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Abstract

Cavity quantum electrodynamics (QED), the system of a single atom interacting with
a single mode of a high finesse optical resonator, has tremendous potential for use
in quantum logic, quantum information processing, and in enabling observation of
quantum mechanical effects in the laboratory. The work of this thesis demonstrates
a number of steps toward realizing these goals, by employing an experimental system
with the strongest atom-field coupling achieved to date in optical cavity QED. The
effects of strong coupling in cavity QED are studied for single cold atoms measured
one at a time, in real time. The passage of single atoms through the cavity is em-
ployed to map out the frequency response of the system, and to demonstrate that
quantum rather than semiclassical theory provides the correct theoretical model. The
mechanical effects of strong coupling on single atoms are explored, these experiments
demonstrating the first trapping of single atoms with single photons. Additionally,
strong coupling enables high signal-to-noise ratio for monitoring atomic position at
single photon field strengths; this capability is employed to investigate the motion of
atoms trapped within the cavity. The transmitted cavity field is used to reconstruct
the trajectories of single atoms, thereby realizing a new form of microscopy - the
Atom-Cavity Microscope. Technical developments necessary to create the cavities
used in this experiment are detailed. Ideas for future extensions to the experiment
are proposed; a zero light-shift dipole force trap, and measurement of photon statis-
tics of a single strongly coupled atom (which realizes a photon blockade device) are
discussed.
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Chapter 1 Introduction

1.1 Motivation

The principal motivation of many researchers in experimental quantum optics, and
certainly my personal reason for entering the field, is a desire to observe the weird and
wonderful effects of quantum mechanics in the laboratory. The experimental systemn
of cavity quantum electrodynamics (cavity QED)[1], consisting of an atom strongly
coupled to the electromagnetic mode of a nearly lossless optical resonator, is one of
very few physically realizable systems in which such effects can be observed, and is
the setting for the experiments described in this thesis.

To generate quantum behavior in a real physical system is more difficult than one
might think, given a first theoretical introduction to quantum mechanics is typically a
simple closed system, such as a single particle in a box, for which quantum weirdness
is manifest. The real world, however, is not like a single particle in a box. Real
particles exist in a web of connections and interactions with their neighbors, the sum
of all these outweighing any particular simple interaction of interest. So if you try
to ask a simple question, like looking for an entanglement between two particles,
the collective effect of interactions with the outside environment usually makes the
measurement result indistinguishable from that of a classical system, a process known
as decoherence. This leads us to the rich study of “open” quantum systems [2], where
couplings to the environment are explicitly taken into account in the formalism, and
leads us to ask under what circumstances, then, can decoherence can be avoided (or at
least controlled, as in the case of quantum error correction [3, 4]), allowing quantum
behavior to still be observable?

The simplest solution is to create a system of single quanta, eliminating interac-
tions which lead to decoherence, while preserving the coherent quantum dynamics of
interest. This is in practice by no means a simple undertaking. We call this a regime of
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strong coupling, for which the coherent quantum evolution rate of these single quanta
dominates any dissipation in the system. That is, we require go > 8 = max[[", T},
where gq is the rate of coherent, reversible, evolution, T is the interaction time and I’
is the set of decoherence rates for the system. In such a strongly coupled system, the
coherent quantum evolution gg can be exploited to create quantum superpositions and
entanglements of particles, and enable measurement and processing of these quantum
states before decoherence eventually washes away the quantum behavior.

Beyond merely being interesting from the laboratory perspective of being able to
experimentally explore fundamental quantum mechanics, research into strong cou-
pling with cavity QED has been fueled by the potential application of this system as
a quantum device for quantum computing [5, 6], quantum state preparation (7, 8],
and quantum communications [9, 10]. Cavity QED is not alone in trying to realize
quantum computing. In the last few years, a handful of experimental systems have
demonstrated at least some of the required quantum behavior; ranging from trapped
ions (11}, and trapped atoms in high-finesse cavities [6, 12] or optical lattices [13], to
Josephson junctions {14] and NMR systems [15]. Promising proposals also exist for
utilizing coupled quantum dots [16, 17], spins of donor atoms embedded in silicon
[18], or single quantum dots coupled to microcavities (19, 20, 21]. This newfound
ability to measure and manipulate the quantum states of individual quanta, one by
one, is a revolutionary development in recent experimental physics. It heralds the
beginning of a new era of “quantum engineering,” in which single quanta interacting
by the rules of quantum mechanics are the fundamental building blocks.

The quest to create and explore interesting quantum states has been one of the
primary driving forces in experimental efforts in cavity QED. A rich array of quantum
effects have been predicted theoretically over the last 35 years, since the first work
by Jaynes and Cummings [22], but conditions in which they can be experimentally
observed have proved difficult to achieve: to realize the simple Jaynes-Cummings
Hamiltonian we are required to be dealing with single quanta, and be in the regime
of strong coupling. Strong coupling at the level of single atoms was first observed in

1992 [23], by an averaged measurement over a series of single atoms from a thermal
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atomic beam. A significant advance in the field was made in 1996 [24], with the use of
laser-cooled atoms instead of a thermal beam, allowing single atoms to be measured
one at a time, in real-time.

The work of this thesis involves experiments studying the effects of strong coupling
on single cold atoms, measured one at a time. In Chapter 3, the passage of single
atoms through the cavity is employed to map out the frequency response of the system,
and to demonstrate that quantum theory is the correct description of this system [25].
In Chapter 4 the mechanical effect of strong coupling on single atoms is explored, these
experiments demonstrating the first trapping of single atoms with single photons, first
reported in Ref. [26] and fully explored in Ref. [27]. In addition, being in a strong-
coupling regime generates superb signal to noise for atom detection by single photon
fields, enabling us to reconstruct the trajectories of single atoms inside the cavity
and realize a new form of microscopy [27]. Chapter 5 details technical developments
which were necessary to fabricate the optical cavities used for these measurements,
and finally in Chapter 6 I present calculations of ideas which could be incorporated
into the cavity QED experiment in the future; exploring a zero-shift dipole trap and
the possibility for measuring photon statistics from a single strongly coupled atom.

With atoms now trapped in cavities, both via the single photon quantum fields
employed here [27] and with classical dipole-force traps [28], the stage is now set for
elusive measurements of quantum behavior to finally become a reality: from quantum
feedback control [29, 30], to generation of single photons [8], to demonstration of
quantum communications schemes [9, 10]. With these prospects, the next few years
should be an exciting time for optical cavity QED.

1.2 A history of my involvement in the Kimble

group

Arriving in the Kimble group in September 1994, I started work with Quentin Turchette
in what was at the time the sole cavity QED lab; a somewhat daunting room full
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of optical elements, vacuum parts and electronics. By late 1994 news of Shor’s fac-
torization algorithm, which essentially launched the field of quantum computation,
was spreading through the experimental quantum physics community. Visits to the
group by Artur Ekert and Seth Lloyd in summer and fall of 1994 helped flesh out
potential applications of cavity QED to quantum computing, and catalyzed a change
in our immediate experimental direction; we decided to use the existing cavity QED
apparatus for a proof-of-principle demonstration that this system can provide the
necessary single-quanta non-linear coupling required for quantum logic, the results
published as Ref. [6].

The scheme explored was to use a Kerr-type nonlinearity generated by a single
atom medium (provided by an atomic beam) in the cavity to couple together two
laser fields (at the single photon level), inducing a nonlinear polarization-dependent
phase shift to the transmitted photons. Decoherence could be minimized by detuning
the two lasers far from the atomic resonance (to avoid spontaneous emission losses),
while maintaining a significant phase shift. This experiment was an extension of the
previous 1D atom [31] work of the lab, measuring phase (instead of amplitude) trans-
mission through the atom-cavity, and measuring the conditional saturation behavior
of the system using two laser fields. From these measurements we inferred the logical
truth table for a “quantum phase gate.” My contributions to this experiment were
primarily in lab setup work and data taking, sometimes running the experiment solo,
taking some of the published data while Quentin was traveling. Additionally, I pro-
posed our novel method for measuring the phase shift of a circularly polarized beam;
by probing with a linear polarization and measuring a rotation of polarization. This
turned out to be an existing technique in chemistry, known as polarization interfer-
ometry. With Wolfgang Lange’s invaluable computer-controlled rotating waveplate,
measuring these polarization rotations was relatively simple.

In my second year, Quentin, Nikos Georgiades and I worked on an experiment to
couple squeezed vacuum into the atom-cavity, in the hope of measuring an altered
radiative lifetime for the atom [32]. This was a tough experiment that had already
been an ongoing project for 2 years when I joined the group. It was decided that the
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coupling efficiencies weren’t as high as they should have been in the previous attempt,
so it was worth giving it another try. The initial setup phase of this experiment
involved me working with Nikos in the squeezing lab, where I learned to generate
squeezed vacuum from the OPO [33] - my first example shown in Figure 1.1. Even
having optimized experimental efficiencies, we still didn’t see linewidth narrowing
directly, something of a mystery since the simple theory predicted a measurable result.
Scott Parkins, our theoretical collaborator from the University of Auckland proposed
a new method: adding a coherent saturating beam, then looking for modulation in
the transmission signal as the phase of the squeezed vacuum was rotated. Again,
nothing was obvious, but a complicated chain of signal analysis revealed modulation
peaks at the expected frequency, buried in the noise. We mapped out this modulation
as a function of detuning, coherent driving strength, degree of squeezing, and atom
number, but from these quantities were never able to confidently claim that we had
observed linewidth narrowing.

Why were the effects so small? We are now fairly confident that this was due to
using an atomic beam as an atom source, averaging over the passage of many atoms
to obtain our signal. While completing the manuscript (eventually published as Ref.
[34]), I did some work modeling intracavity losses arising from the atomic beam, these
results in the end explained the large degradation of observed signals fairly well.

Right around this time (the squeezing experiment was wrapping up in Spring of
1996) Hideo Mabuchi, Mike Chapman and Quentin demonstrated that laser-cooled
atoms from a magneto-optical trap (MOT) can be used as a source of single slow
atoms for cavity QED [24], measurable one at a time, in real time. Having just spent
a year plagued by the evils of atomic beams, it was very clear to all of us that cavity
QED with cold atoms was the way of the future.

So, in the summer of 1996, I joined post-doc Mike Chapman to build up a new
cavity QED apparatus with a cold atom source; to run in parallel with Hideo’s exper-
iment. Joined in the fall by Theresa Lynn, we started spending the QUIC (Quantum
Information and Computation) grant on furnishing this new lab, the new features of
this experimental setup described in Section 2.2. New smaller mirrors (described in
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Figure 1.1: Homodyne measurement of squeezed vacuum. The horizontal line indi-
cates the shot-noise level. The phase of the squeezing is rotated with respect to the
detection beam, generating the observed oscillations. The squeezed quadrature here
has noise 2dB below shot-noise; this was optimized to ~ 4dB for use in the cavity
QED experiment.
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Chapter 5) allowed us to construct a shorter 10um cavity with higher atom-cavity
coupling (g =120MHz) than previously achieved, and hence better signal-to-noise ra-
tion for detecting single atoms. A year later, in the summer of 1997 the experiment
was operational and we observed the first “upgoing transits” (probing on the Rabi
sidebands), and were able to map out spectral response of the system using single
atom events. We also measured the nonlinear saturation behavior of the atom transit
signals, which due to being in a regime of strong coupling now showed a marked de-
viation from the predictions of semiclassical theory, and a corresponding agreement
with quantum theory. These results were published as Ref. [25], and are described
in detail in Chapter 3.

The next stage of this experiment was to try and trigger on these single-atom
events to trap an atom in the cavity, via strong coupling to the cavity mode driven
by single photon fields. Initial promising results were seen [26], but then a 12 month
break occurred when our cavity failed and we spent time building new cavities, new
mounts and battling vacuum problems. The main personal highlight of this period
was somehow ending up in a Comedy Central spoof item on quantum teleportation,
the experiment that Akira Furusawa, Jens Sorensen and Jeff had been working on in
the squeezing lab [35].

Eventually we emerged from our technical nightmares with a next-generation cav-
ity - with lower linewidth for even better signal-to-noise detection and better isolation
from spontaneous emission heating. Almost immediately, in July of 1999, we saw sin-
gle atoms trapped by single photons. Moreover, the exquisite signal-to-noise obtained
from strong coupling allowed us to monitor the position of these trapped atoms as
they moved within the cavity mode, realizing a new form of microscopy which we
have called the atom-cavity microscope (ACM). These results were published as Ref.
[27] in February 2000, and are described in detail in Chapter 4.
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1.3 The experimental system: Cavity QED with

cold atoms

The experiments described in this thesis take place in the setting of cavity quantum
electrodynamics (cavity QED)[1], the system of a single atom strongly coupled to a
single electromagnetic mode of a nearly lossless optical resonator (cavity). Here the
quantum nature of the system stems from the fact that the rate go that characterizes
the coherent interaction of an atom with the cavity field for a single photon can
dominate the dissipative rates for atomic spontaneous emission v and cavity decay
k. The coherent interaction go is made large by making the cavity volume small, as
discussed in Chapter 2. Note that the value of gq is for an atom at a peak of the
intracavity field mode; atoms at other positions 7 see a reduced coupling strength
9(7) < go.

The basic components of the experiment are shown in Figure 1.2. Single atoms
are provided by first laser cooling a cloud of ~ 10* cesium atoms in a magneto-optical
trap (MOT)[36], then allowing this cloud to fall so that single atoms pass one at
a time between the two mirrors which form the cavity, indicated by the arrows of
Figure 1.2. The cavity length is locked such that only a single electromagnetic mode
(TEMgo) is resonant in the cavity. The combined atom-cavity system is driven by
a weak probe laser of strength < 1 intracavity photons; we measure transmission of
this beam by balanced heterodyne detection to infer the intracavity field, and hence
the atomic dynamics as single atoms pass through the cavity.

The light inside the cavity forms a standing-wave structure, shown in the inset
to Figure 1.2. For certain choices of probe detuning and intensity, atoms can be
channeled to pass through antinodes of these standing-waves (as in the experiments of
Chapter 3), or even trapped in orbit at a single antinode of the field (the experiments
of Chapter 4), as shown in the trajectory of the inset to Figure 1.2.

In addition to providing single-photon forces sufficient to trap a single atom, strong
coupling (go > &, <) means that the presence of a single atom in the cavity has a strong
effect on the intracavity field. Moreover, the atom-cavity transmission changes as the



Figure 1.2: Basic components for experiments with cold atoms in cavity QED.

atom moves within the cavity mode and its coupling strength g(¥) < go correspond-
ingly varies. The position-dependent coupling strength g(*) thereby gives rise to
time-dependent transmission signals, with which we can track the motion of single
atoms. This enhanced detection capability can be quantified by the “optical infor-

mation” per atomic transit, discussed in Chapter 2.

1.3.1 History of CQED with cold atoms

Up until 1996, the quest to observe quantum effects in cavity QED experiments was
plagued by difficulties caused by using thermal atomic beams as the source of atoms
[34, 37], with losses due to many-atom effects described in Section 2.1.3, and Refs.
[34, 37, 38]. One conceptually obvious, but practically difficult, solution was to try
to combine the technology of laser cooling and trapping with that of cavity QED,
to instead have a sample of cold, slow atoms as the source, or even a single trapped
atom within the cavity mode. This was part of the “wish-list” of technologies in
the Kimble group, mentioned by both Rob Thompson (who had been involved in
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the atomic beam cavity QED experiments above) in 1994 [39], and Zhen Hu (who
demonstrated a single atom trapped in a MOT) in 1995 [40] in their respective theses
as a desirable next step.

Experimental efforts to integrate cold atoms with cavity QED began with micro-
sphere (rather than Fabry-Perot) optical resonators. In 1994, Hideo Mabuchi was
working on a project to couple atoms to the whispering-gallery modes of high-Q mi-
crospheres [41], which seemed most easily achieved by beginning with a very cold
and dense sample of atoms. Hideo thus began work on an apparatus to form a MOT
in close proximity to a microsphere. But before serious effort was put into coupling
atoms from the MOT to a microsphere, it was decided to switch to a Fabry-Perot
cavity; for two major reasons. Firstly, the larger mode volume of the Fabry-Perot
would greatly increase the likelihood of observing passing atoms, then once the sys-
tem was optimized a return to microspheres could be attempted. Secondly, in 1995
Scott Parkins visited, and told us about calculations he had carried out which showed
that the mechanical forces from strong coupling would be enough to trap cold atoms
dropped into a Fabry-Perot cavity [42]. Several iterations of the experiment later,
Hideo and Quentin Turchette, joined by post-doc Michael Chapman, finally observed
for the first time single atoms coupled one at a time to the cavity mode, in March of
1996 [24].

This new technology was so promising that a new lab was established, where my-
self, Michael Chapman and Theresa Lynn focused on trying to realize Scott Parkin’s
single-photon trapping scheme. Meanwhile, Hideo and Quentin pursued a program
of trying to optimize and extend the earlier measurement to hopefully achieve atomic
position measurement at the standard quantum limit. The new lab was observing
atom signals by late 1997. These single-atom events were the basis for a series of
experiments published in Ref. [25] in 1998. The most important of these was the
mapping out of the frequency response of the atom-cavity system, and measuring
its non-linear saturation behavior. Meanwhile, the microsphere experiment had been
revived by David Vernooy who, working with Nikos Georgiades and Akira Furusawa,

observed cavity QED coupling of cesium atoms in a vapor the mode of a microsphere
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[43].

In January 1999, observation of single cold atoms in a cavity QED setting was
also reported by Gerhard Rempe’s group in Konstanz [44], followed up in May by an
investigation of single atom dynamics by measuring photon statistics over an ensemble
of single atom transits, to give information about atom dwell-time in the cavity [45].

Meanwhile, experiments in both Caltech labs were progressing nicely, with first
evidence of atom trapping seen in the Hood/Lynn/Chapman lab, and the signal-to-
noise improved in Hideo’s experiment (now joined by post-doc Jun Ye) sufficient to
demonstrate quantum-limited detection of atom transits, and a full measurement of
both field quadratures in heterodyne. Both these results were published in Ref. [26]
in April 1999, with a more detailed account of Hideo and Jun'’s experiment following
in June 1999 [46].

After Hideo’s graduation in early 1998, David Vernooy joined Jun Ye to work on
a new experiment; to trap atoms via a classical standing-wave far off-resonant dipole-
force trap (FORT), mutually resonant in the cavity with the cavity QED beam. This
scheme holds tremendous promise for implementing quantum logic schemes, where
ideally one would like the atom trapped independently of the cavity QED interactions.
They demonstrated the remarkable achievement of a single-atom intracavity FORT
lifetime of 28ms, published in December 1999 [28].

