to a finite region around the focal point which lies in the plane z = 0
as given in Fig.[2.4] The resonance condition is that the round trip phase shift
om.n(K) = 27, where q is an integer denoting the axial mode number. Thus the
round trip phase shift experienced by a beam of wavelength X\ for a cavity of

length L is now expressed by

L —L
G =2Lk —2(m +n + 1)(tan_1(%) — tan_l(%))
2T

L
= —2m+4+n+1)cos 1 -= 2 41
ATy am ot 1) eos (1 ) 2.41)

R

Since the resonance condition is ¢,, ,(K) = 27q, where q =1, 2, ..., we get,

1
= Dopsalg + —(m -+ + 1) cos™ (1~ ) (2.42)
T
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FIGURE 2.11: Lowest order transverse modes for a near-planar resonator (L <« R).

where q is the longitudinal order denoting the number of antinodes in the res-

onator.

We can see that the frequencies of the transverse modes are in general
not coincident with those of the axial modes (except in the case of a confocal
cavity where L=R), and produces a complex and irregular pattern of fringes at
the output as a function of the input laser frequency. The transverse modes
are equispaced along the frequency axis with the modes of order (m+n) being
degenerate. As the transverse mode separation for a given longitudinal order
depends on the length of the resonator, it is possible to measure very accu-
rately the length of any given cavity from the measured separation between the
transverse and an axial mode of a given order g. This is shown in Fig. [2.11]
However, in practice one may excite many transverse modes of a resonator
without using a mode matching lens assembly to preferentially couple light to
a single axial mode of the resonator. For a given spot size of the fundamental
transverse mode w on a mirror, the half-width of higher order transverse modes

with index m is roughly w,/m.
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FIGURE 2.12: Left: A pair of a coupled oscillator analogue of the atom-cavity sys-
tem. Right: Simplified schematic of a real system consisting of a two level atom cou-
pled to the field of a single mode inside a cavity.

2.1.5 Atom Cavity Interactions

The basic interaction of an atom with the electromagnetic field of a single cavity
mode is very well described by the Jaynes-Cummings model [10]. This model
was first proposed by E. T. Jaynes and F. W. Cummings in 1963. Although
their approach was purely quantum mechanical, we can understand many fea-
tures of this inherent quantum machanical system by a classical analogue of
two harmonic oscillators as shown in Fig.[2.12] The atom is characterized by
a damping rate I" while the cavity is associated with a damping rate . When
there exists no coupling between the oscillators, the normal modes of the sys-

tem are degenerate.

The strength of the atom-cavity interaction is governed by a factor g, also
known as the atom-cavity coupling strength. We can naively think of g, as a
spring connecting these two harmonic oscillators and thus ensures that there is
a coherent energy exchange between the oscillators, and the system has two
nondegenerate eigenmodes. However if the coupling strength g, is smaller
than either of the damping rates, the energy will be dissipated from the atom-
cavity system before any coherent energy exchange takes place. Keeping this
analogy in mind, we can proceed towards understanding the quantum mechan-

ical treatment of the atom-cavity system.
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2.1.6 Quantum theory of a two level atom interacting with a
field of a single cavity mode: The Jaynes-Cummings

model

We consider a simplified system consisting of a single point-like two-level atom
at rest, coupled to a single quantized mode of the cavity. We also assume the
system to be ideal such that there is no spontaneous decay of the atom from its
excited to its ground state and further assume that there is no loss of photons
from the cavity. We also consider a monochromatic field of frequency w. to be
forming a standing wave inside the fundamental mode of the cavity, where 3=

is the resonance frequency of the cavity.

We introduce photons by the method of canonical field quantization and ex-
press the the field operators in terms of creation and annihilation operators af
and a which add and remove monochromatic, polarized photons in the cavity

mode respectively. They obey the canonical commutation relation

[a,a'] =1 (2.43)

The number of photons stored in the cavity is given by the expectation value
of the photon number operator denoted by (a'a) and hence we can define the

Hamiltonian for the single mode of the optical field as

1
Hfield = ﬁwc(aTa + 5) (244)

Here hw, is the energy of a single photon of the field present inside the single
mode of the cavity, where f is (1/27) times the Planck constant h. The energy

eigenstates are photon number states |0), |1), |2),....

We describe the two level atom in a manner similar to the description of
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the photon inside the cavity by using the second quantization formalism. We
label the ground and excited states of the atom as |g) and |e) respectively. We
assume that the ground state has zero energy and w, is the atomic transition
frequency between the ground and excited states. The Hamiltonian for such a
two-level atom is given by

Hatom = hw,le) (el (2.45)

We now introduce the operators of, o and o. which denote respectively
the creation, annihilation and inversion of atomic excitation and these are ex-

pressed as

ot = le){(yl, o = |g){el and 0= = |e){e] — [g){g] (2.46)

The operators of, o and o, are the pseudo-spin (or the pseudo-Pauli matrix)

operators fulfilling the algebra

[(TT, o] =0, o2, O'T] =207, [0,,0] =— 20, (2.47)

-
o, = (2.48)
0 -1

Thus the atomic Hamiltonian can be re-written as

with

H oo = hwgo'o (2.49)
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The coupling constant between the atom and the cavity mode is given by

9(7) = go f(7) (2.50)

where f(7) is the normalized spatial mode profile of the cavity, g, is the maxi-

mum coupling constant.

The spatially dependent cavity mode function f() obeying the quantization
condition that & is an integer is given by
2 + 2

f(7) = f(x,y,2) = exp(— w2y ) cos(kz) (2.51)

0

with the cavity mode volume V being given by

v [ 1@V (2.52)

The zero point energy of the field mode inside the cavity is given by 1Aw.. If
we normalize the vacuum field energy ¢, E?V over the cavity mode volume to

the zero point energy of the field mode in the cavity by virtue of field quantiza-

hw
E =/ = 2.
2€0V ( 53)

where V = Zw, L is the effective (or the quantization) mode volume of the cavity

tion [11], we get,

and E is the electric field amplitude of the vacuum modes inside the cavity.

We now assume the atom to be positioned at an antinode of the standing
wave inside the cavity so that the spatial dependence of the interaction can
be omitted. We further assume that the atomic dipole moment d is oriented
parallel to the direction of the cavity field polarization at the aforementioned

antinode position. The interaction Hamiltonian in the Heisenberg picture is
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FIGURE 2.13: Variation of the atom-cavity coupling strength g, as a function of %,
normalised to the coupling strength in the confocal case.

given by
Hotom— field = d.E = d(oTe™ + gem ™) E(ale™! 4 ae™™e) (2.54)

where d is the dipole moment of the atomic transition.

If we now apply the rotating wave approximation (RWA) to the equation
such that (w, — w.)<(w, + w.), We can drop the energy non-conserving
o'a' and oa terms (since these operators average out on the timescale of the
evolution of the operators ca' and o'a), and finally reduce the above atom-field

Hamiltonian to

Hatomffield = dE(O’TG, + UaT> = th(aTa + O-aT) (255)

dE d>w,
90= 7= SheaV (2.56)

The coupling constant g, is a function of the dipole moment d of the atomic

where g, is given by
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transition, the resonance frequency of the cavity w. and the cavity mode volume
V. For a given atom, the coupling constant can be increased by minimizing the
cavity mode volume which in turn translates to minimizing the length of the
cavity and the radii of curvature of the mirrors. A plot of the coupling constant
Jo as a function of the ratio % is shown in Fig. . Here R is the radius of

curvature of the cavity mirror.

An equivalent expression for g, is given by

631
w2wi L

go = (2.57)

where c is the velocity of light, I" is the spontaneous emission rate of the excited

state, wy is the cavity waist and L is the cavity length.

Finally the total Hamiltonian governing the atom-cavity system after ignoring

the vacuum-field (or the zero point) energy term is expressed by

H :Hatom + Hfield + Hatom—field
—hw,o'o + hwea'a + hgo(oal + o'a) (2.58)

The above Hamiltonian in equation defines the Jaynes-Cummings model
that describes a model system consisting of a two level atom interacting with
the single mode of a cavity under the rotating wave approximation (RWA), ig-
noring any dissipative or damping processes like spontaneous emission or
loss from cavity mirrors. The zero point energy term can be neglected on
the grounds that it does not contribute to the dynamics of the system. The
Jaynes-Cummings model is well known in quantum mechanics since it is one

of the few models for which an analytical solution can be derived.
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2.1.7 Analytical solution of the Jaynes-Cummings model for

a system without dissipation

As seen from equation (2.55), the atom-field Hamiltonian term figo(oa’ + o'fa)
describes processes where a photon in the mode is annihilated while the atom
is excited or vice versa. Hence this Hamiltonian couples states of the form |g, n
+ 1) and |e, n) described in the canonical basis, where (n+1) is the total number
of excitations in the system. |g, n + 1) and |e, n) are the bare states depicting
the state of the atom and indexing the number of photons in the cavity mode.
The ground state of this system |g, 0) is an energy eigenstate. The other
energy eigenstates of the coupled system in the dressed state formalism are
given by linear combinations of the bare states |g, n + 1), with the atom in the
ground state and n intracavity photons, and |e, n), with the atom in the excited

state and (n + 1) photons. These new dressed states are given by

In+1,+) = cosfle,n) +sinf|g,n + 1) (2.59a)

|n+1,—) = —sinf|e,n) + cosf|g,n + 1) (2.59b)

wheren=0,1, 2,...

The transformation from the basis {|g, n + 1), |e, n)} to the “dressed state”
basis {|n + 1,+), |[n + 1,—)} is accomplished by a rotation of the system in
its Hilbert space by the “mixing angle” # which is a function of the atom-cavity
coupling constant g, and the atom-cavity detuning A = (w. — w,). The mixing

angle 6 is given by

2g0v/n + 1

0 = tan~?
A+ /4g3(n+ 1) + A2

(2.60)

The Hamiltonian in the dressed state basis is block diagonal in 2x2 blocks

which signifies that only pairs of eigenstates shall be coupled to each other.
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Thus physically it implies that an excited atom can emit a photon into the cavity

and reabsorb it, but only that is the limit of the energy transfer.

The energy eigenvalues obtained by diagonalizing the Hamiltonian expressed

in the dressed state basis {| n + 1, +), | n + 1, -)} are given by

A1
B = (04 Dhowe + hog + §h\/4gg(n 1)+ A? (2.61a)

A1
By~ = (n+ Dhwe + 17— §hmgg(n +1) + A2 (2.61b)

where n =0, 1, 2,..., while the energy splitting between two states is given by

AFEni1 = Bty — Enyn - = h\/493(n +1) + A2 (2.62)

The eigen-energies of the system form a ladder of doublets, with a central
spacing of one photon energy hw. and a splitting which increases with the
square root of n as shown in Fig.[2.74] For a degenerate system (w. = w,) the
spectroscopy of the first doublet of these states (that is, for n=0) gives a pair of
resonances with the splitting 2g,, which is called vacuum-Rabi splitting or the

normal mode splitting for an atom-cavity system.

For an atom which is initially in the state |g, n + 1), on being coupled to a
resonant field within the single mode of a cavity, the populations of the ground
and excited states of the atom-cavity system evolve with time t in the following

manner:

Py i1 = cos*(vVn + 1got) = ;[1 + cos(2v/n + 1got)] (2.63a)
P., = sin*(vn + 1got) = ;[1 — cos(2v/n + 1got)] (2.63Db)

Thus the populations in both the ground and excited states of the composite

atom-cavity system exhibit Rabi oscillations at an angular frequency 2v/n + 1g
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FIGURE 2.14: Left: Avoided level crossings in the Jaynes - Cummings model for
different laser detunings. The splitting is maximal on resonance at zero detuning and
the eigenstates have rotated from the bare state basis to the dressed state basis as
shown by the dashed lines in the figure. The parameters chosen for the plot are g
= 0.5 and w. = 30gy. Right: The energy levels of the Jaynes-Cummings Hamiltonian
form a ladder of doublets as shown.

when (n+1) quanta of energy is exchanged between the atom and the cavity
field. For the special case of n=0, which signifies the single photon criterion,
the Rabi oscillations occur at frequency 2g,. Hence g, is also referred to as
the single-photon Rabi frequency.

The Jaynes-Cummings model can be extended to an N-atom system where
N denotes the number of atoms interacting with the field of a single mode of the
cavity leading to the Tavis-Cummings model [12]. This model is not considered
here. However the collective coupling rate g.;; between the atomic ensemble
and the cavity field mode is enhanced by a factor /N leading to Qeff = goV N

, Wwhere N is the number of atoms in the cavity mode.

2.1.8 Analytical solution of the Jaynes-Cummings model for

a system with dissipation

The Jaynes-Cummings model considered in the previous section is applicable
only to perfectly closed systems which do not suffer from dissipation of any

kind, and hence is an example of the ideal regime of operation. However all
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real systems are lossy and prone to decoherence due to their coupling with
the environment. Thus an atom-cavity system in reality constitutes an open
quantum system coupled to the environment. Further any kind of meaningful
measurement or spectroscopy on such a real system requires coupling to an
external field. The transition from the closed to the open quantum system is
made possible by the inclusion of two physical processes: (a) the inclusion of a
pump term in order to drive the system and replenish losses and (b) a coupling
to modes other than the privileged cavity mode to describe the decay of the

excitation of both atom and cavity mode.

Dissipation present in the coupled atom cavity system includes loss mech-
anisms such as the field decay rate  of the cavity due to finite reflectivity of
mirrors and the dipole decay rate I' of the excited atomic state due to spon-
taneously scattered photons out of the cavity mode. Two coherent processes
exist: the first one being a coherent pump rate, in the form of a laser field
supplies the cavity mode with fresh photons to compensate the losses while
the other being the atom-cavity coupling constant g that signifies the extent of

coherent exchange of energy/interaction of the atom with the cavity mode field.

Ideally we would like to study or use the coherent interactions present in the
atom-cavity system with as little dissipation as possible. In other words we em-
phasize that the coherent evolution must be fast and more stronger compared
to the decoherence processes. Thus we would ideally want the system to enter
the regime of strong coupling:

g> kK, [ (2.64)

For a complete description of such a system the influence of the environment
is usually taken into account in form of a reservoir. We consider the system
and the environment as a single entity described by a density matrix p, which
includes all degrees of freedom. Mathematically, p is composed of vectors from
the combined Hilbert space Hr:.; given by Hg ® Hy, where Hg and Hy are the

Hilbert spaces of the system and the environment. The environment is hence
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the collection of all free-space modes which couple to either the atom or the
cavity mode.

We assume that we are operating the system under the Born approximation.
Thus the interaction of the system with the reservoir is weak and it can be
treated perturbatively. We further apply the Markovian approximation under
which we assume that the excitations and correlations in the reservoir die out
quickly as compared to the timescale of evolution of the system density matrix
p characterized by (g, I', )~! and thus the system is independent of its past
evolution and can be regarded as having no memory. The temporal evolution
of the open quantum system can then be determined by the quantum master
equation [13] (also known as the von-Neumann equation) for its density matrix

operator p from
7

h

P [07 H] + 'Cdissipation (265)

where the first term on the right hand side of equation describes the
coherent evolution of the density matrix operator p under the Hamiltonian H
while the second term on the right hand side of equation describes the
operator Lg;ssipation Of the Lindblad form and contains all posible modes of dis-
sipation or damping existing in the atom-cavity system. Here H represents the
total Hamiltonian of the system including a pump term that replenishes dissi-
pated photons in the cavity mode.

The total Hamiltonian H is given by

H = hA,0'0 + hAa'a + hgo(oa’ + ota) + e(a’ + a) (2.66)

where the of-s and a-s represent the usual creation/annihilation operators for
the atomic excitation and photon number states respectively while ¢ represents
the coherent pumping/driving term. The driving field ¢ is proportional to the
incident field and to the input mirror transmittivity. Here we invoke the weak field

approximation and assume that it is very small so that at most one excitation

52



2.1 INTRODUCTION

in the system is present. A, and A, represent the detunings of the drive field

from the actual atomic and cavity transitions and are given by

A, = w, —wr, (2.67a)
A, = w, —wrp, (2.67b)

where w;, is the frequency of the drive field while w, and w. represent respec-

tively the atomic and cavity mode resonance frequencies.

We also introduce the complex detuning parameters A, and A, following ref.

[14] which are given by

A=A, =il (2.68a)
A.=A.— ik (2.68b)

The Lindblad operator Lg;ssipation 1S Of NON-unitary nature and contains two
dissipation channels namely, the spontaneous emission of a photon from the
atom out of the cavity mode, which is described by the dissipation operator
vTo and the decay of a photon from the cavity mode through the cavity mirrors,
having a dissipation operator \/xo. The damping/dissipation operator is thus

defined as

r
'Cdissipation = §(2UpO-T - UTU,O - ,OO']LU) + g(Za,OaT - CLTCLP — paTa) (269)

The time evolution of the expectation value of any system operator 6 can be
determined from the master equation (2.65) as follows:

(0) = Tr[op] = Tr[6(Lp)] (2.70)

93



2. FUNDAMENTAL CONCEPTS AND THEORY

where L is the Liouville super operator defined by

l

£=5

[pv H] + 'Cdissipation (271 )

The Heisenberg equations of motion give the time evolution for a set of sys-
tem operators (a, o, o.) from the master equation (2.65). The equations for

time evolution are as follows:

(a) = —i(Acla) + €A + go(0)) (2.72a)
(6) = —i(Aa(o) — golac)) (2.72b)
(6.) = —20(1 + (0.)) + 2igo((alo) - (ac™)) (2.72¢)

where o, is defined in the usual manner as given by equation (2.47).

Mathematically the weak field approximation is equivalent to setting (ac,) =
(a) in equation (2.72b) (which implies that the atom is always in the state |g))
and dropping equation (2.72c). Thus we obtain a new, closed set of coupled

equations given by:

(a) = —i(Acla) — €A, — go(o)) (2.73a)
(6) = —i(Ag(o) + gola)) (2.73b)

The steady state of the system is obtained by setting ({(a), (¢) = 0). Usually
the steady state or stationary solutions of the master equation are calculated
numerically utilizing special techniques such as quantum Monte - Carlo meth-

ods.

The expectation value of the intracavity photon number and the mean atomic
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FIGURE 2.15: Left: Vacuum Rabi splitting for the atom cavity system. The red (solid
line) and black (dotdashed) curves show respectively the cavity and atomic population
versus laser detuning. The green (dashed) curve at zero detuning corresponds to the
cavity transmission with gg = 0, Kk = 4 and I" = 4. Right: The normal mode spectra
for different atom cavity detunings are shown. The blue (dotdashed) curve represents
the situation for A, = A, + %0, the green (dashed) curve represents the situation for
A, = A. - % while the red (solid) curve gives the photon population for A, = A.. The
parameters chosen for the plots are gy = 40, x = 0.1gg and I" = 0.1gg, which ensures
that the system is in the strong coupling regime.

excitation in the steady state are given by

(olo) = 62g—g (2.74a)
|A?]
A2+ T2
T —_ 2=a 4
(a'a) =€ A (2.74b)

where A is defined in the following manner

A= F: g2 — A, — z’(gAc + gAa) (2.75)

Here (oo) gives the probability of finding a photon in the cavity while (a'a)
gives the probability of finding the atom in its excited state. The equations
are sufficient to calculate a spectrum of the system that gives two reso-
nances known as the normal-mode resonances or the vacuum Rabi doublets
of the atom-cavity system. These pair of resonances are characterized by the

eigen-frequencies w, and w_ which can be obtained from the equations (2.73).
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The normal mode frequencies are expressed as

1, - ~ 1 = =

wp =wp = 5(Ba+Bo) + 51408 + B, — Al (2.76a)
1 - ~ 1 = =

wo=wp = 5(Bat+ B2) = 5/4g8 + 1A, — Al (2.76b)

The eigenfrequencies w, and w_ have complex values as seen from the
equation (2.76). The real part of the eigenfrequencies determine the position of
the resonances whereas the imaginary part of the eigenfrequencies describes
their widths. The width of the resonances is thus given by % The width
of the eigenfrequencies physically signifies the presence of dissipation in the
system. The vacuum Rabi splitting (VRS) or the normal mode splitting for
the atom cavity system shown in Fig. is given by the separation between
the position of the eigenfrequencies given in equation (2.76). The vacuum
Rabi splitting describes the phenomenon by which the originally degenerate
resonances of the bare atom and the cavity split into two new resonances in
the coupled system (for w, = w.). The vacuum Rabi splitting denoted by Ay zs

is given by

Avrs =462 + |A, — A,? (2.77)

The vacuum Rabi splitting (VRS) has been experimentally observed with
atomic beams passing through a cavity [15, [17, 46], with atoms trapped in-
side cavities [18-20], and also with Bose-Einstein condensates inside cavities
[21} 22]. The normal-mode splitting has also been seen in solid state macro-
scopic cavity QED systems like quantum dots coupled to micropillars [23] 24]

or microdiscs [25] or with quantum dots placed inside photonic crystals [26].

The VRS mentioned above can be explained both from the quantum me-
chanical framework using the coupled harmonic oscillator analougue. It can
also be explained with purely semiclassical arguments using absorption and

dispersion phenomena. In the quantum mechanical picture the atom cavity

56



2.1 INTRODUCTION

system behaves as two coupled harmonic oscillators under the weak field ap-
proximation. The cavity can be envisioned as a quantized harmonic oscillator
with an infinite number of equally spaced energy levels. The atom which is
effectively described as a two level system can also be thought of a harmonic
oscillator in the weak field driving limit. This correspondence has been shown
by H. J. Carmichael [27] for a two-level atom in terms of two bosonic operators
using the Schwinger representation where the bosonic operators correspond
to the creation and the anihilation operators for atomic/photon number states.
However we can draw this correspondence only under the assumption that the
excited state has a very low population. The atom cavity coupling constant
g, which mediates a dipole coupling between the atomic system and the cav-
ity mode, removes the mode degeneracy that exists between the atoms and
the cavity mode. The composite system then has two normal modes with a
mode splitting usually equal to twice the coupling constant in the strong cou-
pling regime (g > «,I'). The normal mode splitting can be probed as long as
rate of energy exchange given by the vacuum Rabi frequency (Q2y ) is larger

than the dissipation (x,I") present in the system.

From the semi-classical perspective [28| [29] we can think of the atoms to
be acting as a medium where a phase shift occurs due to the refractive index
of the medium. However the field inside a cavity also experiences a phase
shift while traversing back and forth between the mirrors. Now if we can con-
trol the input drive field frequency such that the phase shift caused by the
atoms gets compensated for by the phase shift in the cavity, we can enhance
the transmission of the cavity by virtue of constructive interference due to the
zero phase shift condition that has been established by this protocol. In the
limit of low drive field intensity and for small atom-cavity detunings the afore-
mentioned zero phase shift condition can be achieved at three different points
in the frequency domain. The central frequency point in this frequency band

is heavily suppressed due to atomic absorption. The remaining two frequency
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points appear as sidebands in transmission on either side of the absent central
frequency peak and are known as the vacuum Rabi peaks.

Finally we would like to mention three other important parameters with re-
spect to defining the operating regime of a cavity in the strong coupling limit.
These are namely the single atom cooperativity C, the critical photon number

ny and the critical atom number N, [30]. These are expressed as

92

o= (2.78a)
kI
F2

- 2.7

no 27 (2.78Db)
r

No = (2.78¢)
90

The single atom cooperativity physically signifies the amount of cavity to
free space scattering ratio and is essentially determined only by the geometry
of the cavity mode. It also determines the effect of a single atom on the cavity
spectrum. The critical photon number signifies the amount of photon quanta
one would need to saturate the transition along the cavity mode. The critical
atom number is the inverse of the quantity C and hence it gives the smallest
amount of atoms that are necessary to perturb the system effectively to go into
the strong coupling regime. In the strong coupling regime we should always
have {ny < 1, C' > 1} so that a single quanta dominates the dynamics of the

atom-cavity system.
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2.2 Laser cooling: Basics and theoretical

background

In this section, the atomic properties of Rubidium which are relevant to the
optical switching experiment (using the 3"Rb isotope) and cavity based exper-
iments using laser cooled *Rb atoms are discussed briefly. We introduce the
basic concepts of atom-light interactions needed to explain the principles of
laser cooling. We also describe briefly the principles of Doppler cooling pro-

cesses.

2.2.1 Atomic properties of Rubidium

The primary alkali metal atom of choice for the experiments reported in this
thesis is Rubidium (Rb). In general Rubidium is a preferred alkali metal of
the atomic physics community for laser cooling and trapping due to the follow-
ing reasons: it can be easily produced using alkali metal dispensers [31-33]
to generate enough vapor with small amount of heating necessary for laser
cooling applications, it is paramagnetic in nature thus making it suitable for
magnetic trapping, relatively cheap lasers for cooling can be built using read-
ily available commercial laser diodes and finally the relatively large hyperfine
splitting in the 5P, state allows the cooling cycle to operate on a closed tran-
sition far enough away from other transitions (thus lowering the probability of
optical pumping via absorption of off-resonant photons) so as to allow large
laser detunings necessary for effective laser cooling.

There are two naturally occuring isotopes of Rubidium - one stable isotope
with mass number 85 with a relative abundance of 72.2% and other with mass
number 87 with abundance 27.8% having an extremely weak decay (having a
half life of 48.8x10° years) thus making it effectively stable. As mentioned ear-

lier, for the experiments reported in this thesis, both isotopes have been used
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and hence the atomic properties of both **Rb and *"Rb are presented here.
The vapour pressure py, for the solid and the liquid phase of Rb, according to

the vapor-pressure model presented in [34] is given by the following equations:

421

log,o pv = 2.881 + 4.857 — T5 (solid phase) (2.79a)
4040 . .

log,,py = 2.881 + 4.312 — 7 (liquid phase) (2.79b)

where py is the the vapor pressure in torr and T is the temperature in Kelvin.

