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Abstract

An atom strongly coupled to a high-finesse resonator forms a microscopic optical
system in which the interaction of single atoms with single photons has significant
consequences. This is in contrast to a typical optical system in which a field com-
posed of many photons interacts with a medium consisting of many atoms. This
unique optical system has been used in studies of the fundamental matter-radiation
interaction on the single quantum level, in quantum computation, and in real-time,

high-position-resolution detection of single atoms.
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Preface

This thesis covers research in quantum optics in which single atoms and single pho-
tons interacting with each other produce observable laboratory consequences. This
statement is not as trivial as it may at first seem: after all, no one would dispute that
in an atomic dipole excitation from the ground state to the excited state, a single
photon leaves the field and is absorbed by the atom. However, it is surprisingly diffi-
cult to design and perform an experiment in which this unquestionable process, as it
occurs between single entities is at all relevant. In the vast majority of optics exper-
iments, an “optical field” interacts with an “atomic medium” such that the concept
of the quantum and its associated dynamics is largely lost. Indeed, one could make
a reasonably convincing argument that this is still the case even for some of the data
presented in this thesis. Whether the atomic-medium /optical-field description or the
single-photon /single-atom picture is appropriate, we have unquestionably created a
system in which there is never more than one photon in the optical field and never
more than one (on average) atom interacting with it. It may be the parenthetical “on
average” that forces us ultimately to accept the atomic-medium /optical field descrip-
tion, but the fact that the single quantum does matter is certainly evident in many
of the experiments that I will discuss. The elimination of the “on-average” caveat
is the subject of the closing chapters of this thesis and is just beginning to become
laboratory reality.

Our simple single-quantum quantum-optical system is realized in a cavity quantum
electrodynamic (QED) environment consisting of an atom strongly coupled to one of
the electromagnetic modes of a nearly lossless optical resonator. With it, we have
been able to study fundamental aspects of the matter-radiation interaction, and in
fact to realize (quantum) optical devices which were heretofore unattainable. As an
example of the former, we have investigated the nonlinear interaction of an atom

with both the quantized electromagnetic field of the cavity itself and an externally



xviii
applied nonclassical squeezed electromagnetic field. As examples of the latter, we
have realized Kerr-type optical nonlinearities in a single atom medium, induced by
a single photon, which we have utilized in a demonstration of a simple quantum
logic transformation, and we have demonstrated an efficient, real-time single-atom
detector.

For our lab, the route towards the micro-optical has been via cavity QED. The
basic idea of cavity QED is to put an atom in a high-quality-factor electromagnetic
resonator in order to alter controllably its environment. When I began the work
presented in this thesis, cavity QED was already a mature field with many of the
fundamental ideas thoroughly investigated both on paper and in the laboratory. Since
the days of Purcell’s first prediction that an atom coupled to a resonant cavity would
have a different rate of spontaneous emission than one in free space [1] and the
analysis of the basic quantum theory of the interaction by Jaynes and Cummings
[2], research in cavity QED has progressed remarkably. The pioneering proof-of-
principle experiments of Drexhage with dyes on mirrors [3] paved the way for the
many significant experiments realized since. Stand-out experiments include but are
certainly not limited to: the observation of collapse and revival [4], observation of
antibunching and sub-poissonian statistics [5, 6], observation of single-atom vacuum-
Rabi splitting [7] (perhaps the culminating achievement in “old-style” cavity QED),
and evidence of nonlinear peaks in a Jaynes-Cummings system [8]. It was clear when
I began my work and still is, that cavity QED has passed the demonstrative phase
and is ready to be utilized as a tool in the study of a variety of topics in quantum
optics, and more broadly, in areas of physics which have not traditionally been within
the domain of quantum optics, such as information theory. I would thus like to
divide the history of experimental cavity QED into two broad “epochs”: the phase
in which the underlying principles were demonstrated and the subsequent phase in
which these principles and technologies are being applied. This thesis spans the
two epochs, including one major demonstrative-type experiment and several other
experiments which are among the early research in the “tool-like” phase of cavity

QED. We are, of course, not alone in this progression of mind-set, with recent results



xix
outside of our group utilizing cavity QED in a one-atom (perhaps) laser [9], and to
study decoherence of quantum superposition states [10].

While we are not alone within the world of cavity QED, nor are we alone in
the general physics community. There are several areas of physics where there is
interest in isolating and manipulating single quanta, with perhaps the most notable
being an ion trap system in which a single ion is trapped and cooled to the ground
state of the trapping potential and the resulting quantum motion is manipulated with
exquisite control [11]. Here the single quanta are ions and phonons. Other areas which
are progressing towards the regime in which interactions between single quanta are
important include: wavefunction superposition in atomic hydrogen [12], manipulation
and tracking of single atoms via scanning-tunneling microscopy [13, 14], cavity QED
in exitonic systems [15], single electron tunnelling junctions and transistors [16, 17]
and quantum dots [18]. This list is not meant to be exhaustive and the references
within the cited works should be consulted as well.

Having provided a brief discussion of motivation, history and context for the work
presented in this thesis, I will now introduce its structure. As an aside, I feel that
it is important to justify the need for such a complete document. First, in today’s
scientific world, the main mode of communication is a brief report in a (hopefully
major) journal and a 15 minute presentation at a large conference. The unfortunate
consequence of this is that no one but those directly involved knows how a given
experiment is actually performed. Such detail is necessarily absent from a four-
page PRL. Even with the moderately lengthy discussions to be found here, anyone
else would be hard-pressed to reproduce the experiments to confirm or refute the
conclusions. This thesis is a small effort towards correcting this regrettable situation.
Second, I have worked on at least 4 experiments which remain unpublished. At least
they will appear here for the record. Finally, this is likely to be the last thesis from
our group with any reference to the good old days of hard-core beam-type cavity
QED experiments. There are some not-so-pretty details of this that must not be left
behind and are here documented.

Part I covers our research in the bad-cavity limit of cavity QED. We have devel-



6 o'3
oped a system which we have dubbed the “one-dimensional atom” since it interacts
efficiently with the standard 1-D laser fields common to an optics laboratory and
lends itself to efficient photo-interrogation of single-atom effects with standard op-
tical techniques. We have studied the linear and non-linear properties of the 1-D
atom and utilized a single-photon nonlinearity to confirm the truth-table of a simple
quantum logic gate. We have also used the 1-D atom to investigate the textbook
quantum optical system of an atom illuminated with squeezed vacuum. Within Part
I, Chapter 1 introduces the basic theory and computations with a brief discussion of
the differences between a semiclassical and fully quantum theory. Chapter 2 presents
the 1-D atom as an experimental entity with discussions of the apparatus, various
parameters and linear and nonlinear spectroscopic data. Chapter 3 presents the the-
ory and experiment on the interaction of squeezed light and the 1-D atom. Chapter
4 introduces the concept of quantum computation and describes our experimental
foray into this fascinating, brand-new, and very in-vogue discipline.

I return to an earlier experiment in Part II, which describes our research searching
for the elusive extra peaks in a spectroscopic study of the nonlinear response of
the atom-cavity system as predicted by the (simple) Jaynes-Cummings model. The
specific details of the experiment are extremely important here so they are described
in some detail. Our efforts to observe a departure from semiclassical predictions are
described.

Part III discusses our efforts to control not only the quantum internal degrees
of freedom of the atom-cavity system, but also the quantum external degrees of
freedom. A fundamental complication in the experiments of Parts I and II is our lack
of knowledge of the position and arrival time of individual atoms within the cavity
mode. Control over the center-of-mass is imperative to correct this situation, and
also leads to interesting interactions between the cavity-field state and the atomic-
position state which are now both quantum variables. The central result of Part III,
Chapter 7, describes our recent experiments in cavity QED with ultra-cold (slow)
atoms, culminating with the observation of single atoms passing through the cavity

mode in real-time. This is a significant achievement which is paving the way for the
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future of cavity QED in our group. Chapter 8 describes a different approach to the
atomic-localization issue, which uses a fast, low-dispersion atomic beam and physical
atom-optical elements. Chapter 9 describes an experiment in progress in which we
are attempting to use a trapped ion for cavity QED. The great advantage is the
extremely precise control over the center-of-mass degree of freedom offered by the ion

trap.



Part 1

The One-Dimensional Atom and

its Applications



Chapter 1 Introduction

The one-dimensional atom is realized within the context of cavity quantum electro-
dynamics (cavity QED). In broad terms, cavity QED is the study of the quantized
interaction between the electromagnetic field and matter in boundary conditions dif-
ferent from free space. In the regime of cavity QED that is the focus of this research,
novel optical effects occur in which the electromagnetic field consists of only one pho-
ton and the atomic medium consists of only one atom. This is in marked contrast to
typical optical systems, such as a laser, in which the intracavity field consists of 102
photons and the active medium has an inversion involving 10'3 atoms. In this thesis,
there is an emphasis on the capabilities that such a system offers for measurements
in quantum optics, such as investigations of the fundamental nature of the atom-field
interaction, and quantum logic.

The ideal system is quite simple: an atom is coupled via an allowed electric dipole
transition to a single mode of a highly reflective optical cavity. In a very qualitative
sense, when the rate of coherent interaction between the cavity field and the atom is
comparable to or larger than the rate of decay of the atom via spontaneous emission
and (in some cases) the rate of decay of the cavity field via a lossy mirror, a new entity
is created which has novel properties that can differ significantly from those of the
independent uncoupled subsystems. Remarkably, the isolation thereby implied does
not deny the experimentalist a detailed look at the dynamics and structure of the
composite atom-cavity system. The interaction is controlled by the presence of the
cavity to such an extent that the observer can learn a great deal with a photodetector
monitoring the output of the cavity. This gives the 1-D atom great power as a tool for
investigating fundamental physical concepts and as a constituent of unique quantum

devices.
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1.1 The atom-field interaction I

1.1.1 Ideal cavity coupled to a non-decaying atom

The Hamiltonian for a single two-state atom interacting with a single electromagnetic

mode (of a cavity, e.g.) is:

Htot = Ha = Hc s Hint (11)
where
H, = Bugm,/2 (1.2)
H., = hwala (1.3)
H’int = hgo [G,TO'_ + CLO'+] 5 (14)

H,, H., H;,; are the atomic, field, and interaction Hamiltonians, respectively, written
in the dipole and rotating-wave approximations. The field creation and annihilation
operators are given by a and af, 0. are the atomic raising and lowering operators,
and o, is the atomic inversion operator, with eigenvalues £1. The atomic transition
frequency is w,, the field frequency is w.. The atomic-dipole/field interaction rate
is given by go. The spectrum of eigenvalues for the case of coincident atom and
cavity frequencies w, = w, = w is given by the so-called Jaynes-Cummings ladder
[2] shown in Figure 1.1. The eigenvalues are Ef = nhw + figoy/n where n is the
number of quanta in the cavity mode. The first excited states are given by |£) =
1/v/2[|g)[1) % |e)|0)] with eigenvalues 4-figy where |g) is the uncoupled atomic ground
state, |e) is the uncoupled atomic excited state and |n) is the uncoupled field state.
The time evolution governed by Eq. 1.1 exhibits an exchange of energy between the
cavity field and the atom, known as the vacuum-Rabi oscillation. The corresponding
evolution in the frequency domain is characterized by a splitting of the normal-mode
frequencies of oscillation by frequency +go from the uncoupled (and coincident) atom
and cavity resonances.

There are numerous interesting effects associated with the simple Hamiltonian 1.1
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Figure 1.1: The Jaynes-Cummings ladder. Note that the figure is not to scale and
that only the ground and first two excited states are shown.

such as collapse and revival of the Rabi oscillations for a cavity field initially prepared
in a coherent state [19]. For our purposes, however, there is not much more to say
about this ideal case, with the exception of the following. The splitting of the first
excited state can be explained with a semiclassical description of radiation, whereas
that of the second and higher excited states is a prediction only of the quantum
theory. This is the basis for the experiments described in Part II. I will return to this

point in much greater detail there.

1.1.2 Real cavity coupled to a decaying atom

It has been one of the main thrusts of cavity QED to attain conditions in which the
Jaynes-Cummings Hamiltonian 1.1 is a good approximation to the “real” system.
By real, I mean that the atomic excited state decays via spontaneous emission at
a rate | = A, with A the Einstein-A coefficient, and that the cavity decays via

transmission through one of its mirrors at a rate x. It is certainly a noble goal to
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reach the ideal, but in reality this path ignores a wealth of opportunity in cavity
QED which is the consequence of a “nonideal” system. Thus, we will encounter
frequently the dissipative rates x and - which together with the coherent rate go
describe completely any realizable optical cavity QED system.
With the inclusion of dissipation, the atom-cavity system obeys a set of Heisenberg

equations of motion for the field and atomic operators given by:

& = —r(14i0)a+ gob_ + ge Hwr—wolt
- = —y (1+iA)6_ + godb, (1.5)
6. = —y(6.+1) — 2g0(a'6_ + a6,).

Here € denotes a coherent driving field at frequency w,, © = (w. —wp)/k is the cavity
detuning and A = (w, —wyp)/7 is the atomic detuning from the fixed reference frame
wp, which defines the rotating frame for Egs. 1.5.! & is the cavity field decay rate
and 7y, is the transverse atomic decay. For pure radiative decay v, = v/2; for a
homogeneously broadened medium, v, > /2. Note that v is in general the decay
rate to modes other than the single cavity mode. However, for our cavities, - is
essentially the same as for an atom in free space since we operate in the limit that
the solid angle f subtended by the cavity mode is small (f ~ 7 x 107°).

Much of the goal of cavity QED theory is to predict the rich dynamics and struc-
ture dictated by Eq. 1.5. To aid in this task, I will start with some simplifications to
the full equations. I begin with the case of weak drive field € < go, 1, k¥ and consider
only expectation values of the operators. In the weak-field limit there is allowed only
one excitation in the system, so that the identity (ac,) = —(a) holds. Addition-
ally, since the excitation is small, the atomic excited state remains unoccupied, so
that (o,) = —1. This weak-field approximation is similar to the typical semiclassi-
cal approximation in which joint-operator moments are factored. For an informative

discussion of this topic see Ref. [21]. In any event, what is formally equivalent to a

!The equations of this section are consistent with those of Ref. [20] but the notation, while
appearing the same is actually a bit different.
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semiclassical approximation is valid for the weak-field case. It takes the form:

8 = -y (14 1A)8 — gox (1.6)

& = —k(l+iO)a+ gof + e K¥! (1.7)

with Q, = wp, —wp and a = (a), B = (0_). If we take Egs. 1.6 and 1.7 as a description
of a linear black box which transforms an input field € to some steady-state output

field ko, then the associated complex transmission function is

Ktgs K [—i8dp +v1 (1 +3A)]
e (A=) — i)’

T(,) = (1.8)

Note that € does not appear in the rhs of Eq. 1.8—this is the definition of a linear
transformation: an increase in input power merely produces the same increase in
output power. T'(§2,) is characterized by the eigenvalues Ay which are roots of the
quadratic

FO) =[N+ &1 4+10)][A + L (1 +3A)] + g3. (1.9)

For the case of coincident atom, cavity, and drive frequencies, the eigenvalues are:

P (”Z“) + KE_T“—) —gg] %. (1.10)

Figure 1.2 shows the eigenvalues Ay as a function of coupling strength g for fixed &

and v, . Im reveals the energy structure of the coupled system, while Re\ describes
the decay rates. As the coupling is increased, Im\ eventually splits, showing a trend
towards the linear relationship of Ef of the Jaynes-Cummings model. Re) begins
as the uncoupled atom and cavity decay rates, trending towards the averaged decay

rate (k+y1)/2 (which, incidentally can be slower than the natural atomic decay rate

22, 23]).
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Figure 1.2: Real and imaginary parts of the eigenvalues (A = © = 0) as a function of
coupling strength g with v, = 1 and x = 30. All quantities are in the same arbitrary
frequency units. The ‘0’ and ‘*’ mark parameter sets discussed in Section 1.1.3.



1.1.3 Two limits

It is instructive and relevant to consider limiting values of the three rates go, &, v1. I
will restrict the discussion to the two limits with associated experiments in this thesis.

These are the bad-cavity limit and the strong-coupling limit.

1.1.3.1 The bad-cavity limit

In the so-called “bad-cavity” limit, cavity decay is the dominant rate, while coherent
cavity processes evolve significantly faster than spontaneous emission. For purposes
of this thesis, the bad-cavity regime is specified by x > ¢2/k > v, and resides
towards the leftmost side of Figure 1.2 before ImA\ splits. The eigenvalues have zero

imaginary part and reduce to:

A = —(1+200) (1.11)
_ _ o L
o= —n(1-20 K) (1.12)
where
% 1.13
St 2KY1 (1.13)

is the single-atom cooperativity parameter. In the bad-cavity limit, there is a separa-
tion of time scales such that the atom and cavity each retain their essential character.
There are, however important modifications due to the coupling. There is cavity-
enhanced atomic decay at rate —A, = v, (1+2C) and a slight atom-inhibited cavity
decay at rate —A_ = k(1 — g2/k?). The bad cavity limit has a somewhat more formal
definition in the optical-bistability literature. I will call this the “strict” bad-cavity
limit, to distinguish it from my bad-cavity limit x > g3/k > .. In the strict bad
cavity limit (x/v1,9/7L) — oo with C; constant [24] so that —A_ — x. The regime
specified by Egs. 1.11 and 1.12 is the limit in which we are interested, because of
the strong effect of the cavity on a single atom (reflected in the factor (1+2C) > 1
for large C7), and because the atom and cavity retain distinct identities due to the

separation of time scales between v, and x. Note that this is the domain in which



9
the experiments of Refs. [3, 25, 26, 27, 28, 29, 30] were performed. I have indicated
the location of a bad cavity system with a ‘o’ in Fig. 1.2 and show its associated
weak-field transmission spectrum in Fig. 1.3. The weak-field transmission spectrum

represents the response of the atom-cavity to a weak drive (probe) field ee~*¥? as in

Eq. 1.7 and is given by T(Q,) in Eq. 1.8

0.9

o o o
o N [

transmission T
o
(6]

0.4
0.3
0.2
0.1
0 | 1 1 1 I
-150 -100 -50 0 50 100 150
frequency Q

Figure 1.3: Transmission spectrum of the weakly driven atom-cavity in the bad cavity
limit. Note that the parameter set for this graph is indicated by the ‘o’ in Fig. 1.2.
v. =1, K =30, go = 8, C; =~ 1. The solid curve is T(2) from Eq. 1.8 with
A = © = 0. The dashed line is the empty cavity T(2,C; = 0 = go).

As a final note, the on-resonance transmission of a weak probe (for zero detunings
we = w,) with an atom in the cavity is 1/(1 + 2C1)? compared to the empty cavity

transmission. That is,

|T'(with atom, Q, =0)]> 1
|T(no atom, Q, =0)[2 ~ (1+2C;)?

(1.14)



10
This is not an approximation of any sort; it is valid for all values of g, %, v, . This

can be seen from Eq. 1.8 with Eq. 1.10.

1.1.3.2 The strong-coupling limit

Alternative to the bad-cavity limit is the true strong coupling regime, go > (x,7.)
for which the eigenvalues exhibit the well-known normal-mode (vacuum-Rabi) split-
ting (and associated oscillatory behavior in the time domain) due to the imaginary
component of Ai:

(5 +71)

This is the regime in which the Jaynes-Cummings model is most closely realized.
An observable normal-mode splitting will be present only if go > (k +7v1)/2. The
strong coupling regime occupies the extreme right of the graphs in Figure 1.2; the
parameter set indicated by the ‘x’ has the weak field transmission spectrum shown
in Figure 1.4, which clearly shows the split vacuum-Rabi peaks characteristic of the
Jaynes-Cummings model. Note that I will sometimes use the term “strong-coupling”
to mean go/7v, > 1, independent of the cavity decay. I do this, because I consider
strong coupling to be just that—strong coupling between the atom and the cavity
mode. This is a concept that is independent of the cavity losses, as neither gg nor v,
depend on . However, there is an accepted term for the limit go > (k,~y.) which I
here call the “true” strong-coupling limit. I will try to make it clear in which sense I

mean strong-coupling when I use the term.

1.2 The critical parameters

The discussion thus far has not emphasized the distinction between “mush” (the
atomic medium) interacting with a welding laser (the optical field) and single atoms
interacting with single photons. In order to distinguish mush, which we presume
to be uninteresting, from the single quantum, which we know to be interesting, I

will now introduce the critical parameters of cavity QED. Simply stated, the critical
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Figure 1.4: Transmission spectrum of the weakly driven atom-cavity (7(92) from
Eq. 1.8) in the strong coupling limit. Note that the parameter set for this graph is
indicated by the ‘«’ in Fig. 1.2. v, =1, k = 30, go = 100, C; = 167. The dashed
line is the transmission spectrum of the empty cavity (7(£2, go = 0)).
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parameters stipulate the number of quanta fundamentally involved in the matter-
field dynamics. From g, x,y1 we form two dimensionless numbers: the critical (or

saturation) photon number

_ 7
Ng = ﬁb (

also called my), (1.16)
90

where b is a geometrical factor (b = 8/3 for a Gaussian standing-wave cavity mode),

and the critical atom number

2Kk7y1 1
Ny = = e, 1.17
0 9(2) Cl ( )

These critical numbers effectively divide the parameter space of cavity QED in a man-
ner appropriate to the types of experiments in which we are interested. In particular,
we can ignore bad cavities, good cavities, strong coupling, weak coupling and all the
rest of cavity QED’s categorization attempts. Simply put, in order for an atom-cavity

system to be “interesting” from our perspective, it must be the case that:

Ny, np < 1. (118)

This can be justified in words in several different ways, depending on what is deemed
interesting for a particular experiment. So, if the critical atom number Nj is below

unity, I can say that a single atom:

e removed from or inserted into the cavity, even in the presence of many atoms,

can have a dramatic effect on the cavity field.
e can be used to switch a property of the cavity field.
e can be efficiently addressed with well controlled in-going or out-going fields.

e can be easily detected if it is in the cavity.
And likewise, if the critical photon number ny is below unity, then a single photon:

e can saturate the atomic response.
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e induces a strong nonlinearity in the intracavity medium.
e can control a property of another photon via the intracavity medium.

As I proceed, it will become clear which description is most useful for a given exper-
iment.

As a final word on the critical numbers, the progress over the last 1.5 decades
towards sub-unity critical numbers has been remarkable. To demonstrate this, I have
plotted in Figure 1.5 those cavities which have been constructed for use in cavity
QED experiments in our labs during that time. Even within my all-too-brief tenure

(1991-1997), almost 2 orders of magnitude have been traversed.

1.3 The atom-field interaction II: nonlinearity

I have thus far presented theory valid in the weak field. In this limit, there is no
difference between a semiclassical and quantum theory. The more interesting aspects
of the atom-cavity system are found not in the weak-field limit, but rather when the
system is driven with “strong” fields. Of course, strong in this case can still mean only
a few photons or less, if my < 1. Available analytic quantum theory (e.g., Ref. [21])
in the strong drive regime is useful, but limited in scope. The best option is usually to
directly simulate a very simple system, such as one stationary atom localized to the
maximum of the cavity field. On the other hand, the semiclassical theories [31] are
extremely well developed and can handle rather complicated scenarios, closer to real
experiments. Of course, the semiclassical equations model the real system incorrectly,
since a real system can be in a regime handled only by a true quantum theory. Indeed,
this is the regime towards which we strive. In this section, I will discuss techniques

for and results of various approaches to treating the strong-drive case.

1.3.1 The optical bistability state equation

When the radiation field is treated semiclassically (the joint operator moments are

factored), the atom-cavity system is described completely by the well-known input-



14

104

1021

100

10-21

critical atom number N

1980

1985 1990 1995

2000

- 104
102

100

critical photon number n

102}

1074}

E
E

=

1980

1990 1995

year

1985

2000

Figure 1.5: Progress in the critical numbers.
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output state equation of optical bistability [31, 32]:

—o| (1 —2 ) 4 P 1.19
i 1+6&+a2) " 1842 f ]’ -5

for input field y and output field z. Here, C = N,C; where N, is the “effective
number of intracavity atoms,” N, = S0, [(r;)|* where ¢(z:, s, 2) = exp(—(z? +
y?) /wd) sin(kz;) is the Gaussian-standing wave mode amplitude for the i** atomic site,
and the sum is over all IV, sites comprising the atomic sample, with wy the cavity
waist and k = 27w/, the cavity wavenumber. Note that for atoms on the top of the
Gaussian (z; = y; = 0) and at the antinodes of the standing-wave (kz; = pr/2), N,
represents the actual number N of atoms in the cavity, but for atoms distributed over
all parts of the Gaussian-standing-wave mode, N, is an effective number of intracavity
atoms representing the collective coupling of the sample. The detunings § and ¢ are
now defined with respect to the probe frequency w, (which is itself detuned from the

reference frequency wy).

§ = —=2— (1.20)

¢ = =2 (1.21)

This is not always the most useful frequency notation, but simple algebra will convert
this to the fixed detunings A and © of Eq. 1.5. The fields z and y are related to
previously defined quantities by

(@) © /mox (1.22)
y = Vo, (1.23)

where ¢ is the drive field from Eq. 1.5. In the sense that I will consider z and y,
the correspondence of Eq. 1.22 is not to be taken literally; = and y are semiclassical
quantities, calculated from Eq. 1.19 while the expectation value of the field operator is

a quantum quantity calculated from a full solution to Eqgs. 1.5. The correspondence
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of Eq. 1.23 is, however, literal since ¢ is a classical driving field. The output flux
of photons is 2ng|z|?k < 2|(a)|?k. I will also use the corresponding scaled powers
X=|z2and Y = |y|%
For resonant atom, cavity and laser probe, that is, w, = we = wy, or, § = ¢ =0

(the absolute square of) Eq. 1.19 reduces to

2
Y=X [1—#%1 ; (1.24)
Unfortunately, Egs. 1.19 and 1.24 give expressions for the input field Y in terms of
the output field X. For weak fields (X < 1) the state equation is easily invertible and
leads to Eq. 1.8, but for strong fields numerical inversion is usually the best approach
(aside from rotating the graph of Y vs. X by 90°, which is often fine). For C > 4 the
input-output relation is bistable [31].

The regime of validity of the semiclassical bistability state equation is limited to
large values of the critical parameters (we speak of 1/Ny, 1/mg < 1 so that quantities
may be expanded in terms of these small parameters). In this case the collection of
atoms behaves as a classical optical medium with susceptibility x and C — «agl/T
where aq is the absorption coefficient (o o< Imy [33]), [ is the cavity length and
T is the cavity transmission. For this regime Eq. 1.19 is valid for all drive fields y
and any value of C'. To connect this to the discussion of Section 1.1, note that the

cooperativity parameter C = C} va__fl [4(r5)|> = C1N, as above. The Heisenberg

equations (1.5) for atom ¢ must be modified to:

N,
i = —r(1+1i0)d+ Z gibt + gemtr w0t
=1
5 = —y (1+iA)6" + giadt (1.25)
&t = —yy(6l +1) —2¢:(a6% +as),

where g; = go|1(r;)|. Now the go which appears throughout Section 1.1 should be
replaced by g — go/N. where gy is the maximum value of the coupling (on a site

where [9]| is maximum).
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In the limit in which a large coupling strength is achieved via large N (C' >
1, Ci < 1lor goNel/2 > K,71; go < K,7L1), the bistability state equation 1.19 and a
fully quantum solution of Egs. 1.25 will yield the same results [21]. However, if the
single particle coupling is large (C; > 1, go > k,7.) Eq. 1.19 will not, in general,

be a valid approximation.

1.3.2 Comparison of the quantum and semiclassical theories

Eq. 1.19 depends only on the atom-cavity parameter C. The quantum equations
depend on g, k,y, explicitly. In the weak field this does not matter, in the strong
field, it will. A question not yet considered is in what cases will the state equation
come close to the “correct” answer. This is an important and relevant question, since
it is often much simpler to use the classical equations and it is definitely easier to
model a real experiment in the semiclassical limit (regardless of the issue of whether
the experiment is itself “in” the semiclassical or quantum regimes). I will merely try
to answer the question by example. In order to compare levels of approximation, I will
single out one property which is of paramount import. This property is the nonlinear
behaviour of the system, that is, the input-output relation or the saturation behaviour
with a strong driving field, where for simplicity I consider only the case of resonant
excitation. To compare directly the quantum and semiclassical predictions, I must
relate z and y as they appear in the semiclassical state equation to € and (a) from the
quantum picture via Egs. 1.22, 1.23. While it is not strictly true that noX = (a'a), I

|2 is subtle and

will use this association often. The difference between (a'a) and |{a)
not particularly relevant for the topics covered here, or for the parameter regimes of
most of the experiments; I will discuss this issue at greater length in Section 1.3.3.