Also in 1999, in July Theresa and I finally realized Scott Parkin’s trapping scheme,
and saw clear signals of single atoms trapped by single photons fields. Additionally,
the very high signal-to-noise generated by the large coupling in our experiment en-
abled us to track the trajectories of single atoms, and characterize the dynamics of
single atom motion in the trap (oscillation frequencies, trap times). These results of
trajectory reconstruction and oscillation frequency analysis were published in Febru-
ary 2000 [27]; the trap-time characterization manuscript is currently in preparation.

Shortly after our publication on single photon trapping, the Rempe group pub-
lished a similarly titled manuscript in March 2000 [47] showing two examples of
localized atoms and one simulated transit, but without the analysis of atom dynam-

ics via large data sets presented in our work. From these few events an inference
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was drawn that cooling of the atomic motion occurs as it hops between standing-
wave well, a result which is currently under scrutiny [48], as part of a manuscript

comparing characteristics of the two parameter regimes of these experiments.

1.4 Observed single atom signals

In the absence of an atom, the spectral response of the empty cavity is just its
Lorentzian linewidth, shown by the dashed curve in Figure 1.3(c). However, in the
presence of an atom, the strong atom-cavity coupling go gives rise to a dressing of the
system eigenstates and a corresponding splitting in the energy. For a single, optimally
coupled atom the transmission spectrum is shown by the solid curve of Figure 1.3(c),
the vacuum-Rabi spectrum. Optimal coupling is only achieved when the atom is at
the point of maximum field strength (at the center of the Gaussian cavity mode).
Thus as an atom falls through the cavity the coupling evolves from g = 0, with
an empty-cavity Lorentzian transmission spectrum (dashed curve) to g = g¢ (solid
curve) then back to g = 0. If the atom does not pass close to an antinode of the
cavity standing-wave, a smaller gn,q.: < go will be achieved.

For an atom traversing the cavity mode (in ~ 75us), the position-dependent cou-
pling gives rise to a time-dependent probe transmission [49, 50]. For two probe fields
of fixed detuning (indicated by the arrows positions of Figure 1.3(c)) simultaneously
illuminating the atom-cavity system and being detected in transmission with hetero-
dyne detection, the real-time atom-cavity transmission is shown in Figure 1.3(a,b).
Close to resonance (Figure 1.3(a)), transmission drops as an atom enters the cavity
and the spectrum shifts from the empty-cavity Lorentzian response to the vacuum-
Rabi spectrum. Transmission regularly drops by a factor of 100 at this detuning.
For the same atom during the same transit but for a probe of detuning —gy (Figure
1.3(b)), the transmission correspondingly rises. For the data of Figure 1.3, the two
probe fields are applied simultaneously, leading to a fundamental decrease in signal
to noise over single-probe measurements due to the trade-off between reduction in

shot noise and saturation of the atom-cavity response [25].
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Figure 1.3: Transmission for each of two probe beams simultaneously illuminating
the atom-cavity as a function of time for a single atom traversing the cavity mode.
For (a) the probe detuning is -20 MHz, for (b) -100 MHz. The change in the atom-
cavity spectrum which gives rise to these time traces is shown in (¢). For these
traces the atomic and cavity resonaces are coincident, and the coupling strength
go/2m = 120MHz.
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1.5 Results

1.5.1 Mapping the system response with single atom transits

(Chapter 3)

By recording atom transits such as those of Figure 1.3(a,b), the entire transmission
spectrum (solid curve of Figure 1.3(c)) was mapped out [25]. This was the first time
that the two-peaked spectrum had been seen via individual atom events, and served as
independent confirmation of our geometrically calculated value for gg. Next, resonant
transits (as in Figure 1.3(a)) were recorded as the intracavity photon number was
increased, to map out the saturation behavior of the system. A quantum system
respecting a Jaynes-Cummings ladder of states is predicted to saturate differently
than the corresponding semiclassical system, due to the different structure for high-
lying excitations. For our parameters the predictions differ by an order of magnitude,
with the semiclassical case predicting bistability. The data of Chapter 3 shows strong
agreement with the quantum master equation calculation, confirming the underlying
quantum nature of the atom-field coupling and our ability to access it experimentally.

1.5.2 Trapping single atoms with single photons (Chapter 4)

Beyond simply measuring the spectral effects of strong coupling, the next phase of
the experiment was to exploit it to trap single atoms using the vacuum-Rabi splitting
[50, 51]. From Figure 1.3(c) it can be seen that the system has a resonance at a lower
frequency (energy) with an atom present than the empty cavity resonance. That is,
the lower dressed state of the atom-cavity system (the left peak of the solid curve
of Figure 1.3(c)) has an energy minimum for an atom at the center of the cavity
mode. The spatial dependence of the cavity mode (Gaussian transverse distribution,
standing-wave along the cavity axis) therefore creates a series of trapping pseudo-
potential wells for the atom, if a red-detuned probe field is applied to selectively
populate this trapping state. For our parameters this gives a potential depth of ~
5mK, so with an initial atomic temperature of 15K and a fall of only 2mm to the



15

10 1m

Figure 1.4: (a) Transmission of the atom-cavity for two single atom transits, with no
triggering (black trace) and with the probe triggered to trap the atom (grey trace).
The grey trace shows an atom trapped by an intracavity field of 72 ~ 1 photon mean
amplitude for 1.6ms. (b) The motion of the atom lies in a plane at an anti-node of
the standing-wave field. (c) The grey transmission trace can be used to reconstruct
the trajectory of this trapped atom, in the plane indicated in (b).
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cavity, single atoms have low enough energy to be confined in this bound state. The
procedure used was first proposed and analyzed by A. S. Parkins in 1995 [42], and
consists of allowing the atom to fall into the cavity with a weak probing field (which
creates a shallow confining potential), then when the atom is near the center to switch
up the intensity to create the deep potential and trap the atom.

Figure 1.4 shows an example of a single atom trapped using this method. The
probing/trapping laser is detuned to the red, as was the case in Figure 1.3(b). The
black curve of Figure 1.4(a) shows a typical transmission trace for an atom transit
through the cavity when no effort to trap is made; this is the same type of signal as in
Figure 1.3(b). When we trigger on the presence of an atom in the cavity and switch
UP the intensity of the trapping field, traces like the grey curve of Figure 1.4(a) are
seen. This example shows a single atom trapped in the cavity for ~ 1.6ms, with the
wiggles in transmission corresponding to the atom’s motion within the trap. The
nature of the atomic motion is indicated by Figure 1.4(b); single atoms are trapped
at a single standing-wave antinode of the field, moving about the center of the cavity
in elongated orbits, giving rise to the oscillating transmission signal of Figure 1.4(a).

These transmission oscillations can in fact be used to reconstruct the actual trajec-
tories of single atoms. The data trace of Figure 1.4(a) yields the trajectory of Figure
1.4(c), where the plane of the atomic motion is indicated in Figure 1.4(b). This ability
to track the motion of the single atom demonstrates a new form of microscopy, which

we call the atom-cavity microscope (ACM).

1.5.3 Publications from graduate work
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Chapter 2 Tools for CQED with single,

strongly coupled atoms

2.1 Theoretical treatment of the atom-cavity sys-
tem

We initially consider the ideal cavity QED system of a single atom (in this case ce-
sium) coupled to the TEMyq longitudinal mode of a high finesse optical cavity, shown
schematically in Figure 2.1, with curved mirrors providing transverse confinement of

the mode. The coherent atom-field coupling rate gq is given by

| hw
go =d-E=d 2EOV y (2.1)

where d is the atomic dipole matrix element, w the atomic transition frequency, V;,

the cavity mode volume, and 2gq is the single-photon Rabi frequency. The single-
photon electric field strength 2;,‘"_‘/,.. is found by considering the Maxwell energy
density of the electromagnetic field

£ 1
o = / (RIBE + 5BV = / ol E2aV (2.2)

for a single photon excitation (of energy /i) confined to a volume V;,;, and averaging
over the optical cycle of the field. If the cavity mode volume V,, is made small, the
magnitude of E for a single photon, and hence g, can become large. Experimentally
this achieved both by making the cavity length short, and by using mirrors with a
small radius of curvature.

The rate of dissipation is set by v, the atomic dipole decay rate into modes other
than the single cavity mode, and «, the rate of decay of the cavity field. As the atomic
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Figure 2.1: Schematic: Single-atom cavity QED.

decay is purely radiative, the rate for decay of atomic inversion vy = 2+, . Also, v is
essentially the same as for an atom in free space, since the solid angle subtended by
our cavity mode is small (~ 10~°). It should be noted that photon decay via « does
not necessarily lead to decoherence in the system, as these output photons can be
measured, processed, or even used as the input to another cavity system, maintaining
coherences with the atom-cavity [9, 10, 52]. Additionally, in experiments to date the
atom is not indefinitely fixed within the resonator, so another important parameter
is the transit time 7" of an atom through the cavity mode.

We can describe the atom-cavity system by two dimensionless parameters: the
critical atom number, Ny = (257,)/go® and critical photon number my = 72 /2¢3 ;
the number of quanta (atoms or photons) required to significantly alter the atom-
cavity response. A critical atom number of ¥y indicates that the insertion of Ny
atoms into the cavity mode has a significant effect on the transmission of a probe
field through the cavity. Conversely, for a single atom in the cavity, as we turn up the
power M of a driving field while measuring the atom-cavity transmission, . = my
indicates the intracavity photon number at which the system response to this probe
becomes nonlinear.

The regime of cavity QED explored in the experiments of this thesis is that of
strong coupling, for which the coherent evolution rate of these single quanta dominates
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any dissipation in the system. That is, go > max[l',T"!], where g is the rate of
coherent, reversible, evolution for the single atom, T is the interaction time and
[' = {v.,x} is the set of decoherence rates for the system, so that for strong coupling
we require

9o > (ye,6,T7). (2.3)

This condition also ensures that the critical parameters (Np,mg) < 1, that is, the
atom-cavity response becomes nonlinear for a mean intracavity field of mg < 1 pho-
ton, and the presence of Ny <« 1 atoms in the cavity has a significant effect. As we
will only ever be dealing with whole atoms, the condition Ny < 1 means in practice
that a single atom has a significant effect on the system even when it is at a position
of reduced coupling strength g(r) < go far from the center of the cavity mode.

In the limit of negligible dissipation and no detunings, the ideal cavity QED system
of a single stationary two-level atom in an electromagnetic field is described by the
Jaynes-Cummings Hamiltonian [22],

H = hwita + hw% + hgo(adt +a'é), (2.4)

where (&,4a') are the field annihilation and creation operators, (&,4t) the atomic
lowering and raising operators (and hence 6, the atomic inversion), w the coincident
frequency of the atomic transition and cavity field. This Hamiltonian can be simply
diagonalized at n system excitations to find eigenstates

|£) =1/v2(g,n) £ |e,n — 1)), (2.5)

with (g,e) here denoting the atomic ground and excited states. These states (the
Jaynes-Cummings ladder of states) represent the atom and cavity equally sharing an
excitation, and have corresponding energy eigenvalues nfw + /nkigo.

The anharmonicity of the level splittings of the Jaynes-Cummings ladder reflects
the fact that quantization of the field is important in this physical system, since for
a semiclassical nonlinearity the energy eigenvalues scale linearly as nfw +nfge. Note
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that at a single excitation n = 1, the semiclassical and Jaynes-Cummings predictions
are indistinguishable, so no conclusions about the quantum nature of the system can
be drawn from a weak coherent-field measurement of the system eigenvalues.

When discussing the measurable response of the atom-cavity system we refer to
structure, which relates to the eigenvalue spectrum discussed above and is reflected
in steady-state measurements such as the atom-cavity transmission spectrum, and
dynamics, which relates to the time-dependent behavior of the system as is makes
transitions between these levels, refiected for example in a photon statistics measure-
ment of the output cavity field.

In the regime of strong coupling go >> (k,<), the atom-cavity must be consid-
ered as a composite coupled system, with structure and dynamics approaching those
predicted by the Jaynes-Cummings Hamiltonian. Arising from this simple Hamilto-
nian, a rich array of quantum effects have been predicted theoretically over the last
35 years, since the first work by Jaynes and Cummings [22]. However, conditions
in which they can be experimentally observed have proved difficult to achieve: we
are required to be dealing with single quanta (atoms and photons) in the regime of
strong coupling, both of which are experimental challenges. Many quantum optics
experiments have been carried out at the single atom level [23, 53, 54, 55, 56|, but
these have required measurements over ensembles of atoms in a thermal beam. By
contrast, the new technique of using laser-cooled atoms in cavity QED has recently
enabled individual atoms to be measured one at a time, in a setting of strong coupling
[24, 25, 26, 44, 45, 46, 28, 27, 47].

The dynamical properties of strongly coupled cavity QED systems have been ex-
plored via measurements of nonclassical photon statistics for an ensemble of atoms
in an atomic beam [57, 58, 59, 12, 60] or a MOT [61]. Measurements of the struc-
tural properties for weak excitation yields the familiar double-peaked vacuum-Rabi
transmission spectrum, arising from the splitting +/g, in the system eigenstates for
a single excitation, as was first observed for a single atom in Ref. [23]. However,
as Jaynes-Cummings and semi-classical theory give rise to this same structure for
weak excitation, to see a distinction between these theories (and thereby confirm
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that field quantization is of critical importance to this system) we are required to
be in a regime of strong driving. For stronger driving fields the nonlinear response
follows from the higher lying states of the Jaynes-Cummings ladder, directly observed
in the microwave domain of cavity QED [53] and reflected in nonlinear transmission
measurements in optical cavity QED [25, 46|, to be described in Chapter 3.

In the presence of dissipation and allowing for detunings, the Jaynes Cummings
theory is extended to give a master equation for the evolution of p, the density
operator for the joint state of the atom and cavity, given in the electric dipole and

rotating-wave approximations by:

i[s - ot
p = ~% [Ho, p] +7.(26p6t — 616p — p5'&) + K(2apat — atap — pata),
Hy, = hOafa+ hAste + hg(F)[as’ + a'6] + e(a + at). (2.6)

Here € is a driving (probe) field of frequency w,, © = (w. — wp) is the cavity
detuning and A = (w, — wp) the atomic detuning from the probe frequency w, which
defines the rotating frame for these equations. The coupling strength go has been
replaced by g(7) = gocos(2nz/\) exp[—(y® + 2%)/wd] = goy(F), which reflects the
position dependence of the atom-field coupling strength for an atom at position 7
within the cavity mode, which varies as a standing wave in the z (cavity axis) direction
and a Gaussian in the y, z directions. The full quantum theory treats 7 as an operator.
For these experiments the atomic kinetic energy is significantly larger than the level
spacing for quantized atomic motion, and there is in addition atomic localization due
to spontaneous and cavity photon emissions. This means that the atomic motion can
be treated semiclassically as a wavepacket, with mean position given by the vector
7(t) [62]. If spontaneous emission were to be minimized (for example by moving to a
dispersive atom-cavity regime, or using Raman transitions), and the atomic motion
cooled, a full account of quantized motion would need to be incorporated into the
theoretical treatment, as is explored in Ref. [63].

In the strong coupling regime, numerical solution of Eq. 2.6 gives the result
shown in Figure 2.2 for the frequency response of the atom-cavity as a function of
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Figure 2.2: The presence of a single atom in the cavity radically changes the atom-
cavity transmission spectrum, resulting in the double peaked vacuum-Rabi spectrum.
Parameters are {go, %, 7. } /2% = {110, 14.2, 2.6}MHz with w, = w,, and drive strength
fig = 0.5 photons.

probe detuning A. Here there is no cavity detuning (w, = w.), the cavity parameters
are for the experiment of Chapter 4, {go, x,7.}/2r = {110, 14.2,2.6}MHz, and the
empty-cavity Lorentzian response is shown as a dotted line for comparison. The
two peaks in the transmission spectrum (the vacuum-Rabi spectrum) at A = +gq
simply reflect the splittings of the Jaynes-Cummings ladder of states resulting from
the coupling gg, and the reduction in height of these peaks from an amplitude of 1 is
because the drive strength 7ig = 0.5 photons > myg, and we are therefore driving in a
regime of nonlinear saturation.

By varying the cavity parameters « and g the response of the atom-cavity system
to a probe field can be changed qualitatively. For example, if the cavity decay « is
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large, we find that the atom and cavity retain their distinct identities, with decay
rates modified by their coupling. In particular, in contrast to the strong coupling
regime, we can define a “1-D atom” regime by k > g3/k > 7, in which the atomic
decay to the cavity mode is at rate gi/x and we have an effectively “1-D atom”
interacting preferentially with the cavity mode [31]. This was the parameter regime
used in the quantum phase gate [6], and squeezed-light cavity QED [34] experiments,
both of which employed the cavity as a means of enhancing an atomic interaction via
the 1-D nature of the system. In these experiments, the enhancement in spontaneous
emission into the cavity mode corresponds to a Purcell factor of 0.67 [6]. A more

thorough discussion of the various regimes of cavity QED can be found in Ref. [38].

2.1.1 Semiclassical theoretical treatment of the atom-cavity

system

Equation 2.6 for the evolution of the system density matrix can in general only be
solved numerically. However, in certain restricted circumstances a semiclassical ap-
proximation can be made, which consists of factoring joint operator moments, so
that for example (@5') — (a)(é'), and we thereby describe the field by an amplitude
(@) = a rather than a quantum mechanical operator. In this approximation, the
optical bistability state equation [64, 65] gives an expression for the driving field y in
terms of the intracavity field z, where both y and z are scaled by the square root of

the saturation parameter ,/mg:

2C R 206
y-“’[(“m) +’(¢'1—:m)]- (2.7)

Here § = (we — wp) /7L, ¢ = (we — wp)/k, and C = NC; is the N-atom cooperativity
parameter, with the single atom cooperativity parameter C; = g3/(2x7, ). To relate
z and y to the quantities of Eq. 2.6, the classical external driving field ¢ is given
by & = k./moy, and the intracavity field (@) < ,/moz, where this correspondence
for the intracavity field is not exact, because (@) is a quantum expectation value
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calculated from Eq. 2.6 while z and y are semiclassical quantities. Experimentally
our detection generates a photocurrent that scales proportionally with the amplitude
(@) of a transmitted probe through the atom-cavity, which we then square to end
up with a signal that scales as the amplitude squared. Consequently, for comparison
with semiclassical theory, the scaled powers X = |z|2 and ¥ = |y|® will generally be
the quantities we calculate from the bistability state equation. These are scaled by
myg from the corresponding intracavity and drive photon numbers. It should be noted
that the bistability state equation gives only a steady-state solution for the system
mean values (mgX « (&)), so that it can be used to study the structural properties of
the atom-cavity, but the dynamical aspects are determined by a quantum treatment
of noise, expanded about the semiclassical mean values.