The electronic structure of Rubidium is 1s22s22p%3s23p°®3d'°4s24p®5s? or in
shorthand notation [Kr]5s!, where Kr is the noble gas element Krypton. Thus
the ground-state electronic configuration of Rubidium consists of closed shell
configuration plus a single 5s valence electron that gives a spectrum which is
similar to that Hydrogen (H). The total angular momentum (J) of the ground
state 5s is 1/2. The ground state is represented by the term state 5S,/,. In
the first excited state the single electron becomes a 5p' electron. The total
angular momentum can be 1/2 or 3/2 since the possible values of the total
angular momentum quantum number J are |I-s|, |I-s|+1,..., |l+s]-1, |l+s], with
s=1/2 and I=0 or 1 depending on the electron being in the s and p orbital
respectively. Thus the two excited states in the 5p manifold are represented
by the term states 5P, , and 5P;,, respectively. The transition from the 5S, ),
state to the 5P, /, state is known as the D, transition while the transition from

the 5S,/, to 5P3, is referred to as the D, transition. The energy level diagram
for Rb is shown in Fig.[2.16]

The dominant term in the interaction between the nuclear spin and the elec-
tron gives rise to the magnetic hyperfine splitting. The nonrelativistic Hamilto-

nian for an atom having a single electron form assuming an infinitely massive
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FIGURE 2.16: The Rubidium (Rb) energy level diagram for the D, transitions of
85Rb and "Rb. The red (solid) and the orange (dashed) arrows represent respectively
the relevant cooling and repumping transitions for a magneto-optical trap.

nucleus, is given by

H=KFE+PE+ HS.O. + thperfinel + thperfine? (2803)

2 2
p Zesse > 3 > o

= — L.S J.I
2m  4dmwegr () ta

g PURNE P
2

+ 21T 1) 72T 1) B(ILJY? +2(I.J)—I(I+1)J(J+1)]  (2.80b)
where the five terms K.E, P.E, Hso., Hiyperfiner @NA Hpyper fine2 are labelled in
order respectively. K.E. is the kinetic energy of the single electron where p'= -
inV and hence p denotes classically the mechanical momentum of the electron
of mass m. P.E. is the potential energy term and is given by the Coulomb
interaction of the single electron with the nucleus and the core electrons under

the assumption that the nucleus and core electrons form a spherical symmetric
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potential with charge Z.;; where Z.;; is an effective atomic number. Hgo.
is the spin orbit interaction, where L and S are the orbital and spin angular
momenta of the single electron while {(r) is the spin-orbit coupling coefficient.
Hyper rine1 18 the magnetic hyperfine interaction, where « is called the magnetic
hyperfine structure constant, while .J and I are the total electron and nuclear
angular momenta, respectively. Hy, ., rinc2 is the electric quadrupole hyperfine
interaction, where j is the electric quadrupole interaction constant, and | and
J are angular momenta quantum numbers. Although the major electric pole
of the rubidium nucleus is the spherically symmetric electric monopole giving
rise to the Coulomb interaction, it also has an electric quadrupole moment.
However it does not have an electric dipole moment. The above Hamiltonian
in equation leads us to the energy level diagram for the D, transitions

of Rb and ®"Rb as given below in the figure.

The finite lifetime (7) of the excited state results in a width in the absorption
profile of the atom which has a Lorentzian lineshape with full width half max-
imum (FWHM) given by T' = 1, where I" denotes the natural line width of the
atom. However, in general, for an ensemble of atoms at a given temperature
T the atoms have the possibility of moving in any direction consistent with the
Maxwellian distribution of velocities at the temperrature T. In any particular di-
rection, the velocity distribution can be well described by a Gaussian function.
For an atom moving at velocity v, the frequency w of an incoming photon is

doppler shifted by an amount «’, where ' is given by
W =w— ko (2.81)

where £ is the wave-vector of the photon and \E| = 27” Here ) is the wavelength
of the photon and is given by A = 5= with ¢ denoting the speed of light. Hence

the absorption profile of an atomic ensemble at a finite temperature T shows
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FIGURE 2.17: The Rubidium (Rb) spectral features as resolved by a saturated ab-
sorption spectroscopy set-up using a home built ECDL scanning across the relevant
Doppler broadened dips spanning by ~ 6.8GHz in frequency domain.

a Doppler broadened profile that depends on temperature of the atomic en-
semble. At room temperature (=~ 23°C), the Doppler width of 5S-5P transition
in Rubidium is two orders of magnitude more than the natural linewidth of the
F'=4 state of the 5 *P;,, state of the ®°Rb D, transition which has an FWHM of
« 6MHz.

The narrow spectral features of the naturally occuring Rb are hence ac-
cessed by a technique known as saturated absorption spectroscopy whose pri-
mary feature is its avoidance of or insensitivity to the Doppler effect. This tech-
nique relies on two beams: a stronger pump beam that saturates the atomic
transition and a weak probe beam which counter-propagates with the pump
beam. The pump beam is usually more intense than the probe beam and is
nominally 10 times more stronger than the probe beam. Narrow linewidth (=~
1MHz) linewidth (FWHM) of diode lasers have made it possible to resolve spec-
tral features whose natural linewidth are ~ 6MHz within a thermal background
of ~ 500MHz that exists at room temperature vapor. A saturated absorp-
tion spectroscopy signal of the D, transitions of Rb recorded by a home built

diode laser in the ECDL (external cavity diode laser) configuration is shown in
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Fig. The spectroscopy is obtained from a Rb vapor cell acquired from
Triad Technologies Inc., USA.

The selection rules for electric dipole transitions are given by

AF =0+1 (butnot0—0) (2.82a)
AJ=0+1 (2.82b)
As=0 (2.82c)

where F, J and s are the nuclear, total angular momentum and spin quantum
numbers respectively. Here F = J + I and F can take values from |J-I|, |J-
l|+1,..., [J+1]-1, [J+]].

Given the geometrical arrangement of pump and probe beams that counter-
propagate in the saturated absorption spectroscopy set-up, there arises crossover
resonances in addition to the normal resonance lines, which occur at frequen-
cies % for each pair of true or normal transitions at frequency v, and v,.
The crossover transitions are often in general more intense than the normal

transitions.

2.2.2 Interaction of static magnetic fields with atoms:
Zeeman effect

For an atom with a total nuclear angular momentum quantum number F, there
exists 2F+1 Zeeman sublevels (where my = -F,..,F) that governs the angular
distribution of the electronic wavefunction. The Zeeman sublevels are degen-
erate in the absence of a magnetic field. In the presence of a magnetic field
(B), the degeneracy of the energy levels is lifted. If the strength of the magnetic

field is weak, such that the magnetic interaction is very small compared to the
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hyperfine splittings ground and excited states of the atom, then F is a good

quantum number. The interaction Hamiltonian in this case is given by

Hy = e = B. (2.83)
where 15 is the Bohr magneton, g is the hyperfine Lande g-factor while F, and
B. are the nuclear angular momentum quantum number and the magnitude of
the magnetic field respectively. The above Hamiltonian for the atom is ex-
pressed assuming that a magnetic field exists along the z-direction (i.e., along
the atomic quantization axis). In the afore-mentioned weak field limit the in-
teraction Hamiltonian Hp perturbs only the zero-field eigenstates of Hy,yper finet
and Hy,,.; rine2 CaUsing a linear splitting of the energy levels in the |Fmy) basis.

Thus the state |Fmp) is shifted in energy by
AE = —upgrmpB, (2.84)

where the hyperfine Lande g-factor g is expressed as

FF+1)+J(J+1)—-I(I+1)

gr 2 gg 2F(F + 1) (2.85)
and g; is Lande g-factor given by
JJ+1)+SS+1)—L(L+1
g o1+ (J+1)+S(S+1) (L+1) (2.86)

2J(J +1)

where S denotes the spin quantum number.

However in the case of intermediate magnetic field strengths of magnitude
(~ 0.5 KG), the magnetic interaction is comparable to the hyperfine splitting
and hence the approximations used earlier in the case of linear Zeeman ef-

fect are not applicable anymore. In this regime of magnetic field strengths

65



2. FUNDAMENTAL CONCEPTS AND THEORY

the quadratic Zeeman effect becomes significant and in general, one must re-
sort to numerical techniques to diagonalize the Hamiltonian Hg + Hpyper finer +
Hhyper rine2. HoOwever for ground state manifolds with J = 1/2 and an arbitrary
value of I, the quadratic Zeeman effect can be expressed analytically through
the Breit-Rabi formula [35, 136] as

AEhfs dmax
21 +1

AE|J:1/2 my I my) — —7—1—“3917713:{: —|—332)1/2 (287)
where AEy ;s = Apss(l + 1/2) is the hyperfine splitting with A, ¢, being the mag-
netic dipole constant, m = m; + m; = m; + 1/2 (where the + sign is taken to

be the same as in (2.87), g; is the nuclear g-factor and x is given by

(97 —9r)nsB
AR (2.88)

A simpler expression which may be used for the two states m = +(I + 1/2), to
avoid any sign confusion that might arise while using equation (2.87), is given
by

1
+ =(gs + 21 g1)upB (2.89)

1
AE|J:1/2 my I mp) — AEhfsm 2

A very important application of the Breit-Rabi formula is to calculate the
small-field shift between the my = 0 sublevels of the two hyperfine ground
states in the context of the “clock transition”, for which there does not arise
any first-order Zeeman shift. The energy shifts of the hyperfine states of **Rb
528, , ground state with magnetic field is shown in Fig. [2.18]
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FIGURE 2.18: Zeeman effect for °Rb 5°S, /, ground state. x-axis denotes the mag-
netic field in Gauss and y-axis denotes the corresponding energy shifts calculated in
GHz using equation (2.87). The energy shift at zero magnetic field is due to hyperfine
coupling. The levels are grouped according to the value of F in the low-field (Zeeman)
regime.

2.2.3 Interaction of light with atoms: Coherent and

incoherent processes

When an atom interacts with an external monochromatic laser field, two fun-
damentally different physical phenomena occur:

1. A coherent process by which an atom absorbs (scatters) photons from
the laser field and subsequently emits them via stimulated emission into the
laser field. In such stimulated emission processes, the emitted photon travels
in the same direction as the inducing photon from the external laser field. The
transition probability of stimulated emission is same as the transition probability
for absorption and is proportional to the intensity (l) of incident radiation.

2. An incoherent process by which the absorbed photons are spontaneously
emitted in a random direction due to finite life time of the excited state.

The selection rule for allowed transitions in the magnetic hyperfine levels
(mpg) is given by mg - mp =0 or £1.

Both the coherent and the incoherent processes lead to a different kinds of

forces acting on the atom, namely the dipole force and the spontaneous force
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respectively. The origin of these two forces can be explained by means of the
Lorentz’s model of the electron [37]. In the simplest configuration possible, the
electron can be regarded as an oscillator elastically bound to the core of the
atom via a spring with force constant K,,.,,. Thus the binding force F;,gin, iS
given by

2
Fbinding = _kspringx = —MeWy X (290)

where m, is the mass of the electron, x is the displacement of the electron from
its equilibrium position and wy is the natural frequency of oscillation given by
\/kspTg/me. This oscillation frequency w, corresponds to the optical transition
frequency of the atom. The electric field due to the laser can be expressed in
the form

E(7,t) = é E(F) exp(—iwt) + c.c. (2.91)
where E is the magnitude of the electric field, w is the frequency of the electric
field of laser, ¢ is the electric charge of the electron and c.c. refers to complex
conjugate. The electric field due to the laser induces an oscillating dipole mo-
ment p(7, t) on the electron that oscillates at the same frequency as the driven

electron and is expressed by
p(r,t) = é p(T) exp(—iwt) + c.c. (2.92)

where the magnitude of the dipole moment p is related to the electric field via

the complex polarisability «(w) and is expressed as

p=caw)kE (2.93)

The Lorentz model is useful in arriving at the relevant expressions for the two
resulting forces that arise from the coherent and incoherent processes men-

tioned earlier. While being accelerated by the external laser field, the oscillating
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electron loses energy due to dipole radiation at a classical rate

e?w?

T — 2.94
K 6megmec? ( )
where m, is the mass of the electron, ¢, is the permittivity of free space and c
is the velocity of light. This loss of energy through radiation by an accelerating
charge introduces a velocity dependent damping term in the equation of motion

which is given by
eE(t)

Me

(2.95)

P4 Yok +wir = —

In the steady state the system oscillates at the driving frequency w of the
external laser field. The time dependent displacement of the electron from its

mean position X, is given by

Z(t) = Zoexp(—iwt) (2.96)

Solving the above equation (2.95) by using equation (2.96) yields the am-
plitude and the phase of the oscillating dipole with respect to the driving field
which can be expressed in terms of the complex polarisability «(w) as

e? 1

Me W3 — w? — w7y,

(2.97)

a(w) =

The real and imaginary part of the complex polarisability «(w) denoted by
Re(a) and Im(«a) respectively. Re(a) and Im(«) are in turn related to the coher-

ent and the incoherent processes respectively as explained below.

1. Coherent process: The electric field drives the atomic transition coher-

ently resulting in an interaction potential between the induced dipole moment
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7 and the electric field £ given by

Udipole = —= (p.E) = ———Re(a)I (2.98)
where | denotes the intensity of the external laser field. Here Re(a) describes
the strength of the in-phase oscillations of the dipole moment ;7 with the oscil-
lations of the electric field E. The related force, referred to as dipole force, is

found by taking the derivative of the dipole potential:

— - 1 -
Fdipole = _VUdipole(F) = 7Re(05)VI(T) (299)

2€0C

An important consequence of the dependence of the dipole force on the
gradient of the laser intensity is its use in the optical trapping of neutral atoms
(38, 39].

2. Incoherent process: As mentioned earlier, according to the classical
picture, the oscillator loses energy by dipole radiation leading to the damping
term in equation (2.95). The power emitted by the oscillator and absorbed by

the external laser field is given by

Pps = <EE> =2wIm(pE*) = i/m(a)[(F) (2.100)

€oC

The resulting scattering rate denoted by ~,...:(7) can be interpreted in terms
of the rate of photons being spontaneously emitted into the laser field and is
expressed as

Pabs 1 .
- -1 1
> Im(a) I(7) (2.101)

Vscatt (F) -

An important feature of the spontaneous emission process is its isotrop-
icity, that is, it happens with equal probability in any arbitrary direction, and

hence can be used to decelerate moving atoms. This is referred to as the
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spontaneous force on the atom and will be discussed in detail in the following
sub-sections and2.2.6

2.2.4 Optical Bloch equations for a two level atom

The interaction of an atomic system with near-resonant monochromatic radia-
tion can be well described by the optical Bloch equations [40, 41]. The evolu-
tion of both the coherences and the populations of a simple two level atomic
system can be derived from the Liouville equation (2.65).
The Hamiltonian for a two-level atom interacting with near-monochromatic
radiation is given by
H =Ha + Hatom—field (2.102)

where H, is the pure atomic Hamiltonian and Hom—ricq 1S the interaction
Hamiltonian for the two level atom with the external field. The interaction Hamil-

tonian Haiom— fiela 1S €Xpressed as

Hatom—field - _Jﬁl cos(wlt) (2103)

where Ej cos(w;t) is the external laser field and d is the atomic dipole. For the

two level atom, the atomic dipole d'is given by,

d = dya(|a) (b] + [b){al) (2.104)

where |a) and |b) are the excited and the ground states of the two level atom.
The excited state |a) can decay to the ground state |b) at a rate I', = 1, where
7 defines the lifetime of the excited state of the atom. We can further define
an effective transverse decay rate v, = % + 7., Where ~. is the collisional
decay rate. Assuming that there is no decay from the ground state |b), the
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transverse decay rate ~,, reduces to (% + 7e)-

Using the density matrix formalism for a two level atom by defining the den-

sity matrix operator p for a pure state given by

p =)W (2.105)

where |¢) is the state under consideration. For the ideal two-level atomic sys-

tem considered here, |¢) is given by
) = cala) + c|b) (2.106)

where ¢, and ¢, are complex coefficients with the constraint that |c,|? + |c,|? =

1. Thus the density matrix p for the two level atom can be now written down as

aa  Pa CaCl CaCy
Poa Pab | _ g (2.107)
Poa Pbb cC,  ChCh

where p,, and py, are the populations of the excited and ground states respec-

tively.

Defining the slowly varying coherence terms p,;, = g€~ and the detuning
A, of the laser field from the atomic resonance as A; = w, - w, + w;, we get
the following reduced set of equations by making use of the rotating wave

approximation (RWA)

: L 1
P = = (v = 18 o+ = (Paa — 1) (2.108a)
e - .
paa = Tb(pab - pba) - Fapaa (21 O8b)
) 1 - .
Pop = 2b (Pba — Pab) + Tapaa (2.108c)
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where p. = pp,- The above set of equations are known as the optical
Bloch equations for the density matrix operator p for the two level atomic sys-
tem. We have further assumed that any effects due to the motion of the atom
and decays or couplings to other auxiliary states are neglible in the context of
arriving at the set of optical Bloch equations. Here 2, is the Rabi frequency of
the dipole interaction and is defined as

_ dba-Ey I

Qpa = =T
ba A a 2[5

(2.109)

where | is the intensity of the external laser field while I, is the saturation inten-

sity of the transition from the ground state |b) to the excited state |a).

Solving the above set of equations for the steady state case (which signifies
that fpup = pae = po» = 0) under the assumption that there are no collisional
effects, with the additional constraint that p,, + p» = 1, we get the following

solution for the excited state population

- (Qba/ra>2
pualt = ) = TR S (2.110a)
(50/2) (2.110b)

T I A(A T + so
where s, is the saturation parameter [42] defined by

2AM? I
s0= |Fl;| A (2.111)

With the above value of the excited state population as obtained in equation
(2.110) under the steady state approximation, the total photon scattering rate

(after integrating over all directions and frequencies) is then given by R, which
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FIGURE 2.19: The scattering rate for a Rubidium (Rb) atom as a function of laser
detuning is shown for three different saturation intensity (s¢) ratios with the red (solid)
curve for sp=1, the blue (dashed) curve for sy = 10 and the green (dot-dashed) curve
for so = 100. All three curves are normalized to the maximal scattering rate of I'/2,
where T is the excited state linewidth for the Rb D, transition.

can be expressed as

(Qba/ra)2

RSC = Fapaa(t - OO) = Fal + 4(A1/Fa>2 + 2(Qba/ra>2 (21 12)
and using equation (2.109), R.. can be re-expressed as
La (L/1s)
Rse = (— 2.113
( 2 )1+4(A1/Fa)2+(1/[8) ( )

The transition probability for spontaneous emission is also given by the quantity
R.. which means that it has a Lorentzian profile of width I = Fa\/TI/IS,
where I is known as the power broadened linewidth of the transition. Thus
the observed linewidth of any given transition may be broader compared to its

natural linewidth due to saturation effects. A plot of the scattering rate R.. is

shown in Fig.

Using | = (1/2)ceoE?, where E; represents the magnitude of the electric field
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of the external laser field, |, is given by

282
l, = Ciffi’ﬁ (2.114)
€.

where ¢ defines the unit polarization vector of the light field along the direction
of propagation, and d is the atomic dipole moment. The saturation intensity I,
can be thought of as the photon energy (hc/\) per unit time (I',) per unit area
(absorption cross-section ~ \2), and can also be represented by the expres-

sion
_ 2n°hl.c  whe
3\ 3)M37

I, (2.115)

where h is the Planck constant. Putting the appropriate values of the spectro-

scopic constants for the Rb D, transition, we get I, = 1.67 mW/cm?.

2.2.5 AC Stark shifts from external laser field

In the presence of an external field the energy levels of the atom are shifted in
energy due to Stark effect caused by the electric field of the external laser field.
The light shifts are most readily obtained by first eliminating the time depen-
dence of Hatom-— fieta IN and then diagonalizing the total Hamiltonian of
the atoms in the presence of electromagnetic field (including the interaction of
the atom with the electromagnetic field) using the rotating frame transformation

approach [42]. The total Hamiltonian H using this approach thus reduces to

h{—200 Q,
H== b (2.116)
2\ e O

The new values of shifted energies obtained by diagonalizing the above
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Hamiltonian in equation (2.116) are given by
h :
Bop = 5(~A F ) (2.117)

where Q' is given by /Q2 + AZ. In the limit Q, < A, the resulting light shifts

of the ground and excited states are respectively given by

h
= b 2.11
AFE, 1, ( 8a)
h2
= 2.11
AE 1A, ( 8b)

The nomenclature of above energies as light shifts arise from the fact that
the Rabi frequency ,, is dependent on the intensity of the external laser field
interacting with the two level atom. As seen from the above set of equations
(2.118), the light shift of the energy levels is directly proportional to the intensity
of the external laser light field and inversely proportional to the detuning of the
light field from the atomic transition frequency. In the case of a multilevel atom
interacting with an external light field, the light shifts of the various Zeeman
sublevels of the ground and excited states depend on the state of polarization

of the external light field by different amounts and are given by

RO,
4/A

AE,,, = +CG? (2.119)
where CG is Clebsch-Gordan coefficient corresponding to either o™ (for which
Mg — Mg + 1) or o~ (for which mp — mg - 1) transitions, Q3 is the Rabi
frequency of the external light field connecting the two Zeeman sublevels of
the two level atom and |A| is the magnitude of the detuning of the external light

field from the atomic transition.

76



2.2 LASER COOLING: BASICS AND THEORETICAL BACKGROUND

2.2.6 Spontaneous force on an atom

The amount of momentum transfer for an atom by the absorption of a photon

from an external laser field is given by

—

Ap’atom = ﬁphoton = hk (2120)

where \E\ = 27” A denoting the wavelength of the photon. The subsequent
spontaneous emission being isotropic in the probability of emission, the time
averaged momentum transfer of many cycles cancel each other out and the
resulting momentum transfer is zero. Thus the spontaneous force acting on an
atom can be expressed as

(Fop) = hk Ry (2.121)

where R,. is the photon scattering rate defined in the manner as in equation
(2.113). ltis clear from equation that the magnitude of the spontaneous
force F,, is proportional both to the natural linewith and the population of the
excited state of the atom. Thus the higher the occupation probability of the
excited state, the more number of photons can be exchanged with the ground
state in an equilibrium and vice versa. The maximum force achievable is given
by
hkD,

Fae = —2 2.122
max 2 ( )

where T', is the linewidth of the excited state, given the maximum value of

Paa(t — 00) from equation (2.770D) is L+ under the conditions | > I, & A, = 0.

2.2.7 Laser cooling and optical molasses

The physical principles in favor of slowing atoms down with the help of radiation

pressure utilizing laser beams were first put forward by Hansch and Schawlow
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in 1975 [43] and subsequently developed and enriched by many other physi-
cists [44-47]. For an atom moving with velocity +¢ in a laser field with wave
vector +k detuned by dy = w - wy, the atoms effective detuning is changed via
the Doppler shift to

Sps = 60 F kv (2.123)

where w is the frequency of the laser field, wy is the atomic transition frequency,

k= k| = 2t = ¢ and v = |¢] is the magnitude of the velocity of the atom.

For a counterpropagating laser beam, the Doppler shift is positive and is
given by
5y =8y + —w (2.124)
C

From the earlier discussions on the spontaneous force on an atom in section
[2.2.6], we know that when an atom absorbs a photon, it receives a momentum
kick Ak, where k is the wave vector. However given the isotropic nature of spon-
taneous emission the net change in momentum averaged over many cycles of
spontaneous emission is zero. Thus the resulting force from the absorption

followed by spontaneous emission is given by [42]

hk(£)(T/2)  hkso(T'/2)
T+ L+ (322 1450+ (32)2

(2.125)

spont —

where so = L.

For the case of two counter-propagating laser beams with k-vectors +k, the

spontaneous force of both beams adds up to

FL/{ZFSO 1 1 )
20

(F) = -
2 st (7?2 Lot (Cp )

(2.126)

which under the assumptions that the detunings are small and that the laser

78



2.2 LASER COOLING: BASICS AND THEORETICAL BACKGROUND

field intensity is low can be linearized to [48]

8hk25080
L(1+ 50+ (52)?)?

112

(F)

U= —[0v (2.127)

where (3 is the damping coefficient.

For 4o < 0, (i.e. for a red detuned laser beam) the force is directed in a
direction opposite to the the atomic motion and since F 7, the motion of the

atom is damped. For large detunings ¢, > I', the force has two maxima at
v=t— (2.128)

that define a maximum capture velocity for a given atom in motion interacting

with a laser field.

With every absorption of a photon, the atom is heated by an amount equal

to the recoil energy E,.., where E,.. is given by

R2k?

Erec —
2m

hw, (2.129)
where m is the mass of the atom and w, defines the angular recoil frequency
of the photon. During a single absorption-spontaneous emission cycle, the
net change in momentum is only due to the absorption process and hence an
energy equal to E, is transferred to the atom. Within every cycle with two laser

beams, the heating rate amounts to 2x2hw, R,..

The temperature of the system can be estimated by equating the cooling rate
F(do).v [having units of energy/s] with the heating rate 44w, R,. [which also has

units of energy/s]. The resulting temperature for the optical molasses given by

hC 1+ (30)?)?

4
T

kpT = (2.130)
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where kp is the Boltzmann constant. The temperature has a minimum for , = -
L which sets a lower limit in temperature for this cooling method. This minimum
attainable temperature is known as the Doppler temperature Tp,,, and is given

by
Al

— 2.131
T (2.131)

TD opp —

The Doppler cooling temperature for Rubidium is about 145uK. For very large
detunings, the factor g in equation becomes smaller, so the cooling
rate F.v decreases. This leads to an increase of the minimum temperature in
the molasses. There exist methods for cooling below the Doppler temperature,

e.g polarisation gradient cooling which we shall not discuss here.