I will perform the quantum /semiclassical comparison in a situation appropriate to
a single atom localized to the strong part of the cavity field mode with cooperativity
C1 > 1 (and coupling go > ,y.) in the quantum case, and many atoms localized to

the strong parts of the field mode such that C = Oy, C = NC§emiclass  Osemiclass o 1

N > 1 in the semiclassical case. In both of these cases, b = 1 is the appropriate
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geometrical factor in the saturation photon number, so for convenience, I will define

a new saturation photon number,

_ YL

(1.26)

The localized-one-atom case is the only scenario handled in a straightforward fashion
by the quantum calculations,? so the comparison reduces to the question of how best
to model the single atom case with the semiclassical equations, which are in reality
incapable of handling the job in its full generality. This photon-number scaling will
be discussed at greater length in Section 1.3.2.1.1.

The strong-field quantum calculation is simply a numerical evaluation of the evo-
lution of the system density matrix, taken to steady state.® The evolution of the

system density matrix is described by (A = 1):
ip = Lp, (1.27)

in which £ is the superoperator whose action on p is:

i
Lo = [Ho,pl = Y 5 (LiLip+ pLiL; — 2L;pL) (1.28)
J
where Hy is the free evolution Hamiltonian with a drive field, Hy = Hy, + ie(a — aT)

(Hyot from Eq. 1.1) and the L; are the decay or “jump” operators which characterize

decay into the environment. For the atom-cavity system:

L. = V2ka (1.29)
Lo = /2y10_ (1.30)

where L. describes decay of system excitation out the cavity and L, describes decay

of excitation via atomic spontaneous emission.

2The quantum calculations get prohibitively large for more than 1 atom.
3The calculations are performed using the Matlab Quantum Optics Toolbox developed by Sze
Tan. Hideo Mabuchi developed the code for the steady-state calculations.
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In steady-state, p = 0 while preserving the usual trace condition Tr(p) = 1.
Solution of this system of equations gives the steady state density matrix p,, from
which (afa)ss and other expectation values can be calculated via (O) = Tr(Op). Most
of what I use in this thesis, and indeed, almost everything done in cavity QED is in

the steady-state limit.

1.3.2.1 The bad cavity

The regime in which we are most interested has C; ~ 1 and n, < 1, so I will start
here.

Rice and Carmichael [24] have derived quantum expressions for the steady-state
operator moments in the strict bad cavity limit. Essentially, the cavity decay rate is
sufficiently faster than all other rates that it can be adiabatically eliminated, leaving
the atomic operators expressed as field operators, allowing solution of Eq. 1.5. The

only result I need is:

5 1442
(1+2C1)% +y*

Nex? = (a%)ss = Y

(1.31)

This provides a middle ground between the full quantum calculation and the semi-
classical state equation. It is not valid for all drive strengths, since eventually the
Rabi frequency associated with the drive field becomes too fast relative to cavity
decay and the field elimination is no longer valid.

The input-output curves predicted from the semiclassical state equation and the
quantum simulation are shown in Fig. 1.6 for a system in the bad-cavity limit. The
differences are not especially pronounced.

Another way to present the same quantities is via the saturation curve. The satu-
ration curve is more useful in this thesis, since it is directly related to a measurement
which we make frequently. Taking X as a function of C, I define the normalized
transmission as

|x(C)|2 Xuwa

T =

" R(C=0P " Xu .

=
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Figure 1.6: Input-output for the bad cavity regime. The curves are from (i) a quantum
simulation (Eq. 1.28, supplemented by Egs. 1.22 1.23) which gives m,/n; = (ala)/n,
vs. mse?/k? and (ii) the optical bistability state equation 1.19 which gives X vs.
Y. Curve (iii) is the empty cavity X = Y. The inset has the same axis quantities
but shows a larger drive range (out to approximately 10 intracavity photons). The
prediction of Eq. 1.31 has been left out, but is nearly indistinguishable from the
quantum curve. The parameters are: go/2m = 20 MHz, x/27m = 80 MHz, v, /27 = 2.5
MHz, C; =1, N = 1, n, = 0.008.
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or, for the quantum case

T ~\atom
(a'a)3 (1.33)

fotlyg e

T,
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This is simply the ratio, for a fixed strength driving field, of the transmission of the
cavity with and without intracavity atoms. It removes any necessity for absolute
knowledge of the input field strength or the empty-cavity peak transmission. Note
that T, can be displayed as a function of drive power (or intracavity photon number)
for fixed probe frequency, or of probe frequency for fixed drive strength. The satura-
tion curve treats T,, as a function of intracavity photon number in the presence of an
atom {(a'a)®*™ = m,, .. The saturation curve for the bad cavity system with C; = 1
and ng; = 0.008 is shown in Fig. 1.7. Note that the saturation curve starts out flat
in the linear regime my, ,,o < Mg, then curves up and saturates to the empty cavity
transmission for very strong drive fields. The differences between the semiclassical
and quantum results are again not exceptionally pronounced. The main feature is
that the quantum case saturates more quickly than the semiclassical case initially,
but is then overtaken at higher drive powers.

The idea that the linear properties in the bad-cavity regime are well described
semi-classically is important in this thesis, since they provide a convenient basis for
comparison with experimental data. The absolute comparison between the quantum
and semiclassical results for the nonlinear case is not as relevant. In many places I
do make use of the far simpler semiclassical equations rather than performing a full
blown quantum calculation, but not in any way that is essential to the conclusions of
any experiment. Indeed it is not at all obvious that the full quantum calculation is
any better at making predictions about the experiment, since the actual experiment is
vastly more complicated than any simple (classical or quantum) model can possibly
handle. After all is said and done, the onus is on the experimentalist to devise
operationally significant measurements which in their interpretation do not rely on
any particular theory.

Of course, simply because the result of one particular measurement is to some rea-

sonable accuracy equally well described by several models, this does not mean that the
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Figure 1.7: Saturation of the bad cavity from (i) a full quantum simulation (Eq. 1.33)
which plots My, wae/Mpna VS. Mpwe and (ii) the optical bistability state equation (Eq.
1.32) which plots Xya/Xne = X/Y vs. n,X. Same parameters as in Figure 1.6.
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underlying physics does not respect the “correct” theory (in this case the full quan-
tum theory). Rather, other measurements are required to explore those properties
which are in fact demonstrably different in the quantum and semiclassical predic-
tions. Although we have made several experimental attempts, such measurements
have proven to be elusive and have essentially not been made in any direct way. Nev-
ertheless, there is evidence that the underlying quantum mechanics is indeed relevant

to some of the observations that we have made.

1.3.2.1.1 Discussion of ny; vs. ng If instead of individual atoms localized and
fixed in space, the atoms are spread over the cavity mode, then the saturation be-
haviour of the system is described more properly by ny than n,. That is, the system
saturates at a larger (by b = 8/3) intracvaity photon number than in the localized
atom case, for the same value of effective atom number N,. This is relevant for the
direct comparison of the quantum and semiclassical results. In order to get the semi-
classical and quantum curves on the same abscissa, I have employed the following
procedure. To avoid inverting Eq. 1.24, I choose a value of X and from it, compute
the drive Y that would have produced this value of X. I then drive the quantum
simulation with ¢ = v/k?n,Y. The quantum simulation produces Wipnwe, = Tr(paTa).
For the case of the empty cavity, X,, =Y, which is obvious both from the definition
of X and Y and from Eq. 1.24 with C' = 0. For the empty cavity quantum case, I
likewise drive the quantum simulation with €, setting go = 0 to produce the no-atom
intracavity photon number mp,,. I have used the saturation photon number ng,
which is appropriate for a fixed atom localized on a maximum of the intracavity field.
In our experiments, the atom is not fixed to any one position within the cavity. In
fact “one atom” is really an average over many multi-atom realizations (in the sense
of N.), with each realization achieving a slightly different value of the coupling due to
the exact distribution of atoms within the Gaussian standing-wave (I will discuss this
much more further on, particularly in Section 2.1.3.3). When the atom (or atoms)
is (are) distributed uniformly over the Gaussian mode volume (r), the saturation

of the atom-cavity can be significantly more complicated than Egs. 1.32 and 1.33
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allow. Semiclassically, the weak-field response and the initial saturation behavior
(fairly weak fields) can account for this through the geometrical factor b = 8/3 in ng
which comes from an integration of the state equation over the Gaussian radial field
distribution [34]. This has the net effect of moving the saturation curves in Figure 1.7
to the right by an amount b: it is harder to saturate “mush” spread out over the mode
volume than a single atom localized at the field maximum. This is not surprising,
as the de-localized mush samples all parts of the field, both strong and weak. The
quantum theory really cannot take the atom “smearing” into account in any simple
way, in any regime of drive field.

Despite this, in almost all of what follows, I will use a definition of ng with b = 8/3,
as I did in section 1.2, and I will use it even in regimes where it is not strictly meant
to be used. In order to compare a semiclassical prediction with a quantum prediction
in this light, I plot the two results (quantum and semiclassical) in Figure 1.8. It is
important to note that this is not in any way a direct comparison of quantum and
classical theory for identical circumstances (that is shown in Fig. 1.7). It is, rather, a
comparison of a quantum calculation for one stationary atom on an antinode of the
field with some C; and a semiclassical prediction for a conglomerate atomic system
spread out over the cavity mode volume with C' = C}. In an actual comparison to
experimental data taken with an atomic distribution, both curves could be moved to
the right by b = 8/3. This is partially valid semiclassically, and of unknown validity
quantum-mechanically (though it is probably not too far from the truth, especially
in the bad-cavity limit). If all of this seems mysterious at this point, it will become

clearer as the actual experiments are described.

1.3.2.2 Strong coupling

Fig. 1.9 shows the input-output curves for a system in the strong coupling limit.
Clearly there are some differences between the two predictions. The semiclassical
curve exhibits the bistability expected since C' = 10 for the parameters that I have
chosen. It is no surprise that the quantum answer is not bistable, as I have plotted

a single-valued photon number expectation value. The bistability is revealed in a
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Figure 1.8: Same as Figure 1.7 with an adjustment to the semiclassical abscissa of
b = 8/3. The semiclassical x-axis is x°no|z|?. (i) Quantum simulation. (ii) State
equation. Note that the curves have swapped sides relative to Figure 1.7.
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bimodal photon number distribution [35] which is lost in the expectation value. Note
even for very large drive fields Y, that X never quite reaches the empty cavity value.
In saturation, the atom scatters photons at a constant, fixed rate, which causes the
X vs. Y curve to never quite reach the empty cavity curve. This can also be seen
by expanding Equation 1.24 for large X. It is seen from this that X =Y — 4C, so
that the effect is more noticable for large C. Additionally, the semiclassical theory
predicts a much smaller discrepancy than does the quantum theory. This was also
noted in Ref. [36].

As in the bad cavity case, it is initially easier to saturate the quantum case than
would be expected from the semiclassical guess. In this regime, the reason becomes
clear: the semiclassical curve follows the lower branch of the bistability curve for weak
drives. Only when the semiclassical curve reaches the turning point and jumps to the
upper branch, does it become relatively easier to saturate. This is seen quite clearly

in the saturation curve of Fig. 1.10.

1.3.3 Discussion of (a'a) vs. |(a)|?

As a final consideration, I will examine the differences between quantum calculations
of intracavity intensity based on the photon number operator (afa) and the modulus-
square of the field operator |(a)|?. I mention this point because it could be relevant in
the context of photo-detection. Photon counters respond to (a'a), while unit efficiency
homodyne (and heterodyne) detection provides a measure of (a). Will the two types
of detection on cavity output yield different results? Coherent states are eigenvalues
of the anninilation operator, so {afafala) = |a|?> = |{a|ala)|?, and therefore it may
be expected that the two methods will lead to identical results. The semiclassical
state equation does not distinguish between field operator expectations and photon
number operator expectations: the intensity is simply the square of the field. On the
other hand, the Jaynes-Cummings Hamiltonian clearly prefers photon basis states.

Not surprisingly, the answer for a real system, including dissipation probably lies

somewhere between these two possibilities. Again, I will only investigate the question
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by example, looking at the resonant input-output curves. These are shown in the
bad-cavity limit (same parameters as Section 1.3.2.1) in Figure 1.11 and the strong-
coupling limit (same parameters as Section 1.3.2.2) in Figure 1.12. In the bad cavity,
it is seen that the two answers are similar throughout the range of drive fields shown.
In weak field, the answers are identical. In the strong-coupling case, however, the
answers are significantly different away from weak field. This system is closer to the
Jaynes-Cummings model and shows signs of the non-classical interaction between an
atom and a quantized cavity field. In this regime, care must be taken in correctly

accounting for differences in the two types of detection.
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Figure 1.11: Comparison of intracavity intensity via two schemes in the bad cavity
limit. The solid curve is a calculation of (a'a), while the dashed curve is a calculation
of |(a)|? for identical parameters. The straight solid line is the empty cavity. Same
parameters as in Figure 1.6.
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pling limit. The solid curvee is a calculation of (afa), while the dashed curve is a
calculation of |(a)|?® for identical parameters. The straight solid line is the empty
cavity. Same parameters as in Figure 1.9.
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Chapter 2 One-Dimensional Atom

“A cavity QED system in the bad cavity limit” is a lengthy and technically accurate
(in my definition) description of the central subject of this thesis. It is not, however, a
particularly illuminating description. On the other hand, the name “one-dimensional
atom” embodies the key elements of this system—namely, it is relatively easy to
probe with beams of light (along 2) and in so doing, we will not lose any photons
to unmonitored, inaccessible “dimensions” (along # and §/). We have seen in Section
1.1.3.1 that in the bad cavity limit, the atom essentially behaves like an atom with
a modified decay rate. As long as g2/k > <1, (coherent interaction rate > spon-
taneous emission rate) interaction with the cavity mode dominates the evolution of
the modified atom and it becomes one-dimensional in the same sense that the cavity
mode supports a “one-dimensional” paraxial Gaussian beam. It is an unfortunate
misnomer in this case to call k the cavity decay—decay implies a loss of information.
Rather, here, cavity decay occurs into a channel which is easy (both in principle and
in practice) to monitor with high efficiency.

It is useful at this point to introduce a quantity that is commonplace in the
semiconductor diode trade, that is, G, the fraction of spontaneous emission emitted
into the cavity mode. Laser manufacturers are interested in this quantity because the
more spontaneous emission captured by the cavity, the more laser power for a given
supply power—more laser photons for the buck. We are interested in (3 because it
keeps the photons in the controllable and measurable channel. To derive an expression
for 3 in the bad cavity limit is a trivial matter. The total rate of spontaneous emission
is the sum of spontaneous emission out the sides of the cavity, that is, v, and the
emission into the cavity g2/x. The sum is of course v, (1 + 2C}) as we have already

seen. Thus
gi/k 2y 2¢4

= = = : 2.1
’YJ_+98/K, ’YJ_(1+2C]_) 1+ 2C; ( )
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For the experiment to be described in this chapter C; ~ 1, so # ~ 2/3. Thus radiation
emitted by the atom is most likely to contribute to the cavity output field, which we
detect with near unit efficiency, and rarely ends up in modes other than the single
cavity mode.

To put our value of § = 2/3 in perspective, I will now consider other achievements
in B of which I am familiar. In atomic optical cavity QED experiments in which Eq.
2.1 is valid, # = 0.2 [30, 37], 8 = 0.03 [38] and B = 0.3 [39] have been achieved.
These three experiments attain these values by use of large solid angle cavities, so
that many modes each weakly coupled to the atom generate a large spontaneous
emission alteration, as opposed to our approach in which one strongly coupled mode
generates the radiative alterations. In the semiconductor laser world, 8 = 107° is
common [40] while # = 0.23 is one of the largest values (obtained in a microdisk laser
[41]). For plane-wave Fabry-Perot resonators (flat mirrors) which are most commonly
used in laser diodes, the theoretical maximum value is § = 1/2 [15]. In microwave
cavity QED experiments 3 ~ 1 is readily attained [26, 25, 42], but there is no direct
access to the cavity field.

My coworker in the early phases of this experiment was Rob Thompson—before
he went ahead and left me by graduating. In the later phases, and especially for the

nonlinear measurements Christina Hood did a great deal of work.

2.1 Description of the experiment

2.1.1 The cavity

2.1.1.1 Cavity parameters

2.1.1.1.1 Cavity losses in brief Needless to say, in cavity QED, the cavity is
preeminent. Relevant parameters for our cavities are shown in Figure 2.1. To make a
cavity suitable for cavity QED experiments, the mirror reflectivity must be very high
and the losses at the mirrors should be dominated by transmission. There are three

contributions to the losses: transmission 73, absorption A; and scattering S; 5. I
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will not differentiate between the “bad” loss mechanisms A and S, but instead lump
them together as “losses” L1y = A; 9+ S12. I will call £L = Ly + Ly + T +T5 the total
losses even though it could consist of both good and bad contributions. Legitimate
cavity QED demands that £ < 1 so that a photon is stored for an appreciable time
and once radiated by an atom has a good chance of being reflected by the cavity to
be reabsorbed by the atom. This is an essential aspect of the altered environment
of cavity QED. The demand that L; » < T is on the other hand, a criterion solely
for the type of cavity QED in which we are interested. That is, we demand that
all the light in the cavity eventually leak out into a channel that we can detect.
Scattering losses and absorption losses are not of this type. In this sense, scattering
and absorption losses are similar to spontaneous emission losses out the sides of the
cavity, which we also do not detect (though in principle we could but in practice
with very low efficiency). Spontaneous emission can in many situations be avoided
via the use of some clever tricks, but mirror scattering or absorption losses cannot be

circumvented.

2.1.1.1.2 Discussion of gy The second demand on the cavity is on its mode
volume. Roughly speaking, the aim of cavity QED is to create as large an electric
field per photon as possible so that a single photon can saturate the atomic response.
This is accomplished by “confining” the photon to a small volume V,,. This is clear
from the expression for the magnitude of the electric field £ of a photon of frequency
w: € = \/hw/(2¢0V;n) where € is the permittivity of the vacuum. Equivalently, we
have seen that gy should be “large”. Since hgg is the energy of interaction between a
single photon and the atom, hgy = u€ where p is the atomic dipole moment matrix

element (taken to be real). This gives:

,u2w 1/2
= ) 2.2
o0 <2h€0Vm) ’ ( )

for an atomic transition at frequency w,. The smaller the mode volume, the larger

go becomes. For convenience, I can re-express Eq. 2.2 by replacing p with the
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Figure 2.1: The cavity parameters. L;o are scattering and absorption losses in the
mirror coatings. R; o are the mirror radii of curvature. 7} 5 are the individual mirror
transmissions. L is the cavity length, wy is the waist of the fundamental Gaussian
cavity mode.
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appropriate expression in terms of -y, u? = v3meofic® /w? and arrive at a final (useful)

3cA2y
%—(%V) (2.3)

where ), is the wavelength of the atomic transition. To calculate gg, we must have an

expression for go:

expression for the mode volume V,,. This is straightforward for a Fabry-Perot cavity
geometry supporting the fundamental Gaussian mode and will merely be quoted
here, after the definition of a few convenient quantities. The cavity is conveniently
parameterized by the so-called cavity g-factors (no relation to the coherent coupling

strength go; the notation is unfortunate for us, but widely accepted). They are:

l
2 o s 24
g=1-% (2.4

where [ is the cavity length and R; is the radius of curvature of the i* mirror. The

mode volume for the TMy, mode of a Gaussian standing wave cavity is given by:

Vi = %wgz (2.5)

where wy is the Gaussian waist, given by

= %\/( 9192 (1 — 9192) ' (2.6)

g1+ g2 — 29192)2

Combining expressions 2.6, 2.5, 2.4, 2.3 gives gy in terms of the measured quantity {
(more on this below), the known quantities R; (known from the mirror supplier) and

atomic quantities A\, and 7.

2.1.1.1.3 More on losses Now I will provide more detail on cavity losses, in a

new notation. The cavity finesse F is defined by

/ —680/2
T/ T1T9€~ 0
F ==

1 — ryroe=%0/2 (27)
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where 1o are the amplitude reflectivities at each mirror and &y is the round trip
internal cavity losses in power (due to an intracavity medium, scattering and absorp-
tion losses at both mirrors, dust, etc.). I will now introduce the common §-notation
wherein 7?2 = e~% ~ 1— §; for sufficiently small losses §; < 1. With this definition, 6;
is the power transmission of the first mirror, ds is the power transmission of the sec-
ond mirror and 6y is the total absorption + scattering loss in power due to both cavity
mirrors. This definition of §y is consistent with Siegman (Ref. [43]) and reflects the
fact that there is no cavity measurement which can assign the internal loss to one or
the other of the mirrors. Additionally, I define the total cavity losses 6. = 61 + 82 + 8.
With these definitions the cavity finesse can be written (F > 1)

F=Z (2.8)

which is the expression that is actually used. The finesse can also be expressed as
the ratio of the cavity free-spectral range vpsg = ¢/2l to the cavity full-width-at-
half-maximum vpwam = 2k/27 by F = vpsr/vrwam. The finesse is also roughly
the average number of round trips that a photon in the empty cavity makes before
leaking out.

It is useful to know the on-resonance build-up, reflection and transmission of the
cavity in terms of 8o ;2. These are all given in [43], but are here repeated for com-
pleteness and subsequent reference. The quantities are given as ratios of transmitted

(or reflected, or circulating) intensity to incident intensity on mirror M;.

I trans 46 1 62

e 2 (2.9)
I 8y + 8o — &1)2

== = (2+;2 L (2.10)
Icirc 46

7 = 6—21. (2.11)

If the finesse is known (or measured) the §’s are in principle completely constrained

by measuring both Egs. 2.9 and 2.10. In practice it is often more reliable to measure
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the reflectivity of the cavity from both sides. If one of the §;’s is very small relative
to the other, it is difficult to get an accurate measure of the small one.

As an important aside, I will derive an effective §4—the effective atom-caused
intracavity losses—in terms of C. Istart from Eq. 2.9 and the fact that the weak-field
transmission of a bad-cavity-with-atom is attenuated by 1/(1 + 2C})? (see Eq. 1.14).
The atom is treated strictly as a loss mechanism (it is not, since the dipole is excited
and re-radiates out-of-phase) that causes photons in the cavity to be scattered out of
the cavity or absorbed. The resulting expression (for ég = 0) is d4 = 2(61 + 62)C1,
so that the total losses are now 6. = 6; + 02 + 64. This is consistent with the
“semiclassical” definition C' = aglF /2w where oy is the absorption coefficient of the
intracavity medium [32]. It is true only when the atom, cavity and incident probe
frequencies are coincident.

The task of the cavity designer is typically to make gy large yet keep x “reasonable”
(Cy > 1). This is a task of tradeoffs. The route to large go is via small mode volume
which is achieved via two possibilities: short length, or tight radius of curvature R.
It is useful to point out some scalings. For a symmetric radii, near-planar cavity,
w? VIR so gy o< [73/*R~Y*. As for the cavity linewidth, keeping » small requires
large finesse and a long cavity. Of course, k oc F~1[~1. For fixed radius of curvature
and finesse, eventually x dominates over gy as the cavity is made shorter. For the
true strong-coupling regime this becomes a problem, but for the bad-cavity regime,

it is relatively easy (nowadays) to get the parameters just right, especially at long

optical wavelengths.

2.1.1.2 The cavity realized

2.1.1.2.1 Overview of cavities used Having discussed the cavity parameters,
I will now describe the cavities that my co-workers and I have used in various exper-
iments. To start, in Table 2.1, I list the parameters of four cavities.

Note that most of the cavities are “one sided,” that is, the transmission of one
of the mirrors is much larger than that of the other. This is a practical design issue

which allows all of the cavity leakage to occur in one direction, so that the most
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r# || & | [[pm) | (61, 62) | (R1, Ry)[cm)] %(g,/z, YWIMHz] | (No, mo) | ref. |
1| 8x10° | 1100 | (1, 75) | (7, 17) (3.1, 0.9, 5) 05,0.8) | 7]
2 | 3x10° | 346 | (L, 15) | (17, I7) (72,1.2,5) | (0.06,0.16) | [44
3 [ 1.8x10%| 56 | (L, 350)| (100, 45) (20, 75, 5) (0.9,0.02) | [45
1 2x10° | 108 | (15, 15) | (100, 100) (I1,35,5) | (0.14,0.07) | [46

Table 2.1: Cavities used in this research.

information about the intracavity field emerges in one direction. (Take the ratio of
Eq. 2.9 and 2.11 to get: Luns = Golire)

For all of Part I cavity # 3 is used. In addition to the parameters quoted in Table
2.1, this cavity has wg = 33 um, V,, = 5x 10* um3, vpsg = 2,760 GHz. For additional

atom-cavity parameters see Appendix B.1.1.

2.1.1.2.2 Mirror technology and cavity construction The mirror technology
itself is becoming fairly routine. Transmissions as low as §; = 10 ppm with §y/2 ~ 1
ppm are common. é; = 1 ppm on §y/2 = 0.5 has been obtained. The mirrors are
multi-layer (up to 80 layers for super-high finesse) dielectric coatings deposited on
super-polished substrates of either BK7 or fused-silica. More information about the
mirror coating materials and techniques can be found in Ref. [47].

The cavity mount for cavities 1-3 is shown schematically in Figure 2.2. This is not
a new mount, it is explained in more detail elsewhere [48], but briefly: Each mirror is
mounted (glued) in a macor cup which is in turn mounted (glued) to a tubular piezo-
electric transducer (PZT), which itself is mounted (glued again) into a brass holder.
Each of these assemblies is glued into an invar tube, thereby forming the “cavity
mount.” This assembly is placed in the vacuum chamber on a bed of viton o-rings
and lead sheet for vibration isolation. The lead offers excellent mass and damping
characteristics for passive vibration isolation, but is a non-ideal vacuum material.
Nonetheless adequate pressures on the order of 1076-10~7 torr were attained. The
cavity was aligned to the atomic beam (more on the beam in Section 2.1.3.2) by
sighting down the vacuum tube with an army surplus surveyor’s telescope.

Control over the nominal length of the cavity during construction was marginal,

but adequate. The glue which is in contact with the mirror must be a very small drop,
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as stresses in the substrate impart small birefringence on the mirror coatings, which
for large finesse cavities, can be a real problem. Even with precautions, birefringence
is still present. The alignment criterion is fairly strict for long radius-of-curvature
mirrors. Essentially, the cavity mode is formed along a line which connects the
centers-of-curvature of the two mirrors. If the line does not happen to intersect the
coated regions of both mirrors, the cavity will not support modes. If the line intersects
the outer area of the mirrors, it is likely that the finesse will not be high, since the
mirror coatings are only of optimal quality near the center. This has not been tested in
any quantitative way, but is the present folklore. The long arm associated with long-
radius mirrors makes alignment critical. Because the cavity mount has no degrees
of freedom, the assembly process was a bit of a trial and error procedure in which
a cavity would be glued together, and one would then hope it actually supported
high-finesse modes.