This semiclassical approximation is valid for large values of the critical parameters
(No,mg) > 1, in which case quantities obtained from Eq. 2.6 can be expanded in the
small parameters (1/Np, 1/mg) to yield Eq. 2.7; this “system-size” expansion detailed
in Ref. [66] (The significance of critical parameters Ny = 1/C; and mg which will be
discussed in more detail in Section 2.1.1). In this regime, a collection of atoms acts
as a classical nonlinear intracavity medium, and Eq. 2.7 is valid for any value of C
or driving field power Y.

Even for the case of strong coupling, for which (Np,mg) < 1 and the above
semiclassical approximation is clearly not valid, in the very restricted case of weak
excitation (parametrization of what defines “weak” will be discussed in Section 2.1.1),
we can solve for the system eigenvalues simply by noting that there is never more than
one excitation in the system, so that (@5,) = —(&) and (6;) = —1, formally equivalent
to a semiclassical approximation. That is, for measurements probing the structure
of the system (such as measurement of transmission or fluorescence spectra), a semi-
classical approximation is valid for weak excitation, and we therefore only expect to
be able to distinguish intrinsically quantum effects in these structural measurements
at higher excitation strengths.

That a semiclassical formalism correctly predicts the atom-cavity level structure
for weak driving fields should not be taken as a statement that the system contains no
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interesting quantum mechanics: studying the dynamics of a weakly driven, strongly
coupled system reveals nonclassicality, such as photon antibunching of the output
cavity field [59]. In fact, such photon statistics measurements such as those detailed
in Chapter 6 give the largest degree of nonclassicality with weak driving fields.

Delineating parameter regions: Critical atom and photon numbers

To better parametrize exactly where semiclassical theory is valid we return to the
critical atom number, Ny = (2x7.)/go® and critical photon number mg = 43 /243.
Most quantum systems have large critical parameters; for example a typical laser has
a threshold photon number ,/mg ~ 10° — 10*, indicating that adding or removing one
photon has a negligible effect. Similarly, for cavity QED systems with large critical
atom numbers, many atoms are required to have an effect on the intracavity light
intensity, and accordingly the effect of a single atom is small. In these situations,
the quantum equations (the multi-atom extensions of Eq. 2.6) governing the system
can be expanded in the small parameters (mg', Ny!), and the description of the
system reduces again to a semiclassical prediction of the structure, with quantum
noise fluctuations about these values [66]. Note that this expansion is valid for any
field strength, and provides the more precise definition of the semiclassical regime,
that is (mg, Ng) >> 1.

As the critical parameters are reduced, we move toward a regime where individual
quanta have a profound effect on the system, so the semiclassical approximation above
is no longer valid. We can expect to see uniquely quantum effects appearing in the
system structure. Kimble group experiments in optical cavity QED have marked a
steady progression from the semiclassical to the quantum regime: from (mg, Ng) ~
10,000 in 1981 to recent experiments with (mg, Np) =~ 0.001 [27].

In the intermediate regime of (mg, No) = 1 there is some disparity between the
quantum and semiclassical theories; however, even for one experiment with (mg, Ng) =
(0.02,0.9), this difference could not be resolved experimentally [31, 38]. In contrast,
for systems with small critical parameters (mg, Ny) << 1, marked differences between
the theories can readily be observed. One experiment with (mg, Ng) = (0.0002, 0.015),
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described in Chapter 3, clearly demonstrates such a difference [25].

Finally, we note that the “weak” excitation regime, for which the system response
is linear and a semiclassical approximation is valid, can now be parametrized by
referencing the intracavity photon number m to the saturation photon number my,
with “weak-field” meaning i << mg. Note that for our current parameters of mg =~
10™*, we are not experimentally in the limit of weak excitation, as field strengths of
10~2 < 7 < 1 are required for acceptable signal-to-noise ratio.

2.1.2 Quantum theoretical treatment of the atom-cavity sys-
tem

In regimes where semiclassical theory is not valid, the transmission of the atom-cavity
system (for a single atom) can be found by numerical solution of the quantum master
equation (Eq. 2.6) for the steady-state value of p [67]. In this formalism, we express
decay of the system via cavity decay or atomic spontaneous emission respectively by

the “jump” operators,

Lc = V2ka (2.8)
= /27,0, (2.9)

and re-express the master equation in terms of the superoperator £, where (with
h=1)
ip=Lp=[Hopl =) 5(LiL;p+pLiL; — 2L;pL}). (2.10)
J

To compare the results obtained by numerical solution to Eq. 2.10 and the semi-
classical bistability state equation, plotted in Figure 2.3 is relative transmission ver-
sus empty cavity photon number for the quantum and semiclassical theories, that
is, mgX/mgY vs. mgY in the semiclassical case, and m/7 vs. 7 in the quantum
case, where m = | (&) |* with an atom present, and 7 is the corresponding value in
the absence of an atom. Referring back to Figure 2.2, for the quantum curve of Fig-
ure 2.3 we plot the ratio of the two curves of Figure 2.2, at the particular detuning
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A =0, and as a function of driving strength. In Figure 2.3(a), cavity parameters are
go = K = 27, , so that (mq, Np)=(0.125,1), and there are no detunings (w, = w, = wp).
Here it can be seen that for critical parameters (mg, Np) < 1, the semiclassical theory
predicts well the nonlinear saturation behavior of the system, even though this the-
ory is only strictly valid for (mg, Ng)>> 1. In contrast, the experimental parameters
of Chapter 3 {go, %,v.}/2m = {117,45,2.6}MHz, with (mq, Ng)=(2.5x1074,0.017)
yield the curves shown in Figure 2.3(b), which show a clear distinction between the
theories. The data of Chapter 3 explore this quantum/semiclassical distinction, and
show agreement with the quantum predictions. Finally, Figure 2.3(c) shows the same
calculation for the “dream” cavity with {go,%,7.}/2m = {647,56,2.6}MHz with
(mo, No)=(8%1078,7x10~*) described in Chapter 5, showing an even larger distinc-
tion between quantum and semiclassical theories.

While the weak-field agreement of the quantum and semiclassical theories remains
valid in Figure 2.3(c), it can be seen that the saturation characteristics of the quantum
and classical theories are becoming increasingly divergent as (g, Np) become smaller,
with the general trend that the quantum theory starts to saturate sooner, then takes
longer for the signal contrast to finally disappear, as was investigated in Ref. [38].
In Figure 2.3(c), the quantum theory has begun to saturate a factor of 10 lower than
the semiclassical turning point mg, and it can be seen that as we push the technical
edge of making (mg, Np) increasingly smaller, the semiclassical theory will become
increasingly irrelevant to describing the nonlinear behavior of the system.

Another interesting point to consider is that the final saturation in signal contrast
moves to higher empty cavity drive strengths as (my, Ny) decrease. This can be simply
understood: the weak-field relative transmission for a single-atom cooperativity C; is
given by (M/f)weakfiad = 1/(1 +2C1)? = {0.11,7 x 1075,1.2 x 10~7} in the three
cases shown in Figures 2.3. The empty cavity field i corresponding to a with-atom
field /7 of strength m = mg is then 7 = (1 + 2C;)?*mg = {1.1, 3.5, 66} photons for
these 3 cases, so it takes increasingly higher driving fields to access the nonlinear
regime in which the system saturates. In the strong coupling regime, (1+2C;)*mg =
(98/k7L)%(v2 /293) = (93/2%2), so an empty cavity driving field of 7i < g3/2x? gives
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Figure 2.3: Relative transmission versus empty cavity photon number for the quantum
(solid) and semiclassical (dotted) theories. Cavity parameters are (a) {go, %,v.}/27 =
{5.2,5.2,2.6}MHz, (b) {go, &, 7L}/2r = {117,45,2.6}MHz, and (c) {go, s, 7.}/2r =
{647,56,2.6}MHz, with (w, = w. =w,) for all traces.
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Figure 2.4: Energy eigenvalues of the atom-cavity system as a function of number of
excitations, n, and number of intracavity atoms, N. In the shaded region semiclassical
theory correctly predicts these eigenvalues.

a weak-field response with an atom in the cavity.

2.1.3 What’s so special about a single atom?

Given that a single intracavity atom can have a profound effect on the intracavity field,
the question arises as to whether this effect can be further enhanced by increasing the
number of atoms. Returning to the case of a lossless interaction, the extension of the
Jaynes-Cummings ladder of states to the case of N atoms [68, 69] is summarized in
Figure 2.4, where the level structure of the atom-cavity system is plotted as a function
of the number of interacting atoms. For one atom the structure is the familiar Jaynes-
Cummings ladder, with the n-excitation levels split by +Ffgg\/n in energy.

Moving to larger atom numbers (N'), we notice that magnitude of the 1-excitation
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vacuum-Rabi splitting scales as /N, and are hence led to define an effective coupling
strength gerr = gm/lv . Making this identification suggests that N atoms might
act as one effective atom of coupling strength g.;r, following a Jaynes-Cummings
Hamiltonian. Looking more closely at the higher-lying excitations shows that this is
clearly not the case. The 2-excitation splitting is iﬁgo\/4_N——§, which for N >> 1
tends to the energy eigenvalues expected for classical coupled oscillators, £2hg.sy.

In the limit of large atom number N >> 1, it therefore follows that semiclassical
theory yields the correct values for the structure of the system irrespective of drive
strength. Additionally, the quantum and semiclassical descriptions only deviate for
n 2> 2 excitations, so it should not be surprising that semiclassical theory is also valid
in the regime of weak excitation, as was already found.

Additional considerations with distributions of atoms

In cavity QED experiments which use a thermal atomic beam as an atom source,
there is by nature a spatial distribution of atoms within the finite cavity mode, and
a temporal variation of this distribution. Although these atoms may be collectively
strongly coupled in the sense of g.r = gov/N being large [23, 54], quantum effects
are made difficult to observe by the presence of many atoms as discussed in Section
2.1.3, even when the effective atom number in the cavity mode less than one. In
addition to the degradation in “quantumness” when moving from single atoms to N
atoms, if the distribution of atoms varies spatially and temporally there are additional
complications. In particular, if 9(r) is the mode function of the cavity field, then
the effective atom number N.gr = 37 |;:|? gives rise to effective coupling g.ry =
go\/lef for the single photon excitation; however for excitations of 2 photons the
splitting is modified to +hgy\/4N.f; — 2M/N.sr where M = YN |[4;]* [37]. That
is, various atomic distributions of the same N,y will each produce different structure

in the nonlinear spectrum.

Also, temporal variations in the atomic distribution lead to a time variation of
geff, and a resulting averaging of output spectra over the experimental detection
time. Intrinsic to thermal beams as an atom source, this effect has led to the in-
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ability of optical cavity QED experiments to directly and unambiguously resolve the
higher lying states of the Jaynes-Cummings ladder [37, 70], and has been a principal

motivation in moving to laser cooling as a source of single atoms.

2.1.4 What do we mean by a “single photon?”

In all of our experiments, we drive the atom-cavity with weak coherent fields, but we
often speak of “single photons” or “single photon fields.”

To begin with “single photon fields,” for an intracavity field characterized by mo-
ments of the operator &, two measurable quantities are of interest to us; |(&)|* ,which
is the quantity measured via our heterodyne detection, and (&!a), the mean pho-
ton number of the intracavity field, which would be measured via photon counting
of the output cavity field. For a coherent field (as is the case in the absence of an
atom), |(a)|* = (ata). We often choose to work with fields of mean field amplitude
[{(@)] =~ 1, in which case the mean amplitude, power, and photon number are equal,
(@)] = |(a)|* = (a'a) = 1. Typically this is what is meant by a “single photon feld,”
although of course the actual distribution of photons is a Poisson stream, with an
average photon number in the cavity at any time being, for example, one photon.

With an atom in the cavity the picture is more complicated. As shown in Figure
2.5, for some drive strengths the values for |(@)|* and (4'&) of the intracavity field can
be different by an order of magnitude. In this regime, when discussing a measured
field 7 = [(&)|> = 1 with an atom present, we can still call this a “feld with mean
amplitude 1 photon,” or a “field strength of 1 photon” as these refer to the amplitude
|(@)|. However, this state does not have a “mean intracavity photon number” of one.
That (afa) >> |(a)|* indicates that a substantial portion of the driving field is re-
radiated into the incoherent part of the atom-cavity spectrum, to which our coherent
heterodyne measurement is insensitive, except to add a small contribution to the noise
spectrum. A photon-counting measurement would collect all photons radiated into
the cavity mode, yielding (&) . For a Poisson stream of photons, [(2)[* = (a&), but
this does not necessarily mean that [(3)|* # (a'a) signifies nonclassical (or interesting)
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Figure 2.5: Saturation of the relative transmission of the atom-cavity system. As
the system saturates, values for |&|? and (@'a) are quite dissimilar. Parameters are
{90, 5, 7L }/27 = {117,45,2.6}MHz with w,; = w,.

photon statistics: for example, a thermal distribution and a squeezed vacuum state
both have (@) = 0 and (afa) > 0.

Having dealt with “single photon fields” we now move to discuss what we mean by
a “single photon.” Quantization of the electromagnetic field inside the cavity treats
the field as a quantized harmonic oscillator, of which the n-photon Fock states |n) are
energy eigenstates. Technically then, a “single photon” is the 1-photon Fock state 1)
of the electromagnetic field.

The question to be answered then, is when we drive the cavity with a weak coherent
state, is this quantization of the intracavity field into photons significant, or should
we restrict our discussion to field amplitudes (@) = a and combinations thereof?
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This can be addressed by returning to the discussion of Section 2.1.2, where quantum
(Eq. 2.6) and semiclassical (Eq. 2.7) theoretical descriptions of the atom-cavity
were contrasted. The essence of the semiclassical approximation is that fields are
treated as amplitudes (@) = o rather than operators @, that is, in the quantum
theory quantization of the cavity field into photon states is explicit, while in the
semiclassical theory it is absent. Thus, if we can experimentally observe structure
and dynamics in the atom-cavity system that are described only by a full quantum
treatment (and are at odds with semiclassical theory), we are justified in speaking of
the intracavity fields in terms of photons, and photon states. In this regime, we can
think of our incident coherent field as being decomposed by the atom-cavity system
into a basis of Fock states, processed in this basis, then reassembled into an emitted

cavity field which is no longer a coherent state.
The measurements of Chapter 3 show such a quantum-semiclassical distinction in

the system structure, justifying this picture of a quantized intracavity field.

2.1.5 Calculating mode volumes

The electric field distribution within the cavity E(F) = Egy(7) is determined by a
spatially varying mode function ¥(7), and the corresponding energy stored in the
electric field for a single photon is calculated by integrating over this mode function

to obtain a mode volume V,, ;
e [ BV =B [(9(PV = BV (2.11)

Assuming the mode is of the form ¥(¥) = cos(2rz/)) exp[—(y® + 2z%)/wd], the mode
volume V/, obtained (for a cavity of length L.¢y) is

Vo= (9P = FudLers 212

This assumes that the cavity mode has hard edges at +L.f¢/2 and of pure sinusoidal
standing-wave form. However, as described in more detail in Chapter 5, the physical
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mirrors that we use in the experiment are composed of a ~ 35 layer dielectric stack
of alternating A/4 layers high and low index materials. The total thickness of this
coating is ~ 5um, and penetration of the mode into this coating is not negligible for
cavity lengths of less than a few tens of microns.
To calculate ¥(7) and V,, including this leakage into the mirror coatings, we first
note that for an electric field in a dielectric, the single-photon stored energy is modified

to
hw o / (D-E)dV = / n2|EJdV = B2V, (2.13)

where the mode volume is now determined by the integral
Vo= [ @RV, (2.14)

with n(7) is the material refractive index at position 7. Calculations for the form of
n2(7)|¢¥(7)|? are made in Chapter 5 for the mirrors used in the experiment of Chapter
4, with one example shown in Figure 2.6. It can be seen that for this 3A/2 cavity, the
leakage of the mode into the mirrors has a sizeable impact on the mode volume, in
this case the coupling strength go calculated is reduced to 80% of what would have
been expected from a hard-edged cavity of length L = 3\/2.

In the numerical integration of Eq. 2.14 over calculated field distributions such as
the example of Figure 2.6, one subtlety arises - the mirrors have finite transmission, so
there is a (constant amplitude) traveling-wave component to the mode which extends
outside the cavity mirrors. Consequently, if the integration limits were taken to
z = Foo0, the integral for V;, would also be infinite. I have chosen to truncate the
mode at the outer edges of the mirror coating stack.

2.1.6 Optical Information

Over the last few years the Kimble group has pioneered the use of laser-cooled atoms
in cavity QED [24, 25, 26, 46, 28, 27], enabling experiments with single atoms, one at

a time. Previous experiments using atomic beams required averaging over many atom
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transits to extract any useful data. To quantify this information rate, we derive the
optical information I [71], which is roughly the number of photons obtained as signal
for a single atom traversing the cavity in time T with photon detection efficiency c,

and is given by

2
agy
I= . 2.
K (2.15)

For the parameter of Chapter 3, this yields I ~ 54000w, compared to I ~ = for
previous atomic beam experiments. This vast increase in signal allows for the real-
time monitoring and manipulation of single atoms as they traverse the cavity mode.

The optical information is derived as follows for our system with go > k > v. As
discussed in Section 2.1.2, when driving the atom-cavity on resonance, an intracavity
field of mean photon number 7 = g3/2x? is reduced in power to the saturation photon
number mo when an atom enters the cavity. Photons are emitted from the cavity at
rate 2k, so the photon flux out of the cavity is reduced by ~ g?/x photons/sec, or
a total of I = g2T'/x photons over time T. No increase in I is obtained by further
increasing the drive strength, as the signal contrast reduces. Measurement of the
reflected (rather than the transmitted) cavity field would give a corresponding increase
(rather than a decrease) of photon counts by I.

If the probe detuning is chosen to be A ~ go, so that the probe is tuned to
one of the vacuum-Rabi sidebands (the two peaks of Figure 2.2), numerical solutions
suggest that the optical information obtained for a single atom transit is of similar
magnitude to the case of resonant driving, but derivation of an analytical expression

is more troublesome.

2.1.7 Motivation for cold atoms in cavity QED

From the theoretical discussion above, two principal motivating factors suggest that
cold, slowly moving atoms would be a better atom source for cavity QED experiments
than fast thermal atomic beams.

1. With cold atoms, single atoms can be isolated one at a time, avoiding the
debilitating losses discussed in Section 2.1.3 intrinsic to atomic-beam ensembles of
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atoms.