2.2.8 Magneto-optical trap

The magneto-optical trap (MOT) [8, 149] has been the workhorse of cold atom
experimental physicists for the last couple of decades. The magneto-optical
trap combines the radiation pressure force obtained from laser beams (which
generates optical molasses as discussed in the previous section) with an in-
homogenous magnetic field gradient (that can be realized by a pair of current
carrying coils in the anti-Helmholtz configuration) to generate a confining as
well as a cooling force field to slow down fast moving atoms and confine them
spatially at the zero-crossing of the magnetic field lines. Thus it acts as a
damped harmonic oscillator potential for the atom and gives rise to a viscous
force that is both dependent on space and velocity. A linearly rising magnetic
field creates a spatial dependence of the scattering rate and therefore a spatial
dependence of the spontaneous force. To address only atoms moving away
from the trap centre, counterpropagating circular polarised laser beams are

used.
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FIGURE 2.20: A schematic of the MOT in three dimensions. Shown in the figure
are three pairs of counter-propagating beams with the appropriate sense of polariza-
tion. The blue (dashed) lines give the sense of direction of current in the pair of coils
depicted as black rings. The small orange dot at the center represents a cloud of cold
atoms trapped.

A 3-dimensional potential is required to trap atoms in the MOT. A pair of cur-
rent carrying coils in the anti-Helmholtz configuration (for creating a quadrupo-
lar field) and three pairs of counter-propagating laser beams with polarizations
in the o*-0~ configuration are used along three orthogonal directions to realize
a magneto-optical trap as shown in Fig.[2.20]

The mathematical treatment of the magneto-optical trap in three dimensions
is beyond the scope of the current work reported in this thesis. However, for
simplicity, we may refer to the one dimensional case of an atom with ground
state F = 0 and excited state F = 1. In the presence of a linearly inhomoge-
neous magnetic field (i.e the gradient of the magnetic field scales linearly with
distance from the zero crossing of the magnetic field) having the form B = A.x,
with A being a constant factor giving the gradient of the magnetic field and x

the distance, the energy shift of the Zeeman sub-levels of the excited state
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¢ * beam . ¢~ beam
0y,

Position

FIGURE 2.21: A schematic of the working principle of the MOT in one dimension.
Shown in the figure are three pairs of counter-propagating beams with the appropriate
sense of polarization. The blue (dashed) lines give the sense of direction of current in
the pair of coils depicted as black rings. The small orange dot at the center represents
a cloud of cold atoms trapped.

becomes position dependent as shown in Fig. [2.21]

Referring to the figure Fig. [2.21] at position x’ the excited state m. = +1 is
shifted up for B > 0, whereas m, = -1 is shifted down. So at this position the A,,
= -1 transition is closer to resonance. As depicted in the figure, the polarization
of the laser beam incident from right is ¢= and while the polarization of the
beam incident from left is o*. Thus more light is scattered from the ¢~ beam
than the o beam which leads to atoms being pushed and confined towards the
center. For the region lying to the left of the zero crossing of the magnetic field,
more light is scattered from the o beam than the o~ beam which again drives
the atoms towards the center. Exactly at the zero crossing of the magnetic
fields, the force is zero since detuning for both the transitions, resulting from
the pair of counter-propagating beams, is the same. This leads to trapping of
the atoms. In actual operation of the MOT, the laser light is detuned below

the atomic resonance in both the cases leading to simultaneous trapping and
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cooling of atoms.

The effective detuning of the atom in the magnetic field is given by

!/

B
Sefpe = 0o £ kv F ”h (2.132)

exr mer nd
where 4/ = ps(95°ms; 'g?

m?”d). Here the g-s denote the Lande g-factors for
the various ground and excited states, while m-s denote the magnetic sublevel
values for the ground and excited states. The suffixes gnd and ex stand for the
ground and excited states respectively. With the above expression for d.¢¢, the
spontaneous force acting on an atom for small Doppler and Zeeman shifts is
proportional both to the velocity and the position of the atom and is expressed
as

(F) ~ —37 — ki (2.133)

where (3 is the velocity damping coefficient term expressed as

8hk‘25080
= 2.134
= Tt o0+ (B2 (2134
and x denotes the spring constant of the trap given by
pA
— 2.135
h=th (2.135)

Here A denotes the magnitude of the gradient of the magnetic field and is
given by |%—f\. The trajectories caused by the force given in equation (2.133)
are damped harmonic motions of the atoms towards the centre of the trap at

an oscillation frequency wyorrre, given by

WMOTFreq = \/ /M (2.136)
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where m is the mass of the atom.
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Cavity based all optical switching

in room temperature atomic vapor

3.1 Experiments using a vapor cell cavity at room

temperature

The presence of an optically interacting medium within a Fabry-Perot (FP) cav-
ity alters the conditions under which the discrete modes of light are supported
[1]. Specifically absorption [2], dispersion [3], scattering [4], non-linear [5, 6]
effects can occur due to the interaction of the EM field supported by the cavity
mode, with the intra-cavity medium. The signature of the light-matter interac-
tion in the cavity can be detected in the light coupled out of the cavity.

Atoms in cavities with resonant light fields have given rise to rich physics

over the past several decades. An important class of experiments has dealt
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with a low finesse cavity built around atomic vapor, representative of the weak
coupling limit (g < «,I"). The atomic vapor can be contained either in vapor
cells, a well defined beam or be a trapped gas of cold atoms or ions. The cavity
itself can either be a ring (traveling wave) cavity [7-9] or a standing wave cav-
ity [10]. Further differentiation is possible based on the number of transitions
and the detunings of the light fields involved in the cavity mediated atom-light
interaction. All these aspects demonstrate both the variety of experimental ap-
proaches possible and the different ways that this complex, interacting system

can be studied.

A lot of experiments with atomic vapor in cavities have used spectroscopic
cells of various descriptions. Due to the presence of the two glass faces of the
cell, an input beam encounters four surfaces while making a single pass along
the cavity axis for a cavity built around the cell. This fact as well as the varying
glass surface quality of the vapor cells makes for a relatively poor cavity due to
multiple etaloning by the presence of each surface. However the system is still
capable of supporting cavity modes and the relatively modest experimental
requirements for manufacturing such an atom cavity system makes this an
attractive experimental system for a variety of physical phenomena such as

bistability [11-21], switching [22] and non-linear processes [23].

This chapter focuses on the changes in cavity transmission when a four level
atomic system defined by the geometry of the experimental set-up (explained
subsequently in section [3.4), having two ground states is acted upon by two
frequencies of resonant light, one of which is coupled into the cavity mode. The
D, transitions of *"Rb, which connect the ground states 5°S; ), (F=1 and F=2) to
the excited states 5°P;/, (F'=2 and F'=3 respectively), define an effective four
level level system, if we ignore the two other states in the excited state manifold.
Coupling one of these frequencies into the standing wave cavity such that the
cavity transmits sets up the experiment. Two cases have been investigated

using a very weak control beam (which the beam transverse to the cavity axis)
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either on the same or on a different transition as the probe beam (which is light
the beam along the cavity axis). Intersecting the light-atom system in the cavity
mode via the control beam can manipulate the intensity of the light transmitted
by the cavity very effectively.

If the probe and control beams are operated on different transitions, then
we refer to the switching mechanism as “negative”logic switching. However, if
the probe and control are on the same transition then we refer to it as “posi-
tive”logic. In section[3.2)we shall briefly describe what constitutes an all optical
switch. In section we shall briefly review previous research on all opti-
cal switches. In section we shall introduce the experimental apparatus,
describe the cavity characterization and optical system set-up relevant for neg-
ative logic switching, follow it up with the experiments performed in relation to
the negative logic switching and conclude with results and discussions. Both
steady state and transient changes in the transmitted intensity are recorded
for both cases of operation. Then in section we shall present the experi-
mental set-up and results for positive logic switching and compare the results
with the negative logic switching experiments discussed in the previous sec-
tion. In section [3.6|we shall discuss the physical process behind the operation
of the switching mechanism by invoking a simple model. Finally in section [3.7]
we shall conclude by discussing the results of both switching experiments in
the context of all optical switching utilizing a vapor cell encompassed within an

optical cavity.

3.2 All optical switching

A device that provides the possibility of altering or manipulating the state of
one light beam by using another beam can be defined as an all optical switch.
For the device to act as an optical switch four very basic criterion need to be

satisfied: (a) the device must exhibit at least two distinguishable states and
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(b) it should have input-output isolation, (c) it should allow cascadability so
that the issue of scalability can be addressed, and finally (d) the device should
ensure signal level restoration which essentially signifies that the output level
of the device should be independent of the variations at the input level. There
exists a variety of possible configurations where the optical switch can alter the
output power, direction, or state of polarization of a beam of light that is either

propagating through a nonlinear medium or generated within the medium.

One of the simplest all-optical switches conceived and demonstrated in a
wide variety of materials makes use of the nonlinear phase shift that arises
due to a intensity-dependent refractive index of the nonlinear optical medium
and this nonlinear change in phase is experienced by any wave propagating
through such a transparent media. This phenomena provides the basis for
control of light by light if such a medium is inserted in one arm of an interfer-
ometer [24]. The output state of the interferometer could then be altered by
changing the phase shift experienced by one beam which physically signifies
changing the optical path length of one arm of the interferometer. The nonlin-
ear phase shift is completely dependent on the total optical intensity incident
on the nonlinear material assuming a constant length of the nonlinear optical
medium. Thus if a strong control field of intensity |. is applied, and assuming
the signal field ;.4 is weak (ls;4n0 < |c), the nonlinear phase shift ¢,,; is given
by

ot = z%nzch (3.1)

where w, is the angular frequency of the control beam, c¢ is the speed of light
in vacuum, L is the length of the medium and n, is the nonlinear index of
refraction. To demonstrate high-contrast switching, the control beam must be
of sufficient strength to cause a significant change in the nonlinear phase ¢,

of the signal beam, ¢, ~ .

A second type of all-optical switch can be realized utilizing the absorption

properties of a saturable absorber. The absorption experienced by a wave
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propagating through a homogeneously broadened medium exhibiting saturable
absorption depends only on the intensity I, and decreases for increasing inten-

sity [24]. This behavior can be expressed by the following equation

(3.2)

Isat

where « is the absorption coefficient experienced by a weak field and |, is
the saturation intensity. The realization of an optical switch based on saturable
absorption is possible when a strong control beam (of sufficient intensity capa-
ble of saturating the atomic response of the medium) and a weak signal beam
copropagate through a saturable absorber. Physically saturation of a two-level
system implies transferring a significant amount of the atomic population from
the ground state to the excited state. In order to maintain an effective popula-
tion in the excited state, one photon must be incident on each atom per excited

state lifetime. We can express the afore-mentioned condition [25] as

(3.3)

where 7,, is the excited state lifetime, Aw is the photon energy for a photon
with frequency w, and o is the atomic cross section. However equation
must be modified suitably to account for optical pumping in a material where
the population is redistributed in time according to the ground-state lifetime 7,.
There are also other types of all optical switches that have been demonstrated

in the community which have been discussed in section [3.3]

95



3. CAVITY BASED ALL OPTICAL SWITCHING IN ROOM TEMPERATURE ATOMIC
VAPOR

3.3 Brief overview of past research on all optical

switching

In general, although the simplest realization of an all optical switch is possible
as per the discussion in the previous section, we shall briefly review some of
the important state of the art experiments in the field of all optical switches
that have been demonstrated in the community. The current discussion gives
a perspective of the experimental goals and technical issues that are of pri-
mary importance and interest in the context of all optical switches. There are
two basic pathways to low light level optical switching and both of them try to
amplify the the coupling between light and matter governed by non-linear in-
teractions between the two afore-mentioned entities. The first approach relies
on the strong coupling of an atom with the field when placed inside a high
finesse cavity. One can also utilize the optical bistability phenomenon even
in relatively poor cavities to design an optical switch between the two steady
states of the bistable curve by adding relevant fields to the cavity intensity.
The other approach makes use of traveling waves which have the potential to
articulate quantum interferences within the optical medium and thus increase
significantly the effects of light on matter.

In the strong coupling regime of cavity quantum-electrodynamic (QED) sys-
tems an extremely small number of photons are required to saturate the re-
sponse of an atom coupled to the mode of the cavity. Thus a cavity QED
system operating in the strong coupling regime offers very high sensitivity by
saturating the nonlinear optical response of the atom coupled to the cavity
mode and can ensure complete transmission through the cavity with just 10
intra-cavity photons [26] in the presence of the atom. Working in a similar
regime one can also observe an effect known as photon blockade which phys-
ically implies that the two-photon absorption process is suppressed due to the

resonance of a single-photon process with the lowest excited dressed-state of
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the atom-cavity system [27]. Cavity QED systems thus offer unprecedented
sensitivity at the single atom single photon level but are limited by the num-
ber of available input/output channels which are usually restricted to one per
polarization since these systems are designed to operate with the field of a
single mode inside the cavity. These systems are also not easily cascadable
(which ensures that the output of one device must be able to drive two or more
subsequent inputs for other devices) and hence do not meet the all important

aspect of scalability with regards to optical switches.

A different mechanism for all optical switching is through the creation and
control of cavity solitons using vertical cavity surface emitting lasers (VCSELS)
as the nonlinear cavity [28]. A combination of beams (one wide “holding”beam
and one narrow “write”beam) traversing along the cavity axis induces a cavity
soliton. Since the solitons usually persist until the holding beam is turned off
this system has the natural ability to serve as an optical memory. Cavity soliton
systems have been primarily limited by lower sensitivity. Typical powers for the
hold and write beams for such systems are in the range of a few mW and order
of 200 uW respectively. However these systems are not easily cascadable
due to low power output of each cavity soliton that would be required to seed
solitons in two or more subsequent devices. Added technical complexities may
then arise while imaging the output soliton into a second cavity. The solution

to this issue has so far eluded the optics community at large.

The other approach in the context of optical cavities relies on a combination
of the field enhancement offered by optical cavities and the strong coupling
of coherently prepared atoms. Bistability switching in the output of a cavity
filled with a large-Kerr, EIT medium [23] is demonstrated with high fidelity, but
requires higher input power of about a mW and exhibits microsecond time
responses. Bistable switching has also been demonstrated in photonic crystal

nanocavities [29] with about 75 fJ pulses and switching speeds of <100 ps.
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The fourth method of utilizing traveling waves using the techniques of elec-
tromagnetically induced transparency (EIT) [28, [30-33) 35] also allows one
to operate the optical switch with multi-mode optical fields and achieve few-
photon sensitivity. For example, Harris and Yamamoto [36] suggested a switch-
ing scheme based on narrow atomic resonances (whose experimental realiza-
tion is the primary hurdle) using the strong non-linearities that exist in specific
states of four-level atoms. In such four level atomic sysems it is possible for a
single photon at one frequency to cause the absorption of light at another fre-
quency in the ideal limit. The above scheme has been implemented by Braje
et al. [35] who first observed all-optical switching in an EIT medium with an
input energy density of about 1uW per square mm. Zhang et al. [30] recently
observed switching with just 20 photons using a modified version of the Harris-
Yamamoto scheme by using an extra EIT coupling field that causes additional
quantum interference. Inspite of the sensitivity achieved in these systems at a
few photon level these systems suffer from limited cascadibility given the fact

that the input and output fields are required to have the same power.

A final approach to all optical switching from transverse optical patterns was
demonstrated by Dawes et al. [37]. Here they exploited the formation of trans-
verse optical patterns that arise from the collective intabilities which occur
when a pair of laser beams counterpropagate through a non-linear medium
like an atomic vapor. Such instabilities are in general very sensitive to per-
turbations and thus by combining instabilities with resonantly-enhanced, sub-
Doppler nonlinearities, they have created an optical switch with very high sen-
sitivity. Though operationally the switch operates with <1mW of pump power,
the issue of scalability and sensitivity can be addressed in a larger context

here.

Our experiment with the vapor cell cavity utilizes the saturation effects in
Rubidium (Rb) vapor to manipulate the transmission of an optical cavity with

the aid of an external control beam. We have made a conscious choice of the
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8"Rb D, transitions to demonstrate all optical switching phenomena so that we
can relate it to switching experiments that can be realized with a cloud of cold

atoms trapped in a magneto-optical trap (MOT).

3.4 Experimental arrangement and setup for

negative logic switching

3.4.1 Cavity Assembly

The experimental arrangement is as follows. A cylindrical spectroscopy cell
(Triad Technologies Inc.) containing an enriched sample of 8’Rb, 75 mm in
length and 25 mm diameter is inserted within a non-confocal Fabry-Perot (FP)
cavity. The cavity mirrors have a manufacturer specified reflectivity R = 99.97%
at 780 nm and an experimentally measured reflectivity of R.,, = 99.98 + 0.01.
The radius of curvature of both the concave mirrors is 250 mm. The distance
between the mirror surfaces of the cavity is ~ 80 mm. One FP mirror is directly
glued onto one of the parallel end faces of the cell, while the other mirror is
glued onto an annular piezoelectric transducer, which is in turn glued onto the
opposite face of the Rb cell. Care is required in cavity construction to ensure

the two FP mirrors share a common cylindrical axis.

3.4.2 Optical System Setup

At room temperature, due to doppler broadening, the excited 52P3,5(F’) man-
ifold of 8"Rb is unresolved. However given the counter propagating nature of
the beams present in the cell cavity system that arise due to back and forth
reflection of the beams along the cavity axis from the cavity mirrors, the first

order Doppler effect is eliminated. The system can be treated as an effective
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FIGURE 3.1: Left: The schematic depicts a simplified four level system of the 8"Rb
581/2 and the 5P/, and energy levels. Right: The full hyperfine level splittings with
the dipole allowed transitions are shown for the 3"Rb D, transition.

four level system comprising the resolved 5°S, », F=1 and F=2 ground states
and the excited states F'=2 and F'=3 of the 5P;,, manifold, as illustrated in
Fig.[3.1] given the fact that the system is being driven experimentally using two
independent extended cavity diode laser (ECDL) systems.

To drive the four level system as shown in Fig. [3.1]between the two hyperfine
ground states and the 52P; /2 excited state manifold, two independent extended
cavity diode lasers (ECDL) are set up. The lasers can be tuned individually to
the appropriate transitions of the 8’Rb (Rubidium) D, manifold relevant to the
experiment as shown in Fig. [3.1] The laser coupled into the cavity mode is
identified as the probe(coupling) laser, with frequency w, and intensity |,,. The
probe laser is passed through an acousto-optic modulator (AOM), followed by
transmission through a single-mode polarization maintaining fiber to produce
a linearly polarized TEMy, beam and finally mode-matched into the cavity. The
intensity of the probe beam |, is controlled and adjusted by the AOM and its po-
larization can be adjusted using a half-wave (g) plate placed before the mode
matching lens of the cavity. The second laser which intersects the probe beam
in a small region of the cavity mode is referred to as the control(switching)

laser. The control laser alters the transmission of the probe light through the
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FIGURE 3.2: Schematic of the experimental setup. The FP cavity with the 8"Rb cell
is shown. Two beams on the complimentary D2 transitions are shown. One beam
(solid line) is coupled into the cavity and the transmission and reflection ports are
monitored using the photodiodes PD and PDy respectively. The spatial profile of the
transmitted mode is captured using a CCD camera. The other beam (dashed line)
intersects the cavity mode in transverse geometry over a small volume of the cavity
mode and is monitored using PDo. Switching of the two beams is done using AOM’s
as shown.

cavity. The control laser has frequency w. and an intensity I. and is operated

in @ manner similar to the probe beam, as shown in Fig.[3.2]

The resonant light transmission through the cavity is set-up as follows. Laser
light that is scanning across the Rb D, transition is coupled into the cavity. Ini-
tial poor alignment results in small transmission peaks in the off resonant part
of the Rb spectrum, while at resonance only the doppler broadened absorption
is seen in the transmitted light. The poor alignment also raises the baseline of
the light level detected by the photo-diode in transmission (PDz). Where the
periodic cavity transmission peaks should coincide with the doppler broadened
absorption, no increased transmission results. As the light coupled into the
cavity increases, either due to better alignment or increase in input intensity or
both, the amplitude of the cavity transmission peaks goes up steadily in the non
resonant region of the spectrum. Within the absorption dip the phenomenon

is quite different. For poor alignment a regular doppler broadened absorption
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profile is obtained in transmission over the elevated background. As the cou-
pling into the cavity mode improves, distortions manifests in the doppler profile

at the transmission periodicity of the cavity.

Optimizing cavity coupling is an iterative process combining alignment and
probe intensity changes. With only slight changes in alignment a large change
in cavity transmission occurs on the cavity resonance within the absorption
profile, when the Rb atoms in the mode are saturated. This has two conse-
quences on the transmission of the probe laser light through the cavity. First,
the cavity transmission peaks that coincide with the absorption grow relative to
the peaks in the non-absorbing part of the Rb spectrum. Second, the absorp-
tion dip in the transmission signal vanishes as the alignment improves, which
also results in a very low baseline light levels measured in PD; and a larger
intra-cavity light intensity on the cavity resonance. The lower baseline occurs
over the entire scan range of the D, resonance in 8’Rb. Once this condition
is achieved, the laser coupled into the cavity mode is set to be resonant with
the maximum of the doppler broadened D, absorption, i.e. the 5°S;,(F=2)
hyperfine state to the excited 5°P;,(F’) manifold of ®’Rb. The frequency of
this laser can be set with an accuracy of a few MHz. The cavity piezo is then
scanned with a saw-tooth wave of 50% duty cycle to change the length of the
cavity, while the probe frequency is nearly constant with time. The transmis-
sion property of the cavity is now a function of the cavity length and periodic
transmission peaks are seen with the expansion and contraction of the piezo
controlled cavity. This is illustrated in Fig. (3.3

The probe(coupling) beam is identified with labels w, and |, whereas the
control(switching) beam labels are w. and I, as shown in Fig.[3.1] The control
beam of ~ 2mm diameter intersects the probe beam within the cavity mode
with small overlap volume, as illustrated in Fig.[3.2] The rest of the experiments
concern the consequence of the overlap of these two resonant beams within

the cavity mode.
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FIGURE 3.3: The cavity transmission of probe light as a function of the cavity length
is illustrated by the thin (red) trace. Both the expansion and contraction cycle are
shown. When the control light is incident on the cavity mode from the orthogonal
direction, we see the complete suppression of the cavity transmission peaks shown as
the thick (blue) trace. The transmission has been extinguished and not been shifted in
frequency.

For the probe laser frequency w, tuned to the 5°S, 5(F=2) — 5%P;/,(F'=3)
transition, the frequency of the control laser w. is tuned to the 5%S; 5(F=1) —
5%P;,(F'=2) transition. The choice of transitions for the probe and control laser
can be reversed, with no qualitative change in the experimental results. Both
lasers are temperature stabilized with relatively narrow linewidth. Neither laser
is locked to a specific #’Rb transition. The long term drift of the lasers is of the
order of 20 MHz/hr. The control lasers is arranged to intersect the cavity mode
in an approximately transverse geometry. The diameter of the control laser
beam is ~ 1.5mm, and so it intersects the cavity mode, which is 75 mm long,
over a small fraction of its length as is illustrated in Fig. A very weak beam
of the control laser, is all that is required to destroy the transmission property
of the cavity completely. The cavity is now setup for the intensity control of the

cavity transmission of the probe light.
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3.4.3 Cavity Characterization

The transmitted intensity of the probe laser through the cavity needs character-
ization before its control is studied. How good the cavity is as an optical filter,
in transmission, is given by its finesse F, which is the ratio of the cavity free
spectral range Avgrgg to the linewidth of the resonance Avgy g supported by
the cavity. Experimentally Avpsr is the distance after which the cavity mode
repeats itself as the cavity length is scanned. For the Rb loaded cavity the ra-

tio of the measured finesse F, on resonance to the measured value of finesse

off resonance F,,, is f‘; ~ 2. The value of F,, which ranges from 50 < F, <

F,
110, depends mainly on the construction of the cavity and to a small extent on
the alignment of the probe beam. F, > F,,. indicates that the round trip loss
of intensity in the cavity mode is partially compensated by the round trip gain,
due to the presence of the 8"Rb in the cavity mode. It should be noted than, on
resonance, additional round trip loss is incurred due to the fluorescence of the
atoms in the cavity mode and despite this F, increases. The cavity arrange-

ment is illustrated in Fig.[3.2]

The rate of growth and decay of the probe light in the cavity mode is shown
in Fig.[3.4] The cavity length is adjusted by the piezo so as to zoom on a cavity
peak such that maximum, constant cavity transmission is achieved with time.
The probe light coupled into the fiber is the first order of the AOM diffracted
beam. Turning OFF and ON the drive radiofrequency (RF) power into the AOM
offers complete control on the light intensity in the first order beam, so that
RFon = probe coupled into cavity. The AOM switching time off ~ 150ns and
the gain bandwidth product of the photodiodes limit the accurate measurement
of the fast time constants. However the ON resonance, slow rise time measure-
ment is unaffected and is therefore accurate. When RF is switched OFF, the
first order of the AOM beam decays, and likewise the transmitted probe inten-
sity. The measured decay time is sub-microsecond for both the OFF resonance
Fig.[3.4(a) and the ON resonance Fig.[3.4(b) case. When the RF power to the
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FIGURE 3.4: The measured decay and rise of the cavity transmission for the probe,
ON and OFF resonance, is shown. The decay of the steady state intensity, measured
in transmission for the OFF resonance case is (a), and the ON resonance case (b). In
both cases the fall time has sub microsecond time constants. The rise in the transmit-
ted intensity OFF and ON resonance are shown in (c) and (d) respectively. Here the
rise time constant for the OFF resonant case is sub microsecond, whereas for the the
ON resonance case it is greater than 100 us.

AOM is switched ON from the OFF state, the OFF resonance transmission rise
time is once again sub-microsecond, as shown in Fig. [3.4f(c). However, in the
ON resonance situation, the transmitted light intensity rise time is orders of

magnitude slower with a time constant 7., =~ 180us, as in Fig. [3.4(d).