To facilitate the construction of a cavity, the following technique was developed.
The first mirror is glued into its holder and the holder glued into the invar tube. The
second mirror then is placed into its holder, the rest of the mount lowered over this
mirror while the mirror faces are brought into contact with each other. The second
mirror is then glued in place. The cavity is separated and reassembled with foil
spacers inserted between the brass holder and the invar tube, to choose a satisfactory
length. The whole assembly is then glued together. This absurd procedure managed
to produce mostly functional cavities. The idea of contacting the mirrors, horrid as it
may seem, is salvaged by the curvature of the mirrors. When the edges of the mirrors
are touching there is still space between the actual coated surfaces. The indentation
of the curved surfaces is given by ding = R — VR?2 — r2 where R is the radius of
curvature and r is the substrate radius. For a 1 m curved mirror on the typical 7.75
mm substrates the indentation is 7.5 pym. There shouldn’t be anything at all on the
surface of the mirrors anyway, so this is a completely adequate spacing. All cavity
assembly is done in a laminar-flow clean-hood. Mirror cleaning is done with standard

techniques and solvents.
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Figure 2.2: The cavity mount. After Ref. [48].
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2.1.1.2.3 Measuring the cavity length The cavity length can be measured by
a simple, powerful, and accurate method. Because the cavities are so short, the free-
spectral-range is extremely large—several nm. The length can thus be derived from
a direct measure of vpgg. The cavity length is scanned over a free-spectral-range (a
length A\/2 where A is the laser wavelength) by the thin PZT. The position of the
modes within the scan ramp is noted, and the laser is tuned in wavelength (by the
birefringent filter of our laser (Coherent 899)) until the modes are walked through a
free-spectral-range and reappear in the same position as the previous modes, which
corresponds to +1 additional half-wavelengths in the cavity. On the wavemeter, the
original wavenumber (to an accuracy of 0.01 cm™) o; = 1/\; and the subsequent
wavenumber oo = 1/\g are recorded. The cavity supports a longitudinal mode when
the round-trip phase returns to 27, so, 27012l +¢1 = 27p and 270920+ P2 = 27(p+1)
where p is an integer and ¢, is the phase shift at the mirror coatings at \; and ¢
is the phase shift at the mirror coatings at As. For very short cavities, \; and Ay
can differ by several nm (12 nm for [ = 50 pm), which can be outside of the mirror
coating bandwidth, so that ¢; o could be considerably different. If we neglect this
possible complication, then the cavity length is given simply by 2 = 1/(oy — 02).
We can measure 0_g _10 4142, €tc., several times (on both sides of the mirror coating
center wavelength 1/0y to mitigate effects of ¢; 2) to determine the exact number of
half-wavelengths in the cavity. The time between wavelength measurements must be
as short as possible to avoid drift in the length of the cavity due to thermal effects.
Thirty seconds or so is usually good enough.

Another, sometimes useful method of measuring the length takes advantage of the

transverse mode structure of the cavity. The transverse mode spacing is given by

_ cos™ !\ /g1g2 2mc (2.12)
T

Vt™m ol

Inverting this and making the short cavity approximation gives,

(2.13)

"~ R+ R,

RiRy { Ut™ W] .
VFSR '
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vrm and vpgg are measured as voltages on the PZT. Something causes this method
to be inaccurate by +50% typically. Whether it is nonlinearity in the PZT scan or
a failure of the Fresnel approximation (which is assumed in Eq. 2.12, and almost
everywhere else) is not known. This technique is only used as a gross indicator of the
length, and in cases where the cavity is not sufficiently short to resolve the difference
in adjacent longitudinal mode wavelength, a direct technique (such as with a ruler and
a microscope) must supplement it. (Of course, for very long cavities with vpgg ~ 10—
100 MHz, it again becomes easy to measure vpsg by e.g. application of rf sidebands

to the optical beam.)

2.1.1.2.4 Measuring the cavity line-width As a practical matter, when a
cavity is first assembled very little is known of it. The first task is to measure the
length, as described above. The next will be to measure its line-width (x/27). From
the manufacturer, we know 6,2 to 10-20% , but & is unknown. If we trust &1
then a measure of the length and the line-width is enough to tell us whether &g is
acceptable. If we want more information, then we must look to Eqgs. 2.9 and 2.10 and
make the appropriate measurements. The line-width is determined by the following
measurement. We quickly scan the laser across the cavity resonance (at a rate of
~ 10 MHz/ms) while simultaneously recording the hyperfine structure of the excited
state from an auxiliary Cs cell, for a frequency marker. The cavity transmission
is collected on a PMT (the “locking PMT” of Fig. 2.6) and vpwnm is read from
the signal stored on a digital oscilloscope over many repetitions. This measurement
determines 2k/2m = vpwaM.

The measured transmission of the empty cavity is shown in Figure 2.3. The data
taking process is described at length in subsequent sections, but briefly, the data is
compiled by slowly stepping the frequency of a rf sideband across the cavity resonance
and detecting the output on a balanced heterodyne photo-receiver. (Probe beam
generation is described in Section 2.1.4 and detection is described in Section 2.1.5.)
The data in Figure 2.3 are not as they appear directly out of the experiment. There

is a normalization procedure to correct deficiencies in the apparatus. The data of Fig.
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Figure 2.3: The empty cavity transmission. The ‘+’ are the data and the solid line is

from Eq. 1.8 with g =0, A = 0 =0, x/2m = 75 MHz (fixed by the measurements
described in the text) and an adjustable height.
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2.3 have been normalized to the measured response function R(wy,) of our apparatus,
which is determined by removing the cavity from the light path and performing
the same frequency step with the same probe generation and the same detection
chain (both optical and electrical). (The probe generation and detection chain is
summarized in Section 2.1.6.) R(wy,) is not constant over the 800 MHz scan range,
due to efficiency of rf-sideband generation, the response of the photodetectors, and
cable rf responses. Great care was taken to assure that, while R(w,,) has significant
structure over the scan range, this structure did not change from day to day. The
normalization curve is shown in Figure 2.4—it coincidentally looks remarkably like
the empty cavity itself, shifted off a bit. It is not symmetric about 0 MHz because
there is nothing special about 0 MHz in the probe generation (see Section 2.1.4 and

2.1.6).
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Figure 2.4: The normalization. The frequency scale is in terms of the beat-note

frequency from the heterodyne, which is offset from the atomic resonance by 140
MHz.

To complete the entire raw-data-to-PRL-graph path, I show the empty cavity



45
scan as it actually appears in the lab in Figure 2.5. The sharp dip at 0 frequency
is due to a roll-off in photodiode amplification below 5 MHz in the photodetectors,
also seen in the normalization. After normalization of the data in Figure 2.5 by the
normalization curve in Figure 2.4, Figure 2.3 magically appears. Note that the solid
curve in Figure 2.3 is not a fit to the data, but rather a height-adjusted Lorentzian with
width determined from the laser-scan measurements described above. Determining
the width from data such as that shown in Fig. 2.3 proves to be too inconsistent to
be of value for anything but confirmation of the width at the 20% level. However, for
short scans over just the (enhanced) atomic bandwidth, which will be prominent later,
R(w,) is nearly constant and normalization is not a major concern. In fact, most of

the data acquisition procedure is designed to work around the need for normalization.
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Figure 2.5: The empty cavity raw data, before normalization. The frequency scale
is in terms of the beat-note frequency from the heterodyne, which is offset from the
atomic resonance by 140 MHz. The cavity center is actually at 140 MHz, though this
is difficult to see before normalization.
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2.1.1.2.5 Locking the cavity The cavity is not sufficiently passively stable to
maintain its length to the required accuracy for the necessary measurement time, so
it must be actively servoed. In general, a high finesse cavity is ultra-sensitive to vi-
bration. To see this, consider the following. The length of the cavity on resonance is
a half-integral number of wavelengths, [ = n\ = nc/v so, v = nc/l, where v is the fre-
quency of resonant light. If the length is changed by some external disturbance, then
the corresponding change in supported frequency is Av/Al = —nc/1? = —n/12vpgg =
—2upgr/l. If we demand that the cavity stay within some fraction f of its linewidth,
that is, Av = fvpwam then Al = — fAvpwan/2vrsr, or, Al = — fA/2F. If the finesse
is large, this can be a fairly impressive limit. For example, for cavity #3 locked to
10% of its linewidth, Al ~ 107! m. However, the statement is somewhat artificial,
since this cavity would still be locked in absolute terms to only Av ~ 10 MHz.

The cavity is servoed to constant length by monitoring and maximizing its trans-
mission to a strong “lock” beam (see Fig. 2.6). The lock is achieved by a low-frequency
phase-sensitive servo. The thick PZT on the cavity mount is dithered with a small-
amplitude sine-wave at 80 kHz. Normally the PZT would have no response at this
frequency, but a) we search for a mechanical resonance to enhance the effect and b) it
does not take much displacement to make a perceptible change in transmission. The
thick PZT is used because it has low sensitivity to any noise present on the driving
electronics. The transmission of the cavity to the lock beam is monitored by a PMT
(see Figure 2.6). The PMT current is driven through a 10kS2 resistor which feeds a
SRS lock-in (post-processing time constant 1 ms) which demodulates the dithered
signal, giving a sharp zero-crossing at cavity center as an error signal. The error signal
is amplified, inverted, and lowpassed at 2 Hz and sent to the thin PZT to correct the
length. The dither on the cavity is an effective modulator for the transmitted light
(FM for resonant light, AM for off-resonant light), which is the basis of the technique.
However, it is undesirable to fracture too much of the light into the 80 kHz sidebands
from the dither. The 80 kHz sidebands on the locking beam can be easily seen on
the heterodyne detectors, and an effort was made to always keep the sidebands more

than 20 dB down from the carrier. (Actually, even -20 dB translates to a fairly large
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Figure 2.6: The cavity-lock optical schematic. AO: acousto-optic modulator. PMT:
photo-multiplier tube. PBS: polarizing beam-splitter. A/4: quarter-wave-plate. L:
lens.

We have seen that weak-field corresponds to 7 = (a'a) < my, which produces a
low flux of photons out the cavity. For good S/N in the cavity lock, it is necessary to
use a much stronger beam to servo-lock the length of the cavity. This lock beam is
resonant with the atoms, since for nearly all measurements we want the cavity and
atoms at the same frequency (w, = w.). In order to avoid the effects of the much
stronger locking beam, which would easily saturate the atomic response, it is chopped
on and off, with a fifty percent duty cycle at a frequency of 3 kHz. During the “off”
portion of the lock cycle, the data is accumulated. The data window has a duty cycle

of 30%, with the data “on” centered at the lock “off” to avoid any possible transient
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effects due to the lock beam, and to let the lock photons leak out of the cavity. This
is not a completely trivial statement. If we are performing a weak field measurement
with 7 ~ 1078 intracavity photons, and the lock beam has 7 ~ 102, then we must

Y7 = 1079, where 7 is the cavity lifetime. Surely 20 lifetimes

wait a time ¢ given by e~
is safe, corresponding to several micro-seconds. We typically wait 10 pus. Similarly,
the the technique for chopping the lock-beam proved to be extremely important,
with a satisfactory “off” state only achieved via a tightly focused beam through a
mechanical chopper. Two amplitude modulators each consisting of an EO-polarizer
pair proved to have insufficient attenuation, and oddly enough, the off state of a

typical video-driver AO controller provides insufficient attenuation of the first-order

deflected beam.

2.1.2 The light
2.1.2.1 Laser and its lock

The laser is an Art-pumped Titanium:Sapphire laser. An early laser was an in-
house design, described elsewhere [48] while later we switched to a Coherent 899.
Stabilization to the Cs atomic resonance was achieved via a common FM saturation
spectroscopy technique, with the error signal fed directly back to the laser cavity
length. Laser linewidth of the 899 was never measured with great care, but estimates
from the in-loop error signal give between 50-100 kHz, and a direct beat-note compar-
ison with the old Ti:Saph concurred with this value. The FM laser lock is completely
standard [49, 50, 51], so I will leave it at the level of the unexplained Figure 2.7.
The only detail to note is that with the pump beam downshifted by the double-pass
AO driven with rf frequency A/2, the laser will be locked A/2 above the transition
frequency.

In addition, the light directly from the Ti:Saph is rather noisy, with ~10-20%
intensity fluctuations out to ~ 400 Hz. To quiet this, we used a simple EO-polarizer

combination noise eater. This is shown in Figure 2.8.
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Figure 2.7: Schematic diagram of the FM saturation lock. A/2: half-wave-plate. PD:
photodiode. EO: electro-optic modulator.
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Figure 2.8: Noise-eater. The EO is aligned as a polarization rotator. The through-
port of the polarizing beam-splitter is amplitude quiet, while the other port is “noise-
enhanced” and is sent to the wavemeter.

2.1.3 The atoms
2.1.3.1 Cs in the abstract

The hyperfine levels of the 852 nm Cesium D2 line (65;/; — 6P5/2) are shown in Figure
2.9 along with the transition amplitudes for the various Zeeman sublevels within the
F =4 — F' =) transition. We use the closed transition mgp = 4 — mp =5
(o circular polarization) within this manifold. I have alluded to the parameters
of this transition, with /27 = 5 MHz and corresponding excited state lifetime
To = 1/7 = 32 ns. Of course, the advantage of this transition is that it is a two-
state transition which in the ideal case cycles indefinitely, without interruptions via
decays to other levels. The atoms are optically pumped into the F' = 4, mpr = 4 level
just prior to their entry into the cavity. The degree to which all atoms are optically
pumped is important, since the effective coupling is decreased for transitions other
than the mp = 4 — mf = 5 by the transition weight. The effect of imperfect
optical pumping and the measurement of the efficiency of the optical pumping will
be discussed in Section 2.2.3. The positions of the resonances of the saturation signal
(see Figure 2.7 for the optical apparatus) are shown in Figure 2.10, along with the
actual laser frequency and the AO frequency to shift back to the frequency of the
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Figure 2.9: The Cs D2 line at 852.360 nm. Upper left, hyperfine level spacings. Upper
right, relative transition strengths. Lower, magnetic sublevels for the F' =4 — F' =
5 transition with transition amplitude coefficients (note that the ./~ around each
fraction has been omitted).
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F = 4, F" = 5 transition. The laser is locked via the F = 4, F' = 3/F = 4, F' =5
crossover resonance which is 228 MHz red of the F' = 4, F' = 5 transition. The
saturation AO from the fm saturation lock detunes the pump beam by —88 x 2 MHz,
so that the laser frequency is locked at 11,0 = v, — 140 MHz where the frequency of

the F' = 4, F" = 5 transition is v,.
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Figure 2.10: A guide to the Cs D2 line transitions from the F' = 4 ground state.
CO: cross-over resonances. The heights of the lines vaguely resemble what might be
expected in the lab. The resonance used for the laser lock is the F' =4, F' = 3/F =
4, F' = 5 crossover resonance. The inset is a guide to locate the laser frequency in
the saturated absorption set-up where A is the double-pass saturation AO frequency
downshift (A = 88x 2 MHz, also shown in Fig. 2.7).

2.1.3.2 Real atoms from a thermal beam

The experiment is not performed with one single atom sitting stationary at an antin-
ode of the cavity field, but rather with a thermal beam of atoms crossing the cavity

mode at a fast rate. Figure 2.11 gives the general idea. The transit time of the atoms
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across the cavity mode waist is about 7 atomic lifetimes, so that each atom to a good
approximation reaches an equilibrium with the cavity field (remember atomic decay

is the slowest rate in our atom-cavity system x > ¢g2/x > v, ).
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Figure 2.11: The beam. O. P.: optical pumping. ‘pol.”: polarizer. The half-
waveplate/polarizer combination in the “depleter beam” is a variable attenuator.

The atoms are optically pumped into the F' = 4, mp = 4 ground state before
entering the cavity, as I have already stated. There is a small magnetic field along
the cavity axis to define the quantization axis. Two conditions must be met in order
that the two-state atoms defined by the optical pumping be the same type of two-state
atoms probed within the cavity: The magnetic fields at the two locations must be
parallel and in the same plane and the circular polarization of the light in the optical
pumping beam must be the same helicity as the light in the cavity. To guarantee that
these two conditions are met, two precautions are taken. First, the optical pumping
is performed no more than 1 cm from the cavity axis, to assure B-field direction

uniformity. Second, both the cavity probing beam and the optical pumping beam
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(OP) originate as the same linear polarization, through two polarizers whose axes
are carefully aligned to one another, and both beams are converted to circular at
the same quarter-wave plate just in front of the cavity (see Figure 2.11). That the
linear polarizations of each beam are well aligned is confirmed by removing the quarter
waveplate, redirecting the optical pumping beam (with a minimal number of carefully
aligned turning optics) along the probe path, crossing the OP polarizer against the
probe polarizer for maximum extinction (typically 100:1), and then rotating the OP
polarizer back by 90°. Thus, if the probe circular polarization is good (with the
quarter waveplate reinserted, see Section 2.1.4), then the OP polarization will also be
good and will be an exact replica. Using the same quarter-wave plate also eliminates
any need to know in an absolute sense the helicity of the light.

The number of atoms in the cavity mode volume is controlled in two ways. The
rough method is with the temperature of the oven. The temperature ranged from 8
to 12 mV on a Type-K thermocouple. It is pointless to convert this to a temperature,
because there is no way of knowing how faithfully this represented the actual tem-
perature of the Cs in the reservoir. With the hottest temperature usable (judged by
how quickly the oven would fail) we were just barely able to get 2 atoms, on average
in the cavity mode. The fine control of the atom number was done with the so-called
“depleter” beam (see Fig. 2.11). The depleter beam controls the intracavity atom
number by exciting atoms from the 65,2, F' = 4 ground-state to the 6P5/,, F' = 4
excited state, from which they can decay into the 651/, F' = 3 ground state 9.1 GHz
away from the 6519, F' = 4 ground state (see Fig. 2.10). Atoms in the F' = 3 ground
state are effectively lost to the experiment. The power of the depleter beam deter-
mines the number of cycles an atom makes on the F' = 4, ' = 4 transition (the
branching ratio from the F' = 4 excited state to the (F' = 3) ground state is 34%),
and therefore controls the number of atoms in the “correct” (F' = 4) ground state.
The fluorescence from the atomic beam is monitored on a PMT about 8 inches from
the cavity and 4 inches from the oven pinhole.

The atomic beam actually delivers many atoms in the physical space between the

mirrors. In principle, the fundamental mode of the cavity extends to the edges of the
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cavity mirror substrates. This creates a rather large volume, which contains far more
than one atom at any instant of time. Additionally, the number of atoms between the
cavity mirrors is constantly fluctuating due to the Poissonian statistics of a stream
of thermal atoms. Needless to say, this situation differs dramatically from the ideal
situation that we would like to attain. Careful attention must be paid to this detail
in any analysis of the intracavity physics. I have already discussed the idea of an
effective number of intracavity atoms IV, in Section 1.3.1. The actual experimental
situation is more complicated still, because the detection process averages over many
different realizations of N, to create a composite atom number N. We will only probe
the same physics as the ideal case of one atom fixed to the maximum of the cavity
field when it turns out that the distribution giving rise to N is dominated by cases
in which only one of the many atoms is located within a region of the cavity field
in which the coupling is “large” and the other atoms in the sample contribute just a
“small amount.” T will have much more to say about this in Part II, but I will now

discuss the general idea.

2.1.3.3 Fluctuations

Life would be so much simpler if the complications discussed in this section were
peripheral to the main subject. Unfortunately this is not the case. The problems
of atomic beam fluctuations are, to a greater or lesser extent, present in all the
experiments of Parts [ and Il and have almost exclusively detrimental effects. Much
of the formalism presented here was developed by Jeff Kimble, Rob Thompson and
myself for the experiment to be described in Part II, but is applicable to the present
experiment as well. The notation and tone of this section may be more in line with
those of Part I because it is largely plagiarized from there (and a paper in progress
j44]).

At the most fundamental level, our experiment is a complex quantum mechanical
system consisting of a beam of atoms interacting with a single cavity mode. Ideally,
we would like to make predictions of the outcomes of particular measurements on

such a system. Quantum mechanically, this is a challenging task. To model our
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experiment requires keeping track of a phenomenally large amount of information.
For example, even when there is on average less than 1 atom in the cavity mode
volume, the response of all “spectator” atoms—those atoms which are weakly coupled
due to their location on the skirts of the Gaussian beam waist, or those atoms which
are near the nodes of the standing wave field—must be taken into account. Indeed,
counterintuitively, it is these very atoms which smooth the otherwise much larger
fluctuations in cavity transmission that would occur if one and only one atom were
popping in and out of the cavity mode, and hence allow useful observations of single
atom effects. But these spectator atoms make a full quantum mechanical simulation
extremely costly.

Our initial approach has been to develop a semiclassical model which accounts
for fluctuations in number and position of atoms within the cavity mode but which
approximates transit time effects by a simple modification of v, (as discussed in
Section 2.2.3). The model is equivalent to a full quantum treatment in the weak field
linear regime, but is only a semiclassical approximation for strong excitation. The
semiclassical model starts with the modified Maxwell-Bloch equations for the cavity
field @, the atomic polarization 6; and inversion 67 which are given as follows for the

[** atom in a sample of N, atoms:

(@) = —(x+i0)@)+ ) g(R)(5) +e

67) = —(yo+iA)(67) + g(7) (@) (67) (2.14)

(7) = —m(6f) +1) — 29(F) (@) 67) + (@) (e7"),

where g(7;) = golt(r+)| = go| exp(—(2? + y*)/w§) sin(kz)|.

We begin with a series of “tosses” of atoms into the cavity mode. Each toss consists
of choosing randomly the (z;,y;, z;) coordinates of N, atoms and evaluating the mode
function ¢(7;) = 1, for each atom. The simulation volume V; contains, and is much
larger than the mode volume V,. In the experiment an atomic beam propagates along

% and is collimated in the Z direction by the cavity substrates and uncollimated along
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g. If a snapshot in time is taken, a distribution of atoms is found throughout the space
between the cavity mirror substrates. The simulation consists of generating random
snapshots and averaging the results of, e.g., a transmission measurement, over many
such snapshots. V is chosen to be 10w, along the Gaussian waist (z-,y-directions)
since coupling outside of this is region significantly reduced. Along the cavity axis
(z-direction), it is sufficient to distribute the atoms along only \/4 since this covers all
possible couplings along the standing wave. For each snapshot, or “toss” an effective
number of atoms N, = Z;V:sl |v;(7;)|? is calculated. Typically, to achieve N, ~ 1
in Vi, Ny = 100. Simulations with a larger V, and N, have been run, with little
change in the resulting spectra. From N, a transmission spectrum is generated using
Equation 1.8. The modulus-square of the transmission function (|7'|) generated with
each toss is then averaged over a large number IV; ~ 200040000 of tosses.! Thus,
finally produced is an averaged spectrum Qq(w) = 1/N; SN |T(N,,,w)|?. Q, is the
result of an overall average number of atoms N, = S~ N,,/N,. The experimentally
determined number of atoms, I will call N. If the model discussed here is correct for
the experiment, then N « N,.

For linear simulations, Eq. 1.8 is used to generate the appropriate transmission
function which is then averaged over a large number of tosses to produce Q,(w). It is
clear that Q,(w) will not be identical to a spectrum generated by directly inserting
N, into Eq. 1.8 (and then taking the modulus-square), especially in the case N, ~ 1
when Poissonian fluctuations are relatively large. It could be, however, possible from
the definition of N, and N, that a given averaged transmission spectrum could be
equivalently generated either from a few atoms strongly coupled to the cavity mode or
from many atoms weakly coupled to the cavity mode, which is certainly the case for
go — 0, N, — oo with g2 N, constant. However, for N, ~ 1 this is actually not true,
simply because the number fluctuations in the two cases leave observably different

signatures on the resultant spectrum. Still, it is worthwhile to pursue this issue in

In principle, it depends on the measurement type whether one chooses |T'|? or |T| for averaging.
The results can be different. We find that (|T'|?) fits the data better than (|T|)2. This will be
discussed at greater length in Part II. This point is not found to be very important in our 1-D atom
experiment.
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more detail, that is, we would like to know the distribution of atoms which contributes
to a given experimental or simulated spectrum. Particularly, we would like to know
the role of a single nearly optimally coupled atom in a spectrum with N, ~ 1. The
impact of a single atom in a cavity with the parameters of this experiment is large. For
example, the cavity transmission on resonance changes by a factor 1/(1+2C)? ~ 107!
when a single optimally coupled atom traverses the cavity mode, so one optimally
coupled atom is expected to play a significant role in a given spectrum.

Let us continue this pursuit. We define a region in the space between the two
mirrors of volume V, in which an atom will have a coupling greater than a certain
fraction of the optimal coupling, g(r) > €,go for r € V, (in which case the “coupling”
volume Vj = €,V; = €,V;,). Now for each toss of atoms (N, is chosen to give N, ~ 1)
we count the number of atoms N, in V;; and keep track of those cases in which exactly
1 atom appears in V;, (N, = 1), when no atoms at all appear in V;, (N; = 0) and when
two or more atoms are present in V;, (I, > 2). For most of the simulations, we choose
V, such that |g(r;)|*> > (0.56)? which corresponds to V, = V,,, = (1/4)mw?l. The result
of such a tracking is histogrammed in Fig. 2.12 and shown along with the sum of all
contributions. We show the distributions for N, ~ 1.0 (top) and N, =~ 0.5 (bottom)
for parameters of cavity #3. In Fig. 2.13 we show the corresponding averaged spectra,
with the contributions to the overall spectra shown for the same breakdown as in Fig.
2.12. Contrast the averaged spectrum with a spectrum due to a single atom optimally
coupled to the cavity mode with C = N,C} in Figure 2.14.

Several comments are in order at this point.

1) For N, = 1, the breakdown in numbers is: N; = 0 occurs in 38% of the tosses,
N, = 1 occurs in 35% of the tosses and N, = 2 occurs in 28% of the tosses. For
N, = 0.5, the breakdown in numbers is: N, = 0 occurs in 62% of the tosses, N; =1
occurs in 29% of the tosses and N, = 2 occurs in 10% of the tosses. This is just the
way it works out for our choice of Vj. I think the most important aspect here is the
contribution to the spectrum from those tosses in which there are two or more atoms
in V. For N, = 1, this occurs with a frequency comparable to that of the V;, = 1 case

and the contribution to the spectrum is non-negligible. For N, = 0.5 it occurs quite
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Figure 2.12: Occurrences of mode volume (V;) occupation N, (as discussed in the
text) for typical 10000 trial simulation of IV, ~ 1.0 (top) and N, =~ 0.5 (bottom).
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Figure 2.13: Breakdown of the contributions of various numbers of atoms in the
cavity mode volume (as discussed in the text) for two different average intracavity
atom numbers. In each graph is shown the full simulation (sum of all contributions),
the contribution with exactly one atom in the mode volume, the contribution with no
atoms in the mode volume, and the contribution with 2 or more atoms in the mode
volume. Graph (top) has N, =~ 1 atom and graph (bottom) has N, ~ 0.5 atoms. The
atom-cavity parameters are those of cavity # 3 from Table 2.1.
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Figure 2.14: Comparison of the averaged spectrum for N, atoms the and optimal
spectrum with C' = N,C;. The solid curves are the averaged spectra and the dashed
curves are the optimal spectra. The top graph has N, = 1 and the bottom graph has
N, = 0.5. Atom-cavity parameters as in Figure 2.13.
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infrequently and correspondingly its contribution to the overall spectrum is small.

2) It can be seen in Fig. 2.13 that there is a significant contribution from the case
in which there are no atoms in V,. During the times when there are no atoms in V,
there are still Ny ~ 100 atoms in the simulation. These spectator atoms play a critical
role in keeping the empty cavity from dominating the transmission spectrum. That
is, even when there are no atoms in Vj, there is still a spectrum whose dip implies an
effective average number of atoms only slightly less than N,.

3) I alluded to an important question above: to what extent does a spectrum
generated by averaging over tosses, such as Q,(w) represent an optimal coupling
case such as |T(w)|?? To answer this question I have performed a least-squares fit
to |T(w)|?> on the simulated “data” of @Q,(w). The free parameter of the fit is the
number of atoms inferred from the “data” IN;. The relative accuracy with which the
fit predicts IV, depends on atom number with N; — N, as N, — co. The fit converges
to within 15% at N, = 1 atom, with N;/N, = 0.87 at N, = 1.05. For the record:
N;/N, = 0.79 with N, = 0.48 and N;/N, = 0.65 with N, = 0.10. In what follows,
I use exclusively the unaveraged transmission function |T'(w)|? to determine N from
the experimental data. This means that I may be systematically underestimating the
number of atoms by 15% at N ~ 1. I believe that other uncertainties dominate this
systematic offset. Also, there is no guarantee that the simulations correctly model

the experiment at the 15% level. All in all, I do not consider this to be a significant

problem, but I mention it for the record.