2. The transit time T of a single untrapped atom falling through the cavity modeis
increased by a factor of ~~ 5000, so the optical information obtained is large enough to
monitor single atom trajectories with high bandwidth, rather than having to average
over the passage of many individual atoms. The high values obtained for the optical
information mean that this measurement strategy can in fact approach the standard
quantum limit for the measurement of atomic position, i.e., the point at which we
extract the maximum amount of information allowed by the principles of quantum
mechanics [72].

In addition, there is a third important and interesting consequence of the integra-
tion of strong coupling with cold atoms. The kinetic energy Ej associated with the
slow atomic motion can be smaller than the interaction energy figg of the atom-cavity
coupling. This means that the strong coupling interaction between atom and cavity
will then unavoidably have a significant mechanical effect on the atomic motion. In
the results of Chapter 3, we see that the single photon coupling energy figy causes
atoms trajectories to be channeled toward (or away from) maxima of the intracav-
ity field, depending on probe detuning. In Chapter 4, these same quantum coupling
forces are exploited to trap single atoms in the cavity with single photon fields.

2.2 Overview of experimental procedures

Many of the procedures employed and equipment used in this experiment are very
similar to those of previous Kimble group cavity QED experiments. In particular, I
would point to Quentin Turchette’s Ph.D. thesis [38], which provides a more detailed
overview of the following topics: Locking the Ti:Sapphire laser with a FM saturation
lock, probe beam generation with the traveling-wave modulator, heterodyne detec-
tion, and measurement of heterodyne detection efficiency. I will focus here primarily

on aspects of the experiment which are different from these earlier incarnations.
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2.2.1 Atom source - Cold atoms from a MOT

From the theoretical discussion presented in Section 2.1.7, the advantages of using
cold atoms rather than a fast, thermal atomic beam emerge: single atoms can be
observed one at a time in real-time with high bandwidth, losses due to many-atom
effects are greatly reduced, and we can expect to see interesting consequences of strong
coupling on the center-of-mass atomic motion.

The setup used here to provide single atoms for the cavity QED interactions to be
studied is an adaptation of apparatus used in the first cold-atom experiments by Hideo
Mabuchi and collaborators [24, 73]. A cloud of ~ 10* cesium atoms is first collected
in a magneto-optical trap (MOT) [36], situated between 2mm and Smm above the
cavity mode. In the initial experiments of Chapter 3, the MOT was loaded from an
atomic beam. While this helped keep the background pressure in the chamber low
(=~ 10~ Torr), few atoms were captured in the MOT because no beam-slowing was
being employed. We soon moved to instead running the entire chamber as a Cesium
vapor cell, since significantly more atoms were collected in this configuration. The
edges of the MOT beams are aligned to clip on the cavity mirrors, so that a MOT
can be made as close to the cavity as possible, thereby minimizing the kinetic energy
of atoms entering the cavity mode. This minimum trap height is 1.5mm, the radius

of the mirror substrates.

Sub-Doppler cooling

Once atoms have been collected, the MOT laser beams are reduced in intensity and
detuned further to the red, and the magnetic field coils switched off, to provide sub-
Doppler cooling for 5 to 15ms. The intensities and detuning are adjusted operationally
to produce the coldest atom cloud, with the temperature measured by monitoring the
free expansion rate of the atom cloud. Temperatures of 15-20uK are typical after sub-
Doppler cooling. The MOT beams are then switched off, and the atoms allowed to
fall under gravity toward the cavity mirrors. Figure 2.7 shows a time-lapse sequence
of CCD images of the cloud of atoms as it falls, from an initial height of 15mm in
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this series of images.

To interact with light in the cavity mode, an atom must fall through the 9um
gap between the edges of the mirrors and also through the waist wy ~ 14um of the
Gaussian mode of the resonator. As a result, even with 10* atoms initially, only one
or two atoms are observed crossing the standing-wave mode of the cavity each time
the MOT is dropped.

MOT coils

The main magnetic field coils required to form the MOT are wound directly onto the
outside of the vacuum chamber. Heat generated from these coils had an unexpectedly
large effect, heating the chamber which caused both an increase in chamber pressure,
and undesired changes in cavity length and alignment. To counteract this heating,
copper piping was wound directly over the field coils to run cooling water. With both
the coils and cooling water on, several hours are required for the chamber temperature
to stabilize. Additional smaller pairs of coils (trim coils) zero the magnetic field at
the site of the MOT, so that when the atoms are released they expand freely, rather
than feeling a force from a residual magnetic field. Good zeroing of the fields is also
required for effective sub-Doppler cooling.

Finally, a single large bias coil directly above the chamber provides a field to shift
the position of the MOT, from =~ 15mm above the cavity (as pictured in Figure 2.7)
with this coil off, to ~ 3mm above with this bias field on. For the experiments of
Chapter 4, the cavity position within the chamber was raised, and ended up slightly
too high - covering the position where the MOT would form. The bias coil was used

in this case to raise the MOT position to 2-3mm above the cavity.

MOT lasers and MOT beam layout

The MOT beams are provided by two home-built grating-stabilized diode lasers [74].
The trapping laser is detuned 10-30MHz to the red of the {Cs F=4—5}hyperfine com-
ponent of the D2 line (6S;/, —6P3/, transition). This detuning is achieved with two
acousto-optic modulators (AOMs). The laser is locked directly using FM saturation
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Figure 2.7: A cloud of cesium atoms falling to the cavity, 0, 10, 20, 30 and 40ms after
the MOT is switched off. This expansion rate reflects a temperature of ~ 15uK.



42

spectroscopy to the F=4—4,4—5 crossover peak (126 MHz below the F=4—5 transi-
tion), then is upshifted in frequency by a double-passed AOM by a total of ~215MHz,
this AOM tunable to allow the laser to be detuned quickly for sub-Doppler cooling.
A fixed frequency AOM then shifts the laser down by 110MHz, back to the desired
frequency for trapping ~ 10MHz to the red of the transition, this second AOM al-
lowing the beam to be switched on and off during the trap-drop cycle. Before passing
through this second AOM, this beam is amplified by passing through the gain element
of an SDL 8630 laser. This MOPA (Monolithic Optical Parametric Amplifier) chip
provides a gain in power of a factor of 100, from ~4mW to ~400mW. The repump-
ing laser, locked to the {Cs F=3—4} hyperfine level of the D2 line, addresses atoms
which fall into the non-interacting F=3 ground state, and returns them to the {Cs
F=4—5} trapping transition.

These two beams are created with opposite linear polarizations, added at a po-
larizing beam-splitter, then focused into a single optical fiber, which transports them
across the room to the chamber where the MOT is to be formed. At the output of
the fiber, the trapping beam is split evenly for the 3 axes of the MOT by using two
polarizing beam-splitters with half-wave plates to rotate the polarization preceding
each one. This generally gives about 15mW in each 1-inch diameter beam. The re-
pumping laser follows the same paths, but will be split unevenly by the polarizing
beam-splitters, as its initial polarization is opposite to the trapping beam. As this
beam only provides optical pumping (and not radiation forces), this imbalance has
negligible effect.

MOT control sequence

The data acquisition cycle, shown in Figure 2.8 is as follows: The MOT is loaded for
2s (MOT beams on, Main coils on, Bias Coil High) far from the cavity (~ 10mm)
then lowered to ~ 3mm above the cavity, Since the MOT laser beams clip and are
distorted at the edge of the cavity, atoms can be collected more efficiently further from
the cavity. The MOT beam intensities are ~ 10mW per beam in a ~2cm diameter.
Then, the main field coils and bias coil are switched OFF, the MOT beam intensity
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Figure 2.8: Switching sequence of optical and magnetic fields, for cooling and drop-
ping the MOT. At 30ms, sub-Doppler cooling begins: the magnetic fields (bias field,
gradient field) are switched OFF, and the MOT laser detuned and attenuated. 15ms
later the MOT laser is switched OFF and the atoms fall. 20ms later, a trigger enables
data acquisition. This drop sequence is repeated every 2s.

switched down to ~ ImW and detuning increased to ~ 30MHz, for ~ 15ms of sub-
Doppler cooling. Finally, the MOT light is switched off and the atoms are allowed to
fall toward the cavity. A trigger is sent to a separate data acquisition program ~ 20ms
after the trap is dropped, to begin recording data of the atom-cavity transmission.
A Labview routine controls this sequence, outputting a series of control voltages to

switch the field coils, and MOT laser AOM drivers.
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2.2.2 Optical layout: laser locking, frequency shifting.

The layout of optical paths for the cavity QED (rather than the MOT) part of the
experiment is shown in a simplified form in Figure 2.9, and frequencies of these
beams are indicated by Figure 2.10. A Ti:Sapphire laser provides 3 principal beams
used in the experiment: the “lock” beam, “probe” beam and local oscillator (LO)
for heterodyne detection. The Ti:Sapphire is locked ~ 40MHz above the F=4—5
hyperfine component of the Cesium D2 line, achieved by frequency down-shifting
part of the laser output with a double-passed AOM, then locking with this shifted
beam directly to the F=4—4,4—5 crossover peak in an FM saturated absorption lock.
The laser lock frequency defines the LO frequency, and is adjustable by changing the
frequency shift of the lock AOM.

The probe beam is a single RF sideband of a travelling-wave electro-optic modula-
tor (TW-EOM). This probe generation method allows for rapid switching of the probe
beam intensity and frequency, using RF switches. The TW-EOM does not generate
sidebands very efficiently, so in order for the carrier (which is in general ~ 50 times
larger than the sideband) to have an insignificant effect on the intracavity physics,
it must be far detuned from the cavity resonance. For our cavity of Chapter 3 with
40MHz linewidth, this led to a requirement of 2 500MHz detuning. This frequency
shift was achieved by double-passing a 200MHz AOM twice, to give a total shift of
800MHz. An RF frequency of 800+200MHz applied to the TW-EOM then generated
a scannable probe beam near the Cesium resonance. With the large atom-cavity
coupling strength g ~ 120MHz in this experiment, this large scan range is critical for
mapping out the frequency response of the system.

The lock beam, used in the experiments of Chapter 3, was generated by taking
the unshifted beam from the double-double-pass setup, and shifting it with a fixed
frequency 40MHz AOM. This AOM allowed the lock beam to be chopped for use in
the locking-scheme detailed in Section 2.2.4. The detuning of this beam from the
Cesium resonance was adjusted by shifting the laser lock frequency. The lock and

probe beams are combined on a beam-splitter, then mode-matched into the cavity
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Figure 2.9: Simplified layout of the optical paths used for the cavity QED interac-
tion and detection. Labeled elements are H=half-wave plate, Q=quarter-wave plate,
PBS=polarizing beam-splitter, AOM=acousto-optic modulator, EOM=electro-optic
modulator, P=polarizer. Unlabeled elements are mirrors, beam-splitters, and lenses.
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Figure 2.10: Frequencies of the LO, lock and probe laser beams.

with lenses and beam-steering mirrors.

The local oscillator beam was taken directly from the laser output, without fre-
quency shifting, to try and keep the spatial profile of the beam as clean as possible.
Lenses are used to overlap shape of this beam with the cavity output beam, the
beat-note between these frequency-detuned beams detected in balanced heterodyne

detection as a measurement of the cavity output beam.

2.2.3 Basic cavity design

The cavity, pictured in Figure 2.11 and shown schematically in Figure 2.12 is con-
structed of two mirrors, each machined down in a cone from a 3mm diameter cylin-
drical substrate, to leave a Imm diameter coated surface. This machining serves two
purposes. Firstly, it allows the curved mirrors to be brought more closely together
than would be possible with larger diameter substrates, increasing the atom-cavity
coupling strength g. Secondly, it allows clearance for the two MOT laser beams
which are oriented perpendicular to the cavity axis, allowing the MOT to be formed
only 1.5mm above the cavity mode. The fabrication, cleaning, and inspection and
characterization of these mirrors will be discussed in more detail in Chapter 5.

In the cavity shown in Figure 2.11, the mirrors are lightly glued to aluminum
v-shaped blocks, which are then glued to flat, shear-mode piezoelectric transducers
(PZT’s) which allow the cavity length to be scanned and actively controlled. The
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Figure 2.11: Photograph of the cavity and cavity mount used in the experiments of
Chapter 4, and described in more detail in Chapter 5.

Reflective Surface

BK7 Substrate

Figure 2.12: Schematic of the cavity mirrors.
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PZT’s are glued to a solid copper base, which gives good intrinsic cavity length
stability, and forms part of the vibration-isolation stack inside the chamber. In an
earlier cavity mount design, used for the experiments of Chapter 3, this base-block
was made of two separate hollow sections, with an internal tube PZT providing scan-
ning/stabilization capabilities. Mechanical resonances in this mount at low frequen-
cies (few kHz) were eliminated by moving to the solid-block design, simplifying cavity
stabilization.

2.2.4 Cavity stabilization

For cavity of finesse F, the length stability required to keep the cavity resonant
within its linewidth is AL =~ (A/2)/F, so for stability of 1/10 of a linewidth, which
would typically be a minimum requirement for our experiments, this gives AL =~
(A/2)/10F = 8.8 x 10~m for a cavity with 480,000 finesse. To attain this level
of length stability, the cavity needs to be isolated well from vibrations, and actively
controlled.

Passive stabilization: Vibration-isolation stack

To isolate the cavity from vibrations of the chamber and table, a series of alternating
heavy copper blocks and absorbing materials (viton, RTV) is used, with the specific
design employed here designed by Michael Chapman. The cavity mount pictured
in Figure 2.11 sits, isolated by a square of viton at each corner of the mount, on a
thick copper baseplate which has a heavy copper rod extending from its base. This
baseplate is then placed, with RTV underneath, onto a large copper block which is
machined to fit the circular shape of the chamber. This block is composed of two
heavy copper sections and a connecting crossbar, with a hole in it to allow the heavy
copper rod to hang freely. Finally, the large copper piece is placed inside the vacuum
chamber, supported by combination viton/RTV rubber bumpers. These pieces are
shown in Figure 2.13. At each stage, there is no contact between the copper pieces,

except via the rubber bumpers. The thickness of these copper pieces is chosen such
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Figure 2.13: The cavity mount is isolated from vibrations by a series of copper blocks
seperated by rubber spacers.

that the final height of the cavity should be just below the geometric center of the

vacuum chamber, where the MOT forms.

Active stabilization: Cavity locking strategies

To actively stabilize the cavity length in the first experiment, described in Chapter 3,
an auxiliary locking laser beam was used in the cavity. The intensity of this beam was
high enough to saturate out any atom-transit signals, so that transiting atoms had
no effect on the cavity lock. This beam was chopped off in a square wave at 0.5kHz,
to allow 1ms intervals of data acquisition between cavity locking. For experiments
using coincident probe beams, this beam was not completely chopped off, but rather
chopped to a low level suitable for probing the atom-cavity. This chopped lock has
the advantage that “no-atoms” segments bracketed the atom signals which helped
with normalization of the signals; however, it limits the potential dwell-time of an
atom in the cavity to ~ lms.

The lock beam was detuned from the atom-cavity resonance by «, and the cavity
locked to keep the amplitude transmission of this beam constant, thereby derived a
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locking error signal directly from the slope of the side of the cavity resonance. The
feedback signal came from the heterodyne detectors (via the video out port of the
spectrum analyzer, log scale), this feedback filtered to ~ 50Hz bandwidth to avoid
interference from the chop frequency. This direct locking was chosen after investi-
gating chopped-locks with other methods of error signal generation: dither/lock-in,
and FM reflection locking. These more complicated schemes did not improve the
characteristics of the lock, primarily because the main lock excursions were cavity
drifts and instabilities around or above the chop frequency of ~ 1kHz, which in each
case were above the lock bandwidth.

The quality of this lock is investigated in Figure 2.14, where noise variance (An)?
versus mean intracavity photon number 7 is plotted for a laser field transmitted
through the cavity, with these points taken from the data traces of Chapter 3. The
cavity is locked with the chop-lock described above, and measured with an indepen-
dent probe beam at a different frequency. Circles are for a probe resonant with the
cavity, and triangles for a probe at 20MHz detuning (~ %/2 for this cavity). The
initial linear behavior (dashed line) reflects the dominance of shot noise (A7i o /7t)
at low powers, but eventually technical noise (A7i o« #) introduced by cavity lock
imperfections dominates, and the noise variance deviates from a linear dependence.
For a probe beam resonant with the cavity, shot noise dominates up to 7 ~ 3 pho-
tons, whereas for a probe on the side of the cavity this limit is i < 1 photon. This
is expected, since a probe on the side of the cavity will be most sensitive to noise
introduced by cavity vibrations.

In the data of Chapter 3, the intracavity photon number is generally 72 < 1 photon,
so the observed noise will be dominated by shot noise.

In the second series of experiments, the more stable solid-block mount (pictured
in Figure 2.11) allowed a slower chop frequency. It was found that the lock was nearly
as good when the independent lock beam was eliminated, and the cavity was locked
directly to the probe beam. When an atom signal was observed, the lock feedback
was triggered off for 2ms, to avoid interference of atom signals in the cavity lock. Due
to the higher finesse of this cavity, technical noise had a greater contribution to the
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Figure 2.14: As a test of the cavity lock characteristics, we plot noise variance (Af)?
versus mean intracavity photon number 7 in the absence of atoms. A linear depen-
dence indicates shot-noise dominated measurement up to 7i ~ 3 intracavity photons
for a resonant probe (circles), and up to 7i ~ 1 intracavity photon for a probe detuned
by x/2 (triangles).



52
observed noise; at 0.3 intracavity photons some contribution from was clearly visible
from a mechanical resonance of the mount at 60kHz.
In both experiments, the respective cavities was estimated to be locked to ~
+2MHz center frequency.

2.2.5 Heterodyne detection, data acquisition

The transmission of the probe and lock beams through the cavity are measured by
balanced heterodyne detection, described in more detail in Ref. [38]. The local
oscillator beam is overlapped with the cavity output on a beam-splitter, then the
beat between these frequency-separated beams is measured in two detectors at each
output of the beam-splitter. Subtraction of the two photocurrents yields a signal
proportional to the intracavity field 4. If coherent demodulation is employed, as
in Ref. [46], both quadratures of the intracavity field, and their associated noise
characteristics can be obtained with this type of measurement.