A large rise time for cavity transmission, when the light is ON resonance with
the atoms in the cavity, implies a corresponding build up time for intra-cavity
intensity. The long time scale associated with the build up of intra-cavity inten-
sity can be directly related to the strength of the resonance between the atoms
and the incident beam along the cavity axis. The stronger this resonance, the
greater is the rate of resonant scattering by the atoms from the cavity mode and
hence the longer build up time for the intracavity intensity. Thus it is expected
that the build up time of the intra-cavity intensity for the repumping transition
{5QS%(F=1) — 52Pg(F/=2)} of 8"Rb is smaller than the intra-cavity build up time
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Table 3.1: Rise and fall time constants without control beam. The data are fit
to single exponential decay form and time constants mentioned with standard
deviation as_the error bar.

Probe Frequency | Rise Time (us) | Fall Time (us)
$Rb 5°S, (F=3) —

“Rb 524 (F'=4) 0.9+03 0.7 + 0.02
%Rb 5°S, (F=2) —

“Rb 5°P(F=3) | 0.8 +0.03 0.7 + 0.1
Rb 5°S. (F=2) —

“Rb 5°P(F'=3) | 180.2+86.6 | 0.6+ 0.02
Rb 5°S. (F=1) —

Rb 5°Py(F'=2) | 625+ 4.1 0.6 + 0.01

when the probe beam along the cavity axis is tuned to the cooling transition
{58, (F=2) — 5°P3(F'=3)} of *'Rb, which is also evident from the experimen-
tal data presented in Table[3.1] The large build up time for intra-cavity intensity
is also a commonly observed phenomenon in lasers, where in the presence
of the active medium and resonant light, the build up time for a steady state
circulating intensity inside the cavity can be orders of magnitude longer than
the decay time from the cavity. The transient behaviour in Fig. can be

understood within laser theory [25].

3.4.4 Optical bistability and hysteresis in negative logic
switching

The cell cavity system is inherently a bistable system due to the presence
of Rb atoms which show strong absorption in the presence of resonant light
being coupled into the cavity mode. The bistability is a function of the cavity-
laser detuning and the atomic frequency-laser detuning. On atomic resonance,
the probe light transmitted through the cavity exhibits bistable behaviour [22].

This is observed when the cavity length is kept constant such that it supports
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FIGURE 3.5: Typical hysteresis curves with and without the switching(control) beam
at three different control beam powers of 600pW, 10mW and 22mW. The red trace
(filled circles) represents the hysteresis cycle without the switching beam. The light
blue (open circles), dark blue (filled squares) and indigo traces (open squares) repre-
sent the hysteresis cycle with the control beam powers at 600uW, 10mW and 22mW
respectively. The red and blue dots on the input power (to cavity) axis represent the
I7hreshp @NA IrpeshDown iNtENSity points. The red and blue arrows depict respectively
the upward and downward cycle of the hysteresis curve. Notice the increasing shift in
the hysteresis cycle towards increasing input intensity with increasing switching beam
power.

transmission at atomic resonance frequency. The input probe intensity into the
cavity is then ramped from low to high (up cycle) and back again from high to
low (down cycle) using an AOM as shown in Fig.[3.2] The evolution of the cavity
transmission intensity as a function of the incident probe intensity then exhibits
bistable behaviour, as shown in Fig.[3.5 It can be seen that the threshold for
transmission, on the ramp up starts at a higher input intensity, and falls to zero
from a finite value on the ramp down, at a lower value of input intensity. The
ramp rate in input intensity in the up and down cycle is the same.

To experimentally demonstrate this phenomenon, we kept the coupling laser
frequency is tuned to the maximum of the absorption of the 5°S, ,(F=2) —
5%P;,,(F’) doppler broadened peak, while the switching laser beam tuned to
the maximum of the absorption of the 5°S, 5(F=1) — 5°P; »(F’) doppler broad-
ened peak and its intensity |. maintained constant. We verified the existence

of hysteresis in the system both with and without the switching beam. In the
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first case, we blocked the switching laser beam and tuned the cavity into reso-
nance. Then we zoomed onto the peak of the transmission fringes of the cell
cavity and maintained the voltage level manually at the peak without locking the
cavity. When this condition was achieved, we vary the input intensity |, to the
cavity over a period of few seconds by varying the radio-frequency power of an
acousto-optic modulator placed along the path of the coupling laser beam. We
record the variation in the peak height of the transmission fringe for the entire
cycle for which the coupling laser intensity |, was varied on an oscilloscope.
We repeat the same procedure in the presence of the switching laser beam,
keeping the cavity maintained at the same voltage level as in the previous case

and record the variation again on an oscilloscope. This is illustrated in Fig.[3.5

On the upward cycle the cavity transmission is zero for input light intensity
| < lzhresnup Where lpy.esnup is the minimal value of input intensty to the cavity
for which we see measurable transmission. At l7y,.sn0, @ Small change in input
intensity results in a sharp increase of intra-cavity light build-up and the cavity
consequently transmits exhibiting the characteristics of threshold behavior. In-
creasing the cavity input input intensity beyond this value causes a proportional
change in cavity transmission. While ramping down the input intensity to the
cavity from the value |,,,, Which results in highest point of cavity transmission
it is observed that the afore-mentioned proportional regime behavior extends
well below Iy, esnup till @ value Iy, eshpown for which the transmitted intensity to
the cavity sinks rapidly to zero. Thus the intra-cavity intensity build up exhibits

hysteresis behavior in the range lru,eshpown < | < l7hreship-

In the presence of the control beam, as the intensity of the control beam
increases, the entire hysteresis curve shifts to higher values of input intensities,
see Fig.[3.5 with no qualitative change observed in the nature of the hysteresis
curve. Thus the presence of control beam inhibits transmission of the probe
beam through the cavity. It has been observed experimentally that the relative

polarizations of the probe and control beam have no measurable effect on the
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FIGURE 3.6: A time trace recording three cycles of switching. The transmission is
high Iy when I. = 0 and low when I. > l.switen- Thus the switch operates in negative
logic.

attenuation of intensity in the cavity mode. The cavity transmission has the
same polarization state as the input light into the cavity. The consequences
of this control beam induced attenuation of cavity transmission are explored

below.

3.4.5 Characterization of all optical switching in negative

logic

The most dramatic consequence of attenuation of the transmission is when
the transmitted light is completely extinguished as shown in Fig. [3.6] Exper-
imentally it is seen that for an appropriately chosen value of probe intensity
l, incident into the cavity mode for which the transmitted light intensity 1,75
is measured, there can exist a control beam intensity |. > l.suicn, fOr which
l,7r0ns=0, that is the transmitted light goes to zero. Here | .gyitn iS the mini-
mum value of control beam intensity |. for which we start seeing visible change
in l,rrans- This is experimentally demonstrated by setting the probe laser on
the F=2—F' transition doppler broadened absorption maxima, and setting the

cavity length to a constant value which supports the transmission of the probe
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laser. With this setting the probe transmission intensity |,7,q,s(t) = lo which is
a constant intensity value with time. Neither the cavity nor the probe laser is
locked, so there exist small drifts in the transmission as the laser frequency
or the cavity length fluctuate. The control is then switched ON and OFF with
the AOM (Fig. with control beam intensity I. > l.suicn. This results in the
switching behaviour of the probe transmitted through the cavity, in negative
logic with respect to the control beam. This intensity manipulation over three
cycles is shown in Fig. [3.6]

In order to quantify the functioning of the switch further we define the effi-
ciency e of the switch as e = 1 - f—f’; Here h,;; is the height of the cavity
transmission peak when the switching beam is OFF and h,,, is the transmis-
sion peak height when the switching beam is ON. The height are measured
with respect to the non resonant baseline light level, which remains the same
irrespective of the state of the switching laser. In absolute terms the baseline
light level is ~ 50 times lower than the peak heights. Thus the efficiency of the
switch can assume values between 0 and 1. This is experimentally verified and
is illustrated in Fig.[3.7] The efficiency measurement was done in the continous
mode of operation of the control beam. However the intensity for attenuation

of the cavity transmission is the same.

For the present experiment, the polarizations vectors of the two intersecting
beams within the cavity are perpendicular to each other. Fixing the intensity |,
of the probe laser, we can vary the intensity of the control laser |. with the fol-
lowing effect. At I, < l.switcn there is no effect on the cavity transmission of the
probe and so the efficiency of the switching is ~ 0. Beyond a certain threshold
value of |. denoted by | .71, the transmitted peak height decreases. This de-
crease is not only a decrease in height but also a corresponding decrease in
the integrated area under the peak, as the peak width remains unchanged with
decreasing peak height. The efficiency of the switch increases in a highly non-

linear fashion untill it reaches e ~ 0.8 after which a saturation of the efficiency
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FIGURE 3.7: The gradual increase in the efficiency of the switching, as a function
of I. is illustrated here. The x-axis represents the power of the control laser and the
y-axis the switching efficiency.

is reached gradually. This is illustrated in Fig.[3.7]

The experiments above have both probe and control laser frequencies set
at their respective 8"Rb absorption maxima. It is of interest to know how cav-
ity attenuation is affected as a function of frequency shifts from the resonance
maxima. To investigate this |, and |. are adjusted so that when both are on
their respective absorption peaks at w, and w,. and |. attenuates |74, par-
tially, that is the efficiency e ~ 0.5. At the probe frequency w, the cavity length
is scanned, while the control laser beam frequency w. is scanned across the
full doppler broadened resonance of the F=1 « F’ manifold absorption peak for
constant .. The resulting attenuation of |,1,.,s as a function of the detuning of
the control laser dw, = w. - we is shown in Fig.[3.8] It is clear the the efficiency
of attenuation is highest when w. = w., i.e at the absorption maximum of the
control beam, and falls to e ~ 0 at dw. ~ I', where I" is the FWHM of the con-
trol laser absorption profile. This clearly demonstrates the atomic resonance

mediated attenuation of the cavity mode transmission.
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FIGURE 3.8: The change in the efficiency of attenuation as a function of the control
laser frequency detuning across the absorption profile of the control laser. At zero
detuning with respect to the absorption maximum for the control beam, the switching
efficiency is highest and there is a steady decline as a function of detuning from the
absorption maximum.

3.4.6 Partial switching regime in negative logic

The attenuation of the transmitted light has the peculiar feature that the addi-
tion of more light into the cavity mode results in the complete suppression of
the mode. The redistribution of the light intensity must show up in other parts
of the experiment as shown in Fig. To diagnose this redistribution qual-
itatively, the light intensity is monitored in two additional directions PD. and
PDy as seen in Fig. [3.2, which measure the control beam intensity in trans-
mission and the reflection of the probe beam from the cavity. The probe and
control beam frequencies are set to their respective absorption maxima at w,
and w, respectively. Now I, is adjusted such that e ~ 0.5, i.e. the experiment
is in the partial attenuation regime. In this configuration, with I. = 0, as the
cavity length is scanned, cavity transmission peaks are measured in PD; and
in the reflected light collection diode PDg, a corresponding absence of light is
measured, when the cavity resonance conditions are met by the probe beam.

When . is adjusted for partial transmission of probe light on cavity resonance,
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FIGURE 3.9: Left: A sweep across the cavity resonance recording the change in
the transmitted and reflected probe light and the transmitted control light, when partial
attenuation of probe transmission is arranged. The red and black traces are cavity
transmission (PDy) and reflection (PDg) signals respectively. The blue trace is the
transmitted intensity (PD¢) of the control beam, which intersects the cavity mode. As
the cavity transmission resonance is scanned across, the signal in PD; goes down,
PDpr goes up and in PD¢s goes down. The sense of light level change is indicated by
the arrows alongside the respective peaks. Right: A CCD image of the overlap zone
of the two beams along the cell cavity axis.

the intensity in transmission (PDr) decreases, the reflected probe light on res-
onance (PDg) increases and the control beam intensity in transmission (PD¢)
decreases. The measured intensities and the direction of their change in the
three photodiodes is shown in Fig. [3.9] It is clearly seen that the presence
of the control beam expels the probe light from the cavity, making the cavity
optically non-resonant with the frequency of input probe light. The light energy
budget is that probe decreases in transmission but increases in reflection. The
control decreases in intensity in transmission. There is significantly enhanced
fluorescence from the volume of intersection of the probe light in the cavity
mode and the control light beam.

The complete extinction of the cavity transmission, that is the limit e — 1,
is the requirement for total switching of | .., as illustrated in Fig. [3.6, for
probe and control frequencies set at w,, and w,, respectively. Determination
of the rise and fall time of the switching in Fig. [3.6] particularly in light of the
asymmetric on resonant switching with only the cavity beam in Fig. [3.4(b) and
(d) is essential. For the intensities of the probe and control beam described

earlier, the result of zooming in on the rise and fall of 1,(t) is shown in Fig.|3.10|
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FIGURE 3.10: Time traces recording rise and fall times of switching in negative
logic mode of operation. Figure 10(a) represents the rising edge while Figure 10(b)
represents the falling edge. The dashed line is a double exponential fit to the data
in each of the cases. The rise time is 1ms and the fall time is 1ms for 10% to 90%
switching.

Here 1,(t) denotes the time dependent cavity transmission corresponding to the
time varying control beam intensity 1.(t). We find that the rise and fall times are
best fit by a double exponential which results in fast and slow time constants.
The fast time constants are ~ 50us and the slow time constants are ~ 500ys.
This is generally true of both the rising and falling edges of |,74,.s. By contrast
the switching time of the AOM controlled I. is less than 100ns. It is interesting
to note that the large difference in transmission build up and decay times with

the probe on resonance and the control OFF is not reproduced in the case of
all optical switching in Fig.[3.10]

Table 3.2: Rise and fall time constants with control beam in negative logic
Case Fast (us) Slow ()

Rise Time Constant | 45.8 +-24.5 | 497.4 + 138.9
Fall Time Constant | 23.1 + 10.3 | 569.7 + 221 .4

Hard switching is implemented in the following manner. Both w, and w, are
adjusted to be at their respective absorption maximum. With I. blocked, the
cavity length is tuned so that the transmission through the cavity is always
high. In this situation |. is then periodically pulsed using an acousto-optic mod-

ulator(AOM), which has switching times of 100ns to activate the switching of
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the cavity transmission. The transmitted intensity is reproduced in Fig. [3.6]
The switching action demonstrates high fidelity and exhibits a rise time of 1ms
and a fall time of 1ms as shown in Fig.|3.10]

The rise and fall of cavity transmission recorded by pulsing the control beam,
applied transverse to the cavity axis, using the acousto-optic modulator(AOM)
have been documented in Table 3.2l The transient dynamics of the rising and
falling edge have been fitted to double exponential profiles. It is seen that
there are two independent time scales associated with the transient dynamics
in negative logic switching. One of them is a fast time constant while the other

is a long time constant.

The fast response in our experiments is attributed to the small signal gain
of the cavity mode field in reaction to the switching ON or OFF of the control
light. Small signal gain coefficient (v,) plays a crucial role in the physics of
optical amplifiers and represents the gain per unit length in the photon flux. In
our experiment, the fraction of the cavity mode that is illuminated by the control
laser, z5, is much smaller than the mode length, enabling us to associate the
change in cavity transmission with the small signal gain in this region, which
depends on the difference in the populations in the excited and ground states
l.e. v, o« N, — N,. As no population inversion is possible in our system,
N., < N,,, implying that ~,, is always negative and propagation along the cav-
ity mode is attenuated. The AOM switches the control light intensity linearly
with time, which in turn increases or decreases the value of N, (t) o 1.(%),
implying 7,,(¢) « t in the time immediately following the switching of the state
of I.. As the gain per unit length within the cavity mode is proportional to
an 1,(0)exp(v.(t)zs), the fast response behavior of the transmitted probe light
through the cavity is exponential. The transmitted intensity is anti-correlated
with the switching light rate of change since N, < N,, at all times. Therefore,
when the control light is switched off, the light in the cavity mode increases and

vice versa.
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The slow time scales associated with the rise time and fall time may be
explained in terms of the rate of transfer of atomic population from one ground

state to another as discussed in section 3.6

3.5 Experimental arrangement and setup for

positive logic switching

For the positive logic switching, we employ the same transition for probe and
control pulses. For the experiments on the 8Rb cell cavity, we choose the
cooling transition (F = 2 — F’' = 3, Rb D, line). The relevant energy level
diagram along with the experimental schematic is shown below in Fig. [3.11]
We set the input probe intensity to a value close to the threshold of transmis-
sion of light into the cavity. At this values of input probe intensity, the medium
inside the cavity is not saturated to allow the transmission through the cavity.
Viewing the path of the light build up along the cavity axis shows weak fluo-
rescence build up due to absorption of resonant light by the 8”Rb atoms inside
the vapor cell. However, no significant transmission through the cavity occurs
at this point. Once this condition is satisfied, we allow a control beam resonant
on the same cooling transition (F = 2 — F’ = 3, 8Rb D, line) to intersect
the cavity mode by orienting it transverse to the cell cavity axis as shown in
Fig.[3.11] As soon as the control beam is put on, we see transmission of light
through the cell cavity. This choice of the cooling atomic transition of 8"Rb for
positive logic switching mode is purely arbitrary. One can also choose the re-
pumper transition for the positive logic mode of operation. However this does
not change the qualitative characterisitcs of the optical switch when operated
following the positive logic protocol. This transmission can be understood by
invoking a simple model which tries to argue the switching mechanism from

the point of redistribution of the relative populations of the two ground states of
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FIGURE 3.11: The experimental schematic and the relevant energy level diagram
for positive logic switching.

the 8"Rb D, atomic transition.

3.5.1 Optical bistability and hysteresis in positive logic
switching

As reported earlier in the negative logic scenario, we investigate the change in
the hysteresis curves in the positive logic case and try to compare and contrast
it against the behavior seen in negative logic switching case. We demonstrate
this phenomenon by keeping both the coupling/probe and the switching/control
laser frequencies tuned to the maximum of the absorption of the 525 »(F =
2) — 5°Py»(F") doppler broadened peak. The coupling laser intensity I. is
varied above and below the saturation threshold of the 8"Rb atomic medium
inside the cell cavity by varying the radio-frequency power of an acousto-optic
modulator placed along the path of the coupling laser beam.

Initially we adjust the power of the coupling beam so that we see very lit-
tle transmission through the cell cavity. We then sit on the resonance of the
cavity transmission by manually adjusting the cavity piezo offset voltage. We
then modulate the coupling beam intensity |. along the cavity axis over a pe-

riod of few seconds by varying the radio-frequency power of an acousto-optic
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FIGURE 3.12: Typical hysteresis curves with and without the switching(control)
beam at three different pump powers of 5.5mW, 10.5mW and 23mW. The brown trace
(open squares) represents the hysteresis cycle without the pump beam. The blue
(filled squares), red (open circles) and black (filled circles) represent the hysteresis
cycle with the switching(control) beam powers at 5.5mW, 10.5mW and 23mW respec-
tively. Notice the increasing shift in the hysteresis cycle towards decreasing input in-
tensity to cavity with increasing switching beam power. Another interesting feature of
the hysteresis curves is the decrease in area under the cycle with increasing switching
beam power.

modulator placed along the path of the coupling laser beam. We record on
an oscilloscope the variation in the peak height of the transmission fringe for
the entire cycle for which the coupling laser intensity |. was varied both in the
presence and in the absence of the switching laser beam which is on the same

transition as the coupling laser beam. This is illustrated in Fig.

3.5.2 Transient dynamics in positive logic switching

We experimentally investigated the dynamics of positive logic switching in the
transient regime and found that there exists two timescales associated with
the switching phenomenon as shown in Fig. In order to measure the
timescales associated with the transient dynamics we followed a protocol sim-
ilar to the one as reported earlier in negative logic switching. We initially tuned

the cavity into resonance with the input probe beam and adjusted the offset
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FIGURE 3.13: Left: A time trace depicting the rising edge of the cavity transmission
when the optical switch is operated in positive logic mode. Right: A time trace depicting
the falling edge of the cavity transmission when the optical switch is operated in the
same mode as mentioned earlier. The dashed line is a double exponential fit to the
data. The rise time and the fall time is again 1ms for 10% to 90% switching and
consistent with the time scales for the same amount of switching as reported in the
case of negative logic switching phenomenon described earlier in the chapter.

voltage on the cavity piezo so that we could be at the peak of cavity transmis-
sion. The cavity resonance could be maintained on its maximum for a couple of
seconds before it would drift away. However this would provide us with enough
time to record the switching phenomenon seen. In this interim period with the
cavity transmission at its maximu, we would enable high speed switching of the
control beam via an acousto-optic modulator (AOM) applied transverse to the
cell cavity axis. We observed that the rise and fall time of the cavity transmis-
sion obtained by periodic modulation of the control beam intensity shows an
effective time constant of about a millisecond for 10% - 90% switching. How-
ever closer monitoring revealed that this effective single time constant is in fact
a convolution of a small(fast) and a long(slow) time constant. The mean fast
time constant of the order of 24 microseconds while the mean longer time con-
tant is of the order of 600 microseconds as documented in Table [3.3l Thus the
observed time scales in positive logic swtiching are the same order of magnti-

tude as recorded for negative logic switching.
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Table 3.3: Rise and fall time constants with control beam in positive logic
Case Fast (us) Slow (115)

Rise Time Constant | 26.8 &= 11.9 | 504.8 + 123.3
Fall Time Constant 24.0 4+ 11 676.7 £ 128
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FIGURE 3.14: The experimental schematic for positive logic switching in the partial
switching regime to investigate small signal gain in the system. The blue arrow and
green arrows after the Wollaston prism (WP) indicate the linearly polarized horizontal
and vertical components of the scattered light from the switching beam.

3.5.3 Investigation of small signal gain in positive logic
switching

We also investigated the possibility of small signal gain or the existence of stim-
ulated emission in the context of positive logic switching as shown in illustrated
in Fig. We adjust the input probe and control beam powers on the cell
cavity experiment so that we see a relatively small transmission through the
cell. Care is taken to adjust the input probe beam intensity along the cell cavity
axis such that the atomic medium along the axis is very close to saturation,
while at the same time ensuring that a very small but net transmission occurs
through the end of the cavity. In this condition we have adjusted the polariza-

tion of the switching beam by using a half-wave (3) plate and a polarization
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FIGURE 3.15: Record of polarization effects on the switching beam after passing
through the Wollaston prism (WP). Left: The signal picked up on the photo-diode
placed after the WP with the control beam having purely horizontal polarization. Right:
Same case with the control beam polarization set to vertical. In both figures the green
and the blue trace depict signals with linearly vertical and horizontal components of
light. The red trace denotes cavity transmission in both cases.

beam splitting cube (PBSC) combination. In one set of experiments we have
maximized the transmitted beam through the PBSC ensuring linear horizontal
polarization while in a second set we have maximized the output beam on the
reflected port of the PBSC ensuring vertical linear polarization. In a third set of
measurements we have set it at an intermediate linear polarization where both

horizontal and vertical components of the linear polarization prevail.

We now place a Wollaston prism (WP) on the path of the switching beam
which exits the cell to select the polarization of the beam scattered along that
direction. The WP acts as polarization filter to an extinction ratio of 1000:1. It
also spatially separates the horizontal and vertical linear polarization compo-
nents of the scattered which are then detected on the two photo-diodes placed
at appropriate positions. For the three sets of linear polarization settings de-
scribed above we record very high contrast polarization dependent signals on
the photo-diodes. As can be seen from the figure Fig. there is absolutely
no pick up on the complimentary photo-diode when the polarization setting is
either purely linearly horizontal or linearly vertical. The striking feature of both
the signals recorded for the two settings of linear polarization shows a remark-

able increase in signal which coincides exactly at the points where the cavity
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transmits. Thus there is enhanced scattering of light by the atoms in the cavity
mode in the direction of the switching beam. This phenomenon of increase of
signal along the direction of the switching beam maintaining the state of polar-
ization of the scattered to a high degree even by atoms at room temperature
leads us to believe that the cell cavity system is capable of sustaining gain in

the small signal operating regime.

3.6 Qualitative model for estimating time
constants of switching in negative and

positive logic

The negative logic switch is operated with the probe beam tuned to the 8"Rb
cooling transition (F=2 — F’=83, D, line) and the switching beam tuned to the
8"Rb repump transition (F=1 — F'=2, D, line). In contrast the positive logic
switching is realized when both the probe and switching beams are tuned to
the 8"Rb cooling transition (F=2 — F'=3, D, line). Qualitatively the switching
effect appears to be polarization independent, which might indicate lack of role
of Zeeman coherences in the switching effect. Here we propose a simplified
four level model based only on hyperfine levels involved. We take the density
matrix approach and solve for the time dependent equations for the population
terms. We model the experimentally observed switching mechanism based on
the rate of transfer of population from one ground state to the other ground
state by addition of the switching field from the transverse direction. The entire
model is based on the primary assumption that only atoms in the overlap zone
of the probe and switching beams are participating in the optical switching
phenomena observed.