2.1.4 Probe beam generation

In order to probe the cavity over a wide range of frequencies, a probe beam tunable
independently of the lock beam, other auxiliary beams and the heterodyne local
oscillator is needed. Additionally, it must be a clean beam, free of contamination
at frequencies other than the one of interest, and it must be scannable over a wide
frequency range without beam steering. We achieve this by detuning a beam directly

from the laser with AO’s and generating a sideband in a a travelling-wave electro-optic
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modulator (TWM). It is the sideband, tunable by rf drive at the desired frequency that
is used as the probe beam. Figure 2.15 shows the optical set-up. Since sidebands are
typically 10% of the carrier power, it is essential to keep the carrier very far detuned
from resonance in order that it not affect the atom-cavity physics. This is especially
true at high probe powers, where the nonlinear coupling between photons of different
frequencies can be quite strong.? If both carrier and probe are well in the weak field,
then the presence of the carrier should not affect the probe measurement, as this is
essentially the definition of the weak-field (linear) regime.

The exact choice of detunings, AO’s and laser lock frequency was mainly driven
by availability of AO’s and rf drivers, so it should not be assumed that this is an
optimal arrangement. Originally, the TWM input beam was upshifted by a single
double-passed 200 MHz AO, with the upper sideband placed on resonance by a 260
MHz drive on the TWM (recall that the laser is already 140 MHz below resonance).
This proved to be inadequate for strong-field measurements, so two double-passed
AQ’s were set to detune by Vprobe carrier = V1o + 800 MHz as shown in Figure 2.15.
Thus, a resonant probe was generated with an rf drive of vprwy = 640 MHz into the
TWM. The double polarizing-beam-splitter (PBS) configuration shown in Figure 2.15
was used to avoid contamination of the probe beam from the unshifted input laser
beam. The polarizations are explained in the figure caption.

The polarization of the probe beam must be good circular in order that the two-
state atom be realized (a contaminating component of orthogonal polarization will
drive the atom out of the cycling transition). The probe originates s-polarized through
its polarizer (labelled ‘pol.” in Fig. 2.15) and then propagates through a quarter-wave
plate. Fidelity of circular polarization is measured by backreflecting the probe beam
through its quarter-wave plate and polarizer and compensating the waveplate for
maximum extinction. Typical extinction was 100:1. On the output side, the original
input linear polarization must be reconstructed. A polarizing beam splitter on the
output side (not shown) is aligned to reflect s-pol, and the reflection is maximized by

rotating the output waveplate.

2A well-controlled photon-photon “coupling” is the basis of the experiment of Chapter 4.
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Figure 2.15: Probe field generation schematic. The ‘laser in’ is s-polarized (s-pol),
reflects from PBS1 is upshifted by the AO, on the return path through the AO the
beam is rotated to p-pol via two passes through the quarter-wave plate (\/4). This
p-pol is transmitted through PBS1 and 2, double-passed and rotated so that the
resulting 10+ 800 MHz beam is s-pol and reflected from PBS2 towards the TWM
(at point 1). The tunable sideband frequencies are shown in the inset. The “probe
beam” at frequency v, is the lower sideband of the TWM and is ultimately detuned
from resonance by v, = 800 — 140 — vprwym MHz. The probe creates a beatnote on
the heterodyne detectors of vgy = 800 — vpwwm = 140 + v, MHz.
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2.1.5 Detection

The essential job in spectroscopy of the atom-cavity system is to detect the light
which has built up in the cavity and leaks out the output coupler (mirror M,). We
detect either the outgoing field amplitude via a balanced super-heterodyne detector,
or count the outgoing photons on an avalanche photo-diode photon-counting module.
The only difficulties in this procedure are attaining high quantum efficiency n, and
detecting the rather low levels of light in the cavity output beam. To get an idea
of the light powers involved, I will consider a typical experiment. It is rare that
we desire to have more than about one intracavity photon, and in fact in order to
probe in the weak field, we operate several orders of magnitude below myg, often at
7 ~ 107, (We drive the system so that the steady-state intracavity photon number
is i = (a'a) = 1074, leading to a steady rate of output photons.) The output photon
flux associated with this intracavity photon number is essentially the average number
of intracavity photons times the rate at which the photon hits the output mirror times
the transmission of the output mirror: Avpgrds ~ 107* x 3 x 10'? x 3.5 x 10™* ~ 10°
photons/sec. This corresponds to an output power at 852 nm (photon energy Ephot =

1.455 eV) of Py, ~25 fW.

2.1.5.1 Photon counting

I used photon counting only rarely, once in the early phases of the nonlinear spec-
troscopy (see Part II) and then later to verify calibration of the heterodyne detectors
(see Section 2.1.5.3). 105 photons/sec is nearly to the point of saturation of our
modules, so the low light levels pose no problem. Measured quantum efficiency was

ng ~ 23%.

2.1.5.2 Heterodyne detection

The basic idea of heterodyne detection is to amplify a low-level signal beam by mul-
tiplying it against a strong (typically a few mW) local oscillator (LO) beam. In the

case of heterodyne detection, the two beams are detuned from each other by a ra-
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dio frequency offset, overlapped on a beam splitter and sent to a fast photo-diode.
Written into the photo-current is a signal at the offset frequency, known as the beat-
note, which represents the field amplitude of the signal beam. We use a balanced
heterodyne scheme as depicted in Figure 2.16 for two reasons: first, in the difference
photo-current I_ it cancels technical noise on the LO (in the absence of a signal
beam), and second, it collects all of the signal beam while avoiding the need to use a

very strong LO behind a R = 99% beam-mixing optic.

PD1 -@—» to SA

LO
50/50 BS il
Signal
from cavity

Figure 2.16: A balanced heterodyne detector.

The naive mathematics of heterodyne detection is simple, but has been a source
of confusion in terms of exactly what noise immunity the balanced setup provides.®
Following the numbering of Figure 2.16, we start with the local oscillator (LO) field at

the optical carrier frequency w: Lo = (Ao + Nro(t))e ™" where Aro is a noiseless

3H. Mabuchi first pointed this out to me.
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steady amplitude and Npo(t) is the noise on the LO. The signal field is similarly
represented as & = (As(t) + Ny(t))e*@+A)t where A(t) is the envelope of the
(steady-state) signal field detuned from w by rf frequency A and the noise on the
signal is not necessarily correlated with that of the LO. The beam-splitter imparts
a phase shift of 7w between the outputs of the signal, but not the LO, (or vice-versa,
as this choice would an irrelevant overall phase). The output field of port 1 of the
beamsplitter is v/2&; = ELo + & while out port 2 comes V2& = Ero — &.. The photo-
diode is a square-law detector, and we take the difference of the two photo-diode
outputs to get the difference photocurrent I_ oc E{r &1 — 8;82. Skipping the algebra,

we find

I o Al gA(t)e A
+AL NG (t)e™
TN (DA (e A
+M 5 (BN (H)e™™ + H.c. (2.15)

Now, in the traditional treatment, it is assumed that Apo > A, N; which is certainly
true, and also that Mo < Aro, which is not necessarily true. If these limits hold
then the only term left from Eq. 2.15 is the first (and its Hermitian conjugate). This
term is the traditional beatnote between the LO and the signal which oscillates at the
rf-frequency A. Technical noise from the local oscillator is ignored, since it multiplies
the very small signal amplitude. However, in the case where the noise on the local
oscillator is some non-negligible fraction of its amplitude, then the noise of the LO
is mot cancelled in the balanced heterodyne, since it beats with the amplitude of the
signal (producing a contribution to the total beat-note given by the third term). In
most of the experiments here, this is a small contribution which is ignored, as the
noise on the LO tends to be less than 10% of its amplitude, localized to frequencies
below 400 Hz. Noise on the signal, on the other hand, (from various sources) is a
noticeable effect (it contributes to the beat-note via the second term of Eq. 2.15), and

will be discussed where necessary.
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Of course, the heterodyne detector has non-unit detection efficiency, and is not
exactly balanced, which leads to some degradation in performance. There is a com-
plete discussion of the faithfulness of the shot-noise in a slightly imperfect balanced
homodyne setup in Ref. [52]. The balancing can be disrupted by an imperfect beam-
splitter, different photo-response in the diodes and different subsequent photo-current
amplification, and phase mismatch in the rf photo-current at the subtraction junction.
By making detectors as similar as possible and choosing equal cable lengths, phase
turns out to be a minor problem at the relatively long wavelengths of our typical
140 MHz beat-note. To test the balancing, AM modulation is directly applied to the
LO. Blocking one of the arms of the heterodyne unbalances the detection, so the AM
beat-note appears in the photocurrent. The suppression for the balanced detector
ranged from 20-40 dB over several measurements at the central beat-note frequency.
(Remember, this has nothing to do with the heterodyne response, only its immunity
to technical noise on the LO. There are many other sources of noise which tend to
dominate over this contribution anyway.) The upshot is that the unbalances in our
heterodyne do not degrade significantly the types of measurements that we make, in
which we are simply measuring the optical power of the cavity output. The circuit
diagram of the heterodyne detectors is shown in Fig. 2.17.

It is crucial to know the overall quantum efficiency of the balanced heterodyne
detection so that we can infer accurately the intracavity photon number from mea-
surements of the beat-note size. There are two numbers that contribute to the overall
heterodyne efficiency: the quantum efficiency of the diodes themselves 7,, and the
overlap of the output probe beam and the local oscillator €2. The photodiode quan-
tum efficiency is the ratio of the number of photo-electrons produced to the number
of photons incident on the photo-diode; for 7, = 1 every incident photon produces
a measurable photo-electron (our diodes have typically 1, = 0.85). The overlap ef-
ficiency is given by an integral over the modes of the signal and LO beams at the
detector €2 = | [, . d*rupo(r)usig(r)|*. The signal beam and local oscillator must be
made to occupy the same spatial mode; they must match in size and curvature. The

output of the cavity is a clean, single-mode Gaussian beam collimated by the output
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Figure 2.17: Heterodyne detector schematic.

lens. However, the LLO propagates through many optical elements on its way to the
heterodyne. Care must be taken to keep the LO beam spatially clean and to match
its size and shape to the cavity output. In later experiments, we built a cleaning
cavity into the LO, but this is not essential for decent (80%) overlap.

The overall detection efficiency is measured in both a heterodyne configuration
and in a homodyne arrangement to confirm the accuracy of the heterodyne measure-
ment. From day to day, the heterodyne efficiency is determined by the heterodyne
method, since it requires relatively less complication. The essential idea of the de-
tection efficiency measurement is to measure the response of the detector to a known
input power. The method is as follows: the power in the cavity-lock beam is set
so that the output power through the cavity is P, ~ 50 nW. This choice is a good
one, since it is large enough to measure the power on a good power meter, but not
so large that it saturates the detector rf amplifiers for a typical LO power of 5 mW
into the beam-splitter (2.5 mW on each detector). The LO is set at the 5 mW level

so that the detectors are not near saturation (this occurs at 5 mW per detector) yet
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so that the shot noise actually comes up above the electronic noise of the detectors.
At this LO power, the shot noise is not much more than 5 dB above the electronic
noise. Since this tends to underestimate the size of the shot noise, a correction must
be applied to derive the true shot-noise level. In addition, due to the nature of the
measurement made by the spectrum analyzer, a 2 dB correction to measurements of
noise powers must be made.* The shot noise level is recorded, and the size of the
coherent beat-note from the 50 nW locking beam is recorded. The efficiency is given
by:

Fiono
e® = fp g i (2.16)
P

where D? is the power ratio for the photo current between the rms beat note power in
the calibrating beam and the rms power in the shot noise (corrected for electronic noise
and the 2 dB SA noise measurement correction), and B is the detection bandwidth
in Hz. The efficiency measurement was usually performed at 1 or 10 kHz resolution
bandwidth (RB). In practice, the measurement procedure is: measure the power of
the locking beam as transmitted through the cavity P, (on the UDT power meter);
block all light to the detectors, measure the noise level on the spectrum analyzer, this
is the so-called electronic-noise Pgy; unblock the LO, the noise level registered by the
SA rises above Pgy, record this level as well, this is the shot-noise Psy; unblock all
paths to the detector and measure the power in the coherent beat-note on the SA, this
is Pgn. On a typical day, the numbers for this are: P, = 8.5/0.8 mW, Pgy = —11.8
dBm, Psy = —85.5 dBm, Pgy = —91 dBm, RB = 1 kHz, which gives nqe2 = DA5
(see Appendix B.2). This efficiency is typical, though measurements were made with
efficiencies from 25% up to 70%. Once the efficiency is known, a beat note power in
dB above the shot-noise can be converted to a photon flux incident on the balanced
detector assembly which can then be converted to an inferred intracavity photon
number (see Appendix B.3). In this way, intracavity photon numbers as low as 107°

are easily resolved in reasonable integration time. (Of course one of the niceties of

4This is described in the HP spectrum analysis technical note: Spectrum Analysis Basics, AN-
150, 1989. Note that the 2.0 dB correction is only for log scale measurements, there is a different
correction in linear scale. See also Ref. [53].
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shot-noise limited detection is that in principle any flux of photons can be measured
with sufficient patience.)

The heterodyne efficiency measurement is subject to inaccuracy, due mainly to
one’s ability to measure the actual noise power in the shot-noise on the spectrum
analyzer. A consistent and correct procedure must be strictly followed. To confirm
that this efficiency measurement procedure was indeed correct, it proved imperative
to compare it to one that is more direct. This comes in the form of the homodyne
measurement, which amounts to measuring a fringe visibility in an optical interfer-
ometer. In homodyne detection, the frequencies of the signal beam and the LO are
degenerate (and of equal power), thus perfectly overlapping beams will interfere de-
pending on the relative phase at the beamsplitter. By deliberately scanning the phase
of the LO by translating a mirror on a PZT, interference fringes are observed. The
visibility of the fringes then gives a measure of €2, so that knowledge of the quantum
efficiency of the diode (86% at 852 nm for the FND-100) gives the overall detection
efficiency. Measurements of the efficiency (nearly) simultaneously via the heterodyne
and homodyne methods gives agreement to within 5-10%. The heterodyne method
gives a systematically slight underestimate relative to the homodyne method.

Of course, the calibration via heterodyne relies on absolute knowledge of the
power. Thus one must have a reliable power meter. [ began to suspect our UDT power
meter (the lab workhorse at the time) of inaccuracies. We also have a thermopile
meter (EPPLY) with a relatively recent NIST calibration, so I did a comparison
of the two power meters. The results are shown in Figure 2.18. The Epply meter
cannot be used directly in the heterodyne calibration since it is fairly difficult to read
anything below 100 uW. The net result was that the UDT was reading around 20%
low. This correction was applied to all subsequent efficiency measurements (that is,
virtually everything in this thesis).

The hassles involved in heterodyne measurement are far outweighed by its merits.
Primarily, these are insensitivity to background light and frequency selectivity. In
order for the heterodyne to respond to incoming light, that light must be well matched

to the LO and share the same polarization as the LO. This effectively removes any
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fit: udtcfit = 0.00508 + 0.795*eppcd
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Figure 2.18: Calibration of the UDT power meter against the EPPLY thermopile.
The ‘4’ are the data, the solid line is a least-squares fit with slope 0.80.

problems with stray light. A photon counter on the other hand, is very sensitive to
stray light and heroic measures must be made to eliminate background sources. The
heterodyne detector has nearly arbitrary frequency selectivity. If the measurement is
one of a steady-state property, which nearly all of ours are, then the bandwidth of
detection can be centered on the signal and narrowed until limited by noise in the
offset-frequency (probe) generation.

For our probe beam, the beat-note was, rather surprisingly (given the quoted
specifications of what I believe to be the limiting element in the probe generation
chain, the AO driver), found to be stable at 100 Hz resolution bandwidth (RB).
(The RB is the frequency bandpass filter applied by the SA to the input signal.)
Here, stable is defined by the following measurement: The beatnote is observed by
scanning the spectrum analyzer across the appropriate frequency and monitoring the
peak height. The RB is made smaller and smaller and the peak height is observed

not to change, as is expected for a coherent rf signal whose inherent bandwidth is
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narrower than the RB. Eventually, the peak height does drop as the RB and the
excursions of the source become comparable. This does not happen until the RB is
at or even below 100 Hz. This is entirely adequate for our purposes.

With narrow-band detection such as we use, it is critical that the detection fre-
quency (of the SA) and the actual frequency of the probe be chosen compatibly. Nom-
inally speaking, the SA should be set to a center frequency vsy = vy = 800 — vrwum
MHz (see Section 2.1.4 and especially Figure 2.15 as well as Section 2.1.6). Clearly,
this is not a sufficiently accurate specification of the offsets for 1 kHz RB detection, as
the nominal 800 MHz could really be 800.01 MHz. In other words, the exact detun-
ing between the LO and the probe must be known, as well as any offsets in the SA.
This is accomplished by fine (as small as 10 Hz) adjustment of the TWM frequency.
The technique is to fix the SA center frequency and simply to observe the beatnote
at a narrow rf bandwidth (1 kHz) and to adjust the TWM frequency to maximize
the detected signal. It is important not to confuse the real maximum with a local
maximum due to sidebands at the lock dither frequency. Typically, this offset (~ 6
kHz) is constant over the course of a night’s run, but must be adjusted from day to
day.

Finally, I mentioned in Section 2.1.1.2.5 that we chop the cavity locking beam
on and off and take data only during the lock “off” cycle. This is accomplished by
synchronously chopping the rf photocurrent from the heterodyne detectors before it
gets to the SA. If the signal is not chopped, then (1) the output from the cavity
lock beam will be averaged into data during the lock “on”/data “off” periods if
we are near resonance with the probe, and (2) we will average contributions from
the probe beam during the lock “on” cycle, which is probing the atom-cavity under
undesirable circumstances. There is no way to “hold” the SA, it averages continuously,
so chopping the signal rf is the only option. By chopping the signal, we average the
probe field with the shot-noise. This could make the conversion from SA beat-note
size to intracavity photon number problematic. However, we have a direct empirical
method for extracting the proper quantity. After measuring the heterodyne efficiency

as outlined above, we chop the rf signal (in this case the lock beam beat-note) without



74
actually chopping the light itself. We know the flux incident on the heterodyne from
the measurement of P, ~ 50 nW, and we now have a new, averaged (over the data/lock
chop cycle) beat-note with which to calibrate the intracavity photon number. Thus
when it is the probe that the heterodyne is measuring, we have an intracavity photon
number as if the probe were continuously monitoring the correct atom-cavity physics,

which is exactly the quantity we need.

2.1.5.3 Direct comparison of heterodyne and photon counting

As a final act of confirmation of the validity of the heterodyne efficiency, we compared
the flux inferred from the heterodyne to that measured on an APD photon-counting
module. The experimental procedure for the photon-counting data acquisition is
somewhat complicated. We followed the procedure from Refs. [7, 48], so I will not
go into the details here. The results were quite good, and are shown in Figure 2.19.
From the fit, there was an overall error at extrapolated zero flux of 3000 photons/sec.
The slope was 0.74, with the heterodyne inference on the low side relative to the

photon count inference.

2.1.6 Summary of the probe generation and detection chain

Now that all the pieces are in place, I would like to summarize the myriad beams
and frequency offsets of the probe generation and detection chain. The laser is locked
such that its direct output can be used as the heterodyne local-oscillator (LO). Its
frequency, defined as 11,0 is 140 MHz below the F = 4 «» F’ = 5 transition within the
Cs D2 line. Thus, v,0 = v, — 140 MHz, where v, is the atomic transition frequency.
The probe beam carrier frequency Vprobe carrier 1S shifted 800 MHz above the LO,
Vprobe carrier = V1,0 + 800 MHz. The probe carrier is then given sidebands at frequency
vrww, the lower of which becomes the probe beam at frequency v, = v1,0+800—vrwum
MHz. The beat-note between the probe beam and the local oscillator is at a frequency
VBN = Vp — VLo = Vp — (Vg — 140) MHz. The spectrum analyzer is set to measure

the power in this beat note, so vsp = vgn. Note that it is possible for the beat-note
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Figure 2.19: Comparison of photon flux as inferred from the heterodyne and from
photon counting. The ‘4’ are the data and the line is a least-squares fit, discussed in
the text.
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frequency to go negative. All this means is that the probe has gone on the other
(low frequency) side of the LO. This causes absolutely no problem with the detection
on the SA, which cannot distinguish between positive and negative frequencies. For
example, consider a probe at frequency v, = v, — 200 MHz. This makes a beat-note
at vpy = —60 MHz. The spectrum analyzer set to vsa = —60 MHz will also respond
to any signal that may be present at +60 MHz as well. But signals at +60 MHz are
detuned from the atom by —80 MHz, which is certainly unlikely to be generated by

any nonlinear process involving the original —200 MHz detuned probe.

2.2 Data

2.2.1 Extremely brief recapitulation of experimental

strategy

It is probably fairly easy to lose the thread of the overall experimental strategy from
the depths of the preceding section, so I will restate the basic idea. In addition,
Figure 2.20 summarizes in block format the critical constituent elements of the optical
apparatus. An atomic beam continuously traverses the cavity mode at a flux set
so that there is N ~ 1 atom in the mode volume at any given time. We now
perform spectroscopy on this system. For this, we bring a probe beam generated as
an rf sideband of a far detuned carrier beam near the cavity resonance. We observe
the transmission of this probe beam through the atom cavity system on a balanced
heterodyne detector. The power in the photocurrent from the detector at the beat-
note frequency is measured on a spectrum analyzer. The signal from the experiment
is ultimately a voltage on the spectrum analyzer recorded for various settings of the

probe detuning from the atomic resonance and the probe power.

2.2.2 Linear transmission spectrum

I will start with the linear spectrum measurements. Figure 2.21 shows the transmis-

sion spectrum for N = 1.5. The atom and cavity detunings are nominally set to zero
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Figure 2.20: Summary of the experimental optical apparatus. Details of the con-
stituent components are found in the following places: Noise-eater, Figure 2.8; Hetro-
dyne detector, Figure 2.16; Cavity lock, Figure 2.6; FM laser lock, Figure 2.7; Optical
pumping and atomic beam, Figure 2.11; Probe generation, Figure 2.15.
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(A ~ © ~ 0) and the coincident atom-cavity resonance is defined as the frequency
zero (wg = 0). The atom-cavity is driven with an external probe field incident on
mirror M; (6; ~ 1 ppm) and the output through mirror M; (62 &~ 350 ppm) is mea-
sured on the heterodyne detectors. This transmission spectrum is in the weak field
as can be seen on the ordinate, which is converted to the average intracavity photon
number 7, with 7 < ng = 0.02. The ordinate is converted in this way by measuring
the beat-note height on the SA, inferring a flux on the heterodyne detectors and from
this inferring the intracavity photon number. The detunings are not exactly right;
the cavity is shifted off the atoms by a small amount (k©/2m = 10 MHz). The raw
data are shown in Figure 2.22. These are the actual signals which emerge from the
SA and are then normalized by the normalization data of Figure 2.4 to generate Fig.
2.21. The frequency scale for Figure 2.22 is in terms of actual beat-note frequency on
the heterodyne vgy. The LO is detuned from resonance by 140 MHz, so the probe at
line center makes a beat-note at 140 MHz, as discussed in Section 2.1.6. A comment
on the units of the ordinate of Figure 2.22 is appropriate. A beatnote on the SA
read in units of Volts actually represents a field amplitude. This is true because the
heterodyne detection is sensitive to the cavity output field (see Eq. 2.15) so the de-
tection photocurrent represents a field, the photocurrent drives some resistance and
is converted to a voltage which is still proportional to the field amplitude. The data
are squared so that they look “right,” that is, so that the empty cavity will be a
Lorentzian rather than the square-root of a Lorentzian.

To automate the data taking process, an experimental control/data acquisition
program was written for computer control of the relevant experimental parameters,
and transfer of data from the SA to the computer. The control had a few features.
The probe frequency and power were determined by computer control of the frequency
synthesizer creating the TWM sidebands. The appropriate detection center frequency
was chosen for the SA. In addition, the computer had control over the video input
of the depleter AO (see Fig. 2.11), so that the depleter could be switched full “on”
to deplete completely the atomic beam. The data acquisition sequence consisted of:

dwell at a frequency and collect the “atoms on” data for 1 sec, deplete the beam,
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collect the “empty cavity” data for 1 sec, then step the TWM and the SA and repeat
with a frequency step of Aw/2m = 2 MHz. The interleaving of the atoms on/empty
cavity data at each probe frequency point minimizes the effect of probe power drift.
After a complete frequency scan, the probe beam would be blocked to collect the
background shot-noise which was later subtracted from the probe data (after squaring
everything).

To probe across only the “dip” in the atom-cavity transmission shown in Fig.
2.21, we turn to a higher resolution scan (Aw/2m = 0.5M Hz) with a frequency span
+ 30 MHz. Such a scan for N ~ 0.95 average intracavity atoms is shown in Fig.
2.23c, where now the data are normalized to the measured empty cavity response.

The resulting normalized transmission is defined as:

T (wm, N = N)|?
|T (W, N =0)]2’

To(wm) = (2.17)

where T'(wy,, N) is given by Eq. 1.8 with Eq. 1.9 and gy — goN'/?, or C — CN.
This normalization procedure automatically removes the effects of R(w,,) described
in Section 2.1.1.2.4 and leaves an almost pure (to the extent dictated by Eq. 2.17)
Lorentzian dip of Avgwmy = v./27(1 + 2C1N) on a flat asymptote. The number
of atoms N is determined by performing a nonlinear least-squares fit to the normal-
ized transmission data using expression 2.17 with &, ), y. fixed and N, A /27 and
kO /27 as fitting parameters. Despite the fact that the height cancels out in Eq. 2.17,
the fit still has a free overall scaling to account for variations in probe power between
scans with atoms and empty cavity scans (the data was not always interleaved). Of
course, N is still determined by the fit. Most of the time, detunings were set to zero
because (as long as they are small enough as they are here with |y, /2rA| < 1 MHz
and |x/270| < 10 MHz ) they have little effect on the value of N chosen by the fit.
To illustrate the behavior of the probe spectra as N is changed, we also present
in Fig 2.23 a series of scans for several values of N. For each trace, a theoretical
Tn(wy) is shown as a fit, from which N is determined. In this case, cavity and

atom detunings are left free in the fits with the range of detunings found to be:
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—0.7 < v /2rA < 4+0.3 MHz and —1 < k/27© < 12 MHz. The range of atomic
detunings is insignificant, while the range of cavity detunings is due to drift of the
lock point of the cavity between scans and does not affect the resulting V. As is seen
in Fig. 2.23, we can continuously vary N over the range from 0.09 < N < 1.2 atoms.

We do this by changing the power of the depleter beam from Fig. 2.11.

2.2.3 On the determination of N

Absolute knowledge of the intracavity atomic number N is important. It can be seen
from Egs. 1.8-1.10 and 2.17 that the interplay of the rates (go, 71, %) dictates the
details of the transmitted spectra. For example, in the weak field and in the absence
of fluctuations in atomic number and position, if N changes but goN'/? does not,
the spectrum will not change. (In the case with fluctuations in atomic number and
position, as our real experiment has, the situation is more complicated (as discussed
in Section 2.1.3.3).) Convincing ourselves that the values for N which we obtain from
fits to the data are accurate reflections of the number of intracavity atoms is a several
step process. It begins with a firm knowledge of (go,7v.,%). Some of the following
has been said, but it probably bears repeating.