In the current apparatus, we use a spectrum analyzer to provide demodulation of
the beat frequency, which incoherently sums the two field quadratures to measure only
the transmitted intensity |&|> through the atom-cavity system. The video-out signal
from the spectrum analyzer is digitized by our computer-controlled data acquisition.
This same signal video-out signal is used for cavity lock, and in the atom-trapping
experiments of Chapter 4, for triggering on atom signals. A block diagram of the
electronics used in the cavity lock, data acquisition, and atom triggering is shown in
Figure 2.15, for the case where the cavity is locked directly to the probe beam. With
an independent lock beam the setup is more complicated; each of lock and probe has
own spectrum analyzer, an additional function generator produces a square wave to
chop the lock beam, this same signal used to blank OFF the lock feedback signal
during data-taking phases.
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Figure 2.15: Block diagram of the electronics used in the cavity lock, data acquisition,
and for triggering on single-atom events.
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2.2.6 Calibration of measured signals

Over the course of these measurements, the efficiency of our heterodyne detection
was 45-55%, measured independently for each data set. For a given cavity output
power (typically ~ 20nW for this calibration) and a know local-oscillator beam power
(typically 5SmW), this efficiency can be determined by comparing the resulting beat-
note size to the shot-noise level, as detailed in Ref. [38]. This is consistent with
a direct measure of homodyne fringe contrast, for this experiment n ~ 0.8, which
combined with the detector quantum efficiency of & ~ 0.8 gives an overall heterodyne
efficiency of an? = .8 x (.8)% ~ 50%.

Calibration of the intracavity photon number 7 is achieved by reference to a cavity
output of known power; the output flux of cavity photons will be 7(c/2L)T, where T
is the output mirror transmission, and photons strike this mirror every ¢/2L seconds.
Accounting for measured transport losses between the cavity and heterodyne setup,
this allows the optical power to be related to an intracavity photon number. The
corresponding spectrum analyzer beatnote level scales linearly with optical power, so
the relationship between spectrum analyzer dBm level and intracavity photon number
is then established.

This photon number-dBm calibration is done at a single detection frequency, so
corrections need to be made for variations in detector sensitivity/gain when probing
at other frequencies. These corrections were derived by measuring the shot-noise (and
electronic noise) levels as a function of frequency: As the shot-noise spectrum is white,
any variations will be due to detector/amplifier response. As shown in Figure 2.16,
over the frequency range of 5-250MHz used in detection, variations of several dBm
are seen. These variations depend on the specific detectors, cables, and spectrum
analyzers used, so once the calibration was made care was taken to change nothing
in the setup. In Figure 2.16, the top (dark) curve is the electronic noise (all beams
blocked) and the lower (light) curve shot-noise (cavity output blocked). The shot noise
trace, which is used to determine the frequency-dependent correction to the photon
number calibration, has been offset downward by 6dB in this plot. Because the shot
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Figure 2.16: Over the frequency range 5-250MHz used in heterodyne detection, the
sensitivity and gain of the detectors varies by several dB.

noise signal is ~6dB larger than the electronic noise, small spikes in the electronic
noise spectrum (due to phenomena such as RF pickup in the photodetectors) are
largely hidden when shot noise is added.

Finally, the signal we actually record is a voltage from the spectrum analyzer
video-out port, so the calibration of this voltage to dBm needs to be measured.
This varies according to which spectrum analyzer is used, and changes when auto-
calibration is run on the spectrum analyzer, so again, once this calibration was deter-
mined no changes were made to the setup. The calibration relationship is non-trivial:
for the data of Chapter 4, the conversion from video-out to dBm was determined by

(Power in dBm) = (Vout)x79.1 -87.975 +(offset due to detection frequency response).
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Chapter 3 Real-time cavity QED with

single atoms

This Chapter is largely based on “Real-Time Cavity QED with Single Atoms,” C. J.
Hood, M. S. Chapman, T. W. Lynn and H. J. Kimble, Phys. Rev. Lett. 80, 4157
(1998).

3.1 Introduction

An important trend in modern physics has been the increasing ability to isolate and
manipulate the dynamical processes of individual quantum systems, with interactions
studied quantum by quantum. In optical physics, examples include cavity QED with
single atoms and photons [1] and trapped ions cooled to the motional zero point
(11], while in condensed matter physics, an example is the Coulomb blockade with
discrete electron energies [75]. An essential ingredient in these endeavors is that the
components of a complex quantum system should interact in a controlled fashion
with minimal decoherence. More quantitatively, if the off-diagonal elements of the
system’s interaction Hamiltonian are characterized by (H;,:) ~ Hhg, where g is the
rate of coherent, reversible evolution, then a necessary requirement is to achieve
strong coupling for which g > 8 = max[[', T~!] with T as the interaction time and T’
as the set of decoherence rates for the system.

Although there are many facets to investigations of such open quantum systems,
our primary motivation has been to exploit strong coupling in cavity QED to en-
able research in quantum measurement and more generally, in the emerging field
of quantum information dynamics [71]. For this system, the coherent coupling is
parametrized by rate gq, where 2gq is the single-photon Rabi frequency, and decoher-
ence is dictated by the rates ' = {v,,«}, with 7, as the atomic dipole decay rate
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and k as the rate of decay of the cavity field. Several experiments in cavity QED
have investigated the nonperturbative interaction of an atom with the electromag-
netic field at the level of a single photon [53, 54, 58, 59]. However, without exception
these experiments have employed atomic beams in settings for which the information
per atomic transit (of duration T') is [ = 49’;2 ~ 1, that is, little information is ob-
tained from the passage of a single atom through the apparatus, and measurements
over an ensemble of atoms are required. For example, the passage of a Rydberg atom
through a microwave cavity and its subsequent measurement provides a single bit of
information (53, 58.

By contrast, an exciting recent development in cavity QED has been the ability
to observe single-atom trajectories in real-time with I >> 1, pioneered by the results
of Ref. [24], and explored in several subsequent experiments [25, 26, 44, 45, 46, 28,
27, 47]. In this method the transmitted power of a probe beam is monitored as
cold atoms fall between the mirrors of a high-finesse optical resonator, with the probe
transmission significantly altered by the position-dependent interaction between atom
and cavity field {49, 50].

Similarly enabled by the use of cold atoms, the research reported in this Chapter
exploits the largest coupling go achieved to date to explore a new regime in cavity
QED, for which single-atom trajectories can be used to infer the nature of the under-
lying one-atom master equation. More specifically, for atoms taken one by one, we
map the frequency response of the atom-cavity system, and thereby directly deter-
mine gg from the vacuum-Rabi splitting. In this measurement, we observe a marked
asymmetry in the vacuum-Rabi spectrum; when the probe laser is tuned to the red of
the coincident atom-cavity resonance the characteristics of atom signals are in accord
with the single-atom master equation, whereas for a blue-detuned probe few trajec-
tories achieve optimal coupling, reflected in a diminution of both the peak amplitude
and abundance of atom signals. We attribute this effect to light forces, which due to
the strongly coupled nature of the system have a significant effect even for photon
numbers < 1. Notably, this is the first experiment for which the interaction energy
hgq is greater than the atomic kinetic energy.
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For probe excitation frequencies near the coincident atom-cavity resonance, the
nonlinear saturation behavior of the atom-cavity system is explored, and found to be
in accord with the single-atom master equation (for a red-detuned probe field) but

at variance with semiclassical theory.

3.2 Experimental apparatus

Our apparatus is shown schematically in Figure 3.1. The Fabry-Perot cavity consists
of two superpolished spherical mirrors of radius of curvature 10 cm, forming a cavity of
effective length 10.1 um and finesse F=1.8 x 10°. In this cavity (go, &, 71, T71)/2r =
(120, 40, 2.6, 0.002) MHz, where the atom-field coupling coefficient go is determined
by the cavity geometry (and the kmown tranmsition dipole moment [76]), x is the
measured linewidth of the TEMg mode of the cavity, v, is the dipole decay rate
for the Cs (6S1/2,F=4, mp=4) —(6P3/2,F'=5,m}p=>5) transition (A = 852.36 nm)[76],
and typical transit times for atoms through the cavity mode (waist wo =~ 15um)
are T ~ 75us. These rates correspond to critical photon and atom numbers (mq =
72 /2g3, No = 267, /g3) = (2.3 x1074,0.015), and to optical information per atomic
transit [ ~ 5.4 x 10%r {71]. This large value of I >> 1 enables not only detection
of single atoms, but monitoring of the motion of these atoms in real-time with high
signal-to-noise ratio. The probe transmission (typical power 10 pW) is measured
using balanced heterodyne detection with overall efficiency 40%. The length of the
cavity is actively stabilized by chopping an auxiliary locking beam [59].

Our experimental procedure consists of loading the MOT for 0.5s, performing
sub-Doppler cooling to 20uK and then dropping the atoms, all the while monitoring
transmission of a circularly polarized probe beam with fixed detuning A = wp —wac
(where Watom = Weawity = wac). The circularly polarized probe beam drives the
cycling transition mg=4—m%=>5 and provides optical pumping to this sublevel as an
atom enters the cavity mode. The magnetic field is zeroed at the site of the MOT to
allow sub-Doppler cooling and from the coil geometry, should also be well zeroed at
the cavity mode. Explicit spatial quantization obtained by switching a magnetic field
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Figure 3.1: Schematic of the experimental apparatus.

“on” along the cavity axis as the atom transits produced no significant impact on the
transit signals. Note that transit signals from atoms that are incorrectly optically
pumped and driven on transitions other than mp=4—mr=5 will be eliminated by
our selection of optimal events detailed in Section 3.4.1.

3.3 Single atom transit signals

As an atom falls into the cavity, it encounters a spatially dependent coupling coeffi-
cient g(7) ~ go cos(2rz/)) exp[—(y® + 2%)/w?] = go¥(¥), arising from the standing-
wave structure of the cavity mode. As an atom enters, and g(7) increases from
zero, this coupling causes the otherwise coincident atomic and cavity resonances
(Watom = Weavity = Wac) to map to dressed states for the atom-cavity system, which
are split in frequency by +g(7). The probe spectrum thus evolves from a simple
Lorentzian to a “vacuum-Rabi” spectrum with two peaks at wsc +g(), as illustrated
in Figure 3.2. Displayed is a series of theoretical transmission spectra m(A) = [{(a)|.
That is, m(A) indicates the transmission through the atom-cavity for a probe of
detuning A. Here {a) is the mean intracavity field amplitude calculated from the
steady-state solution of the master equation for a single atom (of infinite mass). In
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Figure 3.2: m(A) = |(a)|? as a function of probe detuning A for atomic positions 7}
such that g(77) = {0, 40/9, ..., o}, With probe intensity fixed at 7ip = 1,and Wegyiry =
Watom. FOr an atom transiting the cavity, this position dependent coupling yields a
time dependent transmission, indicated by the bold curves for fixed probe detunings
A/2r = {-20,—40, ~120}MHz.

Figure 3.2, the atom’s position ; is stepped such that its coupling strength g(7%)
increases from g(7) = 0 to g(7i) = 2m x 120MHz= g,.[50] Of course, the spectrum
at g(7;) = 0 is simply the Lorentzian response of the cavity with no atom present,
hereafter denoted by i(A) = fg/[1+(A/k)?], while the spectrum at g(7}) = go corre-
sponds to an optimally coupled atom.

Although in the actual experiment most atoms never reach a region of optimal
coupling, some do enter in the desired mr=4 sublevel and fall through antinodes of

the field. These atoms encounter an increasing g(¥) which sweeps the vacuum-Rabi
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sidebands of the spectrum outward in frequency to the maximal splitting of +g,/27 =
+120MHz. (For atoms which only reach a coupling of gm.: < go, the sidebands will
sweep out to the smaller separation of +gm../2, indicated by the intermediate curves
of Figure 3.2.)

Instead of measuring this entire spectrum simultaneously, we will be using a single
probe field at a fixed frequency. For this probe, the position dependent coupling of the
atom leads to a time dependent transmission. That is, the atom’s position changes
in time thereby changing its coupling strength, the spectrum shifts correspondingly,
and so the probe transmission at a specific frequency changes as a result the atomic
motion. The bold traces in Figure 3.2 illustrate this evolution of 7 for three probe
detunings A relevant to our observations, as an atom enters the cavity. At a probe
detuning A = 0, transmission drops as an atom enters the cavity, whereas for A/27 =~
go/2m = 120MHz, the transmission increases. The process reverses as the atom leaves
the cavity and the coupling returns to g(¥) = 0.

Turning to our measurements, we present in Figure 3.3(a)-(c) examples of the
time-dependent transmission T'(t) = m(t)/7 of the atom-cavity system at the probe
detunings of Figure 3.2. Withwp = wac (A = 0), as in Figure 3.3(a), we first observe
a decreasing probe transmission (due to increasing g(7) as the atom enters the mode
volume), then a minimum in transmission (when g(7) = go), and finally transmission
increasing to its original value (as the atom exits the cavity), resulting in what we call
a “downgoing” atom transit signal. Tini;, = 1072 is regularly observed for single atom
transits. Conversely, for A/2r = —120 MHz = go/27 (Figure 3.3(c)), the transmission
increases as the atom enters the cavity mode, peaking at T = 3.5 when g(7) = gq,
and then falls again as the atom exits, which we call an “upgoing” transit. Finally, an
intermediate regime A/2r = —40 MHz =~ 3go/2 exhibits more complicated behavior
(Figure 3.3(b)). Here, as the atom enters the cavity, the transmission first increases as
the lower Rabi peak sweeps past wp, then decreases to a minimum when g(7) = go,
and finally passes through a second maximum as g(F) decreases with the atom’s
departure.

The transit signals of Figure 3.3 are smoothly varying without the rapid oscilla-
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tions recorded in Ref. [24], which were tentatively attributed to motion along the
standing wave. Here we suspect that the tenfold increase in g leads to mechanical
forces which inhibit this motion.

To confirm the qualitative characteristics of the vacuum-Rabi spectrum during a
single atom transit we simultaneously record the transmission of two probe beams,
as in Figure 3.3(d,e). For probes with detunings A, ; = Fgg, the cavity transmission
increases simultaneously for each probe during the atom transit (Figure 3.3(d)). For
one probe near resonance (A; = 0) and the other red-detuned (A; = —gq), thereis a
simultaneous reduction in the transmission at A, and an increase in the transmission
at A, (Figure 3.3(e)). Note that the signal-to-noise for these traces is less than that
for single-probe measurements due to saturation, reflecting a limitation in principle

to the rate at which information can be extracted from this quantum system.

3.4 Vacuum-Rabi splitting from single atom tran-
sits

Next, by sequentially stepping our probe laser over a range of detunings 12—‘?} <
200MHz, we map the frequency response of the atom-cavity system (Figure 3.4).
Clearly evidenced is a double-peaked structure reminiscent of the “vacuum-Rabi”
splitting, with peaks near +go/2m, as was first observed for a single atom in Ref.
[23]. In contrast to previous work with atomic beams, here atoms are observed one
by one with negligible effect from background atoms in the tails of the cavity-mode
function[34] (in Figure 3.4, such “spectator” atoms contribute in aggregate an effec-
tive atom number N, < 0.04).

At each value of probe detuning A, a series of about 50 trap drops is made, yield-
ing up to 800 single-atom events, from which the data points shown in Figure 3.4 are
determined. At each frequency, the maximum (circles) and/or minimum (squares)
relative transmissions are shown. Note that at small detunings, decreases in trans-

mission are observed as an atom transits the cavity (cf. Figure 3.3a), so a minimum
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Figure 3.3: Measured cavity transmission T'(t) = m(t)/7 as a function of time for
individual atom transits. Traces (a)-(c) are for A/2xr= {-20,-40,-120}MHz with
fig ={0.7,0.6,1.0}. (d) Ara/2r= {-100,+100}MHz with fig;0o= {0.38,0.22}. (e)
Ay p/2n= {-20,-100}MHz with 7ig; go= {0.05,0.3}. All traces are with zero cavity
detuning (Watom = Weavity) and are acquired with 100kHz resolution bandwidth and
digitized at 500kHz sampling rate.
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Figure 3.4: Maximum (o) and minimum (O) normalized transmission T(A) versus
detuning A measured via single atom events. The solid curve gives T'(A) for an atom
with g(7) = go (the vacuum-Rabi spectrum), while the dashed line is the maximum
transmission for any coupling g(7) < go.-

value for the relative transmission is shown in Figure 3.4. Conversely, at large de-
tunings (cf. Figure 3.3c,d) increases in transmission are observed, so the maximum
relative transmission is shown. For detunings 40MHz < |A|/27 < 60MHz both in-
creases and decreases are observed (cf. Figure 3.3b), hence we record and display
both the maximum and minimum transmission. From the theoretical understanding
gained from Figure 3.2, we expect that at these intermediate detunings the minimum
relative transmission will correspond to the atom being in a position of best coupling.
Again, as in Figure 3.3 the transit signals are normalized to the transmission of the
empty cavity at each frequency to give T(A), with 7y varying from = 0.6 photons
near resonance to = 1.4 photons at A/2r = +200MHz.

For comparison with theory, the solid curve in Figure 3.4 gives T(A) obtained
from the steady-state solution of the master equation for a single stationary atom with
optimal coupling g(7) = go- Atoms with maximal coupling give the largest increases



65

in transmission for |[A| 2 go and similarly the deepest downgoing transits near A =
0, so at these detunings the data points track the solid curve well. However, for
intermediate detunings 40MHz < 12%} < 100MHz, the maximum observed transmission
corresponds to a smaller value of coupling, g(7) ~ |A] < go, and so these points are
not expected to fall on the solid curve. We can, however, determine the maximum
expected transmission at each A by considering all couplings g(7) < go, with the
result plotted as the dashed curve in Figure 3.4. Agreement between this ideal one-
atom theory and experiment is evident for A < 0, providing direct confirmation of
the quoted value for gq.

One of the most striking features of the data in Figure 3.4 is the asymmetry of
the spectrum between red and blue probe detunings, both in the magnitude and
abundance of transits. Indeed, the number of events observed with T(A) =~ 2.5
around A = +gp is five times smaller than for T(A) = 3.3 around A = ~gq. Residual
atom-cavity detunings are insufficient to explain the observed asymmetry (the cavity
lock results in watom = Weavity With systematic offsets below +2MHz and peak-to-
peak excursions less than +5MHz). It was also verified that none of the auxiliary
laser fields present in the cavity were providing a significant AC Stark shift to the
atomic transition. To check this, the strong cavity locking beam was swapped in
detuning from the blue to the red side of the cavity, with no effect on the resulting
asymmetry of the spectrum. The probe beam in this experiment is generated as an
RF sideband of a traveling-wave electro-optic modulator. The carrier frequency of
this beam is usually detuned by +800MHz, we switched this detuning to -800MHz,
again with no effect on the atom-transit spectrum.