The total Hamiltonian for the system consisting of the atom and the probe
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FIGURE 3.16: A simplified schematic of a four level atomic system to model the
switching phenomena. Left: Relevant energy level diagram for negative logic switch-
ing.The cavity coupling (probe) field is labeled as Qs connecting states |2) and |4)
while the switching field is labeled as ©,, connecting states |1) and |3). Right: Rele-
vant energy level diagram for positive logic switching. Both the cavity coupling (probe)
field (labeled as €2;) and the switching field (labeled as €2,,) connect the states |2) and
|4).

and switching light fields in the interaction picture is expressed as

H = Hy+ H; (3.4)

where H is the Hamiltonian for the bare atom and H; the light-atom interaction
Hamiltonian. These are given by

Ho = Feor|1){1] + Fop|2) (2] + Py [3) (3] + | 4) (4 (3.5)

and

H; = —§[Q24|2>(4|exp(—iw24t)+923|2><3|exp(—iwg4t)+(213|1><3|exp(—iw13t)+H.C’.]
(3.6)

Here the hw; represent the energies of the levels as represented in Fig. [3.16]

with wy and w, the frequencies of the probe and switching laser beams and ;;

denoting the Rabi frequency connecting the ground level |i) to the excited level
). The term “H.C.’refers to hermitian conjugate.
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The dynamics of the system described by the above Hamiltonian can be
studied using the density matrix p = 3" p;;|i)(j|. The time evolution of the den-

sity matrix p is given by the Liouville equation

P

?

h [07 H] + Edissipation (37)

where the first term on the right hand side of equation describes the co-
herent evolution of the density matrix operator p under the Hamiltonian H while
the second term on the right hand side of equation describes the operator
L aissipation Of the Lindblad form and contains all posible modes of dissipation or
relaxation existing in the system. The damping/dissipation operator is defined

as

T,
£dissipation = Z[?J(QO-UPOJJ - O-Zjo-ijp - po‘j'-jo-ij)] (38)

Here p is the density matrix defined in the usual notation above while the o;;
defines the creation operator for atomic excitation while ajj denotes the annihi-
lation operator for atomic excitation. I';; is the decay rate connecting states i)

and 7).

o;; is defined by gj.ej where g; and e; are according to the definitions given

in equations (3.9) and (3.10).

The two ground states |2) and |1) are defined as

—_

12) :

I
-
S~

I

(3.9)

o O
o o o =

while the two excited states |3) and |4) are given by
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I
o — o o
I

_ o O O

3) (3.10)

The other assumptions which go into developing and solving the density
matrix based rate equation model are outlined as following:

a. The F=2 ground state, including its five Zeeman sublevels, is modeled as
a single state, |g.), and the F=1 ground state is modeled as another state, |g,).
For simplicity of nomenclature in the density matrix approach we label these
as |2) and |1) respectively as shown in Fig.

b. The two excited state manifolds are modeled each as a single state,
le,) and |e;,), respectively. This justification is valid since none of the pump
or probe beams involved in the experiment are frequency locked to any given
hyperfine transitions of the Rb D, spectrum. Keeping with the density matrix
nomenclature norm above we label these two states as |4) and |3) respectively.

c. We are assuming that any polarization-dependent effects are not signifi-
cant in the switching mechanism.

d. We are accounting only for spontaneous emission processes in this model
and do not take into account the role of stimulated absorption.

e. We neglect the role of stimulated emission processes which will be valid
under two conditions: (1) the light intensities remain low enough for sponta-
neous emission rate to be much faster than stimulated emission rate; (2) the
excited state populations remain low enough so that stimulated emission can-
not add significantly to the intensities of probe and switching beams.

f. Although we do see a slight change in the transmitted intensity of the
switching beam, in the thin medium approximation (valid at room temperature,

over cell diameter of 2.54 cm), we hold it constant at the incident intensity of
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the switching beam.

g. We also assume that the atoms outside the beams are largely unpolarized
(valid for uncoated vacuum cell, where atoms exiting the beam will hit the wall
and depolarize before returning to the beam), so they are thermally distributed

equally over all eight Zeeman sublevels.

h. We further ignore any possibility of collisional decay of excited state atoms

in the model.

i. For simplicity, we have ignored transit time broadening for the atoms when

they are in the overlap region of the probe and switching fields.

Under the above assumptions, we can write down the following rate equa-
tions for atomic densities which account for relaxations and repopulations due
to optical transitions (absorption and emissions) of the atoms through the beam.
The final set of equations for the populations after applying the rotating wave

approximation (RWA) is given below:

. i «
p11 = La1paa + 31033 + Ta1pas + 5(/)3191, — p13§2p) (3.11a)

p22 = Lagpaa + I'sopss — I'a1pos + §(p3290ffres — 02380 pres T Pa2Sls — paslls)

(3.11b)
P33 = Lazpas — U'sapss — Uaapss + §(p23Qoffres — 3280 1 tres + P13 — p31€2;)
(3.11¢)
. i «
pas = —(Laz + Lo + Ta1) pas + §(P24Qs — paf2;) (3.11d)

while the equations for coherences after applying the RWA are given by
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. . i i . i x

pa1 = —Yao1p21 — §P23Qp + §p3IQoffres + §P4195 (3.12a)
) . i i

P31 = —Y31P31 T §p2190ffres + 5(,011 — p33)p (3.12b)
) . i i

Pa1 = —Va1P41 — 5/’4391) + 5/’2195 (3.12¢)
. - 1 1 )

P32 = —732P32 + §(p22 — p33)of fres + §P1zﬂp - §P34Qs (3.12d)
) . i i

Paz = —Va2P42 — §p4390ffres + 5(022 — P44)$s (3.12¢)
) . i i , i *

P43 = —743P43 + 5102395 - §p4ZQoffres - §P419p (3.12f)

where according to the above configuration of states €, Q,/ .. and €2, are the
Rabi frequencies of the coupling(probe), off-resonant pumping and the switch-
ing(control) fields respectively. The probe laser (field) 2, is the one coupled
to the cavity mode while the switching laser (field) €2, is applied on the direc-
tion transverse to the axis of the cell cavity system. In the present situation
Qorres IS the field to account for the off resonant pumping of the atoms by the
probe field 2, along the cavity axis. However in principle one can take it to be
an externally applied additional field without any loss of generality. The Rabi

frequencies for the model above are given by

E I
s = gt = Ty A
Qs = pog 5 Iy 5 (3.13a)

Qoffres = 107493 (313b)

E | 1
Qp = /,613# = Fg 2I:at (3130)

where the prefactor of 10~ is the probability that an atom will absorb a photon

from the probe (coupling) field and get optically pumped to state [3). The
above factor of 10~ has been estimated from the fact that in the case of laser

cooling using a closed cycle transition, one out of every 10,000 atoms absorbs
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a photon from the cooling laser field due to off resonant pumping and ends up
in an excited state which is not closed. Here I, and |, are the intensities of
the coupling(probe) and switching(control) laser fields respectively. I, is the
saturation intensity for the 8’"Rb D, transition. Further I'; and I'; denote the
lifetimes of the excited states |4) and |3) respectively. The decay from |4) to
1) is possible via an electric quadrupole transition which is estimated to be a
factor (ap/)\) lower than the dipole transition from |4) to |2) [38]. Here a, is the
Bohr radius in angstroms and X is the wavelength of the light coupling states

14) and |2). We further define the following detunings:

Aa1 = a1 — U(Ap — Apfres) (3.14a)
31 = Y31 — 1A, (3.14b)
a1 = Y1 — Ay — Doppres + As) (3.14c¢)
Va2 = Y32 — 1Dof fres (3.14d)
Yo = Yao — 10 (3.14e)
Az = Va3 — 1(As — Doffres) (3.14f)

where A, = wy, - wiz - Kp.V, Agffres = Worfres - woz aNd Ay = wy - woy - kg.v are
the detunings of the switching, the off resonant and the probe (cavity input)
fields respectively with respect to the appropriate atomic transitions connected
through these fields. Here k,, and ks are the wave-vectors of the switching
and coupling fields respectively while v is the velocity of the atom in the va-
por cell consistent with the Maxwell-Boltzmann distribution of speeds at room

temperature.

We define I',,,,, as the natural decay rate between any two levels |n) and |m).
Also we define ~,,,, as
1
Vrom = 5(1“” +Tm) (3.15)

128



3.6 QUALITATIVE MODEL FOR ESTIMATING TIME CONSTANTS OF SWITCHING IN
NEGATIVE AND POSITIVE LOGIC

where T',, and T, are the individual decay rates of the states |n) and |m) re-
spectively.

We solve the dynamical equations of motion for four different cases. The
initial conditions at time t=0 for solving the equations for all the cases

are as follows:

pi1 = 0.5 (3.16a)

pas = 0.5 — (A”I:af) E (3.16b)
L+4(5)° + (75)

paz = 0.0 (3.16¢)

pu =T 4((&%& 5 (3.16d)
Ty Lsat

The four different cases are as follows:

a. When the coupling and the switching fields are on complimentary transi-
tions (in our case the ®”Rb cooling and repumper transitions respectively), we
estimate the time taken to transfer the population from the cooling ground state
to the repumper ground state when the repumper field is switched OFF at time
t=0. This situation is akin to negative logic switching with no switching field.
Here we get transfer times for the population of the order of a milli-second after
solving the set of equations for the initial conditions as given by (3.16).

b. When the coupling and the switching fields are on complimentary tran-
sitions (in our case the 8"Rb cooling and repumper transitions respectively),
we estimate the time taken to transfer the population from the cooling ground
state to the repumper ground state when the repumper field is switched ON at
time t=0. This situation is similar to negative logic switching in the presence of
the switching field. Here we get population transfer times of the order of ten
microseconds after solving the set of equations for the initial conditions
as given by (3.16).

c. When the coupling and the switching fields are on the same transitions (in
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our case the 8"Rb cooling transition), we estimate the time taken to transfer the
population from the cooling ground state to the repumper ground state when
the switching field is turned ON at time t=0. This situation is similar to positive

logic switching in the presence of the switching field.

d. When the coupling and the switching fields are on the same transitions (in
our case the 3"Rb cooling transition), we estimate the time taken to transfer the
population from the cooling ground state to the repumper ground state when
the switching field is turned OFF at time t=0. This situation is similar to positive

logic switching in the absence of the switching field.

In both cases (c) and (d) above for the positive logic switching regime we get
transfer times for the population of the order of a milli-second after solving the
set of equations (3.12) for the initial conditions as given by (3.16).

Solving the dynamical equations of motion for the population terms using
a numerical algorithm such as the NDSolve function in MATHEMATICA®, we
find that the rate of evolution of the population terms can be well described by
a single exponential decay. This is in contrast to the experimentally measured
time constants of negative and positive logic switching where we find that the

cavity transmission decays with two time constants, one fast and one slow.

We find that the transfer rates for the above three cases (a), (c) and (d) are
well described by a single time constant. We note that for the given conditions
of the experimental situation for the negative and positive logic switching sce-
narios, we get long time constants of about a millisecond as the time taken to
transfer the population from one ground state to another in cases (a), (c¢) and
(d) respectively. The model however fails to account for the long time constant

in situation (b) giving a single time constant of the order of 10 micro-seconds.
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3.7 Conclusion

In the present study a deliberate choice of the Rb D, transition frequencies has
been made, in order to extend the present work to studies with cold atoms. In
our experiment the frequency of the light coupled into the cavity mode is set
to 5°S, ), F=2 — 5°P;,, F'=3 of the D, transition of ¥’Rb while the frequency
of the control light to 5°S,, F=2 — 5°P3,, F'=2 for the same D, transition as
mentioned earlier, which are infact the cooling transition and the repumping
transition for a standard magneto-optical trap (MOT) of 3’Rb atoms. If a cav-
ity is built around such a MOT, the possibility for many investigations open up
along and beyond the lines probed above. While several differences exist be-
tween the vapor cell experiment discussed here and a cold atom experiment,
there are many similarities which make the present work important in the con-
text of future experiments with cold atoms.

To summarize, we have have demonstrated an all optical switching phenom-
ena in transmission utilizing a Rubidium vapor cell enclosed within a Fabry-
Perot cavity. The cavity probe light can be completely extinguished by the
control intensity, a fact which is used to demonstrate high fidelity switching of
transmitted light through this system. The control light exhibits a threshold
power, above which it alters the transmission properties of the cavity. Both
steady state and transient processes are experimentally characterized for this
system for two different approaches of realizing the optical switch. The physics
of this system is discussed within the context of a driven four level system
and both qualitative explanations and quantitative estimates for the observed
steady state and transient phenomena are provided. The key features of this
switch are as follows:

a. The switch operates at close to half the telecom wavelength (1550nm).

b. The switching mechanism is robust and alignment insensitive.

c. The power of control light required to affect the transmitted intensity of the

resonant seed light through the cavity is shown to be very small.
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d. The all optical switch has no qualitative dependence on the polarization
of the probe and switching beams.

e. The switching mechanism does not require elaborate frequency stabiliza-
tion of either the cavity resonances or the probe and control fields to relevant
atomic transitions to realize the switch.

The cavity based all optical switch described above exhibits two distinctive
high and low states depending on the cavity transmission output. The high and
low states can be distinguished with high fidelity. The input and output sources
(in the context of all optical switches) in this case are purely isolated since
these are derived from two independent driving lasers. The all optical switch
demonstrated above is cascadable. The transmitted output of the cell cavity
system from one set-up can be used to drive a second set-up constructed in a
similar fashion. The switching phenomena is robust and is independent of the
small variations in phase, frequency and intensity of the probe beam. Given
the fact that the switch operates with powers in the few mW regime, it does not
however, satisfy the low power switching regimes that have been achieved with

very low number of photons [27, 30].
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Experiments with cold atoms in a

cavity

4.1 Introduction

Cold atoms in cavities [1}, 2] have spawned an enormous amount of scientific
activities in the last ten years. With the advent of laser cooling [3-6] leading
to the magneto-optical trapping of neutral atoms [7-11] and the subsequent
experimental realization of quantum degenerate systems [12-17], one could
explore a plethora of physical phenomena in the context of light matter inter-
actions using optical cavities of reasonably high finesse. Till date, to the best
our knowledge, detection of cold and ultracold molecules [18-31] is largely de-
structive utilizing either trap loss mechanisms or mass spectrometry methods
relying on the creation of molecular ionic species from the parent molecules,

which are then subsequently detected on a channel electron multiplier (CEM)
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or from techniques that allow reconversion of the molecules to its constituent
atoms using Feshbach resonances. The technological breakthroughs in thin
film technology made it possible to realize cavities with ultra-high finesse in
the optical domain [32, 33], hitherto unaccessible to physicists who wanted to
explore dynamics of atom-cavity interactions using tailor made Hamiltonians
[34-38]. One could now use optical cavities for precision measurements re-
lating to spectroscopy of cold and ultracold molecules created either from cold

atoms or degenerate quantum gases.

A cavity could enable frequency sensitive non-destructive detection of molec-
ular states by coupling the weak molecular fluorescence over and above the
atomic fluorescence, if any, to the mode of the cavity. The first step towards
realizing this objective would be to understand and characterize reliably the
interaction of cold trapped atoms with the mode of an optical cavity. Cavity
assisted atom detection and atomic state readout has already been estab-
lished in the community with high fidelity and efficiency of detection [39-44].
The physics goals of our lab at the Raman Research Institute, Bangalore are
geared towards exploring atom-cavity interactions, atom-ion interactions to-
wards understanding cold chemical reactions, synthesis and detection of cold
polar molecules. In this context, the design and construction of a hybrid trap
apparatus which combines the relevant technologies necessary for trapping
neutral atoms and ions with an optical cavity was envisioned and efforts were
made towards the experimental realization of such a system. The present
chapter focuses in detail the design, construction and characterization of some
of the key features of the afore-mentioned hybrid trapping instrument and fol-
lows it up with some of the initial experiments that were performed in the hybrid
trap to explore the dynamics of atom-cavity interactions in the transient and

steady state regime.

The chapter is organized in the following manner. Section 4.2 of the current
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chapter outlines the physics goals that are of primary interest and the techno-
logical issues that need to be addressed in order to realize the stated physics
objectives. In section [4.3] we shall describe the design and construction of
the UHV chamber housing the experiment. We shall point out the key compo-
nents that have been incorporated to address the physics goals that we want
to address. Following this is subsection [4.3.1]where we shall elaborate on the
design, mounting, alignment and characterization of the optical Fabry-Perot
cavity which is the key tool for the experimental observations reported in this
chapter. In section [4.5| we shall move into characterizing the magneto-optical
trap trap (MOT) realized in experimentally in the UHV system constructed by
us. We shall then describe the experimental realization of coupling light from
cold atoms trapped in the MOT into cavity modes in section 4.7 Following
this in section we shall focus on the dynamics of atomic population by a
periodic modulation on the MOT repumper beam as measured by the photo-
multiplier tubes (PMTs) placed along the cavity axis in transmission and the
spatial filter assembly to pick up fluoroscence from trapped atoms in the MOT.
In section we shall try to explain qualitatively the dynamics of the atomic
population measured by the PMT along the MOT spatial filter axis by an effec-
tive simplified four level system using a density matrix approach. Following this
in section |4.10|we shall try to give a qualitative understanding of the dynamics
of the composite atom cavity system using a simplified system of a two level
atom in a cavity for the experimental observations as reported in section [4.9]
Next in section 4.11| we shall demonstrate the realization of collective strong
coupling achieved in the composite atom cavity system through the experimen-
tal observation of normal mode splitting [45-47] for cold atoms trapped in the
MOT and located at the mode of the optical cavity. Finally in section we
conclude by summarising the experiments and observations reported in this

chapter.

139



4. EXPERIMENTS WITH COLD ATOMS IN A CAVITY

4.2 Experimental requirements

The experiment was designed keeping the following physics goals in perspec-
tive:

1. The experiment should be capable of magneto-optical trapping (MOT) rel-
evant isotopes of multi-species alkali metals of our interest like Rubidium (Rb),
Potassium (K) and Cesium (Cs). This would enable us to investigate forma-
tion of homonuclear and heteronuclear cold molecules from the participating
atomic species.

2. The necessity of an optical cavity as a detector for low light level signa-
tures of atomic and molecular fluorescence from the species of our interest.
The cavity would act as a frequency sensitive detector at low light levels em-
powering us with the ability of non-destructive detection of molecular species
of our interest.

3. A polar molecule trap along the lines of [48] was fabricated using a com-
bination of wire electrodes wound around a scaffolding. This wireframe should
possess the ability to impose large gradient fields such that the hetero-nuclear
dipolar molecules created from the cold atoms can be trapped in the same
spatial volume at the trap center.

4. The network of electrodes that are constructed to form the above Stark
field trap are designed to enable ion trapping of alkali or alkaline earth elements
like Rb*, Cs™, KT and Ca*. Obviously the field requirements for ion trapping
and dipolar molecular trapping are quite different and only one of the two kinds
of trap is possible within the structure at any given time.

The technical issues that we needed to address in order to experimentally
explore the physics goals are:

1. A very important and crucial aspect of the vacuum system was to ensure
spatial overlap of the cavity mode with the centers of the magneto-optical trap
and the two wireframe traps. Ensuring the spatial overlap amongst the inter-

species traps with the cavity mode would enable us to investigate signatures of
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atom-cavity interactions, atom-ion and ion-molecule interactions in the cavity
mode.

2. We wanted to operate the linear RF Paul trap with thin wires [48] so
that we have the freedom to generate high electric fields at the center of the
atom trap and investigate the influence of high electric fields on the atom-cavity
interactions and also examine experimentally the trapping of polar molecules
that may be formed from the atomic species involved. This would mean that
the ion trap constructed from the thin wires should be of small geometrical
dimensions so that high electric field gradients are possible around the central
region of the MOT.

3. A technical issue that arises when one wants simultaneous operation
of a magneto-optical trap with a thin-wire ion trap is shadow and diffraction
effects that arise due to the wires itself. The thin wire ion trap should also allow
the relatively big MOT cooling beams of 10mm diameter to pass unhindered
causing minimal diffraction at the center of the MOT.

4. Further, one needs to ensure that wires of least thickness, high tensile
strength, good thermal and electrical conductivity as well as possessing the
least possibility of getting magnetized (either temporarily or permanently) when
the anti-Helmholtz coils of the MOT are in operation.

5. The requirement of a channel electron multiplier (CEM) for detecting and
recording ions that are non-fluorescing should be incorporated in the design of
the vacuum assembly.

6. The mounts for the ion trap should be made of ceramic which has very

good ultra-high vacuum (UHV) and electrically insulating properties.

4.3 Design and construction of UHV system

Keeping the above physics and technical aspects in mind, we came up with the

following layout of the internal components of the UHV assembly as given in
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FIGURE 4.1: Schematic of the experimental setup. The Fabry-Perot cavity (mirrors
shown in green) as mounted in the 16 port Kimball Physics chamber is shown along-
with two pairs of MOT beams for cooling and trapping the neutral atoms. The third
pair of MOT beams is along the direction perpendicular to the plane of the figure. The
filled circle (in red) at the center depicts a cold cloud of atoms trapped in the MOT. Not
shown in the picture are the pair of anti-Helmholtz coils used for trapping the atoms
in the MOT. Also not depicted in the schematic is the pair of shielding electrodes for
compensating the cavity piezo voltage that hinders the operation of the RF ion trap and
the aluminium housing with the attached wire grid which houses the channel electron
multiplier (CEM) for ion detection. VP stands for viewport, FT stands for feedthrough
and SFVP stands for spatial filtering viewport.

Fig. 4.1l We came up with the design keeping a sixteen port chamber in view
which allows six independent MOT cooling beam ports (of which four are in the

same plane) and twelve other ports for various other beams and components.

The view ports in plane of the chamber would have a free diameter of 16mm
to allow the MOT beams of 10mm diameter to easily pass through. Additionally

we wanted to keep the coils for the MOT as closely separated as possible so
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that with minimal operating current (thus ensuring lower heating up of the coils)
through the MOT coils we could successfully operate the magneto-optical trap.
The UHV system was manufactured from SS316 by Kimball Physics Inc., USA
to ensure least magnetization of the system while operating the experiment
on a long term basis. Further, mounting the optical cavity and the CEM for
ion detection was enabled via the groove grabber technology provided with the
vacuum system. The final assembly of the central part of the vacuum system

with all the key components are shown in Fig.

The cavity is mounted symmetrically with respect to the chamber using mount-
ing grooves provided in the inner walls of the chamber. The groove grabbers
provide a rigid mounting to the entire cavity structure. The mirrors are mounted
onto MACOR machinable ceramic holders. One of the holders has an addi-
tional annular piezo electric transducer (procured from Piezomechanik Ger-
many) placed under the mirror. This enables scanning of the cavity length over
a few free spectral ranges (FSRs) of the cavity. The MACOR holders are se-
cured to the respective groove grabbers using non-magnetic SS304 screws.
Orthogonal to the cavity axis is the lon-pump axis. The UHV chamber has a
base pressure of lower than 5x10~mbar. The MACOR cavity holders have
additional holes to allow SS316 non-magentic rods, threaded at either end, to
be inserted through them so as to form a cage-assembly. These rods are tight-
ened on either side via bolts on the threadings. This unique stucture maintains
a steady axis of the cavity and helps in commom mode rejection of any vibra-
tions that can be picked up on either cavity mirror holder through the groove

grabbers.

Uncoated CF (conflat) viewports were used on all optically transparent ports.
The MOT beam configuration is illustrated in Fig. [4.2] Additional viewports
were used for allowing an external probe beam along the cavity axis and mea-
suring the transmission of the cavity. A different viewport apart from the ones

mentioned above was used to monitor the cold atom cloud. Photomultiplier
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FIGURE 4.2: Three dimensional schematic of the UHV system after mounting all
the key components inside it. The Fabry-Perot cavity enclosed in the indigo (dashed)
box as mounted in the 16 port Kimball Physics chamber is shown. The two pairs
of MOT beams (red dashed lines) for cooling and trapping the neutral atoms is also
shown in the plane of the chamber. The third pair of MOT beams is along the direction
perpendicular to the plane of the figure. The area shown by green (solid line) oval box
depicts the thin wireframe trap. Not shown in the figure is an additional set of thin wire
electrodes (placed just beyond the wireframe trap) that ensures smooth operation of
the trap by compensating the voltage applied on the cavity piezo electric transducer.
The black (dashed box) denotes the CEM for detecting ions. The cavity assembly and
the CEM are mounted onto the chambers using the groove grabbers denoted by GG.
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FIGURE 4.3: (a) Close up view of the thin wire ion trap with one of the cavity mirrors
in the background. The shielding grid for the high voltage on the piezo electric trans-
ducer can be seen oriented between the thin wire ion trap and the cavity mirror. (b)
The channel electron multiplier (CEM) placed inside the grounding box constructed of
aluminium. Also shown in the figure is the shielding grid to compensate for the voltage
applied on the CEM.

tubes (model number R636-10) from Hamamatsu Photonics, Japan are used
at all places for light detection through the cavity axis as well as fluorescence
measurements from the cold cloud in the MOT. The chamber cavity mounting
arrangement is illustrated in Fig. 4.2

The ion pump is connected to a 4-way CF40 cross from Pfeiffer Vacuum
GmbH via a CF600-CF40 reducing flange from Kurt J. Lesker Inc. as shown
in Fig. 4.4l The remaining 3 free ends of the 4-way cross are distributed in
the following manner: the one having a direct line of sight to the ion pump
leads to a conical CF40-CF16 reducing nipple from Pfeiffer Vacuum GmbH
which connects the cross (and hence the ion pump) to the chamber, the top
port of the 4-way cross is connected to an I-piece which houses the Titanium
sublimation filament while the bottom port of the 4-way cross is connected to
a CF40 T-connector. The two arms of the T-connector houses respectively
the ion-guage for measuring the pressure in the chamber and a gate valve
assembly for isolating the entire vacuum system from the supporting turbo-
molecular pump used during the chamber bake-out process.

The possibility of losing the crucial alignment of the cavity mirrors prevented
us from resorting to a high temperature bake-out of the vacuum system in the

earlier stages of the experiment. The mirror and the ceramic holder assembly
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FIGURE 4.4: Side-view of the experimental UHV chamber assembly. The following
components are marked by the respective alphabets: A — lon pump, B — |-piece
housing Titanium filament to be uses as a sublimation pump, C — 4-way CF40 cross, D
— CF600-CF40 zero length reducer to connect to ion pump, E — gate valve connected
to one arm of CF40 T-connector, F — UHV chamber from Kimball Physics Inc., G —
feedthrough for making electrical connections to channel electron multiplier (CEM), H
— magnetic coil holder, | — feedthrough for making electrical connections to cavity
piezo electric transducer, L — one of the magnetic coils for the MOT and K — conical
CF40-CF16 reducing nipple connecting chamber to the ion pump via the 4-way cross.
The structure wrapped in red insulating tapes is the compensation coil assembly for
the experiment.