First of all, from the definition gy = (w4 /2keoV ) /2, we see that gy depends upon
geometrical factors such as the radii of curvature of the mirrors (known through the
vendor) and the length of the cavity [ (through the mode volume V), and atomic terms
such as the dipole transition moment y (known through the lifetime), and the atomic
resonance frequency w4 (known from accurate wavelength measurement). The length
of the cavity | can be measured accurately via the method of Section 2.1.1.2.3. The
length does however vary over long time intervals on a larger (than \/2) scale due to
thermal effects, but by not more than +3%. In other words, some days we may lock
the cavity with 100 half-wavelengths in it and some days 102 half wavelengths. Also
relevant to the determination of gq is knowledge of the efficiency of optical pumping
into the mp = 4 component of the F' = 4 ground state and of the excitation of

the [F = 4,mp = 4 — F' = 5, mlp = 5] transition with circular polarization (o
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transition). Here, we have relied on comparisons of probe transmission spectra with
(w) and without (wo) the presence of the optical pumping beam (Fig. 2.11) and the
value of Cy = NC} so determined in the two cases. From the Zeeman structure of the
ground and excited states (see Fig. 2.9), the calculated ratio Cy/Cyo = 2.45. This
comes from the following: A non-optically pumped Cs atom has equal probability
of being in any of the 9 Zeeman sublevels of the F' = 4 ground state. A beam of
such atoms will experience a range of cooperativity values C; due to the different
strengths of the transitions out of the different sublevels of the ground state. This
results in an average coupling for a beam of non-optically pumped atoms given by
an average over the transition weights C = C;(1/9) Zzzfi P, ,iy1 where P,y is
the transition weight for the transition F' = 4,mp =% < F' = 5 mp = i + 1 (the
weight of the mp = 4 — m/, = 5 is unity). This transition weight is the square of the
transition amplitudes connecting the transitions shown in Figure 2.9. The theoretical
ratio is to be compared to our measured ratio Cy,/ Cwolezp ~ 2.4+0.2. Data with and
without optical pumping, with associated fits is shown in Fig. 2.24, with measured
ratio Cy/Cyol
the optical pumping this good. In fact over time (years) the efficiency of the OP

esp = 2:4. This is a typical example of “typical data’—rarely was
degraded, resulting in a measured ratio Cy,/Cyo = 1.9. The cause of this degradation
was likely a drift in the bias magnetic field, since when we reestablished the bias field,
the efficiency of the OP improved to almost its best value. There are other possible
reasons why the measured value would register low, including, the optical pumping
is only partially efficient, the optical pumping beam tends to push the atoms slightly
out of their original path thereby reducing the number of atoms which enter the
cavity when the beam is present relative to when it is absent, or the fact that a direct
comparison of measured C’s is not entirely appropriate. Circular polarization of the
probe beam is measured to be better than 100:1, so that it is less of a concern than the
optical pumping. However there is some cavity birefringence, which acts to mix the
incoming polarization states. This was measured to be less than a 20% contribution.
Overall, these various measurements and constraints lead us to the conclusion that

go is known with an accuracy of ~ —8/ + 3%, that is, go/2m = 20 — 2/ + 1 MHz.
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The next parameter to consider is x which has already been discussed at length
in Section 2.1.1.2.4. Our determination of x and its variation over the course of a few
days’ running time is at the 10% level. Given this, we fix /27 = 75 &+ 8 MHz.

The last of the parameters is v which deviates from its radiative value of 7 /2
due, at least in an approximate sense, to transit broadening (that is, broadening due
to the finite time 7; that the atoms remain in the cavity) . In our fitting procedure
(as in Figs. 2.21 and 2.23) we account for this possibility by way of the parameter
[’ = v /2vL, where I' = 1 for radiative decay and I" < 1 for homogeneous dephasing.
We find that in fits where I is allowed to vary, the same value of N is produced but
that the quality of the fit, especially at w,,/2m = 0, improves with decreasing I". In
this way, we have found that I' = 0.7 gives the best fits. This is also the value of
I found in previous experiments in the strong coupling domain, [7, 44] which had
a similar mode waist and should give rise to similar transit effects. Furthermore,
an estimate of I' can be made from a previous numerical integration of the Bloch
equations [32] via the parameter 79 = (yjwo)/(2v/2u,) where u, = /2kT/m is the
most probable velocity for a beam at temperature T. For our present experiment,
To =~ 1.1, leading to I' ~ 0.75 which agrees well with the value from the fits to data.

In total then, an aggregate error AN in our determination of N from fits to
the data is brought by uncertainties in (go,s,7v1). We estimate this experimental
uncertainty to be AN ~ 0.2 for N ~ 1 atom.

These comments address the absolute uncertainty in N determined from a given
trace. On the other hand, some sense of the relative uncertainties as well as of the
consistency of our procedure can be obtained by comparing the values of N deduced
from the individual scans to a proportional monitor of the atomic beam flux. Such
a comparison is presented in Fig. 2.25, which plots N as derived from fits to data
from Fig. 2.23 to the fluorescence of the “monitor beam” (Fig. 2.11). In each case,
while the scans were being taken the fluorescence intensity Ir was measured on the
“monitor PMT” of Fig. 2.11. The curve of N vs. I should be a straight line passing
through the origin. The data fit fairly well to such a line (curve i in Fig. 2.25), but

the best fit (curve ii) reveals a residual offset of 0.07 atoms for Ir = 0, that is, for
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no monitor fluorescence. This is a negligible error when operating at N = 1 atom
(and tolerable even at N = 0.5) and is in any case, below our estimated AN. While
this fluorescence does not directly yield N in absolute terms, it nonetheless helps to
validate the consistency of our fitting procedure since the relative roles of (go, &, V1)
in the fitting function of Eq. 2.17 change with N. Fig. 2.25 also confirms the absence
of gross offsets due to, e.g., a cloud of background atoms in the cavity independent

of atomic beam flux.
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Figure 2.25: Intracavity atom number N vs. fluorescence intensity Iz. See text.

The third and final test of the accuracy of N comes through the fluctuations in
atomic number intrinsic to the thermal beam and fluctuations in coupling through
g(7). This is discussed more fully in Ref. [7] and in Section 2.1.3.3. Basically,
the procedure consists of running simulations of the experiment which average over
random numbers of atoms tossed into the cavity-mode volume, with number and
position distribution governed by the Poissonian statistics of the thermal beam. In
this way, the spectra depend in an identifiable fashion on the absolute value of N via
the fluctuations associated with a given N. Unfortunately (from this point of view)
the effects of fluctuations are not as pronounced as they are in the strong coupling
regime, but even still, we are able to put reasonable bounds on N which confirm that

we are not far afield. Results of simulations agree with our previous fitting procedure
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(to the extent discussed in Section 2.1.3.3) and demonstrate that, for example in a
data set for which we predict N ~ 1 atom from fits of Eq. 2.17, a complete simulation
rules out the possibility of N = 1.5 or N = 0.5 atoms, for any set of (g, -, k) within

our expected errors.

2.2.4 Nonlinear measurements

Issues of atom number aside, we have in addition investigated the response of the
1D atom to a “strong” probe, that is, one for which the intracavity photon number
approaches and surpasses ng (recall that ng ~ 0.02 photons). From the semiclassical
theory of optical bistability (i.e., the state equation for strong driving fields [31], Eq.
1.19) we anticipate the onset of nonlinear behavior for intracavity photon numbers
near ng. However, a full quantum theory appropriate to our specific experiment of
strong-field probe spectra including the influence of fluctuations in atomic number
and coupling (via g(7)) is not available. The closest fully quantum result has proved
too cumbersome to be of use [54]. However, we certainly do not need a theory to
pursue whatever measurements strike our fancy. In Fig. 2.26 we present measure-
ments showing the normalized response T,,(w,,) for intracavity photon numbers 7 (at
wm/27) = 0 ranging from A ~ 4 x 1078 to & ~ 0.11, for N ~ 1.6. Clear evidence
for nonlinear behavior is the change in T;,(wy,) in moving from curve (i) to (ii), for
which the transmission T, (w,, = 0) doubles in a modification brought about by only
fi ~ 0.024 intracavity photons (at w,,/2m = 0). This is in reasonable correspondence
to our expectations based on the value of ny. Thus in moving from free space to
the cavity, we move into a new regime for nonlinear spectroscopy where the onset of
saturation is characterized by extremely small fields corresponding to small fractions
of one quantum.

To flesh out the nonlinear properties, we perform a slightly different measurement.
Instead of scanning the frequency for a fixed power probe, we scan the power for a
fixed frequency probe. This is the saturation curve described in Section 1.3.2. The

data acquisition program was rewritten to scan the power of the rf to the TWM,
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with again, data with and without atoms interleaved at each point. This is shown
for a resonant probe (actually 1 MHz detuned) in Figure 2.27. A few comments
are in order. First, the ordinate is the normalized transmission 7,,(€2,/2m = 1MHz).
Second, the abscissa is plotted in terms of intracavity photon number with atoms.
Thus the quantities plotted against each other are (nonlinear) scaled versions of each
other. The curve has the form of a classic saturation curve. The linear response for
low drive fields is clearly shown by the flat line with y-intercept at 1/(1 + 2C)? with
C = NC,. As the drive is increased, the response of the atom eventually saturates

out to the unit normalized transmission characteristic of the empty cavity response.
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Figure 2.27: Saturation curve, on resonance. N = 0.6.

Three saturation curves are shown in Figure 2.28, each taken at different probe
detuning. Note that the y-intercept moves up, as the off resonance dip is always less
deep than that on resonance. The solid lines are the no-free-parameters saturation
curves predicted from the optical bistability state equation with C = NC;. All

the cavity parameters are fixed from the associated linear transmission spectrum



91
measurement (not shown). The behaviour of the data is qualitatively similar to the
theory curves, which is really all we could hope for. It is not, after all a correct theory.
Something about the data does stand out, however, which is that the saturation while
it is rising, is always much “straighter” than the theory would predict, especially
towards large drive fields (clearly seen in the top graph of Fig. 2.28). This may have
something to do with the fact that when large fields are used, any stray off-resonant
fields become more important. While great care was taken to eliminate such effects
(and indeed for the most part they are eliminated) there may still be residual effects
at the extremely large drives (intracavity photon numbers approaching 10 photons).
Note also that the point of upturn of the curves moves progressively to the right as
the absolute detuning is increased. This is to be expected, as it is harder to saturate

an atom with off-resonant light.
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Figure 2.28: Saturation curves for various detunings. N = 0.6. The top graph has
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top graph shows the same data as in Figure 2.27.
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Chapter 3 One-D atom with squeezing

One of the canonical questions in Quantum Optics is the nature of the radiative
properties of an atom when the normal vacuum state of the electromagnetic field is
replaced by a squeezed vacuum. A squeezed vacuum has fluctuations in one quadra-
ture which dip below the “standard quantum limit”, or vacuum-state limit (with a
corresponding increase in the fluctuations in the other quadrature).

A serious technical obstacle to investigating the interaction of atoms with non-
classical light (and indeed to measuring nonclassical light produced by the atoms
themselves) is the efficient coupling of optical “beams” to the dipole radiation pat-
tern of an atom. For the atom-squeezed light interaction, Gardiner [55] has predicted
reductions and enhancements in the spontaneous decay of the components of the
atomic polarization proportional to the variances AX?F of the “quiet” and “noisy”
quadratures of the squeezed vacuum. Unfortunately, in a realistic experiment, the
decay rates (31 of an atom in squeezed vacuum can be altered from the free space
value 7y, only according to B+ = 7. [(1 — n¢) + nAX2], where 7y is a measure of the
efficiency with which the squeezed field is coupled to the atom. For an atom in free
space illuminated by Gaussian beams of squeezed light the overlap of the incident
field distribution with the dipole radiation pattern is typically very small so that the
coupling (n; ~ 107%) is so weak that any effect of the squeezed field is masked by the
“normal” vacuum. In principle, this can be completely different for the 1-D atom,
since the problem of efficient coupling of the squeezed light to the atom is reduced to
that of effective mode matching of a beam of squeezed light to the cavity containing
the atom (see Figure 3.1). Qualitatively, the effect of the squeezed vacuum on the
1-D atom is reflected in an inhibition of the cavity-enhanced spontaneous emission
component of the 1-D atom spectrum. Thus in the squeezing/1-D atom case, the
radiative rate alterations can be described by B+ = v, [1 + 2C;AX.], where for the

case of perfect squeezing, 5_ — ..
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Figure 3.1: It is difficult to excite a free-space atom with 47 of squeezed light, and
then to collect all of its fluorescence (top), while it is relatively easy to excite a 1-D
atom in a cavity with 1-D squeezed light, and to collect all of its radiation into the
cavity mode (bottom).
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This experiment was a rather complicated one, involving two labs, each of their
associated experimenters, and spanning 3 years of on-again, off-again effort. For the
early spectrum measurements, the squeezing lab was run by Eugene Polzik and Nikos
Georgiades, and the cavity QED lab by me and Rob Thompson. For the later phase-
sensitive transmission measurements, the squeezing lab was taken over by Nikos and
the cavity QED lab was largely run by Christina Hood; I would pop in fairly frequently
to take data, but most of the tedious set-up work was done by Christina and Nikos.
In addition, Nikos has invested much time and effort in the data manipulation and

analysis.

3.1 Background and motivation

3.1.1 Why do it?

When I give a talk on the squeezing-on-atom-cavity experiment, I start with a state-
ment such as: “There has been slight theoretical interest in the interaction of squeezed
light and atoms over the years...” Then I show a list of about 50 (!) references on
the subject that have been generated in the last decade, since the first few “semi-
nal” works on the subject by Gardiner [55] and Milburn [56, 57]. For purposes of
completeness, there follows a short compendium of the topics that the theorists have
covered.

Extensions of the early work on the basic radiative properties of atoms in ideal
squeezed light has continued unabated [58, 59, 60, 61, 62, 55, 63, 64, 65, 66, 67, 68, 69,
70] with some consideration of atoms in finite bandwidth squeezing [71, 72, 73] and
much attention to resonance fluorescence of atoms in squeezed vacuum [74, 75, 76,
77,78, 79, 80, 81, 82, 83, 84, 85, 86]. Optical bistability in squeezed vacuum has been
considered [87], as have optical pumping with squeezed light [88] and photon echoes
and revivals [89, 90]. There was a spurt of interest in lasers with squeezed pump
fields or squeezed reservoirs [91, 92, 93, 94, 95, 96, 97], gain without inversion [98, 99]
and electromagnetically induced transparency in squeezed light [100]. Squeezed light
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interacting with atoms in cavities has been given significant coverage [101, 102, 103,
104, 105, 106, 107]. Two proposals in the bad cavity limit are particularly relevant to
our work [108, 109] and a proposal in the strong-coupling limit has great promise [110].
Opportunities for laser cooling in squeezed vacuum [111, 112, 113, 114] have not been
missed. Squeezed light consists of correlated pairs of photons, so three-level atoms and
two-photon effects [115, 116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126] have been
of considerable interest. There are at least two papers related to the consequences of
the phase of the squeezing [127, 128]. Interesting ideas involving cooperative effects
with multiple atoms in squeezed vacuum [129, 130, 131, 132, 133, 134] have been
noted, as well as diverse other effects [135, 136, 137, 138].

This theory is well ahead of a restricted body of experimental work in which a
squeezed field has interacted with an atomic sample [139, 140, 141]. I will elaborate
only on those experiments from our lab. Ref. [139] is really the only work that
deals with a fundamental aspect of the atom-squeezed field interaction. They have
measured a departure from a quadratic rate of two-photon absorption for excitation
with a very weak squeezed field. Normally two-photon absorption is quadratic in the
power of the applied field, but since squeezed light comes in pairs of photons, the rate
can be altered with an asymptotic linear dependence. The collection efficiency and
squeezing/atom overlap were fairly small in this experiment, so that the resulting
photon count rate was extremely low, making the experiment a very difficult one.
Refs. [140, 141] involve atomic spectroscopy with squeezed light for sensitivity below
the vacuum level. An otherwise noise-obscured resonance signal is brought out by the
application of squeezed vacuum. There have been many other experiments involved
in increased measurement sensitivity via squeezed light, but they are outside the main
focus of this chapter.

Of course, an immense bulk of theoretical work is no guarantee that a subject
merits experimental investigation. Indeed, for the most part, quantum opticians have
latched onto a problem that has an infinitude of subtle variation and cranked out the
calculations. As always, the experimentalist sorts through this opus for something

striking, or more likely, something that he or she can actually do in the lab.
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In a broader context, our particular realization of the squeezed light on atom-
cavity is an instance of what is known as a cascaded quantum system (see Fig. 3.2).
In such a system, the output field of one quantum system drives, or provides the
input field for another quantum system. It is a scenario that offers a simple and
elegant theoretical treatment [142, 143], but which has not to any significant extent
been realized in the laboratory. It is, after all, hard enough to realize and control one
quantum system!

In its most basic sense, our system investigates the consequences of atomic excita-
tion with noise fields (not necessarily nonclassical). This has received some attention
from other quantum optics groups. For example, Hamilton et al. have studied the
saturation properties of an atom subject to controlled (classical) fluctuations in laser
frequency and/or phase [144, 145]. Our experiments provide a complementary study
of the effects of saturation on the noise response of an atomic transition (although
we hope that the nonclassical nature of our noise fluctuations provide the dominant
effect).

Despite interest from diverse perspectives, I will focus in this chapter on the canon-
ical problem of demonstrating an effect which is a unique feature of the nonclassical
nature of the squeezed light-atom interaction. Unfortunately, our experiments have
not been an overwhelming success from this point of view. It is, however, this prob-
lem that motivated us from the beginning and still dominates my thoughts on the
subject. The experiments are quite difficult, and a null result relative to a somewhat
arbitrary criterion (of what constitutes nonclassical behaviour, e.g.) should not be
construed as a total condemnation of the accomplishments that we have been able
to achieve. To my knowledge, our experiments represent the only realization of the
coupling of two distinct, complex quantum systems, and certainly represent the only

attempt to excite a cavity QED system with nonclassical light.
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Figure 3.2: A cascaded quantum system.

3.1.2 What is squeezed light?

There are many places where squeezed light (also called “squeezing”) is explained
in detail [146, 147, 148]. For our purposes, squeezing is the oblong distribution of
fluctuations in the quadrature amplitudes of the electromagnetic field shown in Figure
3.3b. Note that the “squeezing ellipse” has two relevant quantities associated with it:
¢, the angle of the squeezing ellipse with respect to a coherent field |a) (the “stick”
extending from the origin) and AX_, the “width” of the minor axis of the ellipse.
(AX, is obtained from AX_ in a minimum-uncertainty state.) When the coherent
component is absent we have what is called squeezed vacuum, despite the fact that

it actually contains real photons. The quadrature field operators are defined as:
Xp = e~ +ale? (3.1)

where the (single-mode, single polarization) electric field E at frequency w is quantized

E =i/ 2201/ [a—al]. (3.2)

The variances in the quadrature phase operators are

as:

(AXp)* = (X2) — (Xp)2 (3.3)
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Figure 3.3: Ball and stick diagrams of a) a coherent field, b) a squeezed field and c)
a thermal field.
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For a minimum-uncertainty state
AXQAXQ_HT/Q = 1, (34)

for some 6 = 0y (AX_AX, = 1). The squeezed vacuum is generated by applying the

squeezing operator to the vacuum

1 ; I
S(r,8) = exp (57"6_2“9&2 — 57“6219&&) g (3.5)

where r is the squeezing parameter. A squeezing ellipse on the end of a coherent
“reference” component is generated by displacing the squeezed vacuum with the dis-

placement operator which has the following property
D(a)|0) = |a) (3.6)

so that the final squeezed field is D(«)S(r,0)|0). (The displacement operator can be
realized with a beam-splitter and a coherent laser beam.) I introduce these quantities
only to quantify what I will refer to as the degree of squeezing which is a way to
quantify the property that the fluctuations in one of the quadratures of the squeezed

vacuum can dip below the vacuum level. Coherent states satisfy:
AXEr = AXgh o =1 (3.7)

which is a result of the “normal” vacuum fluctuations which are independent of phase.

On the other hand, the ideal squeezed vacuum satisfies
AXp =2AX_=€7; AXgawpE AX=¢ (3.8)

which is qualitatively portrayed the picture. This said, when I refer to the degree of
squeezing, I mean some measure of . Usually, I express this in terms of the noise

level of the quiet quadrature of the squeezed vacuum in dB below the shot noise
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level. There is a convenient parameterization of squeezed vacuum which I will use

extensively, namely,

N = (dla) (3.9)

For a minimum-uncertainty squeezed state

\M| = /NN +1). (3.11)

M and N are a complete specification of the degree of squeezing, as is IV alone for a

minimum uncertainty state.

3.1.3 The DOPO in brief

One means to generate squeezed light is via parametric downconversion in a sub-
threshold degenerate optical parametric oscillator. The ideal DOPO generates the
quadrature-squeezed light considered above. Rather than go into detail about the
OPO, I will merely introduce the parameters that are relevant.

The ideal OPO below threshold produces light with a spectrum of squeezing S(w)
which is a Lorentzian dip below the vacuum level with a width similar to the cavity

width:
4k,€

U s

(3.12)

where k; is the cold-cavity linewidth (no pump) and € is the scaled pump amplitude,
with € = k; specifying threshold for second-harmonic generation. The squeezing
bandwidth depends on the pumping, and hence on the degree of squeezing. A dis-
placed squeezed field is generated by simply mixing a coherent field with the squeezed
field on a beamsplitter (BS). In order to avoid any loss of degree of squeezing 99% of
the squeezing is reflected (or transmitted) and 1% of a very strong coherent beam is

transmitted (or reflected) through the other port of the BS.
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The discussion thus far has focussed on the properties of ideal squeezed light.
Needless to say, no laboratory system generates anything ideal, nor do the laboratory
measurements necessarily reflect directly the quantities that I have used in my dis-
cussion. It is therefore necessary to introduce quantities that are laboratory-relevant
and non-ideal. A prime example is the degree of squeezing. I have introduced the pa-
rameter r in Eq. 3.5. The measurement of the degree of squeezing is a measurement
of noise level compared to the shot noise of a LO in a homodyne measurement. The
resulting quantity is the number of dB below the shot-noise level, not ». The band-
width of the squeezing provides another example. It can be inferred from a readily
measurable quantity, the so-called gain of the OPO, G, which is measured as the

phase-sensitive amplification of a coherent field injected through the OPO. The gain

&, = <1 £ x>2 (3.13)

1l—2

G is given by

where z is the pump parameter with z = 1 representing threshold. There is also a
corresponding de-amplification G_. The G are related to the NV and M of Eq. 3.11
via:

14 2(N + M) = Gx. (3.14)

We define a measure of the bandwidth of the squeezing as a quantity by (which

depends on the phase of the squeezing),
’%S

where r; is the fullwidth of the OPO cavity with no pump.! It can be related to the
N and M by:

b2 _ b2
+ ( +2b2 “) = (N £ M) (3.16)
:F
from which
b2
b—‘;:1+2(NiM):Gi. (3.17)
:F

1T apologize for this definition of x, as a fullwidth, while all of my other «’s are half-widths, but
I am using a convention consistent with that of A. S. Parkins. [149]
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The most important functional relationship is between by and G and is:

/{———'G+
1

o TG 1

by = (3.18)

b. = (3.19)

by will be the parameter of choice for characterization of the degree of squeezing later;

it can be found from the measured gain via Eqgs. 3.18 and 3.19.

3.2 Theory of squeezing and atoms

3.2.1 Free-space atom and squeezing

An atom decaying to a squeezed-vacuum reservoir of “infinite” bandwidth obeys the

following optical Bloch equations (OBE) for the mean dipoles and inversion:

(62) = —y(N =M +1/2){0s) (3.20)
(0g) = —y(N+M+1/2){cy) (3.21)
(6z) = —v(2N+1){oz) —~ (3.22)

where o, 0y, 0, are the atomic Pauli operators, related to those of Eq. 1.5 by
o4 = oy +ioy and o_ = 0y — 10y and v = 7. The spectrum of light emitted from
the atom illuminated by squeezed vacuum consists of two parts: a flat wide compo-
nent of width v(N + M + 1/2) associated with AX ., and a tall skinny component of
arbitrarily narrow width (N — M + 1/2) associated with AX_. The narrow compo-
nent eventually dominates the spectrum and has a width which is below the natural
linewidth of the atom. This is a direct result of the reduced fluctuations in the quiet
quadrature of the squeezed vacuum and is called inhibition of atomic phase decays
[65, 146]. In fact Gardiner considered the atom as a detector of squeezed light, which

responds with a narrowed spectrum of fluorescence.
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3.2.2 Atom in cavity and squeezing?

I will consider the atom-cavity with squeezing system only in the 1-D atom limit.
Here, the separation of time scales between the atom (enhanced) decay and the cavity
decay is such that the system can be treated as a modified atom, as discussed in
Section 1.1.3.1. There are thus Bloch equations and expressions for the transmission
of the cavity to a weak probe that are a valid approximation regardless of the type
of squeezing. I will introduce these quantities and then specialize to the cases of
broadband and narrow-band squeezed light.

Assume to start that the system composed of atom + cavity + squeezing obeys

OBE’s of the form [103]:

(0z) = —7Yuloz) (3.23)
(Gy) = —Yloy) + Q:(02) (3.24)
(62) = —%los) — 3 (1+20) — Oyloy) (3.25)

where 7,,.. are sensitive to the phase of the squeezing and also depend on other
parameters of the squeezing. €, . represent the effect of a coherent drive field which
defines the reference for the phase of the squeezing. We can consider either the case
of squeezed vacuum (€, . = 0) or a displaced squeezed field, in which €, , will be
related to the amplitude of the displacing coherent field €2 in some way which depends
on the actual buildup of photons in the cavity, which in turn depends on the decay
of the atoms, and hence, ultimately on the parameters of the squeezing. For a probe
at frequency v incident on the atom-cavity-squeezing system, the transmitted probe

amplitude is given by [149]:

1
A = 3.26
) =5, (3.26)
C 1 [A8 AL 1 02 -1 1
_L<0z>ss T — * 7y = e 7y - ke £ = e =
K p* AL 4+ A+ Yy — ¥ PR AL+ AR Atw

2This section borrows heavily from theoretical work done by A. S. Parkins, described in his notes
Modulation of the probe field, April 1996 [149].



where
(1 +2C),
02%)ss - 327
(02) Y=Yy + Qzﬂy ( )
and
" 1 1 s s 2
)\:t = —5(”)/3, = ’Yz) = '2'10 i P = \/(’Yy - 72) - 4Qsz. (3'28)

The transmission on resonance is

2 0 1 1 Yy Yz — 02
Afpell=—314+ ). | —F+ — ] 22—, ) :
o1 ) p { + = (02) {% + % <7er2 T, (3.29)

Note that this is purely real. Parkins [149] has found expressions for v, , and Q, , for
arbitrary squeezing parameters, but first I will consider the simple case of broad-band

squeezing.

3.2.2.1 Broadband limit

I will start with a discussion of the simple broadband squeezing model. To have
broadband squeezing means that the spectrum of squeezing is broader than any of
the atom-cavity rates: ks > g, k,7y (and possibly x5 > Q,, for the case of displaced
broad-band squeezing) with ks — oo defining “perfect” squeezing. In the infinite

bandwidth squeezed vacuum case, Rice and Pedrotti [108] show that

Yo = % [1+2C (1+ 2N — 2M)] (3.30)
vy = % [1+2C (1+ 2N + 2M)] (3.31)
Y. = 7v[1+2C+4CN]. (3.32)

The phase of the squeezing is taken to line up with one of the quadrature decay
channels of the atom. (If we take the opposite phase 7, and 7, change roles.) In the
limit of strong squeezing, from Eq. 3.11 M ~ N + 1/2 and

Yo = (3.33)

v = =[1+4C +8CN] (3.34)

(O RS OIS
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Y. = v[1+2C+4CN]. (3.35)

Thus, there is an inhibition of the cavity-enhanced spontaneous emission (compare
Eq. 3.33 with v, (1 + 2C) from Eq. 1.11). Strictly speaking, this interpretation and
derivation are valid only with an infinitely wide cavity, in the sense of the true “bad
cavity” limit discussed in Section 1.1.3.1 and infinite bandwidth squeezed light. (Note
that in this chapter, v = v.)

The power transmission of the probe |A,(v)|? is shown in Fig. 3.4 for several
values of N for the broadband case. Note that the “dip” associated with the 1-D
atom gets both shallower—the squeezed vacuum carries photons which saturate the
atom—and narrower (that the narrowing is not immediately evident is problematic
in and of itself).

The question arises if this inhibition of the cavity-enhanced spontaneous emission
is the result of the nonclassical character of the squeezed field, or if other types of
light will lead to similar behaviour. Fig 3.5 addresses this issue. I have shown the
“width” of the spectrum of fluorescence (out the sides of the cavity, Eq. (16) from
Ref. [108)]) for excitation with light of various statistics. A thermal field (Figure 3.3c)
has M = 0 while classical squeezing has asymmetric fluctuations in which neither
quadrature goes below the vacuum level, with M = N. Note that from Fig. 2.26, a
strong coherent field also has an effect on the spectrum of transmitted light that is
similar (at least superficially) to that shown in Fig. 3.4. I have left coherent excitation
off of Fig. 3.5 because alignment of the axis with the other types of light is somewhat
problematic. Suffice it to say that a coherent field should have a significantly different

behavior than a squeezed field.