We attribute this asymmetry to mechanical light forces from the probe beam
affecting the atom’s trajectory. As analyzed in Ref.[77], weak excitation by a coherent
probe tuned to A = =gy gives rise to a pseudo-potential (for times 3> k™! ~ 4nsec),
with depth +Agops, where p; o m(AL) is the probability of occupation of the upper
(lower) dressed state. Since hgo/kp ~ TmK, such light forces can be significant even
for 7 ~ 0.5 photons. We thus expect significant channeling of atomic trajectories into
regions of high light intensity and strong coupling for a red-detuned probe (A < 0).
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Figure 3.5: Maximum and minimum normalized transmission T'(A) versus detuning A
measured via single atom events. The solid curve gives T(A) for an atom with g(7) =
go (the vacuum-Rabi spectrum). The asymmetry of the data points is attributed to
light forces from the intracavity field of 7 < 0.5 photons.

Conversely, a blue-detuned probe (A > 0) creates a potential barrier and prevents
an atom from reaching areas of optimal coupling. Apart from its relevance to the
spectrum of Figure 3.4, this phenomenon suggests the possibility of trapping single
atoms in the cavity mode with single photons.

Figure 3.5 shows the same data and traces as Figure 3.4, but with T(A) plotted on
a logarithmic scale. It can now be seen that the asymmetry of the spectrum is present
for all blue detunings, and that even in the case of resonant driving atom transits
do not reach the expected depth. A probe detuning A/2r < —20MHz is apparently
required to channel atoms into regions of strongest coupling, where the transit signals
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will have largest amplitude. The edge of the shaded grey region indicates the shot-
noise limit for determination of the depth of transits; for signals weaker than this
level the observed minimum transmission will be this noise floor rather than the
“true” minimum transmission. This boundary corresponds to an intracavity photon
number of 6x10~3 photons for the 100kHz resolution bandwidth of this measurement.
The driving strength 7ip has here been chosen to be strong, so that transits do not
reach this shot-noise limit, and we can therefore relate the observed value of the
minimum transmission to a coupling strength g(7). For a weak-field measurement,
the theoretical relative transmission on resonance is 1/(1 +2C;)? = 5 x 103, where
Cy =1/Ny = g3 /2, . For this data set the theoretical minimum is ~ 10~3, because
for the strong driving 7ip ~ 0.6 photons we are well above the saturation photon
number mq for the intracavity field, and the atom-cavity system is in a regime of

nonlinear saturation.

3.4.1 Selection criteria for data points, generation of error-

bars

The data points shown in Figures 3.4 and 3.5 are determined from a sub-selection of
the up to 800 single-atom events observed at each individual probe frequency A.
For most atoms transiting the cavity, g(¥) never reaches go. Referring to the bold
curves of Figure 3.4, it can be seen that if the maximum coupling achieved is gpq: <
9o, this will have a significant effect on the character of the transits observed. For large
probe detunings (A/2w ~ —120MHz), the probe transmission will not reach the same
maximum value as for an optimally coupled atom, and so upgoing transits will be
smaller than expected. Over an ensemble of atoms with coupling strengths gmez < go,
all transit heights are possible, up to a maximum height associated with coupling go.
Similarly, for a probe tuned close to the atom-cavity resonance (A/27 =~ —0MHz),
atoms which reach coupling gma.. < go result in shallower downgoing transits than
would be expected for an optimally coupled atom. So, for an ensemble of atoms with
9maz < go, downgoing transits will be seen of all depths, down to a deepest value
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Relative transmission vs detuning, all transits
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Figure 3.6: The spectrum of Figure 3.4 is generated from these individual data points.
Each circle represents the height or depth of an individual atom transit.

corresponding to coupling gp.

This continuous distribution of transit heights/depths is shown clearly by Figure
3.6, which shows the individual transit data used to generate Figures 3.4 and 3.5. For
individual signals such as those of Figure 3.3, the height of each individual upgoing
signal, and depth of each downgoing signal was recorded, with each of these points
displayed as a circle in Figure 3.6. Due to the inherent shot-noise of the probe
laser, there is a minimum detectable size for transit signals. This is indicated by the
shaded grey region: only transits extending beyond these limits are detectable with
the detection bandwidth of 100kHz and drive strength of fip = 1 photon used. At
large detunings the intracavity field fi(A) = fip/[1+(A/k)?] is weaker, so the noise is
larger and transits must have larger amplitude to be detected.

We wish to use these points to extract values and uncertainties for the maximum

and minimum relative transmission T" observed at each A. Qur procedure is to take a



69
fixed fraction f. of the best events (maxima and/or minima) from the total data set
at each A. The mean values of these “optimal” subsets are the points displayed for
T in Figures 3.4 and 3.5.

We now must determine an appropriate value for the proportion f. of transits to
include in these “optimal” subsets. First note that in the absence of mechanical forces,
we calculate that for a uniform spatial distribution of atoms dropped into the cavity,
a fraction f,(A) ~ 0.1 of all atoms causing detectable transit signals reach coupling
0.9g0 < 9(7) < go. Further, for data with A/2r = —120MHz and A ~ 0 (which have
the best statistics and highest signal-to-noise ratios), as we vary the fraction f. of
the total data included in the set of optimal events (maxima or minima), both T and
the sample standard deviation o4 are found to be relatively insensitive to the choice
of f. for f. < 0.15. We thus take f = 0.15 to determine the set of transits to be
included in Figure 3.4 (and hence to fix o4 from the associated distribution). There is
an additional uncertainty o, arising from the shot-noise of the detected probe beam
itself. We estimate this by measuring the noise for “no-atom” data bracketing the
transit signals, then scaling this noise appropriately by the mean transit height/depth.
The quantity o = \/afTag is shown in Figures 3.4 and 3.5 to estimate the error in T’
at each A. For all our data, the absolute uncertainty in the quoted photon numbers
is ~ £30%.

3.5 Nonlinear saturation behavior of the atom-cavity
system

In the next series of measurements, we explore the nonlinear saturation behavior of
the atom-cavity system. As described in Section 2.1, for measurements of structural
properties of the atom-cavity system (rather than dynamical properties such as pho-
ton statistics) we expect the strongest distinction between semiclassical and quantum
theories to appear in a regime of strong driving. Here, we explore this regime by vary
the driving strength 7y, with the probe beam at fixed detuning. At each 7y we again
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digitize the cavity transmission for a large number of transits, with a set of “opti-
mal” single-atom events determining the value of T and its uncertainty o. Results
of such a measurement for a probe detuning A/2r = —20MHz are shown in Figure
3.7. The solid curve of Figure 3.7 is from the steady-state solution of the master
equation for T = m/n, for a single (stationary) atom with g(7) = go, with reasonable
agreement between the data and this ideal quantum model. By contrast, the dotted
line is the semiclassical transmission function[64] evaluated for the parameters of our
experiment, and exhibits bistable behavior. While shifts from the semiclassical bista-
bility curve have also been predicted for other regimes of cavity parameters(78], this
is the clearest example observed to date of a quantum/semiclassical distinction in the
structural response of an optical cavity QED system. Also plotted (dashed line) is
the relative transmission predicted for a photon number measurement, (&!@)/7, which
would be the quantity measured via photon counting rather than that obtained by
our heterodyne measurement of |a[>. The increase in (afa) over |&|? shows that in this
driving regime there is a strong component of emission into the incoherent spectrum;
|6|> measures only the coherent transmitted field amplitude whereas (4'd) measures
all emitted photons.

The slight red-detuning (A/2r = —20MHz) of the probe beam in Figure 3.7 is
required to channel atoms into regions of optimal coupling, as was the case for the
spectrum measurements of Figure 3.5. The effect of this probe detuning is shown in
the series of saturation curves in Figure 3.8, where transmission T is plotted versus
probe drive photon number #iq for the series of probe detunings A/27 = { —20MHz,
—10MHz, 0MHz}, with the cavity detuning fixed at watom = Weguity- As in Figure 3.5,
across these data sets there is a progression from good agreement at red detunings
(A/2m = —20MHz), to clear disagreement near resonance (A/2w = 0MHz), which
can be understood as the mechanical effect of the red-detuned probe channeling atoms
to regions of optimal coupling.

In another series of nonlinear saturation measurements, T° versus 7ip was again
measured for a series of probe detunings, but this time with the atom-cavity detuning
varying also, such that wewity = Werote for each data set, and the detuning A now
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Figure 3.7: Transmission T' versus probe photon number 7ig for maximally coupled
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atom transits for fixed A/2r = —20MHz. The solid (dashed) line results from the

quantum master equation solution for the quantity &[> ( (a'&) ) for one atom with

g(7) = go, while the dotted line is the semiclassical bistability state equation.
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Relative Transmission vs. Drive Strength, o a0 caiy

Relative Transmission

Figure 3.8: Saturation of downgoing atom transits as a function of drive strength 7,
for probe detunings A/2r = { —20MHz, —10MHz, 0MHz}.
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refers to A = wWprobe —Watom- FOT this data, shown in Figure 3.9, agreement is somewhat
better for red detunings, but overall not as good as was the case in Figure 3.8. This
can again be understood in terms of the channeling effect of light forces. In the data of
Figure 3.8, as an atom enters the cavity the lower atom-cavity dressed state resonance
(the lower peak in the vacuum-Rabi spectrum) shifts toward the probe field, meaning
that this lower dressed state (which spatially forms a confining potential as discussed
in Section 4.2), will be preferentially populated. However, for a probe resonant with
the empty cavity, the arrival of an atom moves the dressed state resonance away from
the probe, and no confining/channeling potential results.

We note for weak driving fields, the quantum and semiclassical theories (solid and
dotted traces) yield the same results for the relative transmission, yet the data of
Figure 3.9 agrees with neither. Referring back to the measurements of Figure 3.5,
we see that for resonant or blue probe detunings, atoms transits do not reach their
expected magnitude; a probe-cavity detuning of < —20MHz is required to channel
atoms into regions of optimal coupling. For the data of Figure 3.9 this probe-cavity
detuning is zero, so we expect that atoms will not reach regions of optimal coupling
and that the transit signals are therefore shallower than the ideal theory would predict.

3.6 Conclusion

In conclusion, by exploiting laser cooled atoms in cavity QED, a unique optical system
has been realized which approximates the ideal situation of one atom strongly coupled
to a cavity. The system’s characteristics have been explored atom by atom, leading
to measurements of the “vacuum-Rabi” splitting and of the nonlinear transmission
for probe photon number ~ 1. As the interaction energy hg is larger than even the
atomic kinetic energy, the sub-photon intracavity fields have a strong mechanical
effect on the atomic motion, channeling atoms toward or away from maxima of the
field, depending on the detuning of the driving laser.

In these measurements, each atom signal was used to obtain only a single data
point (height or depth), but as can be seen from Figure 3.3 the time-dependent
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fig, for probe detunings A/2r = { —20MHz, —10MHz, OMHz}, and cavity detunings
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individual atom transit signals contain far more information than just these peak
values. In the next stage of this experimental effort, described in Chapter 4, we
derive an explicit mapping from transmission to atomic position, and are able to
reconstruct the trajectories of single atoms in the cavity.

Because I >> 1, the system offers considerable opportunity for long interaction
times and controlled quantum dynamics, such as to generate a bit stream contain-
ing m ~ 10* photons with a single falling atom [8] or to trap one atom in the
quantized cavity field, as will be investigated in Chapter 4. Although the atomic
center-of-mass motion has here been treated classically, this work sets the stage for
investigations of quantum dynamics involving the quantized CM and the internal
(atomic dipole+-cavity field) degrees of freedom [79, 62], including trapping by way
of the “well-dressed” states for single quanta [63].
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Chapter 4 Experiment 2: Trapping

single atoms with single-photon fields

This Chapter is partially based on “The Atom-Cavity Microscope: Single Atoms
Bound in Orbit by Single Photons,” C. J. Hood, T. W. Lynn, A. C. Doherty, A. S.
Parkins and H. J. Kimble, Science 287, 1447 (2000).

In the experiments of Chapter 3, single atoms transits were observed, and used to
map out properties of the atom-cavity system. The next stage of this experimental
effort was to frigger the probe intensity on these atom transits, to trap individual
Cesium atoms by the mechanical forces associated with single photons. The work
was carried out primarily by myself and Theresa Lynn, with initial involvement by
Michael Chapman, and in the final stages, by Kevin Birnbaum.

As described in Section 1.2, in addition to providing single-quantum forces able
to localize single atoms, strong coupling also means that the presence of an atom
can significantly modify the intracavity field [24, 25, 26, 44, 45, 46, 28, 27, 47, 49],
thereby enabling real-time monitoring of an atomic trajectory by way of the light
emerging from the cavity, as already observed for the atom transits of Chapter 3. In
more quantitative terms, the ability to sense atomic motion within an optical cavity
via the transmitted field can be characterized by the optical information I = 9?
This indicates the number of photons that can be collected (with detection efficiency
a) from this system as signal in time interval 7. When I ~ (5 x 10%/s) x 7> 1 as
in our experiment, atomic motion through the spatially varying cavity mode leads to
changes in the transmitted field that can be recorded with high signal-to-noise ratio
on microsecond time scales.

In this case, for an atom localized within the resonator, we recover real-time in-

formation about the position of the atom as it moves within the trapping potential.
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These records of the atomic motion show strong oscillations in transmission, indica-
tive of atoms orbiting the center of the potential. The known mapping of transmission
to coupling strength g(7) (and hence to atomic position 7) then allows us to infer the
atom’s position as it moves within the potential. We can then investigate characteris-
tics of the trapping potential in detail, including measurements of the trap oscillation
frequencies and trap lifetimes of individual atoms.

Finally, an inversion algorithm developed by Theresa Lynn, which infers both
atom position 7(t) and angular momentum L(t) from the transmission signal, allows
individual atom trajectories to be reconstructed from the record of cavity transmis-
sion, and reveals single atoms bound in orbit by single photons. This reconstruction
demonstrates a new measurement device, which we have called the atom-cavity mi-
croscope (ACM), which in these initial experiments yields 2um spatial resolution in
a 10ps time interval for atomic motion in free space. Over the duration of the obser-
vation, the sensitivity is near the standard quantum limit for sensing the motion of a

Cesium atom.

4.1 Apparatus

The experimental setup for this work is essentially the same as for the work of Chapter
3, and is pictured in Figure 4.1. A cloud of Cesium atoms is collected in a magneto-
optical trap (MOT[36]) in a vacuum chamber at 10~8Torr, sub-Doppler cooled to a
temperature of ~ 20uK then released to fall under gravity. With initial mean velocity
7 =~ 492, the cold atoms then fall 3mm toward two mirrors which form an optical
resonator (cavity).

To interact with light in the cavity mode, an atom must fall through the 9um
gap between the edges of the mirrors and also through the waist wg ~ 14um of the
Gaussian mode of the resonator. As a result, even with 10* atoms initially, only one
or two atoms are observed crossing the standing-wave mode of the cavity each time
the MOT is dropped, represented by the arrow of Figure 4.1. The cavity is driven
by a circularly polarized probe field &, o Of frequency wprste = Watom + Aprose, the
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Figure 4.1: Schematic of the experimental apparatus.

transmission of which is recorded by heterodyne detection with overall efficiency for
detection of an intracavity photon 25%. Three substantial changes were made to the
experimental setup with respect to the earlier experiments:

4.1.1 Cavity

Since the cavity used for the experiments of Chapter 3 deteriorated unexpectedly as
this next stage of experiments began, a new cavity was used for the following work.
The optical cavity is formed by two lmm diameter, 10cm radius of curvature mirrors,
located on the tapered end of 4mm length x 3mm diameter glass substrates. The
multi-layer dielectric mirror coatings have a transmission of 4.5 x 10~® and absorp-
tion/scatter losses of 2.0 x 1078, giving rise to a cavity finesse F' = 480,000. For the
measured cavity length [ = 10.8um, we then have parameters (gp, %, v) = 2w (110,
14.2, 5.2) MHz. We ran into unexpected problems with cavity mount stability and
cavity birefringence during construction of this cavity, the details of this described in
Chapter 5. Our final solution was the new cavity mount design pictured in Figure

2.11.
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4.1.2 Optical pumping

Once atom-trapping signals had been observed, an additional laser beam was added
to the setup, tuned to the {652, F = 3} — {6P;/;, F = 4} transition. Without
this additional field, if a trapped atom made a transition to the {65}/, F = 3} level
it would become untrapped, and undetectable by our probe field. To optimize our
trap lifetimes we therefore added this “repumping” laser to return these atoms to the
{6P,/s, F = 4} ground state. The intensity of this field was adjusted operationally to
give the best trap lifetimes.

The optical pumping beam is spatially overlapped with the probe and enters along
the cavity axis. As this beam is 9GHz detuned from the cavity resonance, only a tiny
proportion of the incident light enters the cavity. However, since the cavity FSR >>
9GHz, and the cavity transverse-mode spacing ~ 60GHz >> 9GHz, then we expect
the optical pumping light that does enter the cavity is spatially well overlapped with
the probe field, and optical pumping will be fairly uniform throughout the cavity

mode.

4.1.3 Locking method

For these experiments the cavity was locked directly to the transmission of the weak
probe field, with the feedback signal taken from the same video-out port of the spec-
trum analyzer that is used to record the data. Upon triggering on an atom transit,
the lock was switched off for 2ms, so as not to interfere with the atomic dynamics
by moving the cavity in response to atom-dependent signals. The passive stability of
our new mount design means that the cavity length does not drift significantly during
this 2ms time interval (the main DC drift which limited this switch-off interval was
thermal in origin, and related to heating and cooling of the chamber by our magnetic
field coils and cooling water). By measuring a probe field tuned to the side of the
cavity resonance, we estimate the cavity stability when locked to the weak probe in
this way to be ~ +2MHz, these being slow variations on timescales = 10ms.
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4.2 Triggering trapping, the basic idea:

If an atomic dipole coupled to the quantized cavity field satisfies both the strong
coupling condition (i.e., go > &, ) for its internal degrees of freedom, and in addi-
tion the atom’s kinetic energy Ej is small enough that go> (E,/R, 7, £), then strong
coupling should also have significant consequences for the erternal, center-of-mass
motion of the atom. The seminal work of Refs. [51, 80] and numerous analyses since
then [50, 63, 81, 82] have made it clear that a rich set of phenomena should arise
from the interaction of the mechanical motion of atoms with a quantized light field
in cavity QED. In this regime a single quantum is sufficient to profoundly alter the
atomic center-of-mass (CM) motion, as for example in Ref. [63]. The effect of strong
coupling on the atomic center-of-mass motion has only recently begun to be explored
experimentally [25, 26, 45, 27, 47|, but is of importance both in terms of understand-
ing the underlying fundamental quantum processes, and also of practical concern for
the use of cavity QED systems for quantum information processing protocols, for
which atoms need to be strongly localized at particular locations within the cavity
mode [9, 10, 6, 5|.