FIGURE 4.5: Front view of the experimental UHV chamber assembly with the ion
pump at the far end of the chamber. Also shown are various optics used for the
magneto-optical trap and cavity experiments.
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have been mounted under relatively strong stress to prevent them from getting
misaligned. Our fear was the high temperature bake-out might cause thermal
expansions which might disturb the mirror alignment. However, even after a
month long pumping by the turbo-molecular pump and the ion pump we were
unable to reach a pressure below 3.4x10 8mbar in the chamber. Thus we
were forced to resort to a minimal all glass bakeout at around 110°C. The
chamber was evenly wrapped with heating tapes and covered with aluminium
foil to ensure uniform thermal gradients in the entire UHV chamber assembly.
The bakeout lasted for roughly 4 days with close to 48 hours being utilized
to keep the UHV chamber at an elevated steady state temperature of 110°C.
The ion pump was also baked to a temperature of around 110°C by a heater
connected to its body. Close to a fortnight of pumping by the turbo-molecular
pump in conjuction with the ion pump was required after the bake-out stage
to get to pressure around 5x10~'mbar. In the interim period the titanium
sublimation filament was operated twice to substantiate the pumping down of

the system.

4.3.1 Cavity alignment and characterization

At the heart of the experiment lies a Fabry-Perot cavity of length 45mm mounted
(with a free spectral range (FSR) of 3.33GHz) inside the chamber utilizing
groove grabbers. The mirrors for the cavity procured from Linos Photonics,
Germany, (currently known as Qioptic GmbH, Germany) have a radius of cur-
vature 50mm and a quoted reflectivity of 99.97 + 0.01% @ 780nm. The mea-
sured cavity finesse is 2100 corresponding to an average measured cavity
linewidth (FWHM) of 1.58MHz. The drop in fineslse1 from the theoretical value
of 1.05x10% derived using the expression w%to 2100 is attributed to
surface scratches and digs and also to deposits that may have contaminated

the mirror surface quality during bake-out of the vacuum chamber. Here R,
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and R, are reflectivities of the two mirrors forming the cavity. The alignment

procedure and the characterization of the cavity is described in detail below.

The cavity is aligned using an external seed beam from a Toptica DL100
laser and a charge coupled device (CCD) camera. The CCD camera is placed
in transmission along the cavity axis. One important issue to keep in mind
while aligning the cavity is to ensure that the input beam emerges from an out-
put coupler at the end of the single mode polarization maintaining fiber which
gives a relatively non-diverging Gaussian beam profile with a spot size of less
than a mm. This ensures that only a very small region close to the axis of the
input mirror of the cavity is illuminated when the beam is incident on it. The
input beam height is adjusted so as to ensure that the light falls on the central
region of the mirrors. A very small aperture is placed in the path of the input
beam. A tiny pin hole made on a mm graph sheet serves as a good aperture
for the beam alignment to the input cavity mirror. The graph sheet could be
stuck with glue on a 2 inch lens mount for mounting purposes along the path
of the input beam. The input beam passes through the aperture and falls on
the first mirror. The input beam is aligned such that the reflection from the first
mirror retro-reflects back along the same direction. Since the input mirror has
two surfaces, one concave and the other flat, we see that two reflections of
contrasting divergence arise due to the reflection from either surface. If the
input beam position and height with respect to the first cavity mirror is adjusted
to perfection, then one should be able to observe the reflection from the flat
surface directly retro-reflecting back through the small aperture while the di-
verging reflection from the concave surface of the input mirror being aligned

concentrically around the aperture.

Keeping the position of the first mirror fixed, we now focus our attention on
the rear cavity mirror. The input intensity to the cavity is kept extremely low
such that the charge coupled device (CCD) camera remains far below the sat-

uration level. Two spots well separated on the plane of the CCD camera are

148



4.3 DESIGN AND CONSTRUCTION OF UHV SYSTEM

oS

'Y
hd
o

e

@
I
»

o
@

o

1Y)
o
1Y)

Transmission (a.u.)
Transmission (a.u.)

=]

o
o
o

0 0.01 0.02 0.03 0 0.005 0.01 0.015 0.02 0.025
Time (s) Time (s)

FIGURE 4.6: Left: Typical transmission pattern of the cavity as recorded by a PMT
when the input probe beam frequency is fixed and the cavity is being scanned in length
by the piezo-electric transducer. The two tallest peaks correspond to the two TEMgg
modes that are visible when the cavity is being scanned over one free spectral range
(FSR) of 3.33GHz. The non-uniform spacings between the right and left set of cavity
transmission peaks is due to stretching of the frequency scale because of the nonlinear
response of the high voltage amplifier driving the cavity piezo. Right: Typical linewidth
of the cavity as recorded by a PMT when the input probe beam is being modulated in
frequency by 20MHz using an electro-optic modulator (EOM) causing RF sidebands to
occur on either side of the TEMyy mode. The cavity is kept at a fixed length by applying
suitable offset voltage to the piezo-electric transducer so that it is on resonance while
the input probe beam is being frequency modulated. The solid red line is a multiple
Lorentzian fit to the data yielding a FWHM of 1.01MHz for the central TEMy, mode.

now visible due to weak cavity transmission of the input light incident on the
first mirror. Initially only the back mirror of the cavity is adjusted to bring the two
spots as close as possible. This serves as the rough adjustment of the cav-
ity mirror axis. Since the mirrors are mounted on ceramic holders which are
in turn fixed to individual groove grabber assemblies, it is imperative that the
cavity axis is in the same line passing through the center of each mirror. This
entire procedure is done with relatively relaxed status of the four quadrupole
rods that pass through both ceramic holders of the front and back cavity mir-
rors. Once we have visible signature of the overlap of these two spots, we
iteratively start tightening the nuts on these four rods which pass through the
ceramic holders.

The task of final alignment of the two spots which arise due to reflections
from the front and back mirrors of the cavity is then initiated. We orient the

cavity mirrors by tweaking the groove grabber position as well as the screws
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which mount the MACOR holders onto the groove grabbers. After a few itera-
tions the spots merge and the camera saturates (even at that very small input
beam intensity to the cavity) which emphasizes that good alignment of the mir-
rors have been reached. We then insert the mode matching lens and see the
transmission through the cavity simultaneously on a photo-diode as well as
the CCD camera. Once the mode matching lens to the cavity is in position,
we can see the Hermite-Gaussian TEM,, modes are visible on the CCD. The
transmission pattern of the cavity under vacuum as recorded by a PMT placed
in transmission is shown in Fig. 4.6l The linewidth of the cavity peak in trans-
mission is measured by referencing against a pair of RF sidebands sepated by
40MHz in frequency as shown in Fig. [4.6]

4.3.2 Wireframe trap construction

In this section we shall very briefly describe the construction of the thin wire
trap that has been incorporated in the UHV system and its operation as pre-
dicted by the numerical simulations done in SIMION and MATHEMATICA. The
thin wire ion trap consists of four wires wrapped around ceramic spacers in a
square geometry with the inner 2 wires located symmetrically around the cen-
tral plane of the MOT. The ceramic spacers were machined in-house at the
RRI workshop and requisite grooves of 100 micron depth were etched onto
it at regular intervals of 1.5mm throughout the length of the spacer. The dis-
tance between the two inner wires of the ion trap is 3mm while the outer two
wires are located 1.5mm apart from the individual central wires. This amount
of space between the two inner electrodes has the dual advantage of ensuring
that the center of the MOT is not blocked while simultaneously allowing large
electric field gradients to be possible around the center with appropriate choice
of voltage configuration on the electrodes. The wires of the trap are made of

Tungsten having a thickness of 80 microns. We initially attempted to use wires
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FIGURE 4.7: Electric field strength in the x-y plane as a function of z. Here the
cavity axis is taken as the z direction.

of 25 micron thickness in the ion trap construction. However failure to reliably
connect the wires to the copper feedthroughs without breaking them forced us
to go for wires of higher thickness. The wires are wound on ceramic sleeves
which sit around the quadrupole rods as shown in Fig. 4.2l These extremely
thin wires were wound around the ceramic using a needle and fixed onto them
permanently using TorrSeal. The windings were initiated from the cavity piezo
end with the compensation wire pair for the high voltage on the cavity piezo
being wound first. Care was taken to ensure that the wires maintained reason-
able tension without slacking or breaking away while the winding procedure

was being done.

We have earlier mentioned that we wanted to investigate the effect of electric
fields in trapping of polar molecules and also explore atom-cavity physics me-
diated by Stark interaction generated by the electric field created from the wire
ion trap. To demonstrate the strength of the electric field that can be achieved
using the above wire geometry, we have shown in Fig. 4.7(d) the variation in
the electric field magnitude as a function of z. For the electric field gradient
reported in Fig. [4.7(d) the voltage configuration applied to the thin wire trap is
as follows: starting from one end, the first outer wire is maintained at +3kV, the
following inner wires is kept at +2kV, the next inner wire is maintained at -2kV

while the final outer wire is kept at -3kV. Given the magnitude of electric fields
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that can be generated depending on the configuration and applied voltage on
the wires, one may explore trapping of polar molecules [48] or explore the
steady state field induced enhancement and inhibition of spontaneous emis-
sion of atoms in an optical cavity [49]. One may also explore effects such as
the change in the normal mode splitting when a composite atom-cavity system

is being probed in the presence of strong steady DC electric field.

4.4 Imaging system set-up for atom and cavity

light detection and characterization of PMTs

In this section we discuss the imaging systems that were incorporated in the
experiment for accurate and reliable measurements of the atom-cavity exper-
iments that are to follow. We use identical PMTs (model number R636-10)
from Hamamatsu Photonics, Japan. The pre-amplifiers (model number C7319)
used in conjunction with the PMTs are again procured from Hamamatsu Pho-
tonics, Japan. For imaging the cold atoms in the MOT, we designed and set
up a spatial filter assembly to minimize the background of scattered light that
arose from the wireframe trap as well as from the MOT cooling and repumper
beams. A schematic of the spatial filter for imaging the cold atoms in the MOT
is shown in Fig. [4.8(a). We have realized a signal to noise ratio of 2 on the
MOT PMT using the spatial filter assembly to detect fluorescence from trapped
atoms in the MOT. A different approach was taken to measure and image the
light coming out of the cavity. Here we use a combination of a single lens and
an aperture to cut down the amount of background light being picked up on the
PMT placed along the path. The aperture position was optimized by observing
the signal being monitored on the (cavity) PMT while at the same time ensuring
that the background light was brought down to a minimal level. A schematic of

the imaging system along the cavity axis is also depicted in Fig. [4.8(b). This
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FIGURE 4.8: (a): A schematic of the spatial filter assembly to image the cold atoms
trapped in the MOT and also to detect and measure the fluorescence from cold atoms
onto the PMT. (b): A schematic of the imaging system for detecting and measuring
the light being transmitted out of the cavity mirror. Here L; is a plano-convex lens
while L, is an achromat with focal lengths f; = 60mm and fy = 75mm respectively. Ls
is a plano-convex lens with focal length f; = 75mm. L, is a lens combination system
used to image cavity modes onto a CCD. The distance d is =~ 50mm. CBS stands
for common beam splitter and CCD represents a charge-coupled device camera. The
distances depicted in the figure are not to scale.

procedure ensured a high signal to noise ratio on the PMT placed along the
cavity axis. Further, interference filters at 780nm with a bandwidth of +=10nm
were placed before the individual PMTs on the MOT as well as the cavity axis
to reduce unwanted responses of the PMTs to ambient light. We finally cov-
ered the entire path of the individual imaging systems with thick black paper to

minimize background light effects.

In order to characterize the responses of the respective PMTs an elaborate

experimental characterization of the various optical elements was undertaken.
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FIGURE 4.9: Top: Calibration curves for the various NDFs used in the experiment.
Bottom: Calibration curves for the common beam splitters (CBS) used in the MOT
spatial filter and the cavity imaging axis. The red dots represent data points for the
MOT CBS while the blue points depict data for the cavity CBS.

154



4.4 IMAGING SYSTEM SET-UP FOR ATOM AND CAVITY LIGHT DETECTION AND
CHARACTERIZATION OF PMTSs

2000

1500

1000

Output (mV)

500

8.0 0.2 04 0.6 0.8 1.0
Input (nW)

— 1000V
1050V
1500 -

1150V

1200V

1000

Output (mV)

500

8.0 0.2 0.4 0.6 0.8 1.0
Input (nW)

FIGURE 4.10: (Top: Calibration curves for the PMT used at the end of the MOT

spatial filter set up. Bottom: Calibration curves for the PMT used to detect light out of
the cavity.
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Individual lenses placed in the spatial filter assembly as well as the cavity imag-
ing apparatus were characterized. Common beams splitters (CBS) used to
split light either from the cold atoms trapped in the MOT or from emission into
cavity modes were also characterized (see Fig. [4.9). Additional characteriza-
tion of neutral density filters (NDFs) (see Fig. used in the experiments and
in calibrating the PMTs were also done. The responses of the individual PMTs
at different voltages against an input light power have been shown in Fig.[4.10]
Both PMTs were operated at low bandwidth of the respective pre-amplifiers.
The operating voltage of both PMTs was maintained at -1350V. The gain set-

tings on the individual pre-amplifiers were maintained at 10° V/A.

The number of atoms trapped in the MOT was estimated in the following
manner. The background light signal was recorded in the absence of atoms.
Once the MOT was loaded fully from the ambient vapor a higher signal level
was recorded. This higher signal was due to additional light from fluorescing
atoms trapped in the MOT. Subtracting the background signal level from the
total light level recorded in the presence of atoms gave the net light level from
the cold atoms. We estimated the solid angle subtended by the first lens of the
MQOT spatial filter assembly. The ratio of this solid angle to the total solid angle
of 47 would give us the fraction of the total power being scattered along the
MOT spatial axis. The total photon scattering rate for an individual atom was

then estimated using the equation

I

1,
—tew (4.1)
1+ L +45

Isat

r
Rscatt = 5

where T is the linewidth of the excited state of the 85Rb D, transition, I,
(=1.67mW/cm?) is the saturation intensity for circularly polarized light, ¢ is the
detuning of the cooling laser and | is total intensity of the MOT cooling beam

being put into the experiment.
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Two additional quantities are estimated from the calibration and character-
ization curves of the various optical elements used in the MOT spatial filter
assembly and also from the calibration curves of the MOT PMT used at the
end of the spatial set-up. One of these quantities denoted by powCalib incor-
porates the losses incurred at each optical element and the power to voltage
ratio at the given operating voltage of the PMT. Thus, using this quantity the
net power measured by the MOT PMT can be estimated. The second quantity
denoted by MOTfactor is determined by dividing the earlier quantity powCalib
by a product of the scattering rate R,..;; xsolid-angle ratioxhv, where h is the
Planck constant and v is frequency of the MOT cooling light. The total num-
ber of atoms in the MOT can now be estimated by multiplying the net signal
observed on the MOT PMT with the MOTfactor.

4.5 Cold atom trap characterization

Realization of a magneto-optical trap(MOT) in the designed UHV chamber was
different and difficult due to the following reasons. The thin wireframe trap
could create severe diffraction effects on the atoms to be confined in the MOT
and thus affect effective cooling by the MOT beams. Also the cavity could
cause a modification of the electro-magnetic boundary conditions perceived
by the atom and thus affect the regular operation of the MOT by causing a
change in the spontaneous emission rates of the atom. Another issue that
needed to be addressed was the proper positioning of the cold atom cloud
so that effective coupling to the cavity modes could be achieved. Further, an
accurate imaging system was required to perform reliable measurement of the
atom cavity interactions. These issues were in stark contrast to realizing a MOT
in a conventional UHV system without an optical cavity and a thin wireframe
trap overlapping the mode of the optical cavity. A clear optical axis for detecting

the fluorescence of the cloud was difficult given the number of components
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mounted in the UHV system.

Cold atom trapping and cooling is achieved by a regular six beam magneto-
optical trap (MOT) so as to trap the atoms at the origin by balancing the radia-
tion pressure from laser light. Fine adjustments in the position of the MOT are
made possible with the MOT coil mountings through small coil adjustments.
The coils comprise of 100 turns of 1.3mm diameter wire in a 10x10 cross sec-
tional stack, wound on a copper former and is capable of sustaining over 10
Ampere continuous current without water cooling. A circulating current of 5.0
Ampere in anti-Helmholtz configuration produces a gradient magnetic(B) field

of 22Gauss/cm.

We use alkali metal dispensers from SAES Getters Inc. for loading the ®Rb
MOT. A Rb getter (SAES: Rb/NF/4.8/17FT10+10), which emits atoms upon
resistive heating by the passage of around 3.0 Amperes of current is used to
create enough background vapor pressure to load the MOT. The MOT itself
can either be loaded directly from the atoms emitted by the Rb getter, or alter-
natively, using desorbed atoms from the walls of the vacuum chamber. For all
the experiments reported here, we use the direct atomic vapor from the getter
to load the MOT.

The cooling light is derived from a home-built diode laser system capable
of top of fringe stabilization using the Pound-Drever-Hall method. This laser
is tuned to the 5°S, ,F=3 = 5%P;,,F'=4 transition of the **Rb D, line. A part
of this light goes into a 2 stage double pass acousto-optic modulator (AOM)
setup and the remainder goes to a tapered amplifier (model BoosTa procured
from Toptica Photonics, GmbH, Germany) system. The double pass AOM set-
up is used to detune the cooling beam light by 10-15MHz below the cooling
transition. A second DL100 laser procured from Toptica Photonics GmbH,
Germany tuned to the 5°S, ,F=3 = 5%P;,,F'=3 transition of the **Rb D2 line,
provides the relevant light for repumping the atoms from the dark state of the

MQOT. The repumper light is kept on resonance by referencing it with a saturated
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FIGURE 4.11: Left: Normalized image (after background subtraction) of cold atom
cloud trapped in the MOT, as captured by a CCD camera in the spatial filtering setup.
The image shows the intensity value of the pixels of the CCD chip. Right: The plot
shows the number density profile of the image in both the directions by fitting a three
dimensionally symmetric Gaussian density distribution.

absorption spectroscopy and stablizing the laser via a top of fringe lock. The
cooling beam intensity is amplified by feeding the light to a tapered amplifier
system. Six beams, each with a diameter of 10mm and power in the range
of 2.0mW - 4.5mW, of appropriate circular polarization derived from the output
of the tapered amplifier system intersect at the center of the chamber. The
number of atoms in the MOT vary from the high 10° to low 10° range depending
on the amount of repumping light used. The spatial distribution of the MOT
atoms obtained has typically a full width at half maximum of ~ 430um. A
fluorescence image of the 8°Rb MOT, taken by the CCD camera, placed at the
end of the MOT spatial filter assembly (discussed in the previous section) is
shown in Fig.[4.11] The lifetime of the cold atoms trapped in the MOT with the
getter source powered off to prevent additional loading of the MOT during the
decay cycle is measured to be (4.29+0.48)s. The loading rate of the atoms into
the MOT starting from a point where the dispenser/getter source is powered
on at time t=0 is (42.72+6.58)s.
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4.6 Why study atom cavity dynamics with cold

atoms?

In chapter 3 we have investigated the evolution of the cavity transmission
through the atomic medium in the presence/absence of a control beam. Those
studies were conceived to get a better understanding on what to expect when
we load cold atoms into the cavity. While there are significant differences in
the two cases, there are also plenty of similarities. These have been point-
wise noted as follows:

Differences:

1. In the case of the MOT, we have a localized atom density, whereas in the
vapor cell we have a uniform density distribution of atoms.

2. There is no additional probe/seed laser along the cavity axis.

3. The Doppler spectrum is very narrow in case of laser cooled atoms in the
MOT.

4. There exists gradient magnetic fields due to the anti-Helmholtz coils of
the MOT.

5. The atomic medium placed at the center of the cavity is pumped from the
side and not along the cavity axis.

6. The atomic fluorescence couples to the cavity modes.

Similarities:

1. We have chosen the same atomic resonances (i.e. the D, transitions of
the Rb atom).

2. We have the freedom to apply a seed light along the cavity axis.

The question then arises as how do the laser cooled atoms couple to a cavity
mode, when the beam configuration (cooling-repumper) which extinguishes
cavity mode build-up in the vapor cell cavity experiments is present in the MOT
at all times. Below we probe both the steady state and transient regimes of the

coupling of laser cooled atomic sample to a cavity mode.
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4.7 Cold atom emission into cavity modes

Cold atoms trapped in the MOT cause light to build up in the cavity modes.
We have characterized the emission from cold atoms into these modes using
a PMT and a CCD. The intensity of light build up in the cavity modes is propor-
tional to the number of atoms trapped in the MOT. We finely adjust the position
of the cold atom cloud using a pair of anti-Helmholtz coils till we have the best
signal to noise ratio on the cavity peaks. We also monitor the spatial profile of
the modes being picked up at the end of the cavity mode imaging assembly.

We start the procedure by putting a very small voltage on the cavity piezo
and adjusting it by a suitable offset voltage so as to ensure formation of cylindri-
cally symmetric Laguerre-Gaussian(LG) modes. We position our cavity piezo
at a point where we see a higher order LG mode, typically TEMs,. Initially poor
overlap with the cold atom cloud position and the cavity mode results in a dis-
torted LG TEM3,. However by adjusting the pair of MOT coils, we get to a point
where we have symmetric circular profile of the LG TEM3, modes visible. We
also ensure that the image of the cold atom cloud is at all times formed roughly
at the center of the CCD array positioned at the end of the MOT spatial filter
set-up. At the optimized position, light from cold atoms is coupled to the cavity
modes and we can see dips in the MOT fluorescence level corresponding to
peaks in the cavity emission spectrum. These dips are typically estimated to
be around ~ 15-20% of the net magnitude of fluorescence recorded by the
PMT placed at the end of the MOT spatial filter assembly. However a system-
atic characterization of these dips with varying atom number in the MOT were
difficult given the day to day variation in the coupling of the MOT fluoroscence
into the cavity modes. A typical cavity emission spectrum from cold atoms in
MOT is illustrated in Fig. [4.12]

We wanted to perform the experiment at a point where there would be typ-
ically only a single isolated LG TEMy, and LG TEM;, formed by coupling the

fluorescence from trapped atoms in the MOT while scanning the cavity. This
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FIGURE 4.12: Left: Cavity transmission spectrum (blue trace) as recorded in PMT
due to emission of light into cavity modes from cold atoms. The red trace (averaged)
on top depicts the MOT light level as recorded by a PMT after spatial filtering of MOT
fluorescence. Clearly visible are dips in the MOT fluorescence profile coincident with
cavity modes. The first peak depicts a LG TEMy, mode while the fourth peak depicts
a LG TEM;y, mode while scanning the cavity piezo from a low to a high value. Right:
Images of the LG TEMyy mode and the LG TEM;y mode as recorded by a charge
coupled device (CCD) camera placed on the cavity axis.

would enable us to clearly avoid the spurious and complicated mode dynamics
that would arise due to mode competition being built up due to high density of
the cold atom cloud. Initially we tried to do the experiment at typical total cool-
ing and repump beam powers of 24mW and 2mW respectively. However, we
found that at these values of cooling and repump beam powers the spectrum
of the scanning cavity is very complicated, diffuse and shows mode overlap.
An example of such a spectrum is shown in the figure below. Hence we ex-
perimentally deduced the parameter range where we could get only a single
isolated LG TEM,, and LG TEM,, modes by making a grid of the cooling and
repumping beam powers, keeping a constant red detuning of 10MHz of the

cooling beam laser, as tabulated below.

We found that the most optimal total cooling beam power was in the range
22-24mW while the total repumper beam intensity for observing a clean (as
observed by both the CCD camera and the PMT along the cavity axis) TEM,
mode into the cavity would be in the range 50-250uW. A clean TEMy, mode

would be devoid of mode contamination from other modes. The fact that we
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Table 4.1: Experimental grid to find the suitable operating range for the cou-
pling a purely single TEM;, mode from cold atoms in the MOT.

Set number Total cooling beam power range Total repump beam power (W)
(in steps of 2mW)

I 14-30 100
Il 14-30 150
Ml 14-30 200
v 14-30 250
Vv 14-30 300
VI 14-30 350
Vi 14-30 400
VI 14-30 450

could go down to 50uW in total repump beam power and still observe reason-
able amount of fluorescence over and above the background scatter on the

MOT PMT, was another highlight of the experiment.

An important point to note here is that for the typical measurements as de-
picted in the above Fig. [4.12] we operate the MOT at very low repumping
beam powers and a high gradient magnetic field. We explored in detail a large
parameter space concerning the MOT cooling and repumper beam intensity
as well as the gradient magnetic field for optimizing the coupling of light from
cold atoms into cavity modes. We noted that the cavity transmission spectrum
is complicated and unclean at higher repumper beam intensities. A host of
spurious peaks appear on the regular low order LG modes at high repumper
beam powers. Typically we get a clean spectrum of regular LG spatial modes
at around 200-300uW of total repumper beam intensity and 12-30mW of total
cooling beam intensity. The transmission spectrum of the cavity gets compli-
cated again as we go up in cooling beam intensity beyond 30mW. The gradient
magnetic field at this point with a constant coil current of 5.0A is 22 Gauss/cm.
Higher gradients of magnetic field lead to tighter confinement of the cold atoms

in the MOT and thus ensures a good overlap with the cavity modes.