3.2.2.2 Narrow-band squeezing

Our source of squeezing does not even come close to satisfying the broadband limit.
In fact {k,v(1 4 2C)} > ks, so we are forced to consider a narrowband theory. The
expressions for v;,, and €, , are absurdly complicated, and are explicitly written

out in Appendix A. I will only state here, that with these expressions, everything
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Figure 3.4: The effect of broadband squeezed vacuum on the transmission spectrum
of an atom-cavity system, for various degrees of squeezing. From bottom to top,
N = 0,0.1,0.2,0.5,1,2,5,10. Note that this calculation is done in the strict bad
cavity limit it which there is no atom-enhanced cavity decay. C =1, (g,v.,x)/27 =
(20,2.5,80) MHz.
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is fixed by C, b+ (or G, via Egs. 3.18 3.19), and the strength of the drive field €.
These are all measured parameters of each instance of the experiment, so we should
have a complete theory to compare to the experiment (albeit a grossly simplified one
in terms of the discussion of Section 2.1.3.3).

Despite the added complication, and perhaps surprisingly, the transition to nar-
rowband squeezing has only a small effect on the transmission spectra shown in Fig.
3.4, even though our squeezing bandwidth does not even cover the full enhanced
atomic linewidth. Rather than pursue this point further, I will now turn my atten-

tion to a different measurement.

3.2.2.3 Phase-sensitive transmission

The measurement of the transmitted spectrum of the atom-cavity in squeezed vac-
uum turns out to be a difficult one (more on this below). In pursuing this second
measurement strategy, which attacks the problem from a completely different angle, it

was hoped that an effect of the squeezing would be more pronounced, or more robust
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against complications of the experiment. I will now describe this second measurement
scheme.?

In this new scheme, there are again two fields incident on the atom-cavity. This
time, one is a displaced squeezed field. For concreteness, I will call the coherent
displacing field the “reference” field. The other incident field is the fixed frequency,
weak probe which is resonant and of fixed power. We measure the transmission of
the weak probe as we change various parameters of the system. There are three
parameters that we can change: the degree of squeezing (via the OPO gain G ), the
amplitude 2 of the reference field, and the orientation ¢ of the squeezing ellipse with
respect to the reference field.

Now consider the scenario outlined in Fig. 3.6. We probe the 1D atom as in
Chapter 2. First we apply the coherent reference field to saturate the atoms to some
desired level (1). The transmitted field will be at some DC level (the dashed line in
Fig. 3.6(2)). Next, we apply the squeezed field and monitor the probe transmission as
a function of the phase of the squeezed light with respect to the reference field. The
transmitted probe field will oscillate at twice the frequency at which the squeezing
is rotating around the coherent reference field (solid curve in Fig. 3.6(2)). Let me
emphasize that for a weak probe, which we are considering here, the modulation of
the probe will be independent of its strength.

The level of the transmitted probe field with squeezing will be different from the
level without the squeezed field, which I will suggestively call the “vacuum-only”
level (it is the transmission of the probe with only a vacuum field on the end of the
coherent reference field “stick,” see Fig. 3.3a). Could it be the case that a dip of
the transmission below this “vacuum”-only level is one of the elusive indicators of
the quantum nature of the squeezed field? In other words, is this level analogous to
the “vacuum level” defined by the shot-noise of a local oscillator on a photodiode?
The answer is, alas, not so straightforward. Apparently, in some cases yes, in some
cases, no. I will now explore the relevant parameter space to find those locations in

which the vacuum-only level is an indicator akin to the shot-noise of a homodyne

3The idea for this measurement came in discussions with Scott Parkins.
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Figure 3.6: The idea of the phase-sensitive transmission measurement.
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squeezing measurement. I want to point out here that the measure of a nonclassical
effect that we are considering is not identical to a measurement in which the noise
spectrum of a squeezed field is directly compared to a shot-noise level of a LO. Here
we are considering the probe transmission as a measure of the potentially nonclassical
interaction of the squeezed vacuum and the 1-D atom: we are using the 1-D atom as
a detector.

The quantities to consider are formally the maxima and minima of the phase

sensitive transmission amplitude. I define the normalized modulation amplitudes as:

 A(w = 0) — Amese(y = )
EI:JI: P = P A;oqu(wp: O) (336)

in which A7°*%(w = 0) represents the transmission amplitude with only the coherent
reference field and no squeezing and A;; (w = 0) is the squeezing-in-phase amplitude
transmission and A; (w = 0) is the squeezing-out-of-phase amplitude transmission.
What I mean by in- and out-of-phase is that the squeezing ellipse is aligned with the
reference field for in-phase (¢ = 0) and the squeezing ellipse is aligned perpendicular
to the reference field for out-of-phase (¢ = 7/2), with reference to the definition of
¢ from Figure 3.6. Eq. 3.36 is a measure of the height above (e®™P > 0) or below
(e?7P < 0) the “vacuum-only” level.

Once again, we must determine the behaviour of the probe transmission for inputs
other than squeezed light, in order to identify an effect that is unique to squeezed
light. Rather than perform an exhaustive search, we will take a classical squeezed field
as the test case—as it is a non-quantum field with fluctuations which vary with phase.
In Figures 3.7, 3.8 and 3.9 I plot the normalized envelope of the modulation €5 7, for
both quantum squeezed light and classical squeezed light as a function of OPO gain
G, for three values of the coherent field amplitude. Parameters are chosen to be
similar to those of our DOPO and 1D atom: v = 5 MHz, 2« = 168 MHz, C' = 0.95,
n =1, kg = 2.47, where 7 is the efficiency of coupling of the squeezed field to the
cavity. (This will be discussed in more detail later in this chapter.)

This series of figures (3.7-3.9) helps to outline the experimental strategy. The
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line at € = 0 serves to demarcate the “vacuum”-only level. If the envelope of
the modulation dips below this level, this could be indicative of a purely nonclassical
effect We attempt to determine whether this is so by plotting € ® for both the quan-
tum squeezed case and the classical squeezed case, for several values of the coherent
reference field amplitude Q. In Fig. 3.7, only the quantum squeezed case dips below
the “vacuum” level, the classical squeezing goes immediately up from zero gain. For
this level of coherent reference field, the dip below zero does seem to be an indicator
of a nonclassical effect. However, in Fig. 3.8, the classical squeezing also dips slightly
below zero, though not in nearly as pronounced a way as the quantum case. In Fig.
3.9 both fields dip well below the (now-irrelevant) “vacuum”-only level. Thus there
does appear to be a regime in which quantum squeezing has a unique effect, but it
is a limited regime. Unfortunately, in addition, the regime is defined by the drive
field strength, which is not necessarily known to sufficient absolute accuracy, and the

relevant region is for low gain, where the overall modulation signal is smallest.

3.3 Experiment

3.3.1 Generating the squeezing

This is a two-lab experiment. Lab 1 contains the 1-D atom apparatus explained
in Chapter 2. Lab 2 generates the squeezing. Since I am not a denizen of Lab 2
(that honor goes to Nikos Georgiades), I will only explain the generation of squeezing
in passing. It is covered more fully in Refs. [140, 141]. A Ti:Saph laser, locked to
Cesium at 852 nm pumps an optical parametric oscillator above threshold to generate
frequency doubled blue light at 426 nm. This doubled light pumps an OPO operated
below threshold, which downconverts one high energy photon into two correlated
low-energy photons (via a non-ideal and more complicated version of the squeezing
operator of Eq. 3.5) to serve as the source of squeezed light. The OPO cavity
bandwidth (FWHM) is k, = 2.4~y = 27 x 12 MHz, which as stated earlier is less than
¥1(1 + 2C), the full-width of the cavity-enhanced 1-D atom. The OPO is capable
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Figure 3.7: Envelope of amplitude modulation €} ® as a function of gain G, for
quantum (solid line) and classical (dotted line) squeezed light. The parameters are:
v = 5 MHz, 2k = 168 MHz, C = 0.95, n = 1, kK, = 2.4, as appropriate for the
experiment. The coherent reference field amplitude is €2 = 0.8~.
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Figure 3.9: As in Fig. 3.7, with yet larger coherent reference field amplitude Q2 = 2+.
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of producing squeezed light with noise level reduced by 6 dB below the shot-noise
level, near the OPO cavity peak. The gains that can be reached in practice range
over 0 < G4 < 20. The squeezed field typically carries a few pW of optical power.
The displacing reference field can have virtually arbitrary power P,..; but is typically
restricted to Pr.y < 200 pW, since at this point, the 1-D atom is entirely saturated.

3.3.2 Getting the squeezing into the cavity

To my knowledge, a rather important practical issue has been left mostly unconsidered
in the literature. This is the issue of getting the squeezed light from an external
source into the atom-cavity. In much of the work done on the subject of squeezed
light interaction with atoms in cavities, the squeezing is inserted in a rather idealized
way directly into the cavity. In this picture, the effects of the squeezed light (whatever
they happen to be) are always better the larger the cooperativity parameter C; is
made. But if we consider the point made in Section 2.1.1.1.3, that the atom can be

treated as a lossy intracavity medium with associated loss-parameter

84 = 261 + 62)C, (3.37)

then it is not at all clear that large C; is the optimal approach. For large C', the
associated intracavity losses 64 are also large, so the squeezed field does not actually
build up in the cavity. To emphasize this point, I have plotted in Figure 3.10 the
cavity buildup and the cavity reflectivity as C is increased. For these plots, the cavity
is one-sided, with the input mirror §; = 350 ppm, the essentially perfect back mirror
b = 1 ppm and 6y = 0, as required for Eq. 3.37 to be valid. From Figure 3.10
we clearly see the expected behavior in that the buildup decreases as C' is increased.
This does not really help us determine an optimal value of C' however, as the buildup
is largest when there is no atom in the cavity. The cavity reflection does, however,
imply an optimal value of C' = 1/2. At this point, there is no squeezed light reflected
from the cavity, so in some sense, the most squeezing possible is building up in the

cavity (in the presence of an atom) and interacting with the atom. This idea can
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be further quantified in the third and final graph of Fig. 3.10. We have seen that
the effect of the squeezing is to modify the cavity-enhanced decay rate of the atom:
Bx = v1[1 +2C1AX4]. The squeezing varience AX. is the one that actually builds
up in the cavity. In our experiment, we have an external squeezing with varience
AX®* which then builds up in the cavity in the presence of the atom to a value
AXy = BAXS® where B is the cavity buildup. The product BC thus determines the
effect on the 1-D atom from an external squeezed field. This is plotted in the bottom
graph of Fig. 3.10; it is also seen to be optimal for C = 1/2. The valueof C =1/2is a
generic feature of the one-sided cavity driven through the high transmission mirror, as
can be seen from Eq. 3.37 in Eq. 2.10. This is, of course, the case of the impedance-
matched resonator. That our 1-D atom has C; ~ 1 is quite fortuitous from this
perspective.

As an extension of this line of reasoning, we can immediately get a qualitative
understanding of the detrimental effects of fluctuations in the atomic beam density.
We have seen in Section 2.1.3.3 that there are some time instances when the average
coupling is larger than the nominal value NC;. These events, which in the case of
N = 1 occur with non-negligible frequency, will act to prevent the squeezing from
building up in the cavity. Additionally, when there is one atom near the maximum
of the cavity field, there are still many spectator atoms on the wings of the Gaussian
and near the nodes of the standing-wave. These atoms contribute an additional loss
mechanism, without being sensitive to the photon statistics of the squeezed field.
This is likely to be the single greatest problem with this experiment. In this light, we
have attempted to run the experiment with N ~ 0.5, where the large-coupling events
occur less frequently, and the contribution of the spectator atoms may be smaller.
Unfortunately, this lowers C = NC, so that the effects of the squeezed light will be
less pronounced. We have not found an optimal balance between these competing
effects, and indeed, there may not exist any easy work-around, beyond realizing an

optimal system in which a single, stationary and localized atom is employed.
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Figure 3.10: The cavity buildup, reflection and buildup-C product vs. C'. The buildup
is given by Eq. 2.11 with Eq. 3.37, and the reflection is given by Eq. 2.11 with Eq.
3.37 with 6, = 350 ppm, 62 = 1 ppm and 6y = 0. The product buildup x C is
discussed in the text.
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Figure 3.11: The squeezing on atom-cavity experimental schematic.

3.3.3 Measurements of probe transmission spectra with squeez-
ing
The experimental arrangement for the spectrum measurements is shown schematically
in Figure 3.11. A weak probe is scanned in frequency across the atom-cavity resonance
(coincident as usual). The transmission is measured both with and without the
squeezed vacuum input. The squeezed vacuum (no coherent reference piece) enters
the cavity through the output coupler (6, = 350 ppm) of the cavity. The polarizations
are arranged so that the squeezed field has the same helicity (o+-pol) as the probe
field. Because of this, the squeezed light bounces off of the cavity and is reflected
along the same path as the probe transmission, and will be detected at the heterodyne
detector. Because the squeezing beats against the LO, and has power spread over
some bandwidth given by kg, this gives rise to what amounts to a measurement of

”

the spectrum of output power of the OPO. This “measurement” was used to assure
us that there was actually light from the OPO and that the detuning of the squeezed
field was near zero. This detuning tended to drift during the experiment so it was
important to check it periodically.

The heterodyne detector is sensitive to all the incident fields, in various ways, so

an elaborate, but straight-forward procedure of subtracting various quantities was



120

employed. Consider the following sequence of measurements:

atoms on probe on squeezing on measured quantity

M;  NO NO NO k.B,

M,  NO NO YES kaBy, + kaS.

Ms  YES YES NO kaB, + kpkaA,

M,  YES YES YES kaB, + kpkaAs + kaS,
Ms  YES NO YES kaB, + kaSa

Ms  NO YES NO kaBy + kpkaR,

M;  NO YES YES kaB, + kakyRe + k4S.

where I have called k4 the detector efficiency, k, the efficiency of probe generation, B,
the background spectrum, S, the squeezing spectrum reflected from an empty cavity,
S, the squeezing spectrum reflected from a cavity with atoms (different from S.), A
the probe transmission for atoms in the presence of squeezed vacuum, A, the probe
transmission for atoms in the presence of normal vacuum (squeezing blocked), and
R, the empty cavity probe transmission, which is of course the same with or without
squeezing. The measured-quantity column is the incoherent sum of the constituent
contributions (all of which are defined as power, not amplitude spectra). Now the

quantities
_ M3 — M,
Mg — My’

My — Ms;

So ~ M, — M,

Ss (3.38)

are the corrected atom-cavity spectra without and with squeezing, respectively. Note
in particular that S, is the same as the measured normalized transmission 7;, of Eq.
2.17. In practice, it turns out that there is negligible contribution to the detected pho-
tocurrent from Sy, as the 1-D atom effectively eliminates the squeezed field reflection,
as expected from Figure 3.10.

Additionally, we can define the quantity As
As= 85— S, (3.39)

as the difference between the spectra with and without squeezing. The initial mo-

tivation for looking at A, was the hope that the spectrum with squeezing would be
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an approximate Lorentzian dip with the same depth as the vacuum case, but with a
decreased width reflecting the inhibition of the enhanced spontaneous emission, dis-
cussed above. The difference of two such lorentzians has a characteristic zero point
on resonance and unique shoulders. Alas, this naive guess proved to be inadequate,
but A, stayed in place for historical reasons. (To jump ahead, see Figure 3.17 for a
look at what the predicted difference curves are.)

In the absence of generic theoretical criteria which provide unequivocal tests of the
nonclassical effect of squeezed light on an atom in a cavity (especially for our particular
realization of that system) it is essential to find measurements which differentiate
light of various quantum (or classical) character. We have done this by exciting the
atom-cavity with both squeezed vacuum and thermal light from a single mode of the
non-degenerate OPO (NOPO). If the OPO is locked off of the Cs transition by one
longitudinal mode (650 MHz away) such that the next longitudinal mode is resonant
with the Cs transition, then the correlations will be between one photon that is
resonant with the Cs transition and one photon that is 650 MHz detuned from the
Cs transition. Thus the squeezing will be lost, and the 1-D atom will be illuminated
with a purely thermal mode. The key to this technique is that the thermal light from
the NOPO is identical in all respects to the squeezed light from the DOPO—except
for the classical statistics of the former and the quantum statistics of the latter. For
the same phase sensitive gain, the bandwidth of both sources is the same and the
number of photons in each source is the same. For purposes of comparison, we define
the quantity analogous to A of Eq. 3.39 for thermal light and call it A,.

The effect of the squeezed (or thermal) light proved to be rather small, making the
experiment a particularly difficult, and ultimately, unconvincing one. Of the many
transmission spectra we have taken, I show in Figure 3.12 a spectrum with vacuum and
squeezed inputs, and in Figure 3.13 a spectrum for (practically) identical conditions
with thermal and vacuum inputs. The parameters for these data were: N ~ 1 and
P =~ 2 where P is a relative measure of the power in the squeezed field (I forget
what it is in absolute terms). It can be stated only to some qualitative level that the

conditions are identical, because the procedure to switch from squeezed to thermal
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excitation did take some time, over which conditions could drift. It was attempted
to attain the same conditions by demanding the same measured OPO gain, and
(equivalently) by matching the size and shape of the power spectrum reflected from
the empty cavity. Despite these efforts, there is no particularly striking aspect of the
data which points to the fundamental difference between thermal and squeezed inputs.
Unfortunately, the difference spectra do not help to clarify the matter to any great
extent. Fig. 3.14 is A, for squeezed input and Fig. 3.15 is the corresponding A; for
an “identical” thermal input. All the difference spectra are averaged without regard
for experimental parameters (the OPO gain is the only one anyway) and shown in
Fig. 3.16. We have argued [150] that the shape of these curves is different, especially
in the wings, where the thermal difference spectrum dips below that of the squeezing,
as would be expected (see Fig. 3.17).

Independent of these details, by far the most disappointing aspect of the data
is the relative height of the two difference peaks. The prediction* based on the
theory of Section 3.2.2 is that the height of Ag should be approximately half as
large as that of A;. (A Lorentzian that narrows without losing height will lead to
a difference spectrum which dips to zero at line center.) It is only as the efficiency
n of coupling of the squeezed (and thermal) field to the cavity is decreased that the
two predictions fall atop one another. This is shown in Figure 3.17. Even with a
significant effort to improve the matching of the squeezed field to the cavity and to
minimize propagation losses, the overall size of the effects never really improved. For
the record, a mode-matching of coherent output of the OPO to the 1D atom cavity
of at least 20:1 was attained and the total loss from OPO output to cavity input was
no more than 20%. In fact, a homodyne was constructed right in front of the 1D
atom cavity and the squeezing was measured to be in agreement with that obtained
just outside the OPO cavity. (As well, the correspondence between the OPO gain
and the degree of squeezing was experimentally confirmed.) We therefore do not
believe that 1 was actually as small as the theory would require to explain the lack of

height difference between the squeezing and thermal difference spectra. Among the

4Again, from A. S. Parkins
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Figure 3.12: The probe spectrum with squeezed light excitation. With squeezing: M,
vacuum-only: e. The coincident atom-cavity resonance is at 140 MHz.
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Squeezed Data from Exp. 4-29-94
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Figure 3.14: The difference spectrum A, with squeezed light excitation.The coincident
atom-cavity resonance is at 0 MHz.
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Thermal Data from Exp. 4-29-94
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Figure 3.15: The difference spectrum A; with thermal light excitation. The coincident
atom-cavity resonance is at 0 MHz
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Thermal and Squeezed Data from Exp. 4-29-94
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Figure 3.16: Averaged difference spectra, thermal and squeezing. The coincident
atom-cavity resonance is at 0 MHz
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possible explanations are: effects due to internal losses of the cavity, which were ever-
increasing over the 3 years that this cavity was used (0 < 8o < 50 ppm), or effects due
to the “spectator” atoms on the wings of the Gaussian cavity mode. Simple evidence
that multiple atoms in the mode volume is detrimental comes from the observation
that in a two atom situation, it is still only Cy (not C) that can be switched off by
the squeezed light, so that the effect of the squeezing becomes relatively smaller in
a multi-atom case. As discussed above, in Section 3.3.2 beam fluctuations are the
leading candidate. Also, the experiment is performed using two independent optical
tables in two separate labs. It is certainly possible, though unlikely, that we have

overlooked a mechanism responsible for the degradation of the experimental results.

3.3.4 Measurements of phase-sensitive transmission

Faced with the small signals from the spectra measurements, we decided to pursue
the phase-sensitive technique which we had hoped would lead to clearer results. The
apparatus is shown in Figure 3.18. The technique is as discussed in Section 3.2.2.3.
Based on the expected size of the modulation signal (up to 25% modulation in
Figure 3.8, e.g.), the measurement should have been straight-forward. It turned
out not to be. Because of this, the measurement process became convoluted in its
dedication to getting quantitative results from rather small modulation signals. The
measurement procedure consisted of the following. The SA is as usual set to the center
frequency of interest (to measure the probe-LO beatnote), and set in zero span. The
phase of the squeezing is rotated with respect to the coherent “reference” field with
the PZT of Figure 3.18. This causes a modulation of the probe transmission, which
in turn produces a time-oscillating signal in the photocurrent, which is converted to
a time-oscillating signal on the SA. The rf-demodulated beat-note signal from the SA
video out is directed to the HP3562A dynamic signal analyzer (DSA), which is used
essentially as a low-frequency spectrum analyzer. The DSA analyzes the frequency
content of the SA video-out signal, with a peak in the power spectrum corresponding

to twice the frequency at which the squeezing ellipse is rotated. There is no peak
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Figure 3.18: The phase-sensitive transmission measurement apparatus.

when the atoms are not present, confirming that the modulation is not merely a
result of the squeezing ellipse detected on the heterodyne (there is no simple way for
this to be the case anyway). The nominal frequency of squeezing-ellipse rotation is
determined by making an interferometer with the coherent reference and an auxiliary
coherent beam on the same path as the squeezing. A typical DSA trace is shown in
Figure 3.19, showing the peak at the probe modulation frequency. This peak at 300
Hz shows that the probe transmission does indeed have frequency content at twice
the frequency of rotation of the squeezing-ellipse, which is independently determined
to be 150 Hz.

Note that while the frequency domain S/N is respectable, we were never able to
directly resolve the modulation in the time domain. Therefore, due mainly to tech-
nical limitations, we are unable to measure the envelope described by Equation 3.36.
We can, however, measure the pk-pk magnitude of the modulation. A measure of the

magnitude of the pk-pk probe modulation is conveniently given by the “amplitude



131

fractional modulation,” defined as

_ |430) - 450)]

A

(3.40)

which is normalized to the “vacuum”-only level AR **(v). Often, v = 0 for reso-
nant probe measurements. That Eq. 3.40 is indeed the measured quantity can be
determined by a knowledge of the heterodyne detector and by tracing the fate of
modulation signals from the photocurrent to peaks in the power spectrum provided
by the DSA. First, the heterodyne detector is sensitive to the field amplitude as can
be seen from Eq. 2.15. To check the photo-current-SA-DSA chain, an empirical test
was performed in which a sinusoidal signal of known pk-pk amplitude and offset is put
directly into the SA input. The chain is then traced to the output of the DSA, from
which predictions of the amplitude of the original sine-wave can be directly inferred.

Since we are taking differences of quantities, it could have been the case that we

would be sensitive only to a quantity such as /Ap(v)2 — Ap(v)2. This turns out not
to be the case, however. Since the photocurrent is sensitive to the field amplitude, it
undergoes the same transformation as the test sine-wave, so the measured quantity
is indeed given by Eq. 3.40.

Because we could only measure the size and not the sign of the modulation,
we were of course unable to observe the modulation as it possibly dipped below the
“vacuum-only” level discussed above. Also, unfortunately, in this experiment we have
no direct means to compare the quantum system with a classical system as we did in
the spectra measurements (Section 3.3.3) with the thermal light and the squeezing
(thermal light has symmetric fluctuations, after all). The logical choice would be the
classical squeezing as discussed in Section 3.2.2.3, but a source of this type of light
was not realized. Nonetheless, we were able to map out the behaviour of the system
under variation of many parameters, and the results agree quite well with the shape
of predictions. The absolute magnitude of the effects, was however significantly below
the predictions.

I will now discuss the actual measurements and the data that we have taken
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from them. The displaced squeezed field is nominally on resonance. Just as in the
spectra measurements for the frequency-dependent probe transmission, the displaced
squeezing reflects from the cavity and impinges on the heterodyne detectors. The
beat note is very broad and subject to large (several MHz) excursions, since it is
between two independent lasers, neither of which is (in absolute terms) stabilized
exceptionally well. Thus it is important to get the reference field away from the
probe, since subtracting of its beat note is nearly impossible. Actually, the pump did
occasionally interfere with the probe, but since our measurement is sensitive only to
modulation in the probe transmission, and not the dc level, this proved to be less of a
problem than it otherwise could have been. In any event, the reference field and the
probe field were separated sufficiently (probe + 2 MHz detuned, reference field —2
MHz detuned from resonance) so that the “vacuum”-only level could be measured
without contamination.

We have made measurements of ay, under the following conditions. (1) fixed
OPO gain with variable reference field power; (2) fixed reference power with varied
OPO gain; and (3) fixed reference power and fixed gain with variable probe frequency
(the modulation spectrum). We have also measured a,, as the number of atoms N
was changed. We attempted to avoid contributions to the signals from the spectator
atoms by going to ever smaller mean atom numbers. It was typical for us to work
in the regime of N ~ 0.5 atoms, corresponding to the fluctuations breakdown in the
bottom graph of Fig. 2.13. At this operating point the influence of multiple atoms is
smaller but of course hand in hand with this is that the empty cavity is a dominant
contribution and the overall size of the effect is smaller.

Figure 3.20 shows the amplitude fractional modulation oy, of Eq. 3.40 as a func-
tion of the OPO gain G for a fixed coherent reference power of 25 pW. The coherent
reference power is measured via its beat-note with the local oscillator on the hetero-
dyne detectors, which is calibrated to account for efficiency of overlap of these beams
(which are generated from independent lasers). The fractional modulation eventually
saturates, in keeping with the idea that the effect of the squeezing is not limitless, but

saturates at the point when the cavity-enhanced spontaneous emission is inhibited.
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Even with infinite squeezing, the effect of the squeezing can only be so large. This is
certainly also seen in Figures 3.7-3.9.

Figure 3.21(top) shows the amplitude fractional modulation o, as the reference
power is increased for fixed OPO gains of G = 5 and 10 (for slightly different numbers
of atoms). The modulation amplitude reaches a peak somewhere near the point
at which the probe transmission is halfway between its value for an empty cavity
and its value for atoms in the cavity with no applied reference field. Again, this is
probably not surprising, as the saturation slope is steep at this point and levels off in
either direction. The probe saturation curve for the same range of coherent reference
power (in the same units) with no squeezed field is shown in Fig. 3.21(bottom) for
comparison. (Note that the probe is fixed power in this trace, it is the reference field
power that is being varied.)

Figure 3.22 shows the amplitude fractional modulation ay, as the probe detun-
ing is swept for fixed reference power and OPO gain. The squeezing frequency is
fixed on resonance. The effect of the squeezing is most noticeable on resonance, not
surprisingly.

Just to complete the discussion, I also show the fractional amplitude modulation
app as the number of atoms is varied in Figure 3.23. This data is for a mish-mash
of other parameters, hence the wide variation in oy, at each atom number. We were
unable to get the oven to produce any more than N ~ 2 atoms, unfortunately, as
it would have been interesting to mark the point at which the probe modulation
disappears (assuming that it does in the many-atom case).

From the theory of Section 3.2.2.2 we have a “no free parameters” prediction for
the measurements of Figures 3.20-3.23. Actually, there is one slightly free parameter—
7. In fact, by adjusting n the data falls reasonably well onto the predictions. This is
shown in Figure 3.24, which has selected data (the G =5 oy vs. 2 data from Fig.
3.21 and the oy, vs. G, data from Fig. 3.20) plotted with the predictions. Unfor-
tunately, the required 7 is exceptionally small at 7 = 0.15, whereas experimentally
we estimate n > 0.70 from measurements of cavity mode-matching and propagation

losses. With a theoretical n = 0.30, the classical squeezing (M = N) predictions
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match the data every bit as welll While we do not have a quantitative explanation
for why the data seem to be the result of a drastcally reduced value of 7, we can
look to the discussion of Section 3.3.2 for a qualitative one. This is the contribution
of the spectator atoms as a pure loss mechanism which prevents the squeezing from
building up in the cavity, thereby diminishing any observable effects. Presently, we
believe this to be the single most likely cause of our reduced signal sizes.