As a significant development in this experimental effort, we have reported the
first observations of a single atom trapped by an intracavity field with mean photon
number M ~ 1 [26, 28, 27]. Such trapping is possible in our experiment because
the coherent coupling energy figo ~ 5mK is larger than the atomic kinetic energy
Ej ~ 400uK.

The conceptual basis for trapping with single quanta in cavity QED is illustrated
by Figure 4.2. Displayed is the spatial dependence of the energies /5. (p) for the first
excited states |+) of the atom-cavity system (the Jaynes-Cummings ladder of states)
along the radial direction p = /32 + 22, for optimal z (standing-wave) position and
neglecting dissipation. The ground state of the atom-cavity system is |a,0); the
atom is in its ground state ¢ and there are no photons in the cavity. For weak or
no coupling, the first two excited states are that of one photon in the cavity and
the atom in the ground state, |a, 1), and of the atom in the excited state e with no
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Figure 4.2: An atom entering the cavity in the ground state |a,0) can be pumped
into the lower dressed state |—), causing it to become trapped.

photons in the cavity, |e,0). These two states are separated by an energy hA,., where
Age = Wegrity — Watom IS the detuning between the “bare” (uncoupled) atom and cavity
resonances. As an atom enters the cavity along p it encounters the spatially varying
mode of the cavity field, and hence a spatially varying interaction energy hg(7),
given by g(7) = gocos(2mz/))exp(—(y® + 2%)/w?). The bare states map via this
coupling to the dressed states |+), with energies 3, = “atem¥ieanity 4 [o(7)2 4 %2“]1/ 2,
These spatially varying energies can be exploited to trap the atom via a strategy first
suggested and analyzed by A. S. Parkins [42], and implemented in Ref. [26].
Consider an atom entering the cavity along p, with the system initially in the
ground state |a,0). When the atom reaches the center of the cavity mode, a laser
field Eprose(t) at frequency wyrqse is switched on. When a photon is absorbed, the
system is driven into the state |—), and the atom is bound by the potential well
formed by spatial dependence of the energy iG_(7). Photons are emitted from the
system at rate x, but continuous driving by &yra.(t) repopulates the [—) state. This
creates a pseudo-potential U(F) for times >> &, which for weak driving fields has a
depth approximately given by p(_)(Aweawizy — RB-(T)), where p(_) is the steady-state
population of state [—). For stronger driving, there will also be a contribution to
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the pseudo-potential from populating higher-lying states in the Jaynes-Cummings
ladder. For wprese = B-(7) the states populated are, like |—), confining, so a trapping

pseudo-potential is maintained.

4.3 Simulated transits

Beyond this intuitive picture of trapping with the lower dressed state, our collab-
orators Andrew Doherty and Scott Parkins from the University of Auckland have
carried out extensive analytical and numerical simulations of atomic motion for the
parameters of our experiment, explained in more detail in Ref. [27], which I describe
briefly here and will used throughout this chapter for comparison to the experimental
data.

The conservative component for motion of an atom within the cavity mode can be
described by an effective potential U(7) determined by integration of the expectation

value of the force operator
F(f) = —hvg(f)(@'e_ +6.48) , (4.1)

with (&, a') as the annihilation and creation operators for photons in the cavity field
and G as the raising and lowering operators for atomic excitation. There are also
non-conservative (velocity-dependent) and random (diffusive) forces that act on the
atom. Because the time scale for internal (atomic dipole + cavity field) dynamics
is much shorter than that for the atomic center of mass motion, (F'(7)) and these
other forces can be calculated by solving the steady-state quantum master equation
for the internal degrees of freedom alone [67]. The local atom-field coupling g(7),
probe parameters (Exrose; Oprose), detuning A,. and cavity parameters determine the
conservative force, friction, and diffusion acting on the atom at position . The
trajectory of the atom is then calculated in a semiclassical approximation for the

mean and variance of the atomic wavepacket.
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Figure 4.3: Effective Potential U(7) and heating rate, along the standing-wave direc-
tion, . Here the heating rate is predominantly due to dipole diffusion. At a field
antinode (such as z = 0), diffusion is due to spontaneous emission only, giving a
heating rate of 3x10™* mK/ps.

4.4 Effective potentials, heating rates

Figures 4.3 and 4.4 show examples of the effective potential U(F) calculated from
the quantum treatment described above. Displayed are both the radial and axial
dependencies U(p, zo) and U(0,z) (that is, perpendicular to and along the cavity
axis, where z; is an antinode of the standing wave). The depth of the potential
Us =~ 2.3mK is greater than the initial kinetic energy of atoms in our experiment,
Ei ~ 0.46mK, thereby enabling an atom to be trapped within the cavity mode. The
perturbing effect of gravity on this potential is negligible.

Also shown in Figures 4.3 and 4.4 are the heating rates (mean rates of energy
increase) &) and 2802 glong the radial and axial directions, with % related

to the momentum diffusion coefficient D by %‘f— = D/m, where m is the atomic
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mass of cesium. Near a field antinode (for example, z = 0), the random or diffusive
component of the motion arising from %’f— on experimental time scales ~50us is on the
whole much smaller than that associated with conservative motion in the potential
U. Thus we expect a predominantly orbital motion within the cavity mode with a

smaller (but non-negligible) diffusive component.

4.4.1 Comparison to a classical dipole-force trap

For comparison with the well-established theory of laser cooling and trapping in free
space [36], Figures 4.3 and 4.4 also display in dotted lines the corresponding potential
V(7) and heating rate 4‘%‘?— derived in the absence of the cavity, but for the same beam
geometry and the same peak field strength [83]. Note that although the free-space
potential V() is similar to the cavity QED potential U(7), suggesting that trapping
could be achieved without the cavity [as, for example, in the pioneering experiments
with optical lattices [84, 85, 86]], in fact, in the axial direction the free-space heating
rate £ is much greater than the corresponding cavity QED quantity <£.

A simple estimate of the corresponding trap lifetimes [87] is obtained by averaging
the diffusion over the spatial variation of the standing-wave (heating in the Gaussian
direction is negligible by comparison). With a heating rate given by 4£ = (D(z))/m
we then obtain a lifetime of 20us for the classical dipole-force trap, and 250us for
the corresponding quantum case, for detunings and drive strength of Figures 4.7
and 4.10. However, as atoms are initially well confined to antinodes of the field
where the diffusion is small, this will be an underestimate of the lifetime. A slightly
better estimate (for the average distribution) is given by starting the atom initially
at rest at an antinode (z = 0) of the field, then incrementally increasing the mean
energy by steps of ((D)m)dt, where (D) is the diffusion weighted by a normalized
position distribution P(z), that is (D) = [ D(z)P(z)dz. The position distribution is
here obtained at each energy step by assuming a harmonic well distribution P(z) <
1/ m This estimate gives slightly longer lifetimes of 28us and 270us
for the classical and quantum cases. The contribution of velocity dependent forces in
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the classical case was also calculated, and found to be negligible in comparison to the
diffusive heating.

The trapping time for an atom in the free-space setting is tenfold less than the
observations of Figure 4.7, so short that the atom would not make even one orbit
before being heated out of the potential well. By contrast, this simple estimate for
the quantum case within the setting of cavity QED is in reasonable agreement with
the 340us mean lifetime observed in the histogram of Figure 4.10.

We emphasize that the comparison in Figures 4.3 and 4.4 is made for the same
peak electric field — the cavity is not simply a convenient means for increasing the
electric field for a given incident drive strength. Rather, there are profound differences
between the standard theory of laser cooling and trapping and its extension into the
domain of cavity QED in a regime of strong coupling. At root is the distinction
between the nonlinear response of an atom in free space and one strongly coupled
to an optical cavity. In the latter case, it is the composite response of the atom-
cavity system that must be considered as is described by the corresponding one-atom
master equation in cavity QED. That this full quantum treatment of the atom-cavity
system is required has been experimentally confirmed by way of measurements of the
nonlinear susceptibility for the coupled system in a setting close to that used here
[25, 26, 46].

A second and critically important point of distinction between the current work
and traditional laser cooling and trapping in free space [36] relates to the ability to
sense atomic motion in real time with high S/N. We stress that this is not simply
a matter of a practical advantage, but a fundamental improvement beyond what
is possible by way of alternate detection strategies demonstrated to date (such as
absorption [88, 89] or fluorescence [90, 91, 92] for single atoms and molecules). An
estimate of this enhanced capability is given by way of the optical information rate
I/At ~ 10%/s, which in the current work is the largest value yet achieved in optical
physics.
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Figure 4.5: Triggered trapping with downgoing trigger signals [26].
4.5 Initial results: Triggering on resonant transits

Our first attempt at implementing this trapping scheme was carried out with the (go,
K, 7) = 2m(120, 40, 5.2) MHz cavity of Chapter 3. The strategy was to (1) sense
the atom entering the cavity by probing with a weak field close to the coincident
atom-cavity resonance, (2) trigger this resonant field off (to reduce heating) and wait
a fixed delay (typically ~ 10us) to allow the atom to move to the center of the cavity
mode, then (3) trigger on a stronger probe field tuned to wyrete = B-(0) (the energy
of state |—) when the atom is at the center of the cavity mode 7 = 0), to provide a
strong potential to trap the atom.

Figure 4.5 shows an example of an atom trapped by this method. Displayed
is the atom-cavity transmission for the strong trapping field (at frequency wprose)-
Triggered on an atom transit, this field is switched on for a total duration of 400pus:
the particular atom shown is trapped for 300us. While we had some limited success
with this triggering strategy, with several examples observed of atoms trapped up to
300us, it was still the case that most triggers did not result in significant lengthening
of the transits.

We believe that this was primarily because our triggering was not selective enough.

Resonant probing gives a very sensitive meter for an atom entering the cavity mode
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(the transmission drops by a factor of 102 for an optimally coupled atom, as discussed
in Chapter 3), so that at our high trigger threshold we were detecting atoms essentially
all atoms at the very edge of the cavity mode. However, very few of these atoms should
be expected to end up in regions of strong coupling g(7) ~ g(0), since many of these
triggers will be for atoms with initial y position passing through the sides of the
Gaussian beam with y > wg, and others triggers are for atoms falling in the top with
y ~ 0 but passing through nodes of the standing-wave along z.

To try and improve this selectivity, we lowered the trigger point to select only
very deep down-going transits, but this had little effect on our trapping effectiveness
- presumably because heating from the resonant beam is significant in this case,

limiting the trap lifetime.

4.6 Triggering on upgoing transits to trap single
atoms

It was decided that a better strategy would be to tune our triggering beam to wprope =
B-(0). This would have several positive effects:

1. Only atoms in positions of strong coupling g(7) ~ g are detected and cause a
triggering on of the trapping potential.

2. Heating from this probe beam is less than in the case of resonant probing.

3. The shallow potential formed by the weak triggering beam causes channeling
of the atoms into regions of high coupling, as previously observed in the spectrum
measurements of Chapter 3. This both increases the number of well-coupled atoms
available for triggering, and ensures that atoms are initially located near antinodes
of the standing-wave, greatly simplifying our interpretation of the atom-cavity trans-
mission signals.

Unfortunately, as we were about to try and implement this triggering scheme
our cavity finesse dropped dramatically, making further experiments impossible. A
painful year of technical development (see Chapter 5) then followed before the new



89
cavity ( {go, &, v} =2m{110, 14.2, 5.2} MHz ) was installed in the vacuum chamber,
and we were ready to resume the experiment. With the apparatus running again, we
tried the new triggering scheme, and immediately saw transits lengthened to >1ms,
with interesting internal structure (oscillations) in the single-atom transmission sig-
nals. Over the next few days, by exploring different detunings/drive strengths we
operationally found regions of good trapping, with atoms trapped up to 1.9ms.

To trap an atom, we drive the cavity with a weak circularly polarized probe laser
at frequency wprose = 5-(0). This probe field initially has intracavity photon number
fi, = 0.05, providing a small, off-resonant excitation of the empty cavity. Because
the resulting (shallow) potential U,(7) is deepest for an atom at the cavity center,
an atom entering the cavity effectively sees a series of potential wells, determined by
the Gaussian transverse shape of the cavity mode and the standing-wave structure of
the light inside the cavity. The atom is channeled by U,(F) towards regions of high
coupling, and as the energy (- of |—) shifts accordingly, there is a corresponding
increase in probe transmission as 8 comes into resonance with wpreee [25]. By using
upgoing transits, we are guarantee that the atom is at a region of high coupling
strength at the time of triggering, so that when the potential is switched on the
atom should be trapped. When the transit height reaches the trigger level (i.e., g(7)
exceeds some predetermined threshold g;), we switch the probe power up to a level
fir = 0.3 & 0.05 intracavity photons, creating a deep confining potential U(7) around
the atom to trap it.

Note that throughout we denote by 7i the photon number for the empty cavity,
with m = |(&)|? as the corresponding quantity with an atom present; these quantities
are directly proportional to the detected transmission signal. Because we employ
balanced heterodyne detection, we measure [(&)[? rather than the photon number
(é'@). In the absence of an atom we have a weak coherent field within the cavity,
so these two quantities are of course equal. However, with an atom present they
are typically different. For the experimental parameters of the data presented in
this work, this difference is calculated to be 10-20%; however, for different choices

Of (Weavity:s Werote) the difference can be much more dramatic, as discussed in Section
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4.10.2 to follow.

To demonstrate the variety of individual atom signals seen, Figure 4.6 shows a
collection of individual atom transmission signals, each generated with the trigger-
ing/trapping scheme described above.

Moving now to examine these transmission signals in more detail, shown in Figure
4.7(a,b) are traces for two individual atom trajectories. At time = 0, the atom is
detected, triggering the driving field &yrose to switch from i, — 7, to catch the atom.
The cavity transmission is highest (with 7 = 1) when the atom is close to the center
of the cavity, and the observed oscillations in 77 result from modifications in cavity
transmission as the atom moves within the cavity mode. When the atom eventually
does leave the cavity mode, transmission returns to 7;. To demonstrate the strong
effect of the triggering/trapping strategy, Figure 4.7(a) also shows a typical atom
transit (black trace) recorded with a drive strength of 72 = 0.3 and no triggering. In
this case, atoms fall through U(7) with average transit time 74us. By contrast, the
triggering protocol described above extends this average to 7 = 340us.

Figure 4.7(c,d) show transmission calculated from the numerical simulations of
individual atom transits, with experimental noise added to these traces. Also shown
are the calculated positions y(t), z(t) in the radial direction, and z(t) in the standing-
wave direction, corresponding to the transmission shown.

The simulations indicate that the motion along the cavity axis z is tightly confined
(for example, to a region éz ~ +50nm from the simulations) due to the steepness
of U(z) and to channeling of the incoming atoms to regions of high light intensity
for the red-detuned field. However, as shown in Figure 4.7(c,d), ultimately the atom
does escape due to a “burst” of heating along the cavity axis. Because the diffusion
coefficient is proportional to the [VU(z)|2, there is a slow heating rate while the atom
is well confined at the minimum of the potential, but as soon as it begins to heat and
explore regions of higher curvature, the heating rate accelerates quickly and the atom
is lost - this burst of heating occurring over a time less than the orbital period T'. This
dominant loss mechanism appears repeatedly in the simulations over a wide range of

operating parameters. Once an atom is heated sufficiently to leave the antinode to
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Figure 4.6: Individual trapped atoms give rise to different transmission signals m(t),
depending on their individual trajectories. After the atom is lost, the intracavity
intensity drops back to f;, then after 1.2-1.5 ms is switched back down from 7, to 7.
These traces are for a range of parameters near A,./2r =~ —100MHz, A oe/2T =
—145MHz, #i; = 0.4 photons.
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Figure 4.7: (a,b) Examples of atom transits, i.e., cavity transmission as a function
of time as an atom passes through the cavity fileld. Red traces show atoms trapped
using the triggering method described, with /M ~ 1 photon mean field strength. For
comparison, an untriggered (untrapped) atom transit is shown in black. For these
traces, Aprose/2m = —125MHz and A,./2w = —4TMHz. The corresponding level
diagram is shown in the inset, with wpca) = Wiprebe,cavity,atom) Of the text. (c,d)
Theoretical simulations of atom transits for the parameters Agrose/2m = —125MH 2,
Age/2m = ~4TMHz. Shot noise and technical noise have been added to the trans-
mission signal, shown in red. Other traces show the three-dimensional motion of the
atom. Motion along z, the standing-wave direction, has been multiplied by 10 to be
visible on the plot. Note the atom is very tightly confined in z until rapid heating
in this direction causes the atom to escape.
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which it was initially confined, it is very rarely recaptured in another antinode but
rather escapes the cavity altogether, because the Sisyphus-type mechanisms [82] for
cooling are ineffective in the current setting (as confirmed by the simulations).

Experimentally, we can set a limit on atomic excursions along z by examining the
amplitude of the observed oscillations. Since the oscillation frequency v, ~ 1.5MHz
is well above our detection bandwidth of 100kHz, large excursions in z would lead to
significant reductions in amplitude for the observed oscillations in transmission, from
which we deduce a bound 6z < 70nm for p <« wy. Inference of axial localization
without such bandwidth limitations can be found in [46].

We emphasize that the corresponding quantum state is a bound state of atom and
cavity. The situation is analogous to a molecule for which two atoms share an electron
to form a bound state with a lower energy than two free atoms. Here a “molecule”
of one atom and the cavity field is formed via the sharing of one photon excitation
on average, thereby binding the atomic center-of-mass motion. Note that our atom-
cavity “molecule” only exists while an excitation is present, with decay set by x,
since £ > . Photons leak out of the cavity at rate «, but the cavity is continuously
driven by the probe field which replenishes the intracavity photon number, repeatedly

recreating the bound state before the atom has a chance to escape.

4.7 Characterization of transmission oscillations

A striking feature of the traces in Figure 4.7 are the oscillations in atom-cavity trans-
mission within the transit of a single atom. As illustrated by the position traces of
the simulated transits in Figure 4.7C,D, our simulations show that these oscillations
arise from elongated atomic orbits in planes perpendicular to the cavity axis.
Having established that atoms are well localized in = at antinodes of the standing-
wave, we can restrict our attention to motion in transverse (y, z) — (p, 8) planes, and
investigate the validity of our model for the effective potential U(p,f) by comparing
the predicted and observed oscillation frequencies of single atoms within the poten-
tial U(p). Note that oscillations with a short period (P; in Figure 4.7A) have a lower
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amplitude than those of longer period (P in Figure 4.7A). This is due to the an-
harmonicity of our approximately Gaussian-shaped potential U(p); large-amplitude
oscillations are expected to have a longer period than nearly-harmonic oscillations at
the bottom of the well.