We further characterize the linewidth of the LG TEM,, and LG TEM,, as a
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FIGURE 4.13: Left: Linewidth (FWHM) of LG spatial modes (obtained by fitting data
to a Gaussian lineshape) as a function of the total number of atoms in the MOT. The
filled circles are FWHM data for TEMyy modes while the squares represent FWHM
data for TEM;y modes. Right: The ratio of peak heights for TEM;, to TEM, after a
Voigt profile fit to data.

function of the total number of atoms trapped in the MOT. Keeping the total re-
pumping beam intensity for the MOT at a constant value of 250uW, we vary the
total cooling beam intensity for the MOT from 6mW-29mW. We keep the mag-
netic field constant at 22Gauss/cm throughout this experiment. At each point
of cooling beam power, a transmission spectrum for the cavity was recorded
along with the total light level for the MOT as detected on the PMT. The cavity
piezo was scanned at a rate of 12.4Hz. The entire experiment was triggered
on the high voltage ramp to the cavity piezo. The full width at half maximum
(FWHM) for the LG TEMy, and the TEM;, modes are obtained by fitting the
data with Gaussian lineshapes. The typical linewidths obtained after the Gaus-
sian fit to the data for the LG TEMy, and LG TEM,, is (15.85+5.42)MHz and
(14.46+5.42)MHz respectively. The variation of the cavity mode linewidth for

these two modes versus the total number of atoms in the MOT is shown in
Fig.[4.13]

It is expected that the ideal linewidth of the cavity peaks induced by emission
of light from cold atoms in the MOT can be deduced only after accounting for

the natural or spontaneous emission lifetime of the excited state and also by

taking into account the Zeeman shift due to the MOT coils that shall play a
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FIGURE 4.14: Left: Linewidth (FWHM) of LG spatial modes as a function of the total
number of atoms in the MOT after a Voigt profile fit. The filled circles are FWHM data
for TEMyy modes while the squares represent FWHM data for TEM;g modes. Right:
Linewidth (FWHM) of LG spatial modes as a function of the total number of atoms
in the MOT after accounting for the Zeeman shift broadening that arises due to the
inhomogeneous magnetic field from the MOT coils in the anti-Helmholtz configuration.

small but significant role in altering the linewidth of emission of cold atoms in
the MOT. We assume that there is no significant Doppler broadening since the
atoms are being constantly cooled by the laser beams while the experiment is
being conducted. For this purpose we initially fit a Voigt profile to the observed
cavity lineshape by keeping the natural linewidth of the 5 *P;,, F'=4 state of the
8Rb D, transition as a constant parameter. Fitting the cavity lineshape with a
Voigt profile having this constraint, we obtain a set of parameters defining the
Gaussian contribution. The full width at half maximum (FWHM) for the LG
TEMgy, and the TEM;, modes are now plotted against atom number after fitting
via the Voigt function and is depicted in Fig. [4.14 The typical linewidths for
the LG TEMy, and LG TEMy, after the Voigt profile fit is (12.194+1.34)MHz and
(11.08+1.12)MHz respectively. We also show the variation in the peak height
for these two modes versus atom number after the Voigt profile fit as shown in
Fig.[4.13|

We then use these set of parameters to generate a data set which yields a
Gaussian distribution. We now further account for the Zeeman shift by treat-
ing this new data set as a convolution of two Gaussian beams, one of which

arises from the maximal Zeeman shift that can be accounted for due to the
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axial magnetic field of the MOT coils. This shows that the true linewidth of the
MOT cavity peaks for the LG TEMy, and LG TEM,, are (8.91+1.83)MHz and
(7.09+1.73)MHz respectively. The full width at half maximum (FWHM) for the
LG TEM,, and the TEM,, modes after the Gaussian deconvolution due to the

Zeeman shifts are plotted against atom number in the mode as shown in the

Fig.[4.14]

It is interesting to note that even after accounting for all possible broadening
mechanisms such as the Doppler and the Zeeman effect, the typical linewidths
for the LG TEM, and the TEM,, modes lie in the range 7-9MHz, while the in-
herent cavity linewidth is measured to be around 1.58MHz using an external
weak probe beam coupled into the cavity mode from a frequency stabilized
diode laser referenced to the ®Rb (Rubidium) D, transition. This may be at-
tributed to the fact that for the external beam coupling into the mode of the
cavity we are ensuring the best possible mode matching condition possible via
coupling mirror alignment, whereas in the modes formed from cold atom emis-
sion into the cavity modes the only spatial resolution is provided via tweaking
the pair of anti-Helmholtz coils of the MOT. Further there is no mechanism to
ensure that the coupling at the mirrors happens at the best quality surface avail-
able on the mirror. As mentioned earlier, the mirror surface quality may have
been compromised during the bake-out procedure of the ultra-high vacuum
(UHV) chamber assembly. Thus there is a finite possibility that mirror aberra-
tions prevailing at the surface of the mirror limit the linewidth that is measured
in the experiment. One interesting argument in favor of the higher linewidth
measured maybe due to suppression of optical cooling along the cavity axis.
Given the fact that the cooling in the MOT happens via continuous sponta-
neous emission of photons by atoms in all possible directions, one may argue
from a physical point of view that the optical cavity alters the rate of sponta-

neous emission along the cavity axis, thus leading to a change in the rate of
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scattering of an atom located at the cavity mode. However, one needs inde-
pendent verification of the axial and radial temperature of the cold atom cloud
with the cavity on and off resonance to ascertain the validity of this hypothesis.
The current body of work recorded in this thesis does not include any attempts

at measuring the temperature of the cold atom cloud in the MOT.

4.8 Dynamics of atomic population on MOT

repumper beam switching

We investigated the dynamics of the atom-cavity system by tuning the popula-
tion distribution of the ground states of the D, line of 3°Rb. This was achieved
by a temporal modulation of the intensity of the MOT repumper beam using an
AOM. We modulated the AOM for the entire duration of the cavity scan with a
1ms period with pulse widths of 200us, 300us, 400us and 500us respectively.
The MOT was typically operated with a total cooling beam intensity in the range
18-24mW while the total repumper beam power was kept constant at 250uW .

The experiment was executed in the following manner. The cavity piezo was
tuned modulated by a small voltage on the piezo and the offset voltage on it
was adjusted to zoom onto a LG TEMy, mode formed due to emission from
cold atoms trapped in the °Rb MOQOT. This spatial mode was confirmed by a
CCD camera placed in transmission along the cavity imaging axis. The offset
to the cavity piezo was adjusted at all times so that the TEM,, mode is always
positioned at the center of the high voltage (HV) ramp fed into the cavity piezo.
At this point the repumper beam intensity modulation was initiated to study the
temporal dynamics of the atom-cavity system. A typical experimental run is
shown in Fig.

During each run, the decay of fluorescence from the MOT in free space

as opposed to the decay of the cavity transmission was monitored by PMTs
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FIGURE 4.15: Cavity transmission spectrum and MOT fluorescence as recorded by
PMTs due to intensity modulation of MOT repumper beam intensity. The black trace
depicts the time sequence of the repumper intensity modulation. The red trace shows
the MOT fluorescence and the corresponding dips in the fluorescence synchronous
with the switching OFF of the repumper beam. The blue trace is the cavity mode
formed due to emission by cold atoms into the cavity mode. The dips in cavity trans-
mission are due to a drop in the MOT fluorescence when the repumper beam intensity
is modulated.

positioned in the MOT spatial filter path and the cavity transmission axis. It
was noted that the decay at the peak of the cavity transmission was faster than
the decay of the MOT fluorescence recorded during the same repumper OFF
time interval. The time constants of decay of the fluorescence from the MOT
as recorded by the PMT is 62.31us + 6.83us, while the time constant for decay
of the cavity mode emission at the peak of the cavity is 31.23us + 3.28us. A
typical run recorded for a 300us pulse width is shown in Fig. The finite
offsets on both signals as seen on the traces recorded by the respective PMTs

are due to background light pick-up on both PMTs.

In order to verify the above observations of decay time constants of atomic
fluorescence measured along the respective PMTs placed in the MOT spatial
filter path and the cavity axis path, we performed the experiment in a com-
pletely different manner and regime of operation. Instead of scanning the cavity
via the piezo electric transducer we zoomed onto the peak of the TEM;, mode

by adjusting the offset voltage on the cavity piezo element. Further since that
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FIGURE 4.16: Typical cavity intensity and MOT fluorescence decay at the peak of
cavity transmission during the OFF period of MOT repumper beam as recorded by
PMTs due to intensity modulation of MOT repumper beam intensity. The orange trace
depicts the decay of MOT fluorescence as picked up on the PMT after the spatial
filter assembly while the blue trace depicts the decay in cavity intensity picked up in
transmission by another PMT placed along the cavity axis. The green trace shows the
switch off cycle of the MOT repumper beam picked up on a reference photo-diode after
reflection from a glass plate. The black and red traces are single exponential decay
fits on the MOT and cavity decay data respectively.

we were positioned at the peak of cavity transmission we no longer had the
requirement of keeping a low power on the MOT repumper beam. Instead we
performed the experiment at the following values of total cooling and repump-

ing beam powers as given in Table [4.2]

Table 4.2: Table of operating parameters for measuring decay time constant of
atomic fluorescence from cold atoms in the MOT.

Set number Total cooling beam power (mW) Total repump beam power (W)

I 30.0 2760
Il 28.0 1400
M 29.6 1100

In the earlier experiment we had used a comb of pulses to systematically
modulate the repumper beam intensity at various duty cycles. Now we put a
single pulse of 1 millisecond duty cycle to modulate the repumper beam inten-
sity. We operate the MOT at low getter current so that there is minimal thermal

invasion on the cavity structure and piezo which sits on close proximity the
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alkali metal getters. We put on the getter at low value of current and allow
the system to equilibrate so that enough vapor pressure builds to load a cold
atom cloud into the MOT from the background vapor. The long thermal equi-
libration time also aids in lesser thermal drifts of the cavity structure and the
piezo-electric transducer. Thus we find that even without active stabilization
on the cavity piezo via a control loop feedback, we could infact maintain the
cavity transmission at its peak for a few seconds before it drifted away slowly
from the peak of resonance. In order to maintain the cavity transmission at the
peak of its resonance, we set a voltage cursor level on the oscilloscope which
coincided with the maximum absolute value of transmission recorded by the
PMT on the cavity axis and then we gradually adjusted the offset voltage on
the cavity piezo such that we maintained the voltage level already set by the
pre-defined cursor. During this entire cycle of operation we ensured that we
had a visible signature of the TEMy, mode imaged by a charge coupled device
(CCD) camera placed on the path of transmission of the cavity.

A typical experimental cycle for the above described experiment is given in
Fig. 4.17] The starting point on the time axis as shown in Fig. defines
the trigger point for the start of the singular pulse modulation. The typical
time constants for the MOT fluorescence and the cavity intensity decay when
the cavity is maintained at its peak transmission as recorded by the respective
PMTs, are (68.61+21.43)us and (22.78+1.78) us respectively. The typical time
constants for the MOT fluorescence decay when the cavity is maintained at its
off resonance point is (74.57+15.21)us. The finite offsets on all signals seen
in Fig. are due to background light pick-up on both PMTs placed along
the cavity axis as well at the end of the spatial filter assembly to record MOT

fluorescence.
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FIGURE 4.17: Cavity intensity and MOT fluorescence decay at the peak of cavity
transmission during the OFF period of MOT repumper beam as recorded by PMTs
due to a singular pulse modulation of MOT repumper beam intensity. Two cases are
depicted: the orange trace depicts the decay of MOT fluorescence when the cavity is
on resonance and maintained at the maxima of its transmission while the blue trace
depicts the decay in cavity intensity picked up in transmission by another PMT placed
along the cavity axis under the same condition. The green trace shows the decay of the
MQOT fluorescence when the cavity is maintained at off resonance point such that no
light build up happens in the cavity mode. The yellow trace is shifted vertically in offset
to give greater clarity on the dynamics. The black and red traces are single exponential
decay fits on the MOT and cavity decay data respectively when the cavity is at the
maxima of its transmission. The purple dot-dashed trace is a single exponential fit to
the MOT fluorescence decay data when there is no build up of light in the cavity mode.

4.9 Qualitative model for estimating fluorescence
decay time constant along MOT spatial filter

assembly axis

The MOT repumper switching beam experiment is operated with the MOT cool-
ing beams tuned to the ®*Rb cooling transition (F=3 — F'=4, D, line) and the
repumping beam tuned to the ¥Rb repump transition (F=2 — F'=3, D, line).
Here we propose a simplified four level model based only on hyperfine levels in-

volved. We take the density matrix approach and solve for the time dependent
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equations for the population terms. We model the experimentally observed de-
cay rates of the MOT fluorescence along the MOT spatial filter assembly axis
based on the rate of transfer of population from the F=3 ground state to the F=2
ground state by removal of the repumping light field applied in combination with
the cooling light field in order to realize a cloud of cold atoms in the MOT. The
entire model is based on the primary assumption that only cold atoms in the

MQOT are participating in the decay of fluorescence observed.

The total Hamiltonian for the system (see Fig. consisting of the atom
with the cooling and repumping light fields in the interaction picture is ex-
pressed as

H = Hy+ Hj (4.2)

where H is the Hamiltonian for the bare atom and H; the light-atom interaction

Hamiltonian. These are given by
Hy = e [1) (1] + hws|2) (2] 4 huws|3) (3] + Aws|4) (4] (4.3)
and

H; = —;L[Q24|2>(4|exp(—iw24t)+923|2><3|exp(—iwg4t)+(213|1><3|exp(—iw13t)+H.C’.]
(4.4)
Here the fw; represent the energies of the levels as represented in Fig. [4.18]
with w. and w, the frequencies of the cooling and repumping laser beams and
(2;; denoting the Rabi frequency connecting the ground level |i) to the excited
level |j). Thus the term 2, would be denoted by (2., the Rabi frequency of the
cooling light field and the term ;5 would be denoted by (2., the Rabi frequency

of the repumping light field. The term “H.C.’refers to hermitian conjugate.

The dynamics of the system described by the above Hamiltonian can be

172



4.9 QUALITATIVE MODEL FOR ESTIMATING FLUORESCENCE DECAY TIME
CONSTANT ALONG MOT SPATIAL FILTER ASSEMBLY AXIS

FIGURE 4.18: A simplified schematic of a four level atomic system to model the
switching phenomena. The cooling field is labeled as 2. connecting states |2) and |4)
while the repumping field is labeled as 2, connecting states |1) and |3).

studied using the density matrix p = 3 p;;]9)(j|. The time evolution of the den-

sity matrix p is given by the Liouville equation

p =+ [0 H1 + Lacsipation (4.5)
where the first term on the right hand side of equation describes the co-
herent evolution of the density matrix operator p under the Hamiltonian H while
the second term on the right hand side of equation describes the operator
Laissipation, Of the Lindblad form and contains all posible modes of dissipation or
relaxation existing in the system. The damping/dissipation operator is defined
as
r..

‘Cdissipation = Z[%(QUZJPUL - U;fjgijp - pa;rjaij)] (46)

Here p is the density matrix defined in the usual notation above while the o;;
defines the creation operator for atomic excitation while a}j denotes the annihi-
lation operator for atomic excitation. I';; is the decay rate connecting states |7)

and |j).
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The two ground states |2) and [1) can be defined as

0 1
1 0

2)=|{ | 1) = (4.7)
0 0
0 0

while the two excited states |3) and |4) are given by

0 0
0 0

B =1 1 |4) = (4.8)
1 0
0 1

Thus o;; is defined by gj.e,T where g; and e; are according to the definitions
given in equations and (4.8).

The other assumptions which go into developing and solving the density
matrix based rate equation model are outlined as following:

a. The F=3 ground state, including its six Zeeman sublevels, is modeled
as a single state and the F=2 ground state is modeled as another state. For
simplicity of nomenclature in the density matrix approach we label these as |2)
and |1) respectively as shown in Fig.[4.18]

b. For simplicity, the two excited states are labeled as |3) and |4) respec-
tively, where we again ignore the splitting of the hyperfine levels due to the
presence of inhomogeneous magnetic field of the MOT.

c. We assume that polarization-dependent effects are not affecting the decay
of fluorescence observed.

d. We are accounting only for spontaneous emission processes in this model
and do not take into account the role of stimulated absorption.

e. We also assume that the atoms at time t=0 are distributed between the
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upper ground state F=3 and the upper excited state F=4, with the relative ratio
in each state only dependent on the intensities of the cooling beam light fields.

The total atomic population is taken to be 1.

f. We further ignore any possibility of collisional decay of excited state atoms

in the model.

g. For simplicity, we have ignored transit time broadening for the atoms when

they are in the overlap region of the probe and switching fields.

Under the above assumptions, we can write down the following rate equa-
tions for atomic densities which account for relaxations and repopulations due
to optical transitions (absorption and emissions) of the atoms through the beam.
The final set of equations for the populations and the coherences after applying

the rotating wave approximation (RWA) is given below:

) l .
P11 = I'a1paa + I's1p33 + Ta1pas + §(P31Qp — p13§2) (4.92a)

P22 = Lagpas + I'sopsz — I'a1paa + §(P32923 — pa3€las + P4295 - 02493) (4-9b)

P33 = L'azpaa — U'sppszz — I'z1p33 + §(P23Q23 — 32823 + 138, — p21€2;)  (4.9¢)

. i x

paa = —(Tag + Tag + T'a1) paa + 5(02495 — pa2fY) (4.9d)
. . i i _— .

P21 = —7Y21P21 — 5,023913 + 5,031923 + 504193 (4.9e)
) _ 1 1

P31 = —731P31 + §P21923 + 5(/011 — p33)$2p (4.9)
Pa1 = —Va1Pa1 — §P43Qp + 5;02195 (4.99)
) ~ 1 1 )

P32 = —732pP32 + 5(022 — p33)Slas + 5101291) - 5:03495 (4.9h)
) B 1 1 :
Paz = —YaaPa2 — 5,043923 + §(P22 — P44)$2s (4.9i)
. - 1 1 . 1 . )
P43 = —7Y43Pa3 + §P2395 - 5042923 - §p419p (4-9))

where according to the above configuration of states (2,4, and 2,3 are the Rabi

frequencies of the cooling and repumping light fields respectively. The Rabi
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frequencies for the model above are given by

E, I
=0, = == \/ = 41
Qg = Q= oy 3 Iy T (4.10a)
FE, I
=Q, = = =T5y)— 41
Qi3 =0 H13 2 I's 2. ( Ob)

923 == 107490 (41OC)

where the prefactor of 10~ is the probability that an atom will absorb a photon
from the cooling field and get optically pumped to state |3). The above factor of
10~ has been estimated from the fact that in the case of laser cooling using a
closed cycle transition, one out of every 10,000 atoms absorbs a photon from
the cooling laser field due to off resonant pumping and ends up in an excited
state which is not closed. Here I, and |.. are the intensities of the MOT cooling
and repumping laser fields respectively. l,,; (=1.67mW/cm?) is the saturation
intensity for the 8"Rb D, transition for circularly polarized light. Further I'; and
'3 denote the lifetimes of the excited states |4) and |3) respectively. The decay
from |4) to |1) is possible via an electric quadrupole transition which is esti-
mated to be a factor (a;/\) lower than the dipole transition from |4) to |2) [50].
Here a, is the Bohr radius in angstroms and X\ is the wavelength of the light

coupling states |4) and |2).

We further define the following detunings:

For = a1 — 1(Ar — Ag3) (4.11a)
Ya1 = Y31 — 1A, (4.11b)
Aar = Ya1 — (A, — Aoz + A)) (4.11c)
Y32 = Y32 — Q03 (4.11d)
Va2 = Va2 — 1A, (4.11e)
Va3 = a3 — 1(Ac — Do) (4.11f)
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where A, = w, - w3, Agg =0and A, = w,. - wyy are the detunings of the switching,
the off resonant and the probe (cavity input) fields respectively with respect to

the appropriate atomic transitions connected through these fields.

We define I',,,,, as the natural decay rate between any two levels |n) and |m).
Also we define v, as
1
Vim = §(Fn + 1) (4.12)

where I',, and T, are the individual decay rates of the states |n) and |m) re-
spectively.

The initial conditions at time t=0 for solving the equations (4.9) for the rele-

vant parameters are as follows:

P11 = 0.0 (4138)
pap = 1.0 — 12{;) (4.13b)
L+4(55)7 + (75)
psz = 0.0 (4.13c)
_ (2]]:(“)
Pa4 = (4.13d)

L+4(5)2 + (75)

Isat

The detuning A, of the MOT repumper beam is set to zero for solving the

dynamical conditions described by the equations (4.9) above.

We solve the dynamical equations of motion for the MOT repumper beam
OFF case for the population terms using a numerical algorithm such as the
NDSolve function in MATHEMATICA®. We find that the rate of evolution of the
population terms can be well described by a single exponential decay having
a unique time contant. We note that for the given conditions of the experimen-
tal situation (with the requisite detuning and intensity values of 1.64I" and =~
4.5mW of power per MOT cooling beam) for realizing the MOT we obtain from
the model a decay time constant of the order of 536 microseconds. This is

a factor of about 8 more than the experimentally recorded time constants by
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the photo-multiplier tube (PMT) placed along the MOT spatial filter axis. Given
the fact that the actual situation can be represented by the simplified model
described above and the fact that we can obtain a time scale which is rela-
tively on the same order of magnitude as the one experimentally observed, we
can claim that the above model is a successful one in explaining the transient
dynamics of the system when the MOT repumper beam is switched OFF. We
have tried to explore the time taken to transfer the atomic population from the
upper ground state F=3 to the lower ground state F=2 using the above model in
terms of the total cooling light beam intensity for various values of detuning of
the cooling light field, keeping all other parameters constant. A representative
plot is shown below in Fig. [4.19] One may expect that if a full scale mod-
elling of the entire atom-field system comprising of all the magnetic hyperfine
sublevels of the ground and excited states is considered in three dimensions,
with appropriate polarizations and decay channels incorporated, and quantum
Monte-Carlo simulations are performed, then one may arrive at the timescales
as measured in the experiment. Such an approach is beyond the scope of the
present work and has not been dealt with in the current framework of experi-

ments reported in this thesis.

4.10 Qualitative model for estimating
fluorescence decay time constant along

cavity axis

We now focus our attention towards explaining the timescales observed along
the cavity axis for the MOT repumper beam switching experiment. Experimen-
tally it is observed that the light coupling into the cavity modes to form a TEM,

mode is predominantly resonant with the cooling transition of **Rb. As long as
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FIGURE 4.19: Plot of time taken for transfer of atomic population from the F=3
ground state to the F=2 ground state as a function of total cooling beam light intensity
of the MOT keeping the cooling beam detuning as a parameter. The orange (thick
dashed) curve corresponds to a detuning of 0.5I", the blue (dot-dashed) curve rep-
resents a plot for a detuning of 1.0T", the red (small dashing) curve corresponds to a
detuning of 1.64I" while the green (solid line) curve represents a plot for a detuning
of 2T". Here T represents the linewidth of the 5 2P3/2 F'=4 state. The detuning of the
MQOT cooling beam is usually expressed in terms of I.

the MOT repumper beam is kept ON, the atomic population maintains a steady
state equilibrium value with the majority population residing in the ground F=3
state while a small fraction (which is ~ 18% in our experiments, determined by
the combined intensity of the six MOT cooling beams) resides in the excited
F'=4 state. As soon as the MOT repumper beam is switched OFF with the aid of
an AOM, the entire atomic population starts getting optically pumped into the
ground F=2 state. This has dramatic consequences on the dynamics of the
atomic population being monitored through two independent photo-multiplier
tube (PMT) assemblies with one of them being kept along the cavity axis while
the other one is placed at the end of a spatial filtering apparatus to pick up the

fluorescence from the cold atoms trapped in the MOT.

We model the system as a two level atom (comprising of the ground state
F=3 and the excited state F'=4) coupled to the cavity mode. We assume that

there is no ambient magnetic field perturbing the atoms and hence we assume
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that only the ground states F=3 and the excited state F'=4 of **Rb are rele-
vant to the problem. Although we address the problem for a single atom, in
effect it describes the behavior of all the atoms, which are assumed to be non-
interacting, placed in the cavity mode by the trapping forces and fields of the
MQOT. We further ignore any sense of polarization to be associated with the
various fields applied into the system. In true sense the ideal scenario would
be that of a four level atomic system coupled to the field of a single mode in
the cavity in the presence of two light fields addressing the atom. However one
should note that even this oversimplified approach of a two level model coupled
with a single mode of the cavity can provide us with the much needed crucial
inputs to estimate, at least in order of magnitude, the timescales associated
with the transient dynamics of the system. We embark on the density matrix
formalism to address the transient dynamics that governs the time evolution
of population terms of the atom and the photon in the composite atom-cavity

system.
The master equation for the above system is given by

. 1
Patomecav = ﬁ [patomcavy Hatomcav] + £atomcav—dz'ssipation (41 4)

where puiomear 1S the 3X3 density matrix describing the composite atom-cavity
system. Further H,;,..c.v 1S the total Hamiltonian for the atom-cavity system
while Liomcav—dissipation 1S the dissipation operator for this system by taking into
account the various decay rates (which are the sources of decoherence in the
system) involved in the system. The decay rates involved are I" and x and arise
from the finite lifetime of the excited state of the atom and the finite reflectivity
of the cavity mirrors respectively. The coherent fields in the system are the field
e present in the single mode cavity and the atom-cavity coupling factor g given
by wi‘;‘ng where L is the cavity length, wy is the cavity waist, I is the linewidth

of the excited state, w. is the transition frequency connecting the ground and
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excited states (which is also incidentally equivalent to the cavity resonance fre-
quency) and c is the velocity of light. The field ¢ is necessary to compensate

for the loss of photons due to the finite reflectivity of cavity mirrors and is given

by \/E, where P is the output power through the cavity mirror at resonance,
c is the velocity of light, ¢, is the permittivity of free space and T is the trans-
mittivity of the output mirror of the cavity. The factor 2 is to account for the fact
the emission out of the cavity is happening at both the mirrors. We invoke the
weak field approximation and assume that ¢ is very small such that at most one
excitation in the system is present. Thus the weak field approximation allows
us to treat the system in the perturbative limit. We further apply the Markovian
approximation under which the system is independent of its past evolution and

can be regarded as having no memory.