The value of {2 = 1.4v for the top graph of Fig. 3.24 gives the best “fit” (-by-
eye) to the data with all other parameters fixed by the experiment: N = 0.6, transit
broadening 7, = 0.2157 (in keeping with I' = 0.7), 2k = 168 MHz, k, = 2.4 (and
with 7 = 0.15). In order to get the theory and the data on the same z-axis for the
graph on the bottom of Fig. 3.24, I must match the measured coherent reference
power Pr.; (measured in pW) with the theoretical quantity 2. I do this by “fitting”
(x-by-eye) the data shown in the bottom graph of Fig. 3.21 to a theoretical prediction.
This allows us to make the association from pW of reference power to 2. By doing
this, I have found that P,; [pW] < Sc[Q/(y(1 + 2C))]?, with S, = 125 4 50 pW.
(The error completely brackets the data.) (Note that this has been done for only
one data set with a fixed value of C.) I then scale the theory by this amount to
arrive at the bottom graph of Figure 3.24. This method accounts for factors which
would otherwise be difficult to take into account, such as the difference in saturation
between one localized atom with cooperativity C' and a sample of atoms with N =1
and NC; = C. The ayp vs. P data itself is used for final adjustment of the
conversion from Q? to P,.; [pW]. I find that a scaling with S, = 75 “looks” best. Other
parameters of the theory are fixed by their measured values: N = 0.58, v, = 0.215,
2k = 168 MHz, ks = 2.4, as before. Given the complexity and difficulty of this
experiment, I find it remarkable that the data follow any noticeable trend at all,
let alone one that fairly closely follows that of the theoretical predictions. Equally
remarkable, is that a simplified (yet still complicated) theory is capable of predicting
the trends of the experiment. (It is a matter of perspective.) It is unfortunate that we
are not able to make any definitive statement that we are observing manifestations

of the nonclassical interaction between atoms and squeezed light. Nonetheless, there
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are unquestionably some interesting results from the experiment pertaining to issues

that have yet to see the harsh light of the laboratory.

3.3.4.1 Driving through M; vs. driving through M,

To end this chapter, I will point out one last item. In the normal saturation measure-
ment, we know only what output flux F, through mirror Ms corresponds to a given
intracavity field. We do not keep track of or care about the input power at mirror M;
that lead to this intracavity field. For the squeezing experiment however, we drive
(with photon flux Fj) through the output mirror M,, and want to build up the same
intracavity field. What is the relationship between F, and Fy, both for an empty
cavity and a cavity with one atom? It is a somewhat confusing, but trivial task to
calculate that in the case of a one-sided cavity with no atoms that Fy/F, = 1/4, so
that the drive field should be 4 times smaller than the measured output flux to create
the same intracavity intensity. In the case with atoms, the atoms can be treated as
a loss mechanism as discussed in Section 2.1.1.1.3 and Eq.3.37, so that in this case,
it is found that Fy/F, = (1 + 2C)%/4. For C ~ 1, the drive field on M, must be
9/4 times larger than the measured output flux to obtain the same intracavity pho-
ton number. We know from Chapter 2 that the 1D atom normalized transmission is
approximately doubled for 7 = 0.1. This corresponds to an output power of F, ~ 25
pW (from Section 2.1.5). The same should occur driving Fy ~ 50 pW through M,.
From Fig. 3.21(bottom) this actually appears at more like 25 pW. This is probably
due to the fact that my treatment of the atom as a cavity loss mechanism is valid

only in the weak-field, and these are both strong fields.
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Chapter 4 Quantum Phase Gate

The 1-D atom exhibits a unique single-photon nonlinearity which has been used to
demonstrate the principle of a simple quantum logic transformation. In quantum
logic, the goal is to control the quantum state of one particle with the quantum state
of another particle. When the particles are simple two-state systems, each state can
be assigned a truth value; in analogy to a classical bit we can thus define the quantum
binary digit, or qubit. Quantum computation exploits the fact that qubits can exist
in entangled states, allowing simultaneous exploration of many computational paths
at an exponential rate in the number of qubits. The difficulty in realization of labo-
ratory quantum logic comes in the attainment of the strong coupling between qubits
necessary for conditional logic, and the preservation of quantum coherence essential
to the retention of fidelity over the course of the computation. The 1-D atom provides
a medium in which photons can be used as qubits and conditional dynamics between
them realized, in a system with minimal dissipation. The efficient and fast input-
output channel of the 1-D atom (via x) allows convenient qubit transfer to and from
the gate. The quantum logic gate considered here, the quantum phase gate (QPG),
relies on the property that a photon incident on the 1-D atom acquires a phase shift
during interaction with the medium. Due to the sub-unity critical parameters of the
1-D atom, a single photon can saturate the atomic response and act as a switch which
can turn off the phase shift that another photon would experience. The two states
of our photon qubits are polarization states. Due to a circular birefringence of the
atomic absorption, one polarization state can control the atom-cavity phase while the
orthogonal polarization does not affect the state of the system—this is the conditional
logic. A measured conditional phase shift A of 16° per photon has been achieved and
the truth table of the QPG has been constructed.

Once again, [ was not alone for this experiment. Most of the daily set-up and

data acquisition was done by me and Christina Hood, with some invaluable assistance
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by Wolfgang Lange. Hideo Mabuchi provided many key ideas on how to implement
quantum computation in cavity QED and put in many hours on the PRL. In addition,

we were helped by many fruitful discussions with Seth Lloyd.

4.1 Quantum computation

I will not discuss much of the background of quantum computation here. Many
general-interest papers exist on the topic [151, 152, 153, 154, 155], and the popular
press has latched onto it quite enthusiastically.! The early discussions of quantum
mechanical computing by Deutsch [156] and Feynman [157, 158] are also good intro-
ductions to the subject. I will merely provide a simple-minded introduction here.

The power of the quantum computer (QC) derives from quantum correlation:
that is, coherent superposition and multi-particle entanglement. Consider a register
of quantum mechanical bits (qubits) composed of a collection of two-state parti-
cles. Whereas a classical bit (cbit) can exist in either the state 1 (true) or state 0
(false), a qubit can be prepared in a coherent superposition of true and false such
as Wit o |1) + |0), where I have labelled the qubit states in analogy to the cbit
states. A quantum register can thus be prepared in a superposition of all of its possi-
ble states: if the classical 3-bit register can store any of the integers 0 through 7, the
corresponding 3-qubit quantum register can store all of these integers simultaneously,
leading to an exponential gain in storage capacity. This has been referred to as the
“inherent massive parallelism” of the QC. Operations on these superpositions lead to
entanglements between multiple particles. The Hilbert space occupied by quantum
states, including entanglements grows exponentially with the number of qubits. That
is basically the whole of the magic of quantum computation.

Just as any operation in a classical computer can be built up from a few funda-

mental logic gates which operate only on two cbits at a time, so too with the QC. In

1QC has been the subject of several articles in The Economist (including Jan. 13, 1996, p. 78),
one in The Dallas Morning News (Feb. 12, 1996, p. D1), one in Electronics World (April 1996, p.
273), one in Signal (April 1996, p. 47). QC has been in Byte Magazine (April 1996) in an article
entitled “Three new directions for the future of computing.” QC even made the “over-hyped” list
in Wired! All this before anyone has demonstrated an even slightly practical QC device.
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the quantum computer, the logic gate is replaced by virtually any “nontrivial” unitary
operation. Nontrivial in this sense means “capable of conditional dynamics between
two qubits.” The quantum gate is said to be universal if any computation can be
built up from that gate alone, augmented with one-qubit operations [159, 160]. For a
concrete and simple example, one such “universal” quantum logic gate (when supple-
mented by simple one-qubit operations) is the quantum controlled-NOT (QCN) gate
[161]. In the QCN, the “target” qubit is flipped if and only if the “control” qubit is
true. The “truth table” of the QCN gate is described by:

10)al0)s = 10)al0)s
0)all)o = [0)al1)e (4.1)
Dal0)o — [1all)e
Dall)se = [1)al0)

in which a is the control and b the target qubit.

By tracing the transformation of the QCN gate, it is easy to see that some superpo-
sition input states lead to entangled output states; for example, (|0), + |1)4)|0)s Ll
|0)4|0)s + |1)a|1)s. This output state of the QCN cannot be factored into a direct
product of states of the independent qubits; the particles are entangled. The useful
information of a QC is processed via the correlations created and manipulated during
the course of the computation, since it is the entangled states which lead to the vast
size of the multi-particle state-space.

Due to the nature of quantum measurement, extracting the information contained
in the composite state of all the qubits comprising the QC is challenging. In general,
one must seek global properties of a computational output state since a QC can
explore many computational paths simultaneously, but collapses to a single result
upon measurement. The outstanding example is Shor’s factoring algorithm [162]
which exploits the observation that finding the prime factors of a number IV can be

reduced to the problem of determining the period of the function Fy(a) = y*modN

where y is a random coprime of N and Fy(a) is to be evaluated over all integers
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a. This utilizes optimally the ability of a QC to extract global properties (in this
case the period) of a system. The resulting method has a run-time which scales as
a polynomial in the size of the input number, whereas all known classical algorithms
scale exponentially. Shor’s algorithm has led to an explosion of interest in quantum
computation, largely because current crypto-systems rely on the classical difficulty of
locating the prime factors of large (presently ~ 130 decimal-digit) numbers.

Because controllable quantum entanglement is difficult to achieve in the labo-
ratory, experimental progress in quantum computation, while substantial, has thus
far managed to produce only the most rudimentary 2-qubit quantum logic trans-
formations [163] [164]. Any serious quantum computation (one which exceeds the
capabilities of present classical computers) will likely involve entanglements between
at least 100 qubits for simple simulations of quantum mechanical systems [165] and
up to 10° particles to factor a 130-digit number using Shor’s algorithm [162, 166]. The
huge numbers of time-consuming operations that this implies produced a somewhat
skeptical early community [167]. Important advancements in the theory of quantum
error correction codes [168] [169] [170] [171], enforcement of coherent dynamics [172],
and fault-tolerant quantum computation [173, 174] significantly relax laboratory de-
mands on allowable error rates. Applying some of these results? gives an estimate for
the reliable factoring of a 130-digit number: the required resources are 10** opera-
tions and 10° qubits, and error rates (ratio of decoherence rate to coherent processing
rate) must be ¢ < 1076, (In fault tolerant computation, the error correction process,
though subject to the same rate of error as the computational process, does not itself
increase the probability of computational error in the final output state.®> The cost
is an increase in required resources.) These numbers provide a somewhat daunting
(present state-of-the-art is 1 operation, 2-particle entanglement, and € ~ 1072), but
concrete goal which is not necessarily beyond an extrapolation of present technology.
That is, the numbers are not disallowed by any known physical principles. Decoher-

ence will determine whether realizable QC systems can maintain the required levels

2These estimates come from a fault-tolerant scheme investigated by J. Preskill and colleagues.
3This point was missed or overlooked in Ref. [167]
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of entanglement for the time demanded by the computation. It is not known whether

practical and useful devices will ever be realized.

4.2 The Quantum Phase Gate

A more generic quantum logic transformation than the QCN is the quantum phase
gate (QPG). Written in the {]|0)qp,|1)qs} basis as for the QCN, the transformation
of the QPG is:

10)al0)p — 10)a|0)s,
[Dal0)p — 6’1‘” 11)al0)s, (4.2)
0)al1)s — & 10)al1)s,
[Dall)y — e@tatd) 1),]1),,

where ¢, are the linear 1-qubit phases, and A parameterizes the nonlinear 2-qubit
conditional phase. Now we have a concrete idea of nontrivial: if A # 0 then the QPG
is capable of universal quantum computation. The QPG satisfies what we take to be

a necessary criterion for quantum logic—that it create entanglement between qubits:

[10a + [1a] [10)s + [1)6] =5 [[0)a + €™<[1)a] [|0)s + €™ (1] + (€ — 1) [1)al 1.

(4.3)
For A # 0 Eq. 4.3 is an entangled output state. For comparison with the QCN,
which appears to be a simpler transformation, obviously capable of computation, we
consider a limiting case of the QPG. Let ¢, = 0 = ¢ and A = 7 and perform a
sequence of transformations consisting of: 1) rotate qubit b by n/4; 2) perform a
QPG transformation; 3) rotate qubit b by —7/4. (When I say rotate qubit b by 7/4,
I mean apply the appropriate unitary transformation which has the effect of rotation
of the state of qubit b by 7/4.) Under these conditions and sequence of operations,
the QPG will perform a QCN (with some minus signs). Since the QCN supplemented
by single-qubit operations is universal, the QPG is as well. It may take many QPGs
toggled together to perform a useful computation (the same is doubtless true for the

QCN as well [175]), but on the other hand, there may be a calculation in which
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the quantum-controlled rotation is of interest (e.g. the quantum discrete Fourier
transform [151]). It would be useful to have a QPG in which A could be varied
arbitrarily. It is not at all ridiculous (with an extension of the capabilities discussed
in Chapter 7) to consider a QPG whose optimally coupled atom has A ~ 7, so that

an atom off to the side of the antinode would have 7 > A > 0.

4.3 Experimental QPG

Ultimately, the goal is to make a measurement of the truth table of the QPG, Eq.
4.2. Getting to this point is a roundabout and lengthy procedure, so I will begin
immediately with a description of the relevant measurements. Clearly the first step
is to demonstrate that the 1-D atom is capable of imparting phase shifts to incoming
field states and to demonstrate conditional dynamics between these field states. Then
with a (believable, hopefully) model of the underlying physics, the next step is to link
the actual measurements with the truth table to infer the parameters ¢,, ¢p, A.
Briefly, we use the nonlinear properties of the 1-D atom demonstrated in Chapter
2 and a circular birefringence of the atoms to realize conditional dynamics between

polarization states of incident fields.

4.3.1 The atom-cavity phase
4.3.1.1 The g — 0 approximation

Consider the atomic system in Figure 4.1. The strong transition is driven with o™
circularly polarized light with coupling strength g, while the weak transition is driven
with ¢~ circularly polarized light with coupling strength g_. In reality g_ = g, /+/45,
but for purposes of simplicity (without introducing too much error) I will pretend
that o~ -polarization does not couple to the atom at all so that g_ — 0. (Recall that
ns < 1/g% so that n}/n; = 1/45 and it takes a field 45 times stronger to saturate
the o~ transition.)

The degree to which the g- — 0 approximation is valid can be directly tested
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Figure 4.1: The three relevant atomic levels for conditional logic. The mp = 4 —
mp = 5 transition couples to o circularly polarized light and the mp =4 — m/, =3
transition couples to o_ circularly polarized light. Note that g_ = g /+/45.

experimentally, as we have done in Figure 4.2. These data represent the first of our
“pump-probe” type measurements and so I will dwell a moment on the experimental
procedure. We measure the normalized transmission (7, of Eq. 2.17) of a weak
probe (labelled a) near resonance (detuned by Ayvy/2m = —1 MHz). The atoms in
the cavity are saturated with a variable power “pump” field (labelled b), also near
resonance (detuned by Ayyj/2m = +1 MHz). This slight detuning between pump
and probe allows us to monitor either field, by setting the SA center frequency on
the frequency of the beat-note between one or the other of the signal fields (a or
b) and the heterodyne LO, and setting the bandwidth sufficiently narrow to reject
the non-monitored field. Thus the intracavity photon number in each field can be
inferred in the usual manner by working back from its associated beat-note size. The
weak probe field in this case is polarized o*, in order to interact with the closed
mp = 4 — m/z = b transition. The pump field can be polarized either ot or ¢~ and
is varied in power from weak to “strong.” It can be seen that the saturation curves
of the probe transmission for each polarization state of the pump shown in Fig. 4.2
are offset by more than an order of magnitude, it taking that much more power in a
o~ field to saturate the 1D atom. The ¢~ situation is muddied by the fact that this
polarization does not drive a closed transition, so that when the atom is driven into the
excited state, it can ultimately be optically pumped to the F' = 4, mp = —4 ground
state. This adds significant complication to the interpretation of the measurement.
Therefore no attempt has been made to compare an expected theoretical result with

the data; they are merely presented as confirmation that the o~ light does not couple
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Figure 4.2: Saturation of the atom-cavity transmission for polarized pump beams of
opposite helicity. Pump beam o*: +, pump beam ¢~: ®. Both pump and probe
are near resonance (probe —1 MHz detuned, pump +1 MHz detuned. The probe
field is weak mprope < 9. The atom and cavity resonances are coincident (w, = we).
N=12+0.2.

as well to the atom-cavity as does the ™. This justifies the approximation g_ — 0.
In any event, this approximation can be relaxed and the results of this chapter will

not change in any significant way.

4.3.1.2 Converting the intracavity phase to a polarization rotation

To return to the phase measurement, we now consider driving the three-level atom of
Figure 4.1 with linearly polarized light (m-polarized), which can be decomposed into

counter-rotating circular components as

|1 =

| =) = —=lle™) = o7 (4.5)
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where (T, —) are linearly polarized beams with polarization vector pointing “up” or
“right” (with respect to the optical table, for example). As the light is transmitted
through the atom-cavity, the system imparts some phase shift onto the light. That
is, the light leaves the 1D atom with a phase that is different from the phase it would
have had if the 1-D atom had not been there. Stated another way, the transmission
function of the atom-cavity, Equation 1.8, is a complex quantity with associated
modulus (which has been discussed and measured at length in Chapters 1, 2 and 3)
and phase. As a linearly-polarized probe passes through the cavity, the constituent
circular pieces acquire different phase shifts since they couple to the atom-cavity with
different strengths. Thus, the 0~ component acquires a phase shift due to the empty
cavity alone (in our g — 0 approximation), while the ot component acquires the
atom-cavity phase, which I define as ¢,. (For simplicity, I have defined the empty
cavity phase as the reference phase and I always consider a phase ¢, with respect to
the empty cavity phase.) Upon propagation through the atom-cavity, the state of the

polarization for an initially linear field, becomes
| 1) == —=(lo7) + el ™)), (4.6)

where L1D refers to the linear complex transmission associated with the 3-level 1D
atom. Transforming back into a linearly polarized basis, it is not difficult to see that
Eq. 4.6 corresponds to a linearly polarized beam rotated by an angle ¢,/2. Thus
we have converted an intracavity phase to a rotation of polarization of a linearly

polarized probe, which is quite straightforward to measure.

4.3.2 One-atom waveplate.

The polarization rotation can be measured by the simple scheme depicted in Figure
4.3. The empty cavity is put between crossed polarizers. Crossed in this case means an
adjustment of the half-waveplate between the output of the cavity and the polarizing
beam splitter to minimize the field reflected from the PBS to the heterodyne detector

for an empty cavity. When there are atoms in the cavity the polarization is rotated
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away from this zero reflection state. The half waveplate is rotated again to minimize
the reflected field.

The new waveplate angle is one-half of the polarization rotation angle and there-
fore ¢,/4, since the rotation of linear polarization for a half-wave plate is twice the
angle of rotation of the half-waveplate axes. This is somewhat unfortunate, since the
actual measured angles then turn out to be fairly small. Nonetheless, by sweeping
the angle of the waveplate, and fitting the resulting parabola (we operate very close
to the zero), accuracy to ~ 0.5° can be obtained. Raw data from this procedure are
shown in Figure 4.4. The data acquisition program was altered to step automatically
the angle of a half-waveplate on a stepper-rotator and record the beat-note for each
waveplate position, both with atoms and for an empty cavity.*

To see how this phase-measurement can be used at different probe detunings, I
show a collage of phase data reconstructing the atom-cavity dispersion in Figure 4.5.
At each frequency point, the empty cavity phase (different for each frequency) is
taken as the reference phase. A more carefully acquired and neatly presented set of
phase data along with the corresponding modulus for comparison is shown in Figure
4.6. The solid curve on the phase graph is the difference in angle between T'(w) (Eq.
1.8) with and without atoms, to account for the empty-cavity reference phase, that
is, ¢ = LT(Q,C = NC,) — LT(Q,C = 0). We have called this device a one-atom
waveplate, since it is a polarization rotator comprised of one atom (if you do not
count all the atoms that make up the mirrors, the vacuum chamber, etc.). Among
its many technical limitations, the rotation angle of the one-atom waveplate does not
get much larger than 30°.

In general, there is a change in not only the phase but also the modulus of the o
component of the probe beam. For example, near resonance there is very little phase
shift, but there is a significant decrease in modulus. When this is true, instead of a
purely rotated linear polarization the output is elliptically polarized, with major axis

rotated by ¢,/2. Since our measurement projects out the linear part, this does not

4W. Lange developed the hardware and software to drive the waveplate rotator, which was
integrated with the existing system.
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Figure 4.3: Measuring the atom-cavity phase.
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Figure 4.4: Transmission of a weak probe through the phase-measuring apparatus
(Figure 4.3) as a function of half-waveplate rotation angle a for the empty cavity and
the cavity with atoms. There is no pump field present. N =~ 1. Probe detuning is
—20 MHz from the coincident atom-cavity resonance.
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affect the deduction of the polarization-rotation angle or the intracavity phase angle.

4.3.3 Nonlinear conditional phase

Clearly the next thing we must do is demonstrate a nonlinear conditional phase as
required for the QPG. The idea of the measurement is shown in Figure 4.7. There are
two independent beams, the linearly polarized weak probe beam (labelled a), which
is used as described above to measure the atom-cavity phase, and the adjustable po-
larization, variable power pump beam (labelled b). They are generated independently
and so can be frequency, polarization and power tuned in any desired combination.
The probe beam path is as before (Figure 2.15 from Chapter 2) with the addition
of a quarter-wave plate to compensate the quarter waveplate directly in front of the
cavity and produce the required linearly polarized light for the phase measurement.
Since the pump and probe beams must overlap into the cavity, there must be a po-
larization device of some sort behind the beamsplitter which brings the probe and
pump together. (See Fig. 4.7.) One beam must hit the BS with linear, the other
with circular, polarization. We chose to produce a good circularly polarized pump
by reflecting a linear pump beam at the BS which is converted to circular at the
quarter-waveplate in front of the cavity. This comes at the expense of transmitting
the circular polarization of the probe through the beamsplitter, so that when it nom-
inally reconstructs to linear polarization after the second quarter-waveplate, it will
not be perfect. A sacrifice had to be made somewhere. In any event, we measure the
respective polarizations to be good to at least 1%, and to be aligned with the optical
pumping polarization to this accuracy as well. Indeed, the optical pumping is crucial
to this experiment in order to properly realize the 3-level atom of Figure 4.1.

The pump beam is generated from an AO shifted beam which originated from
a single-pass shift from one of the AOs of the probe generation (Fig. 2.15). The
frequency is tunable over a reasonable range (+40 MHz), but the beam required
realignment for every chosen detuning. The power of the pump was controlled by

changing the rf drive power to the AO or by inserting optical attenuators as appro-
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Figure 4.7: The conditional phase measurement setup.

priate.

As a first application of the nonlinear phase measurement procedure, in Figure
4.8 1 show the one-atom-waveplate phase shift as the pump power is increased. The
pump (o*-pol) is at 20 MHz detuning (as shown by the arrow) with power changed
for each of the curves as indicated. The decreasing phase as the power of the pump
is increased represents a nonlinear effect, since the pump affects the probe phase
even when the probe is detuned from the pump. Linear response does not allow one
frequency to impact another.

The phase nonlinearity is shown in a form more akin to the transmission saturation
curves (of, e.g., Figure 2.27) in Figure 4.9. The pump and probe are fixed in frequency
at w,/2m = 30 MHz and w,/2m = 20 MHz (0 MHz reference atom-cavity center

frequency). The power in the o pump m, is scanned, while the phase of the probe
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Figure 4.9: Saturation of the phase. N = 0.9. The o*-pol pump is detuned by +20
MHz and the probe by +30 MHz from the common atom-cavity resonance.

®, is measured. It is seen that the phase saturates to a significant degree for a single
(average) intracavity pump photon. The probe is of course weak at m, ~ 107*. As

my — 0, ®, — ¢4, which is the phase shift for the probe field alone.

4.3.4 Truth table

These measurements represent the realization of a nonlinear optical susceptibility at
the single photon level and unambiguously demonstrate the conditional dynamics
necessary for implementing quantum logic. How is that? It is a rather circuitous
and confusing route, so I will spell it out in some detail. We have a transformation
Eq. 4.2 that I have called a quantum phase gate. It is written in a Fock basis of
{|1)a,10)a; |1)5,]0)s}. This does not seem to relate at all to our nonlinear measure-
ments which are done with coherent states of different polarizations, with one weak

probe and one (relatively) strong pump. Where are the single photons that must be
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the carriers of the quantum information in a quantum logic transformation?

Allow me at this point to introduce some notation which will help to clarify the
discussion to come. I will label coherent states in the following form: |, p) where
o is the complex amplitude of the coherent state and p is its state of polarization
which can be one of the set {+, —, 7, —} for circular polarization of positive (¢*) and
negative (o) helicity, and linear polarization pointing “up” or “right,” respectively.
In addition, in the p slot I may also put an angle § which represents linear polarization
rotated from the vertical by 6. For Fock states, we have |n,p) where n is the number
of photons in the Fock state and p is the polarization state as before.

Now, we want our QPG to operate on single photons with the two orthogonal
circular polarization states. This is the kind of conditional classical logic that we are
able to realize—a o pump will affect the probe phase, but a ¢~ pump will leave the
probe phase alone. (To jump ahead a bit, Figure 4.10 clearly demonstrates this.) This

is described by the QPG transformation on single photons written in the polarization

basis:
ll > ll _>b = Il _>a|17 )ba
1, +H).[1 — gia 1, +)el|l, =)s,
L +)alL, s Ll -
11 —}all, He — gt 1Ly —FaLs +%s
11, 4all, +)p — @t |1 )11 4,

Note that in Eq. 4.7 + and — have taken the place of 1 and 0 from Eq. 4.2, and
that we are now dealing with strictly single-photon states. Why do we insist on single
photon states? Let it suffice to say that single photons are somehow more quantum
than other states and quantum logic requires quantum states.

For the experiments described in this thesis, we do not use single-photon Fock
states as input fields to the cavity. We do not (and cannot at present) drive our atom-
cavity system with single-photon Fock states of different polarizations. In principle,
we could use single photon states from e.g., parametric downconversion, or some
better source (which incidentally would likely come from some cavity QED quantum
state synthesizer). It seems reasonable that, if we were to use Fock states (with given

polarization and occupied with either 0 or 1 photon) as input states to the atom-cavity
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system, they would transform according to the following ansatz:

s
b ez'ujk l]a+ a.k,‘*_ by

4 ._.+ N
b elujk I]a

k,

_|_

a| b

) Jalk, +)
k=)o = €¥ |j,=)alk, =),

) —)alk; +)

) Jalk, =)

b = €M |5, Halk, =) 5k ={0,1}. (4.8)
This amounts to the physically-motivated assumption that Fock states asymptotically
connect to the dressed states of the atom-cavity system and hence are the appropriate
eigenstates of the transformation. This is certainly a reasonable ansatz, but I am
forced to leave it unjustified, since we do not have a two-mode theory (to account for
the effect of having the a-mode and the b-mode present simultaneously, each with 1
photon) that is at all adequate.®

The content of the ansatz must continue. We need to say something about the 16
parameters /L;-tki. We want to retain the names of the parameters of the polarization
QPG of Eq. 4.7. This tells us to call u3;7 = 0 (just a definition of the reference);
uiT = da; pt = ¢y and pfit = ¢ + & + A. If our experiment only involved
single-photon occupation number states, this would be it, there would be no need to
worry about the rest of the ,u;.bki. But the experiment, for reasons to be discussed,
does involve other photon states, so we must know how they transform. We expect
all of the p;;~ to be zero, since they do not interact with the atom-cavity. Hence
oo = 0; mgr = 0; pyy = 0. It seems clear that the state |1,+)4|1, —)s should
transform identically to the state |1, +),|0, —)s since (1) the polarization of no photons
is irrelevant (I can call it whatever I want); and (2) a photon of polarization o~ does
nothing to and is not affected by the atom-cavity (in the g — 0 approximation).
Hence uiyh = da; pdit = ds; ufy” = @a; ;™ = ds. The rest of the u;.tki give zero phase
since they involve combinations of o polarized 0-photon states and /or o~ polarized
1-photon states: pfs =0 gl =0 4y = 0; prp” = 0; and jyy’ =10

One can now see (albeit with some effort, perhaps) with the definitions of the

5S. M. Tan has done some numerical calculations which support the ansatz.
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/J,ﬁi and the ansatz of Eqs. 4.8 that Eqs. 4.8 specify a QPG transformation of the
type 4.7. The onus is now on us to determine if the atom-cavity system actually
behaves in this way, in particular, we need to measure the parameters of the QPG,
especially A. If a measured A # 0 is revealed, then the ansatz of Eqs. 4.8 and
the ,ufki discussed in its context are equivalent to the QPG transformation with
polarization states of Eq. 4.7. I want to stress at this point that we are not making a
direct QPG transformation between single photon fields in any measurement in this
chapter. I will show, however, that the measurements we do make can be interpreted
as measurements of the parameters of a QPG via the ansatz of Eqs. 4.8 and the
well-motivated definitions of the /,L;!:k:t. If the reader has noticed that I have belabored
this point, there is good reason: we wrote a paper on this experiment [164] that few
people in the community understand properly (by no fault of their own).