The data in Figure 4.8A reveal this anharmonicity. Plotted is the period P versus
the amplitude A for individual oscillations, where A = 2((H;+H,)/2—H,)/(H1+H,),
with parameters { Hy, H», H.} indicated in Figure 4.7B. The solid curve is calculated
for motion in the effective potential U(p) shown in the inset to Figure 4.8A; the
comparison is absolute with no adjustable parameters.

We also present in Figure 4.8B similar results for A versus P from the numerical
simulations (for the same parameters as Figure 4.8A, without the experimental noise
added to the traces of Figure 4.7). This plot reveals the relative importance of different
mechanisms that cause deviations from the one-dimensional (1D), conservative-force
model. To this end, we select from the simulation points corresponding to atoms
with low angular momentum about the center of the cavity, that is, those which pass
close to the center of the potential (p = 0) and therefore have close to a close to 1D
trajectory. As expected these points (shown in black in Figure 4.8B) fall closest to
the curve given by the 1D potential U(p). The grey points in Figure 4.8B have larger
angular momentum, corresponding to atoms in more circular orbits. The presence
of this separation by angular momentum in the simulation indicates that friction
and momentum diffusion, which tend to invalidate the conservative-force model, have
a relatively small effect on the motion. This is also evident from the discussion
of potentials and heating rates U(7) and “E in Section 4.4. The spread in observed
angular momenta is constrained by our triggering conditions - the potential is switched
up only when an atom reaches a position near the center of the cavity mode, so that
the measured trajectories tend to be in a regime of tight binding. The wider spread
in the data of Figure 4.8A relative to 4.8B comes from experimental noise (present in
Figure 4.8A but not added to Figure 4.8B), with both shot-noise and technical noise
contributing significantly. We have made comparisons as in Figure 4.8 for several
data sets with varying values of {(Erobe; Dprobe)s Dac: e} With the same conclusions.
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Figure 4.8: Oscillation period as a function of amplitude from experimental (a) and
simulated (b) atom transits, for Agrge/27 = ~145MHz and A,./2m = —80MHz.
Calculated one-dimensional oscillation in the anharmonic effective potential (inset) is
shown by the solid curve, with no adjustable parameters. In simulated data, note the
separation of data points by angular momentum; lowest angular momentum transits
(black) most closely follow the one-dimensional model.
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In Figure 4.9 are displayed a series of these anharmonicity curves, for a series
of drive strengths 7i, = {0.08,0.16,0.31,0.7} photons, at detunings (Agrese/2m =
—145MHz, A,./2r = —80MHz). The relative size of the atom-transit signals H/7,
changes significantly over this range of drive strengths, and to highlight this we chose
a different normalization to that of Figure 4.8, now plotting the period P versus the
depth of individual oscillations, normalized by the empty cavity field #i,. That is, we
undo the previous normalization for 72; and plot (H, + 7;)/7;. The solid curves are
again calculated for one-dimensional conservative motion in the effective potentials
U(p) at each driving strength, derived from the quantum master equation for the
measured parameters {(Eprobe; Dprote); Dac, i }; the comparison is absolute with no
adjustable parameters. The first data set (7i; = 0.08) was collected from atom transits
rather than triggered/trapped atoms, this drive strength being too weak to reliably
trap atoms. As a result, few oscillations were observed, with those present due to
atoms which were caught in the potential well without triggering, as described in
Section 4.8.1. In the final panel of Figure 4.9 the weaker driving data (7i; = 0.16) of
the second panel are overlaid in grey circles to highlight the difference between the
data sets. The trend to smaller oscillations with higher drive strength is due primarily
to saturation of the atom-cavity relative transmission as drive strength is increased,

decreasing from a factor of 5 at 0.16 photons to a factor of 3 at 0.70 photons.

4.8 Experimental characterization of single-photon

trapping

4.8.1 Histograms of transit lengths - triggered vs. untrig-
gered

To explore the effect of triggering in more detail, in Figure 4.10 we plot histograms
of transit lengths 7 for untriggered (Figure 4.10(a)) and triggered (Figure 4.10(b))

events, for the same experimental parameters as Figure 4.7. From these histograms
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Figure 4.10: Dwell time T of single atoms in the cavity, with and without employing
the triggered trapping strategy.

it is apparent that the triggering/trapping strategy has a strong effect on extending
the trap-time 7 of an atom in the cavity mode, with most events lengthened from
~ 75us to > 200us, and the average trap-time extended to 7 = 340us. The longest
trap-time shown in this data set is >1.6ms, and times of 1.9ms have been observed
in other data sets. Although single atoms have recently been trapped with lifetime
28ms in a regime of strong coupling by way of a classical dipole-force trap [28], our
results are the first example of trapping using the single-photon quantum field itself.

Even in the untriggered case there are a few rare events of atoms trapped up to
~ 700us duration. These can be explained by the large momentum diffusion present
along the z (standing-wave) direction. As explained in more detail in Ref. [27], this
diffusion is the principal cause of heating of the atomic motion, and hence limits sets
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the trap lifetime. However, this strong diffusion can also occasionally lower the falling
atom’s energy sufficiently that it becomes trapped by the pseudo-potential even in
the absence of the triggering scheme, leading to the rare long events of Figure 4.10(a).
The triggering/trapping scheme is much more efficient way of loading atoms into the
potential, as evidenced by the qualitatively different character of the distributions of
Figure 4.10(a) and (b).

4.8.2 Histograms of traptimes - experimental vs. simulated

transits

Next, we compare the histogram of experimental trap-times to the corresponding dis-
tribution obtained from the numerical simulations of single atom trajectories. These
results are presented in Figure 4.11, with 4.11(a) the experimental results, and 4.11(b)
the simulations.

From Figure 4.11 it can be seen that while experiment and simulation are generally
in good agreement, minor differences exist, such as the slightly longer average trap-
times of the simulated transits; for this simulation a mean of (7)., =415us compared
to the (T)exp: =340us mean of the data. In the simulations, these small discrepancies
were found to be highly sensitive to the initial conditions (positions and velocities) of
atoms entering the cavity mode, values which are not particularly well characterized
experimentally.

Additionally, the method of assigning initial conditions to the simulated atoms
may cause some differences. They are set as follows: the z (vertical) position and
velocity distribution are just those of the initial MOT distribution evolved forward
in time. y and z are given flat position distributions (the MOT is assumed large
compared to the 14um mode waist and 9um gap between the mirrors), the y velocity
distribution is that of the initial MOT, and the z velocity is a flat distribution cut
off at velocities for which the atom would hit the mirrors surfaces before reaching
the mode. Each individual atom simulated is randomly assigned values for these,
with each of the 6 parameters assumed uncorrelated. While this is a reasonable
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Figure 4.11: Comparison of Experimental Data and Simulated Transits - Atom dwell T
time in the cavity, for parameters A,./27w = —47TMHz, Aprse = —125MHz, i, = 0.05
photons, and 7i; = 0.3 photons.
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first approximation, in the actual experiment the narrow 9um gap between the edges
of the mirrors and the Gaussian waist wp ~ 14um of the cavity mode will introduce
additional correlations between position and velocity. For example, atoms which have
an initial upward z-velocity will only reach the cavity mode if they have very small y
and z velocities.

That there is generally a good agreement for both the mean and distribution of
trap times of trapped atoms indicates that the simulations provide a good theoretical
understanding of both the conservative and dissipative (heating) mechanisms in this

atom trapping scheme.

4.8.3 Histograms of traptimes for different atom-cavity de-
tunings

The data of Figures 4.7,4.10 are taken at the particular detunings Apreee/2m =
—125M Hz and A,./2m = —47TM Hz, with drive strength 7, = 0.05 before trigger-
ing, and 71y = 0.3 & 0.05 after triggering. These values were chosen operationally
- detunings and intensities were varied over a wide range, with best results for
trapping achieved in the approximate range Agrese/27 = —110 — —160MHz,
Dge/2m = —40MHz — —80M Hz, with drive strengths 7, = 0.15 — 0.8 intra-
cavity photons.

In Figure 4.12 are shown histograms of trap times as a function of atom -cavity
detuning A,., with the probe detuning chosen to be 10MHz above the lower dressed
state resonance (3_(0) for each data set, and with a fixed drive strength 7, = 0.3£0.05.
These data sets were taken before the addition of an optical pumping beam to the
apparatus. The effect of optical pumping can be seen by comparing the second
panel of Figure 4.12 to Figure 4.10, as these otherwise have the same experimental
parameters.

This series of histograms shows that for these experimental parameters, trapping
is better for intermediate detunings A,./2m ~ -50—-100MHz than for near-resonant
detunings A,./2m ~ 0, and larger detunings A,./2r < —150MHz.
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Figure 4.12: Trap lifetimes vary with atom-cavity detuning A,..
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One further comparison that was made was to switch the role of “atom” and “cav-
ity,” by setting the atom-cavity detuning to A,./27 = +102MHz, while still probing
10MHz above the lower dressed state (now atom-like) resonance. This comparison
is shown in Figure 4.13. A trapping potential is still formed by the curvature of
the lower dressed state, but in this case the trapping times are shorter, evident by
comparing the histograms of Figure 4.13(a,b). In Figure 4.13(c), the untriggered dis-
tribution corresponding to Figure 4.13(b) is shown, and it can be seen that a far larger
proportion of untriggered atoms end up trapped than in the red-detuned cavity case
of Figure 4.10. This figure suggests that the diffusion is larger here: larger diffusion
makes it easier for untriggered atoms to randomly lose enough energy to be trapped,

and also means that the trap lifetime will be shorter.

4.9 Reconstruction of atom trajectories - the ACM

The trap-time histograms together with the data of Figures 4.8 and 4.9 show that we
have good agreement between experiment and theory, in terms of the depth and shape
of the potential, and also in heating rates. Qur understanding of atomic dynamics in
the effective potential U(p) (including confirmation that motion in the standing-wave
direction is minimal) together with a knowledge of the mapping between atom position
and probe beam transmission via the master equation enable accurate reconstructions
of two-dimensional trajectories for the individual atom transits of Figure 4.7, extract-
ing both radial position p(t) and angular momentum L(t) from the transmission data
of Figure 4.7. This reconstruction algorithm, developed by Theresa Lynn, is discussed
in detail in Ref. [27] and at the web site www.its.caltech.edu/~qoptics/atomorbits/,
along with a discussion of its limitations and validity.

The single atom transmission signals of Figure 4.7(a,b) yield the trajectories of
Figure 4.14(a,b), where motion is in the y — z plane at optimal = position (at an
antinode of the standing-wave). We now see directly that the large-amplitude trans-
mission changes of Figure 4.7(a) relate to elongated orbits, with large excursions from
the cavity center. Likewise, the smaller oscillations of Figure 4.7(b) translate to a
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Figure 4.14: Atom trajectories lie in a plane perpendicular to the cavity axis, as illus-
trated by the schematic. (a)-(b) Reconstructed atomic trajectories for the transits of
Figure 4.7(a,b). (c,d) Trajectories reconstructed from the simulated transits of Figure
4.7(c,d), with the actual trajectory shown in gray for comparison. Animated versions
of these orbits can be viewed at http://www.its.caltech.edu/~qoptics/atomorbits/
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more circular, tightly bound orbit of Figure 4.14(b). The size of the dot at the start
of each trajectory indicates the typical error in the estimate of the atomic location,
from comparisons as in Figure 4.14(c). Figure 4.14(c,d) show reconstruction from the
simulated transmissions of Figure 4.7(c,d). In this case the reconstruction was made
from transmission signals with noise (including fundamental shot-noise and technical
noise) added to the transmission, such as is shown in Figure 4.7(c,d). For comparison,
the actual trajectories provided by the simulation are shown in grey. In general we
find good agreement until the very end of the trajectory, where our algorithm fails
because (i) little information is known about the final angular momentum and (ii)
the reconstruction ignores z-axis motion, which becomes non-negligible at the end of
the trajectory (see Figure 4.7(c)).

Although modifications in cavity transmission by single atom transits were first
observed in cavity QED in 1996 [24] and in several subsequent experiments [25, 26, 45,
46, 28, 27|, the results of Ref. [27] represent the first time that individual trajectories
for single atoms have been extractable from these signals. Moreover, beyond the
scope of cavity QED per se, the ability to reconstruct atomic orbits demonstrates
a new measurement device - the atom-~cavity microscope (ACM) [27]. The position
of a single atom in free space is tracked with 2 micron resolution, achieved in a 10
microsecond timescale, with extremely low levels of incident light (i < 1 photon
in the cavity). Over the duration of the observation, the sensitivity is near the
standard quantum limit for sensing the motion of a cesium atom, that is, the limit
at which the laws of quantum mechanics prohibit a better measurement without a
measurement-induced backaction on the momentum of the particle. We believe that
the combination of spatial and temporal resolution of ACM should be applicable
beyond single-atom cavity QED, extending to include the imaging of chemical and
biological processes [93].
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4.10 Extensions:

4.10.1 Quantum servos

With this sensitive monitor of the atomic position, an obvious next step in this exper-
imental effort will be to extend our triggering/trapping strategy to build a feedback
system to cool the atomic motion. In response to changes in transmission, such as
shown in Figure 4.7, we are free to change the depth of the effective potential well, for
example by modulating the intensity or changing the frequency of our driving probe
field, enabling atom cooling and manipulation by servo-control. Cooling the atomic
motion so that a trapped atom has a constant coupling strength g(7) ~ go will be
necessary for realization of single-atom quantum computation and communications
schemes [9, 10, 6, 5], measurement of the photon-statistics from a strongly coupled
single-atom source, and generation of single-photon pulses [8]. In addition, at the
point where our measurement efficiencies approach the standard quantum limit for
detection [94], this would become a quantum servo, meaning that quantum measure-
ment backaction must be taken into account as an integral part of the feedback loop,
a system of fundamental interest to the theoretical quantum information community
(29, 30]. Initial estimates based on the theoretical analysis of [72] indicate that the
current experiment is perhaps a factor of five above the SQL. Straight-forward im-
provements to the experiment, such as enhanced detection efficiency, a single-sided

versus two-sided cavity, and reduced technical noise along the lines of [46].

4.10.2 Measuring quantum/semiclassical distinctions

In the nonlinear saturation measurements described in Chapter 3, it was shown that
the one-atom master equation of cavity QED was in good agreement with our transit
data, whereas semiclassical theory of the optical bistability state equation predicted
atom-cavity transmission markedly different from that observed, as well as predicting
bistable behavior in the system saturation. Measurements made by Hideo Mabuchi
and Jun Ye in similar settings show a corresponding deviation from semiclassical
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theory, while quantum theory is in good agreement with the data [26, 46].

What then, are the characteristics of this quantum/semiclassical distinction for
the upgoing transits of our current experiment?

Firstly, to compare the basic saturation characteristics of upgoing and downgoing
transits, in Figure 4.15 I plot relative transmission versus empty cavity photon number
i, With Weguity = Watom and for probe detunings of Wyrese = Watom aNd Wprote = Watom —
go on the same graph. The quantum calculations were performed using Sze Tan’s
quantum optics toolbox for Matlab [67], and the semiclassical by solving Eq. 2.7, the
state equation of optical bistability (64, 65]. By “relative transmission,” we mean the
ratio of the atom-cavity transmission with an atom present to that with no atom.
For the [{@)|? calculation the relative transmission is given by [{&)|2,om/1(8)|2atom =
m/fi, and for the (@fa) calculation it is given by (a'&)atom/ (@'@)no_atom = (6'@)atom /7,
since in the absence of an atom in the cavity, [(&)|2, ..om = (@'@)no.atom = 7. For the
semiclassical field the relative transmission is the ratio of the intracavity (and hence
transmitted) power with and without the atom present.

Note that the resonant case shows the same qualitative difference between the
(bistable) semiclassical theory and the quantum calculation as was evident in Chapter
3, but with the effects more pronounced here due to the increase in cooperativity Cj.
Additionally, transits persist to higher drive strengths than previously: at 10 photons
empty cavity field strength downgoing transits are still present, with signal contrast
still of a factor ~102. The separation of |(4)|? and (&'@) is also more pronounced.
At a drive strength of 10 photons, measurement of |[{&)|> (as in our experiment,
by heterodyne detection) gives transmission changes of a factor of 100 as a single
atom transits the cavity. If one were instead to measure (&'&) (by photon counting),
transmission would only change by of a factor of 10 for the same atom transit. That
(@'é@) >> |(a)|® means that a significant proportion of our driving field is being
radiated into the incoherent part of the atom-cavity spectrum. While this difference
was difficult to resolve for the data of Chapter 3, it should be easy given this order-
of-magnitude separation for the current cavity parameters.

For the saturation of the upgoing transits (Wprote = Watom ~ g0), the differences
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between quantum and semiclassical theories are smaller, but the same basic trend is
maintained: |(&)|? begins to saturate earlier that the semiclassical theory at low drive
strengths, then at high drives it takes longer for the contrast to completely disappear.
One interesting feature to note is that the trace of |(a)|? is double-branched in this
plot. Keeping the probe frequency fixed at wyrobe = Watom — go, the bottom branch is
#i vs. |(a)|? for an atom with coupling strength g(¥) = go . The top branch is 7 vs.
|(@)|? for an atom with any g(7) < go. That is, when driving with a probe detuned by
go, higher transmission is measured for these drive strengths if the atom has coupling
strength g(7) < go-

To try and understand more quantitatively the saturation of these transits, Fig-
ure 4.16 shows the same curves, but here the relative transmission is plotted versus
intracavity field strength with the atom present, that is, /A vs. m for the |(a)|?
trace, and (&'a)geom/ vS. (G'@)qeom for the (@'@) trace. For the resonant downgoing
transits, the onset of saturation is characterized by m = mg = v.7/448, which is
the drive strength at which the semiclassical (bistability state equation) transmission
has saturated by a factor of 4 in intensity (a factor of 2 increase in the transmitted
field amplitude). For these parameters mg = 2.8 x 10~*. The saturation photon
number for the earlier experiment of Chapter 3 was very similar, at mg = 2.3 x 1074,
However, here weak-field downgoing transits have higher contrast, with the depth
given by 1/(1 +2C1)? = 9.3 x 10~%, compared to 1/(1 +2C;)? = 7.4 x 10~5 for the
previous experiment. It therefore makes some sense that transits persist to higher
drive strength - approximately an extra order of magnitude in transit depth has to be
saturated out, and about an order of magnitude higher drive strengths are required
to achieve this.

To characterize the saturation of upgoing transits, I apply a similar semiclassical
analysis, re-arranging the bistability state equation to find the intracavity photon
number for which the semiclassical intensity transmission is reduced by a factor of
4. For the particular detunings chosen (Weawity = Watom; Wprobe = Watom — Jo), and
under the assumptions of strong coupling 72 /g8 << 1 and &/gg << 1,and with the
additional assumption v; /& << 1, the solution takes on the very simple form that