The total Hamiltonian for the atom-cavity system is given by

Hatomcav - atom + Hcavity + HInt + Hext
- hAatom—lasero-TU + hAcavity—laseraTa + hg(O’TCL + O-CLT) + hE(CLT + CL)
(4.15)

where Aiom—iaser @NA Acgpity—1aser are the detunings of the externally applied
laser field frequency w; from the atomic w, and cavity w. resonances respec-
tively while the o-s and the a-s represent the Bosonic field operators for atomic
and photon excitation in the cavity mode. Thus A om—iaser aNA Acquity—iaser are

given by

AatLom—laser = Wq — W (4163)

Acavityflaser =W — W (416b)
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FIGURE 4.20: A simplified schematic of the two level atom-cavity system to model
the switching phenomena. The three lowermost states relevant to the problem have
been shown. w,, w. and w; denote respectively the atomic transition frequency, the
cavity resonance frequency and the frequency of the external probe field. The atom-
cavity detuning is given by Agiom—cavity While the cavity-laser detuning is given by
Acavity—laser- 1he atom-laser detuning is given by Agiom—iqaser- Ideally the states |g)[1)
and |e)|0) are degenerate. The degeneracy is lifted in the strong coupling regime (g
> k,I"). However, they may be detuned with respect to each other due the effective
detuning between the probe laser field with the atomic and cavity transition frequencies
as depicted in the most general case here.

The damplng Operator ‘Catomcav—dissipation is given by

Latomcav—dissipation - Eatom—dissipation + Lcavity—dissipation

r
= 5(20‘[)0'T —olop — poto) + g(QapaT —a'ap — pa'a) (4.17)

Under the weak field approximation we consider only the three lowermost
states of the composite atom-cavity system which are given by |g)|0), |9)|1)
and |e)|0). Here |g) and |e) are the atomic ground and excited states re-
spectively while |0) and |1) are the states with zero and one photon in the

cavity mode respectively. The relevant energy level diagram is shown below in

Fig. [4.20]

The two bosonic operators for creation and annihilation of photons in the
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cavity mode can be represented by the matrices

0 01 0 00
at=10 0 0 7 a=1{0 0 0 (4.18)
000 1 00

while the similar bosonic operators for creation and annihilation of atomic exci-

tation in the cavity mode can be represented by the matrices

0 0 O 00 0
od=lo o0 1], c=10 0 0 (4.19)
0 0 0 01 0

The final set of equations for the population terms as well as the coherences

after applying the rotating wave approximation (RWA) are given by

P11 = —kpn +i(g(pr2 — pia) + €(p13 — pi3)) (4.20a)
p22 = —i(g(p12 — pia) — Ipa2 (4.20b)
p33 = kp11 + Lpoy — i€(p13 — pi3) (4.20c)
P12 = _;(F + K)p12 +1(g(p11 — p22) — €P53 + Datom—cavityP12 (4.20d)
p13 = —gﬂm +i(e(p11 — p33) — 9P23 — Dcavity—taserP13 (4.20e)
P23 = —2023 +i(—gp13 + €01y — Datom-—laserP23) (4.20f)

where Aatomfc(wity = Wq - We.

Following the treatment given in [51], we may set I' = 0 and solve the above
set of equations (4.20) using the NDSolve function in MATHEMATICA® with
the parameters « = 27x1.58MHz, g = 27x0.31MHz (deduced from the fol-

lowing cavity parameters: cavity waist = 78um, cavity length = 45mm) and I
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= 27x6.02MHz and with the appropriate detunings for the various fields ad-
dressing the atom and the cavity mode. We also assume the initial condi-
tions p11(t=0)=1, while pa3(t=0)=p33(t=0)=0 and p3(t=0)=p12(t=0)=p23(t=0)=0. It
is seen that the decay rate of the excited state population has a time constant
~ 4us. In contrast the experimentally measured decay rate along the cavity
axis has a time constant of 31us 4+ 3us. The factor of about 7 difference in the
decay rates observed can be attributed to a higher value of the atom cavity cou-
pling constant used. The atom coupling constant should be suitably modified
(using the relevant Clebsch-Gordon coefficients) incorporating the polarization
of the field in the cavity mode as well as the quantization axis of the magnetic
field applied in the system to prepare the atoms in a particular Zeeman state.
A more real solution incorporating the various Zeeman sublevels with a suit-
ably modified value of the atom-cavity coupling factor g should give a better

agreement with the experimentally measured time constants.

4.11 Normal mode splitting from cold atoms

An important application of the Purcell effect [52] could be the detection sin-
gle atoms with high effciency using cavity-aided fluorescence detection and to
count small numbers of atoms with very good resolution using both fluores-
cence and absorption methods. This technique of atom detection could well
be extended to the detection of molecular states where one could stimulate the
molecules to decay along the cavity mode with suitable pumping schemes. In
order to realize the above physics goals, the atom-cavity interactions in our ex-
periments need to be in the strong coupling domain. An important quantity in
characterizing cavity enhanced detection is the single atom cooperativity factor
[53] C = g%/2xI", where g is the single-photon Rabi frequency at the peak of the
cavity intensity distribution, « is the cavity linewidth (full width at half maximum),

and I is the natural atomic linewidth. The first step towards this effect would be

184



4.11 NORMAL MODE SPLITTING FROM COLD ATOMS

to investigate the normal mode spectrum of the composite atom cavity system

which is described in detail below.

We demonstrate the capability of the atom cavity system to enter the regime
strong coupling (g.;s>>~, I') through collective interaction of N atoms present in
the cavity mode. Here g.;; represents the multiatom cavity coupling constant,
k is the linewidth (FWHM) of the cavity and T" is the spontaneous emission
decay rate for the 5%P;,|F'=4) = 5°S, ,|F=3) transition of the **Rb D, line. If
N atoms collectively interact with the cavity mode, the coupling coefficient be-
comes geff=gox/W, where 905@, is the single atom cavity coupling constant.
E is the electric field amplitude of a single photon in the cavity mode volume

V and polarization z and thus g, is defined as ,/2’1‘:‘;/;%, where 1 is the transition

dipole moment of the two level atomic system coupling to the field of a single
mode cavity, f is the Planck constant divided by 27 and ¢, is the permittivity of
free space. The scaling of the single atom-cavity coupling constant g, with the
square root of the number of atoms in the cavity modes allows the multiatom
vacuum splitting to be observed even in a cavity of moderate mode volume and

finesse.

The coupling constant g.; varies in space with the cavity mode function. It
also depends upon the input drive polarization coupling the two level atomic
system with a single mode cavity, since the single-atom dipole coupling fre-
quency gy for the driven cavity mode depends on the Clebsch-Gordan coef-
ficient for the particular states involved. Our experimental cavity has a waist
of 78um and a finesse of 2100@780nm as mentioned earlier in the text. Ta-
ble | gives the expected range of values for g, for transitions between the F=3
ground state and the F'=4 excited state of the D, line of ¥ Rb at 780 nm. The
strongest coupling for w-polarized light occurs for mz=0 and the weakest for

mg=3.

The experiment to observe normal mode splitting is performed in a sequen-

tial mode as follows. All lasers are turned on or off by acousto-optic modulators
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FIGURE 4.21: A schematic of the experimental layout for observing the vacuum Rabi/normal mode splitting.
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Table 4.3: Clebsch-Gordan (CG) coefficients, single-atom coupling constants
g for different transitions in the D, line of **Rb from F=3 — F'=4 for different
drive polarizations 7 or ™.

F=3 F=4 CG 90(MHz)

mp =0 Mp = 0 -2 0.1661

7T mp =3 M = 3 /L 0.1098
mp =0 M = 1 5 0.1313

ot mp =3 Mg = 4 Vi 0.2197
mp = -3 Mg = -2 L 0.0415

(AOMs) according to the time sequence described below. The experiment is
triggered on the high voltage (HV) saw-tooth pulse from the scan generator
feeding the HV to the cavity piezo in vacuum. A part of this signal is fed as
an external trigger to a SRS delay generator to provide voltages at appropri-
ate times to control the AOMs for switching off the MOT cooling and repumper
beams and also switch on the probe beam scanning in frequency across the
cavity. The probe(seed) beam is derived from a home built extended cavity
diode laser (ECDL) in Littrow configuration and is linearly horizontally polar-
ized. The probe beam is kept scanning across the ¥°Rb cooling transition with a
+100MHz bandwidth by modulating the current to the laser diode of the probe
ECDL as shown in Fig. All laser beams are prepared on the experimental
table and are transported via single mode polarization maintaining fibers to the
experimental table. There are two saturated absorption spectroscopy (SAS)
set-ups for frequency referencing the probe beam into the cavity. One of them
is a reference SAS while the other is the SAS whose signal is derived only in
the time window for which the probe(seed) beam to the cavity. The seed beam
to the cavity is passed through an optical isolator to prevent any feedback that
may arise due to back reflection from the input cavity mirror. Not shown in
Fig. is a fiber bases electro-optic modulator (EOM) from EOSpace Inc.
which is utilized to calibrate the width of the cavity resonances after each ex-

perimental cycle. The EOM generates sidebands of 20MHz around the cavity
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resonance mode matched with the TEMy, mode.

The cold atoms are initially loaded into the magneto-optical trap (MOT) and
the spatial filtered signal from the MOT is observed onto a PMT till the MOT
is fully loaded. Once steady state for MOT loading is reached and the PMT
signal shows saturation, the experimental sequence starts with a period of
5ms. During this entire experimental sequence as shown in Fig. 4.22] the
current to the anti-Helmholtz coils for the MOT are not switched off. For each
period of 5ms, the MOT cooling beam is switched off after ~1.29ms. The MOT
repumper beam is switched off next with a delay of 150 microseconds. This
essentially prepares the atoms in the 5°S,,F=3 state of ®*Rb D, line. The
probe beam along the cavity is switched on after a further delay of 150us for
a 2ms window during which it is scanned with a symmetric triangular pulse of
50% duty cycle across the **Rb D, 5°S, |F=3) — 5P /,|F'=4) transition.

The normal mode spectra are recorded versus the probe frequency detuning
in transmission on a PMT placed along the cavity axis. There is a continuous
loss of atoms from the cavity mode with time due to absence of the MOT cool-
ing beams and collisions with background atoms present in the ambient vapor
in the chamber. It is experimentally observed that the upward scan shows a
larger normal mode splitting than the downward scan. This is due to a larger
number of atoms present in the cavity mode in the upward scan than the down-
ward scan. Further the absolute height of the peaks are higher in the downward
scan due to lower absorption of the probe beam by atoms present in the cavity

mode.

In our experiment, the cavity can stay around the resonance (>95% of the
peak transmission) for at least a couple of seconds before it slowly drifts away.
This is a long enough time to record a sufficient number of the experimental
measurements given the fact that the probe beam is scanning over the cavity

resonance within 2 milliseconds. The empty cavity frequency is therefore not
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FIGURE 4.22: Only the upward scan of the probe beam is shown in the timing
diagram since the relevant measurements for the normal mode splitting are inferred
from the upward cycle of the probe scan. The red and the orange traces labeled
‘MOT Cooling’ and ‘MOT Repumper’ depict the switching OFF of the MOT cooling and
MOT repumper beams respectively. The purple trace marked ‘Cavity Probe’ shows
the switching ON of the probe beam along the cavity axis. The red trace marked
‘Probe SAS’ at the bottom of the figure shows the frequency reference derived from
a saturated absorption spectroscopy set-up for the seed beam along the cavity axis.
The green trace marked ‘MOT PMT’ shows the signal recorded on the PMT placed at
the end of the MOT spatial filter assembly. The dark blue trace marked ‘Cavity PMT’
shows the two-peaked cavity transmission as recorded by a PMT for the upward scan
of the probe/seed beam in frequency along the cavity axis.

actively locked to the atomic resonance during the measurements, but is pe-
riodically corrected for the frequency drifts. A schematic of the experimental
sequence followed in time for the various TTL pulses used for the observation
of Rabi splittiing is shown in Fig. [4.22]

The observed normal mode splitting as a function of the atom number in the
cavity mode is shown in Fig/4.23] We set the cavity frequency to A, = 0, where
A. = w,. - wg, and record the frequency separation of the lower coupled state
from the bare atomic resonance |F=3) — |F'=4) as a function of the number
of atoms. Here w. and w, represent respectively the cavity and the atomic

frequency. The atom number in the cavity mode was varied between 10,000
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FIGURE 4.23: Left: The multi-atom normal mode splitting as a function of number
of atoms present in the cavity mode. The experimental points with error bars are
depicted with filled circles (red). The black trace is a square root fit to the data yielding
an experimentally measured value of g.fy=0.168MHz. Right: The individual peak
widths of the normal mode pair of peaks versus atom number is shown. The red
points represent the width of the left peak while the blue points represent the width of
the right peak for the normal mode pair of peaks.

and 45,000 by changing the MOT cooling and repumper beam intensity while
the size of the cold cloud was determined from separately taken cold cloud
images in conjunction with the spatially filtered MOT fluorescence signal on a
PMT. The dependence of |A,|, where A, = w, - w,, on the number of atoms
is well described by a square root, as expected from the Tavis—Cummings
model [54]. Here w, represents the probe frequency. The cold Rubidium (Rb)
atoms can be viewed as a two-level system for the probe laser and the cavity
transmission shows a two peaked spectrum at |A,|= +g.r; with the peak sep-
aration representing the multiatom normal mode (vacuum Rabi) splitting of the

composite atom-cavity system.

We also record the width of individual peak for the normal mode pair of
peaks versus atom number as shown in Figl4.23] The full width at half maxi-
mum (FWHM) of individual peak for the normal mode pair is theoretically es-
timated to be ~ (x + I')/2, where « is the linewidth (FWHM) of the cavity and
I" the spontaneous emission lifetime (FWHM) of the atomic excited state. For
our system, the FWHM of individual peak is estimated to be around (151609
MHz = 3.82MHz. Here 1.58MHz is the linewidth of the transmission peak
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recorded when the probe beam is coupled into the cavity mode in the absence
of atoms, while 6.06MHz is the natural linewidth of the ¥Rb 5°P;,, F'=4 state.
The observed FWHMSs for the left and right peaks are (8.97+0.94)MHz and
(5.70+0.79)MHz respectively. The increase in the width of the peaks can be
due to various reasons. One of the reasons for the broadening of the peak at
the lower frequency end may arise from the optical pumping into other Zeeman
sub-levels of the transition being probed. Further the linewidth of the individual
peaks may also depend on the intensity fluctuations arising from polarization
instabilities of the single mode fiber that delivers the probe beam into the cavity
[2,55]. The assymmetry in the width of the left and right pair of peaks may arise
from the mismatch in the respective detunings of the probe-atom detuning (A,)
and the atom cavity detuning (A.) [2, 55]. The mismatch in the respective de-
tunings arise from our inability to actively stabilize the cavity resonance to a

desired frequency.

4.12 Conclusion

In this chapter we have essentially introduced the final design and detailed
construction of the UHV system. We have characterized the optical cavity
and introduced the ion trap with relevant numerical simulations providing the
bench mark to characterize its operation. We have further demonstrated the
capability of realizing a magneto-optical trap located at the center of the thin
wire ion trap while simultaneously ensuring overlap with the spatial mode of
the optical cavity. We have further characterized the emission of light from the
cold trapped atoms in the MOT coupled into the low order modes of an optical
cavity. We have investigated the possibility of line narrowing as a function of
total number of atoms in the MOT. However we do not see any evidence of line
narrowing reported in the work described in this thesis.

We have also explored the dynamics of the composite atom cavity system by
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switching off the MOT repumper beam that depletes the source of light coupling
into the cavity modes. In this aspect, we have characterized the timescales as-
sociated with the decay of atomic fluorescence as measured in the free space
and along the cavity axis in both cases where the cavity is on and off reso-
nance. We have seen that the timescales measured along the cavity axis are
lower than those recorded for the free space. We have tried to give a qualitative
model which tries to explain the timescales associated with the observations.
We have also demonstrated the ability of our system to enter the strong
coupling regime of cavity QED (quantum electro-dynamics) by collective in-
teractions of the atoms in the cavity mode. We have measured the normal
mode splitting of the composite atom-cavity system and verified the square
root dependence of the observed splitting with the number of atoms in the cav-
ity mode. To conclude, we have built and characterized a versatile instrument
comprising of a magneto-optical trap overlapping the mode of an optical cav-
ity which is capable of simultaneously trapping multispecies atoms, ions and

molecules given the physics goals laid out in the earlier portions of the chapter.
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Conclusion

5.1 Summary

In this thesis we present experiments that investigate the interaction of atoms
with resonant light utilizing an optical cavity. The cavity is envisioned as a
frequency sensitive detector at low light levels. The physics of interactions
between atoms (either at room temperature or in the cold regime) and optical
cavities of varying finesse, in both the steady state and transient regime, has
been discussed and presented in this thesis. A cavity could enable frequency
sensitive, non-destructive detection of molecular states by coupling the weak
molecular fluorescence over and above the atomic fluorescence, if any, to the
mode of the cavity. Experiments with cold atoms interacting with optical cavity
modes is a precursor to the experiments to be done with cold molecules in the
near future. The experiments reported in this thesis form the key towards our
objective of utilizing the optical cavity as a low light level, frequency sensitive

detector.
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The first chapter motivates the study of experiments that have been reported
in this thesis. A few of the long standing issues in the field of cold molecules
are the techniques to synthesize cold molecules from cold atoms in large num-
bers, trapping these molecules for long enough time to conduct useful experi-
mentation and lastly detection of cold molecules. In this context, our goal was
to build a hybrid trapping apparatus that enables us to form, trap and detect
molecules from cold atoms. Given the problems associated with the detection
of molecules in low numbers using conventional imaging techniques such as
spatial filtering, we highlight the possibility of using of an optical cavity that
could enable the frequency sensitive detection of molecules in low numbers.
We then provide a background of low atom number detection using cavities in
the context of the Purcell effect. We provide a very brief overview of atom cavity
experiments that have been conducted using both hot and cold atoms. We de-
scribe briefly the state of the art experiments that have demonstrated low atom
number detection utilizing optical cavities in this context. We then outline the
physics problems that were investigated in improving our understanding of the
atom-cavity system. We finally discuss briefly the experimental investigation of

atom-cavity interactions at room temperature and the cold regime.

The second chapter contains a review of the theoretical tools necessary for
the experiments reported in this thesis. We start with the basic description
of an optical cavity and introduce and explain the physical significance of the
terms like finesse, free spectral range, quality factor, etc. of an optical cav-
ity. We next discuss the physical origin of the eigen-modes of a resonator.
We then introduce the concept of higher order modes that can be realized in
an optical cavity and discuss origin and significance of the Hermite-Gaussian
and Laguerre-Gaussian modes in this context. We then move into the atom-
cavity interactions and discuss the Jaynes-Cummings model in the context of
the quantum theory of a two level atom interacting with a field of a single cavity

mode. Using the Jaynes-Cummings model we describe the interaction of a
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single atom located at the center of a single mode cavity in both the ideal and
in the dissipative regime using an analytical approach. Following this we move
into the atomic physics segment for the remaining portion of the chapter. We
discuss briefly the atomic properties of the Rubidium (Rb) atom and explain
the origin of resolving the spectral lines of Rb using saturated absorption spec-
troscopy. We then describe the interaction of atoms with static magnetic fields
that gives rise to Zeeman effects. We next describe atoms interacting with an
external laser field that gives rise to coherent and incoherent processes. In
this context we discuss the optical Bloch equations for a two level atom inter-
acting with an external light field. Following this we discuss the AC Stark shifts
that arise when the atomic energy levels are pertubed by the electric field of
the external light field. We next discuss the spontaneous force that acts on an
atom as a result of the incoherent process mentioned earlier. We then discuss
the physics of laser cooling and optical molasses and finally conclude with the

magneto-optical trap.

The third chapter is documented in the following manner. As a precursor to
performing the actual experiments with cold atoms in ultra high vacuum con-
ditions, we tried to see whether we could stimulate light from atoms in a room
temperature vapor cell to couple into a cavity mode. In this aspect, we first
describe the relevance and context of the experiments reported using a va-
por cell placed inside an optical cavity at room temperature. We then briefly
review previous research on all optical switches. In the next section we in-
troduce the experimental apparatus, describe the cavity characterization and
optical system set-up relevant for negative logic switching, follow it up with the
experiments performed in relation to the negative logic switching and conclude
with results and discussions. Both steady state and transient changes in the

transmitted intensity are recorded for both cases of operation. Following this
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we shall present the experimental set-up and results for positive logic switch-
ing and compare the results with the negative logic switching experiments dis-
cussed in the previous section. In the next section we discuss the physical
process behind the operation of the switching mechanism by invoking a simple
model. Finally we conclude by discussing the results of both switching experi-
ments in the context of all optical switching utilizing a vapor cell encompassed

within an optical cavity.

To summarize, we have have demonstrated an all optical switching phenom-
ena in transmission utilizing a Rubidium vapor cell enclosed within a Fabry-
Perot cavity. The cavity probe light can be completely extinguished by the
control intensity, a fact which is used to demonstrate high fidelity switching of
transmitted light through this system. The control light exhibits a threshold
power, above which it alters the transmission properties of the cavity. Both
steady state and transient processes are experimentally characterized for this
system for two different approaches of realizing the optical switch. The physics
of this system is discussed within the context of a driven four level system
and estimates for the long time scales observed in the transient phenomena
are provided using a qualitative model. The key features of this switch are as

follows:
a. The switch operates at close to half the telecom wavelength (1550nm).
b. The switching mechanism is robust and alignment insensitive.

c. The power of control light required to affect the transmitted intensity of the

resonant seed light through the cavity is shown to be very small.

d. The all optical switch has no qualitative dependence on the polarization

of the probe and switching beams.

e. The switching mechanism does not require elaborate frequency stabiliza-
tion of either the cavity resonances or the probe and control fields to relevant

atomic transitions to realize the switch.
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The fourth chapter is organized in the following manner. We introduce the
context and relevance of optical cavities in exploring cold and ultracold molecule
formation, cold atom - cold ion interaction and ofcourse the rich physics that
can be explored using only cold atoms itself. We next project clearly the
physics goals that are of primary interest and the technological issues that
need to be addressed in order to realize the stated physics objectives. In the
following section we describe the design and construction of the UHV chamber
housing the experiment. We point out the key components that have been in-
corporated to address the physics goals that we want to address. Following this
is the subsection where we describe in detail the design, mounting, alignment
and characterization of the optical Fabry-Perot cavity, which is the key tool for
the experimental observations reported in this chapter. In the next subsection
we discuss very briefly the design and construction of the thin wireframe trap
that has been mounted overlapping the mode of the optical cavity. We then dis-
cuss in detail about the characterization of the spatial filter assembly to detect
and image cold atoms in the MOT. We also discuss the imaging set-up devel-
oped for detecting light out of the cavity. In the following section we shall move
into characterizing the magneto-optical trap trap (MOT) realized experimen-
tally in the UHV system constructed by us and follow it up with a description
of the experimental realization of coupling light from cold atoms trapped in the
MOT into cavity modes. Next we focus on the dynamics of atomic population
by a periodic modulation on the MOT repumper beam as measured by the
photo-multiplier tubes (PMTs) placed along the cavity axis in transmission and
the spatial filter assembly to pick up fluoroscence from trapped atoms in the
MOT. In the next section we shall try to explain qualitatively the dynamics of
the atomic population measured by the PMT along the MOT spatial filter axis
by an effective simplified four level system using a density matrix approach.

Following this section is we shall try to give a qualitative understanding of the
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dynamics of the composite atom cavity system using a simplified system of a
two level atom in a cavity for the experimental observations. After the discus-
sion on the above two qualitative models, we shall demonstrate the realization
of collective strong coupling achieved in the composite atom cavity system
through the experimental observation of normal mode splitting for cold atoms
trapped in the MOT and located at the mode of the optical cavity. Finally we
conclude by summarising the experiments and observations reported in this

chapter.

5.2 Future Directions

An interesting problem to address in future in the context of atom-cavity inter-
actions is the possibility of estimating the temperature of cloud of cold atoms
trapped in the magneto-optical trap at the center of the cavity. One may use
the normal mode splitting to estimate the number of atoms present in the cavity
mode. The number of atoms in the cavity mode would decay with time given
the fact that the cold cloud starts expanding once the MOT cooling and beams
are turned off using acousto-optic modulators (AOMs). Given an initial tem-
perature T of the cold cloud, the rate of expansion of the cold cloud with time
can be mapped using the number of atoms present in the cavity mode esti-
mated from the normal mode splitting. One may then compare and constrast
the value of temperature obtained by this method with standard temperature
measurement protocols such as the release and re-capture method or the time
of flight (TOF) method.

Another interesting problem using cold atoms within the optical cavity would
be to investigate the changes in the normal mode spectrum of the compos-
ite atom-cavity system under the influence of strong static electric fields. As

per our initial simulations on the strength of electric field that can be obtained
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with the thin wireframe trap, the changes in the normal mode splitting is ex-
pected to be ~ 1MHz for an electric field gradient of 2kV/cm. This study would

be useful in the context of trapping cold polar molecules by static electric fields.

One may also explore the possibility of utilizing the cavity towards production
of cold molecules from cold atoms using photo-association techniques. Since
the rate of photo-association depends on the intensity of the photo-associating
light, one may investigate the changes in the rate of photo-association using
light in the cavity mode as compared to photo-association in free space. The
intra-cavity intensity is enhanced by a factor 2F/7, where F is the cavity finesse.
Thus one may expect to see significant difference in photo-association rates if
the photo-association experiment is carried out using the light build-up in the

cavity mode.
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