Throughout this thesis, we use weak excitation fields, that is, fields with associated
intracavity photon numbers well below unity: m,,my < 1. Thus our input states
(and intracavity fields) are weak coherent states with small amplitudes |o|?, |3|* < 1.
(Note that m, = |a|? and m;, = |B]?.) These weak coherent fields can be written in a

truncated Fock basis as

W8y =~ e1eP2]0,p)g + all, p)a], (4.9)

W) ~ e P2]10,p)y + BI1, D)) - (4.10)

For example an “up” linearly polarized coherent probe state will be written |i]) ~
e~1o*/2]|0, 1), + a1, 1)4] and likewise for the rest of the many possibilities. Consider
first the composite input state 9, = 1} ® 14;". This state transforms under Eq. 4.8
to the output state

|Yent) = [@, +)alB, +)o + B [ — 1] |1, +)alL, +)s, (4.11)

where @ = ae'®s and § = Be'®. This state is clearly entangled for A # 0, reinforcing

the importance we assign to A. So, without any reference to quantum gates, we see
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that if Eq. 4.8 is true, then the atom-cavity system should produce demonstrably
entangled states from unentangled coherent state input fields. The problem is that
the manifestation of the entanglement is rather difficult to measure.®
Now I will consider the states that we actually employ in the pump-probe mea-

surement described in the previous section. This is the state

lwexp> == |O[, T)alﬂ, +>b7 (412)

which is an “up”-linearly polarized probe field a and a o*-polarized pump field b.
Expanding the coherent states in terms of Eqgs. 4.9, 4.10 and the linear polarization

in terms of Eq. 4.4 and using Eq. 4.8, we see that (leaving out all normalizations):

[Yexp)
o) = 10,4)6 [(I0,H)a +ac®[L, +)a) + (10, -)a +all,-)a)]  (413)

+ B L) [(10,+)a + a€ VL, +)e) + (10, —)a + @l1, -)a)]

Noticing that the terms in the square brackets (| ]) are rotated linear polarizations

(like those in Eq. 4.6), we can write this as:

|[Yous) = 10, +)sle, Ba/2)a + B |1, +)slct; ($a + A)/2)a, (4.14)

where again, p = ¢,/2 is a linearly polarized field rotated from the vertical by ¢,/2.

Now we must make a measurement of polarization on the probe field alone, as is
done in the experiment. The goal is to discover what such a measurement reveals
about the parameters of the QPG under the ansatz of Eq. 4.8. The output density
operator is pf% = [tout) (Yout| and from Eq. 4.14, the reduced density operator for the

a-mode alone is:

Poue = Tropl = |a, @a/2)aler, §a/2la + B t, (da + A)/2)alet; (Pa + A)/2]a. (4.15)

6A promising scheme is an extension of Ref. [176] investigated by S. M. Tan.
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This is a mixed-state density operator, since we are looking at the a-mode alone and it
is entangled with the b-mode. It is a weighted sum of a field state of linearly polarized
coherent light at angle ¢,/2 with weight factor 1 (I have dropped all normalizations)
plus a field state of linearly polarized coherent light at angle (¢, + A)/2 with weight
factor |3|%. Recalling the measurement procedure from Section 4.3.2, we rotate a
polarizer to minimize the transmission of the a-field (probe) (actually we rotate a
half-waveplate, but a polarizer is easier to visualize). The electric fields of each
component of Eq. 4.15 add and are transmitted through the polarizer (whose crossed

axis is at an angle 0 relative to the vertical). The transmitted intensity is

2
I x [sin (% — 9> + my, sin <¢a_2‘_A — 9)} . (4.16)

First, I will change variables to 0’ = ¢,/2 — 0 so,

A 2
I [sin&’ + my sin (5 4 9')}

A
~ sin?@ + 2mysin (5 + 0') sin 6’ (4.17)

to first order in my. The polarizer is rotated to minimize the transmission. After
setting 01/00" = 0 and working the many trig identities, it is found that the minimum

angle satisfies:

—2mpsin A/2
14 2mpcos A/2

26" = arctan [ ] ~ —2mpsin A/2 (4.18)
for mp < 1. Transforming back to the real polarizer angle,

0~ ¢ /2 +mpsinA/2, (4.19)

or, since the quantity ®, is already corrected for factors of 2 in converting polarizer

angles to intracavity phases,

D, ~ ¢y + 2mpsin A/2 ot pump. (4.20)
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Therefore, A may be determined directly from measurements of the initial slope
0®,/0my, in a plot of the phase P, of the probe field versus pump intensity my. Note
that for a Poisson distribution (appropriate for coherent states) for m;, = 0.2, the
probability that there is ever more than one photon in the cavity is less than 2%. We
therefore will look out to my; ~ 0.2 for the initial linear slope.

Now note that this entire procedure could be repeated with an input state given

not by [texp) of Eq. 4.12 but by

|¢éxp> = |O£, T)al/Ba _>b- (421)

This is a linearly polarized probe beam with a ¢~ pump. For this configuration, it
is easy to show that the angle of minimum transmission will be ¢,/2 independent of
my. Therefore,

b, = ¢, o~ pump. (4.22)

We expect zero slope with a ¢~ pump, since there is no contribution from A. If
one actually works out all the contributions, ®, ~ ¢, for a ¢~ pump is seen to be a
consequence of pf;” = ¢,, which we took to be self-evident above, but the validity of
which can now be confirmed via a slope measurement with the ¢~-pol pump.

Finally, in Fig. 4.10 we show that there is indeed a non-zero initial linear slope
for the ®, vs. my data with o™ pump, but not for 6~ pump. The one-photon phase
shift extracted from the straight-line fits shown in Fig. 4.10 (and others for similar
parameters) yield |A| = (16 +3)° and uf; — ¢, = (0.34+2)° = 0 as anticipated. With
the roles of the (a,b) modes interchanged, we can likewise find that u;;" =~ ¢, (see
Figure 4.12). Hence, subject to the validity of our model (4.8), the experimentally
determined parameters for the would-be QPG transformation are ¢, ~ (17.5 £ 1)°,
¢p ~ (12.5 £ 1)°, and A =~ (16 & 3)° for data as in Fig. 4.10.

The slope and asymptote are of course dependent on the particular choice of
parameters, in particular, the detunings of the pump and probe. For the QPG it
is important to have pump and probe detuned sufficiently to avoid populating the

atomic excited state. They should also be well separated in frequency space. Data
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Figure 4.10: The slope reveals the conditional phase term. Pump +30 MHz, probe
+20, N = 0.9. The y-intercepts are different for the o, and o_ cases because of a
slight drift in either cavity detuning or atom number. From these data and others
like them, it is deduced that |A| = 16 £+ 3 °/photon.
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Figure 4.11: Phase saturation for a different set of detunings. The slope from these
data are found to be: o* (+): 12°/photon, o~ (o): 0.3°/photon. The detunings are
pump +25 MHz, probe +26 MHz. N =~ 1

for another set of (arbitrary) detunings is shown if Figure 4.11.

Obviously, the transformation described in Eq. 4.8 knows nothing about what
we choose to call pump and probe. One of the coﬁsequences of this is that the slope
should remain unchanged if we associate the pump with the previous probe frequency
and vice versa. Swapping the roles of pump and probe will change the asymptote
(¢a, Pb), but should not change the slope (A). This is not immediately obvious to me
from a semiclassical picture of the system, but it is demanded by the assumptions of
Eq. 4.8. This is experimentally confirmed in Figure 4.12. While this measurement
surely acts to reinforce Eqgs. 4.8, it would be interesting to know if it could be taken
as confirmation of this model. If there were a semiclassical model, for example, that
predicted that the swapped slopes would not be the same, the ansatz could possibly

be assigned a larger degree of validity.”

7 Actually, I have run semiclassical simulations using an extension of the pump-probe calculation
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Figure 4.12: Swapping the identities of pump and probe. In the ‘A’ data, the pump

is +40 and the probe +30 MHz detuned. In the ‘e’ data, the pump is +30 and the
probe +40 MHz detuned. N = 0.96.
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As an additional curio, the phase shifts for equal detunings on either side of
resonance are equal and opposite (see Fig. 4.6). Thus it may be expected that there
will be no slope for pump and probe on opposite sides of resonance. (Since Eqs. 4.8
makes no predictions about actual values, it can not help us here.) This seems to be
crudely confirmed by the data of Figure 4.13. The pump and probe are ~ 15 MHz
detuned and the measured slopes are —4°/photon and 2°/photon for o™~ and o~ -
polarized pump respectively. Because this data set was taken with logarithmic point
separation, the measured slopes are not very accurate, but are certainly consistent

with zero slope.
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Figure 4.13: Pump and probe on opposite sides of resonance (probe: —16 MHz,
pump: +15 MHz). N ~ 1.1.

from Chapter 5 and determined that the slopes are the same when pump and probe are swapped,
and furthermore that our measured values are well predicted by the semiclassical calculation. In
addition, the role of atomic beam fluctuations is found to have negligible impact on the measured
phases.
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4.3.5 Issues

We wish to stress that the parameter A has model-independent significance as the
strength of the dispersive nonlinear interaction between intracavity fields, quoted
in degrees per unit of stored energy. Its large measured value represents a unique
achievement within the field of nonlinear optics. Our ansatz (4.8) on the other hand
may be viewed with some skepticism, for although our assumptions seem reasonable
we have not explicitly verified the full transformation (4.2).

In particular, we have not addressed the issue of whether the transformation whose
parameters we have extracted would actually produce the coherences (entanglements)
that we have predicted. There are many forces at work that would prevent our
predictions from being realized, one of which is the very fact that Eq. 4.8 may not be
a valid model. This is not to say that the nonlinearity that we have demonstrated with
single quanta is not useful, it just may not be the exact one predicted from the ansatz.
Another potential problem (above and beyond issues of interpretation) is dissipation,
which would act to quickly decohere any quantum coherences developed. Although
the effects of dissipation are neglected in Egs. 4.8, they could be incorporated via an
altered density matrix for |1ou) (Eq. 4.14). We operate with large detunings from
atomic resonance in order to approximate purely dispersive interactions. For example,
for the measurements of Figs. 4.9,4.10 the amplitude of the probe beam changes by
less than 3% in moving from N = 0 to N = 1 intracavity atom. Nonetheless,
let us consider damping of coherences in the output fields by writing their joint
density matrix in the generalized form p;rd;;. Here p;i, represents a pure-state density
matrix in a basis {j,k} = {Oa, lap} for Eqs. (4.8,4.11) and {j,k} = {1_,,1],} for
Eq. (4.7), and the parameters d;; provide a phenomenological characterization of
decoherence. Physical considerations require that Tr[p;rd;x] = 1, but dissipative
processes could in principle cause complete dephasing of the output density matrix
(djzr — 0). Fortunately, with optical fields there exists a straightforward procedure
for establishing that this is not the case — heterodyne detection such as implemented

in the current work provides signals which are proportional to off-diagonal matrix
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elements p;,d;p.
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Chapter 5 Nonlinear Spectroscopy

We now move into the regime of true strong-coupling with a nonlinear spectroscopic
investigation of a strongly-coupled atom-cavity system. A two-field pump-probe ex-
periment is employed to study nonlinear structure as the average number of intra-
cavity atoms is varied from N ~ 4.2 to N ~ 0.8. Nonlinear effects are observed for
as few as 0.1 intracavity pump photons. A detailed semiclassical simulation of our
atom-beam experiment gives reasonable agreement with the data for N > 2 atoms.
The simulation procedure accounts for fluctuations in atom-field coupling which have
important effects on both the linear and nonlinear probe transmission spectra. We
are attempting to use the semiclassical simulations in order to see if our experiment
shows any deviations from the predictions of a non-quantum treatment.

The data presented in this chapter was taken during my first couple of years here.
Rob Thompson was in charge of the experiment, Olivier Carnal was the postdoc. By
the time these two left, we had sorted through most of the data, but there was still a
lot of analysis to be done. This chapter is a draft of a paper that we are working on
that brings together the analysis and the data with additions and modifications to

the way it has been presented thus far [48]. It will eventually appear in Phys. Rev.
A.

5.1 Introduction

An exciting development in recent years has been the experimental investigation of
open quantum systems in the domain of strong coupling. In this limit the time
scale for internal, coherent evolution of a quantum system is much shorter than the
time scale for dissipation into an external environment [177]. Increasing the ratio
of coherent coupling to dissipation is of primary import in many nascent fields of

experimental quantum physics including quantum computation [178] and quantum
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state synthesis [179, 180, 181, 182]. Experimental examples of such systems are scarce,
with notable exceptions being photon-phonon coupling in trapped ion systems [183],
and photon-atom coupling in the field of cavity quantum electrodynamics (cavity
QED). Strong-coupling cavity QED experiments have been carried out in both the
microwave [184, 4, 5, 185, 186, 187, 188, 10] and optical domains [6, 7, 189, 190, 191,
177, 9, 192].

Thus far, most experiments in strong coupling cavity QED with few atoms which
have focussed on structural properties (eigenstructure) of the coupled system have
been performed in the linear regime. It has been pointed out numerous times [193,
194, 22, 38, 7, 177, 192] that the linear regime is equally well described by the semi-
classical Maxwell-Bloch equations or by a full quantum master equation. As regards
structural aspects of the coupled system, only (nonlinear) excitations of high-lying
dressed states can potentially distinguish between theories [8]. Exceptions to this
state of affairs are measurements of dynamical processes such as photon antibunching
[6] and sub-Poissonian photon statistics [5] for which a manifestly quantum theory of
strong coupling in cavity QED is required.

In order to advance spectroscopic investigations in optical cavity QED from the
classical (linear) domain to the quantum regime, we have carried out both linear
and nonlinear optical spectroscopic measurements of a strongly coupled atom-cavity
system with average intracavity atom number ranging from N=~42to N~08. In
particular, we have observed with significantly improved resolution over our previous
results [7] a weak-field normal-mode (or “vacuum-Rabi”) splitting of the transmission
spectrum of the coupled system [191, 177]. Moreover, we have recorded modifications
of weak-field spectra in the presence of a moderate intensity pump field of fixed
frequency. Significant nonlinear effects were observed with as few as 0.1 intracavity
photons. This investigation compliments our measurements of nonlinear response in
the bad-cavity limit of cavity QED [45], where we have studied a quantum-phase gate
for quantum logic with saturation photon number 0.02. [164]

A principle motivation for this research is the identification (in the level structure

of the atom-cavity “molecule”) of manifestly quantum aspects of the atom-cavity
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interaction. In particular we have attempted to observe multiquanta transitions,
using a pump-probe technique in which the system is driven to its first excited state
using a fixed frequency pump field, with transitions to higher lying states probed
by a weak, variable frequency probe field. With on average less than 1 atom in
the cavity mode volume, deviations from a semiclassical model are observed, but an
unambiguous signature of a multiexcitation resonance of uniquely quantum origin
remains elusive to the experiments described here.

It must be noted at the outset that this experiment (along with all optical atomic
cavity QED work to date) is performed with an atomic beam which crosses the cav-
ity mode (the exception is Chapter 7). Because of this, the effects of fluctuations in
atomic number inherent in the beam, along with spatially variant coupling strength
within the cavity, play an extremely important role in the interpretation of obser-
vations. While this has been stressed in our previous work [6, 7, 189, 190], which
has included detailed quantitative comparisons based on a Monte-Carlo simulation
accounting for the effects of these fluctuations, the present nonlinear experiment with
larger coupling raises new issues which we likewise address in detailed simulations of
this experiment.

The organization of this chapter is as follows. In Section 5.2 we formulate the
relevant theory and then in Section 5.3 we discuss methodology and results of our
semi-classical simulations. Our measurements are discussed in Section 5.4. We con-
clude in Section 5.5 with a discussion of future techniques for improving measurements

in cavity QED.

5.2 Quantum and semiclassical theory of the atom-
cavity system

5.2.1 Preliminaries: Structure of the atom-cavity system

The quantum mechanical structure of a dissipationless, strongly-coupled atom-cavity

system (in the absence of number fluctuations) is well known. The single-atom predic-
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tion is a spectrum of eigenvalues given by the so-called Jaynes-Cummings ladder [2];
an extension to the multiple atom case is the Tavis-Cummings ladder [195] of dressed
states. The formidable task of incorporating small amounts of dissipation in the
system (via a master equation or other approach) reveals many interesting quantum
mechanical effects (such as photon antibunching in the transmitted light [6, 196]) and
indicates that in the strong coupling regime, the overall structure cannot be viewed
in the absence of a self-consistent treatment of the nature of the complete interaction
including dissipation [36]. Semiclassically, the problem has been treated from various
perspectives, notably the state equation of optical bistability [31] derived either from
the standard Maxwell-Bloch equations [197] or from the full master equation in a
system size expansion [198]. Comparisons of the fully quantum and semiclassical ap-
proaches indicate that for two limiting cases predictions of the structure of the lowest
lying dressed states coincide. These are the limit of vanishing excitation strength and
the limit of large numbers of intracavity atoms [199].

Figure 5.1 helps to explain the situation. Figure 5.1a depicts the first two excited
states of a single atom optimally coupled to a cavity as derived from a full quantum
calculation in which go is the rate of coherent coupling between atom and cavity:
290 = Qgrapi- Figure 5.1b is the fully quantum extension of the one-atom calculation to
the case with M atoms [199]. The exact quantum expression for the first excited state
splitting is gov/M and that of the second excited state is £gov/4M — 2. For M > 1
the splitting of the excited state becomes +2gov/M, and transitions from the first to
the second manifold occur at frequency +gov/M in agreement with the semiclassical
prediction. Note that the semiclassical prediction fails for small M both in terms of
level splitting and transition strength. For weak field excitation, the second excited
state is never reached, so that the semiclassical and quantum predictions coincide.
The quantum character of the second excited state splitting can be expressed in terms
of a “quantum anharmonicity” which can be quantitatively defined as the ratio of the

second-excited-state splitting for the quantum and semiclassical predictions:

go 4M — 2
=
290\/M
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For M =1, g, = 0.71 while for M — o0, ¢, — 1. Of additional note in Fig. 5.1 are
the transition rates and spacings from the upper sideband of the first excited state
to levels of the second excited state. As explained in the figure caption, the quantum
transitions give rise to an additional “anharmonic” resonance at (/2 — 1)go, whereas
for M > 1, the allowed large-M transitions lead to no additional resonances other
than igo\/ﬂ :

The simple picture presented thus far becomes significantly more complicated
under a typical experimental measurement strategy. For example, in our experiment
the number of intracavity atoms fluctuates during the detection time window, the
coupling is not constant within the cavity mode (it is an optical standing-wave cavity
with a Gaussian transverse profile), the system is driven with an external field, and
there is dissipation of both the atoms and the cavity. To see how these conditions
impact the observation of the underlying structure, let us introduce each complication
separately.

We start by ignoring dissipation, fluctuations in atomic number, and the external
drive, while considering the effect of random coupling of many atoms to the cavity
field with mode function 1 (7) = sin(kz) exp[—(z? + y?)/wd], where wy is the Gaus-
sian waist and k = 27/\. Consider the case where there are Ny atoms distributed
randomly throughout the cavity mode, each with a coupling g; = go|¥(7:)| = go|i]-
The effective number of atoms in the cavity is defined as N, = SO, 4)(r;) and the
eigenvalues of the first excited state are simply +gov/N.. If we now allow two exci-
tations shared by the atom(s)-cavity system in order to determine the eigenvalues of
the second excited state, we find that not only N, is needed but also the quantity
M, = 5" |u|*. Diagonalizing the interaction Hamiltonian for a collection of Ny two
state atoms coupled to the cavity mode and sharing 2 excitations yields the eigenval-

ues of the second excited state,

M.
N,

0, =+goy/4N, —2 (5.2)

Note that for all Ny atoms at the same site with optimal coupling, Eq. 5.2 reduces to
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Figure 5.1: Comparison of level structure of the first two excited states of a coupled
atom-cavity system for the one atom case (left) and the many atom case (M > 1)
(right). The transitions o and ¢; occur at —(v/2 + 1)g and +(v/2 — 1)g respectively
(relative to wy = w, = w.). In the large-M limit transitions ¢§, ¢} and &5 are at
—3gvV'M, +gvV/M and —g\/M_ . For M > 1, tj is highly suppressed, so that the 1st
to 2nd excited state transitions overlap with the ground to excited state transitions,
and the quantum anharmonicity is lost. By contrast, for 1 atom, there is a distinct
separation between ground to 1st excited state and 1st to 2nd excited state transitions.
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+g0v4AN, — 2.

If we now allow that the number of atoms and their distribution on the cavity
mode fluctuates (on time scales faster than the detection time) then the transmission
functions in which these eigenvalues appear must be further averaged. If also the
system is driven, the situation gets still more complicated, since in general there are
drive-strength dependant level shifts and the intracavity field build-up depends on
the exact number and position of the collection of atoms.

A fully quantum treatment of the eigenvalue structure of the atom-cavity system
in the presence of continuous excitation and dissipation is a nontrivial theoretical
undertaking. However, as has been demonstrated repeatedly over the past 15 years,
the utility of a semiclassical model of the coupled atom-cavity system is far-reaching.
In addition, the semiclassical equations are more tractable from the perspective of
modelling a real experiment in which fluctuations, dissipation and drive must be
treated.

We thus begin with the semi-classical treatment. The well-known Maxwell-Bloch
equations for the expectation values of the cavity field mode (a), the atomic polar-

lth

ization (4;°) and inversion (67) are given as follows for the I"* atom in a sample of N

atoms:
G = —(s+i0)a)+3 g@)Er) +e
(67) = —(yu +iA)6T) +g(F)a)(67) (5.3)

Here € denotes a coherent driving field at frequency w, (which defines the rotating
frame for Egs. 5.3), © = (w. — wp)/k is the cavity detuning, A = (w, — wp) /7 is the
atomic detuning, k is the cavity field decay rate and <y, is the transverse atomic decay.
For pure radiative decay v, = /2. Note that - is in general the decay rate to modes
other than the privileged cavity mode. However, for our cavities, v is essentially the

same as for an atom in free space since we operate in the limit that the solid angle (f)
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subtended by the cavity mode is small (f &~ 107°). Finally, the dipole coupling coeffi-
cient for an atom with transition moment p at site ¥ within the cavity standing wave
is g(7) = goy(7), where go = (?w./2hegV)/? is the optimal coupling coefficient and
¥(7) = sin(kz) exp[—(2?+y?) /wi] is the cavity mode function for our Gaussian, stand-
ing wave mode with mode volume V,, = [% dz [* dy fol dz [¢Y(z,y, 2)|? = mwil/4.
Two useful dimensionless quantities relevant to both the quantum and semiclassical
theories which can be derived from the rates (k,v.,g0) are the saturation photon
number, ng = by, /493, where b = 8/3 for a Gaussian standing-wave mode, and the
critical atom number Ny = 2y, &/ gg. Our task now is to understand the behaviour

" predicted by Egs. 5.3 for various drive configurations and strengths.

5.2.2 Weak excitation: linear regime

Under vanishing excitation (¢/k < 1), Eqgs. 5.3 are readily solved in steady state.
The transmission function T'(wp) of a weak external probe, operationally defined as
the ratio of transmitted to incident field amplitude, is, in the case of coincident cavity
and atomic frequencies (w, = w,), given by

KlyL — fwp)
+ = wp) (A= — dwp)

tiin(Wp) = o (5.4)

The eigenvalues Ay are given by

()5 -] e

and describe the collective normal modes of the coupled system. Note that in the

weak field limit considered here, \. simply contain goy/N, to account for the varied
couplings of the N, atoms in Eq. 5.3. Eqgs. 5.4 and 5.5 are valid for all IV, in any
regime of (k,7.1,g0) as long as the excitation is “weak” (intracavity photon number
less than the saturation photon number). That is to say, either the approach we have
adopted here or an approach utilizing the full quantum master equation leads to the

same prediction of normal mode structure (5.5) and the same transmission function
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(5.4).

From Eq. 5.5, a normal-mode splitting is formally expected for gov/N, > (7. —k)/2
with corresponding Ay ~ —(k+7.1)/2+4goy/Ne. Only if go/N, > (k-+y,)/2 will the
splitting be observable. Considering the observability of the normal-mode splitting
for the case N. = 1 we adopt the criterion gy > (k,y.) for the strong coupling regime.
The imaginary parts of the resulting eigenvalues give rise to a normal mode splitting,
which in the case N, = 1 (in the optimal coupling limit), is known equivalently
as the single-atom vacuum-Rabi splitting at gy or the first excited state of the

Jaynes-Cummings ladder, as has been observed in direct spectroscopic measurements

[7, 177, 191] in our group.

5.2.3 Strong excitation: nonlinear regime

While the underlying quantum structure of the coupled atom-cavity system in the
absence of drive or dissipation is well understood, probing that structure in the lab-
oratory has proved a challenging task. A number of measurement strategies have
been theoretically investigated, including single-field coherent excitation [36, 200],
and excitation with incoherent light [200, 201]. In response to our experimental in-
vestigation, Carmichael and co-workers [202, 203] have explored a pump-probe type
measurement and developed both a semiclassical and fully quantum theoretical treat-
ment of the nonlinear response of the coupled atom-cavity system. The semiclassical
approach treats a weak external probe in the presence of a strong, fixed frequency
pump field in which one finds the steady state solution for the presence of the pump
alone, and then treats the probe as a perturbation. We begin from Eq. 5.3, where
now the driving field consists of two frequencies such that € — €pump + €probe€ ™"
where w is the frequency of the weak probe (€probe K €pump)-

We seek an analytical expression for the transmitted probe amplitude which is
valid for a collection of atoms each with arbitrary coupling to the cavity field which
can be incorporated into a numerical simulation of our experiment (averaged over

many realizations of randomly generated atomic distributions). To do this, we make
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an expansion to first order in the probe field €yobe and to third order in the pump
field €pump Which results in the following expression for the transmission spectrum of

a weak probe at a frequency w:
tnontin (Wy Ney Me) = tp(w, No) [1 — nytp(w, No)hp(w, M.)] ™" (5.6)

where n, is the pump intracavity photon number and

294 M., 21 2y —iw — 1Ay

k(L —w) [y (] + A2) " () — iw — A (7L — D) (L — iw)
(5.7)

hp(w, M,) =

with A, the detuning between the pump frequency and the uncoupled, coincident
atom and cavity frequencies.

The linear transmission part t,(w, N.) appearing in Eq. 5.6 is given by

k(YL — iw)
(k —iw)(yL — w) + g&dN,’

to(w, N.) = (5.8)

which is just a rewritten version of Eq. 5.4. We have allowed 27, /v # 1 to account
for a slight transit broadening (see Refs. [32] and [45] for a discussion of the validity of
this approximation). Egs. 5.6-5.8 are a complete specification of the transmission of
a weak probe in the presence of a pump field with intracavity photon number n, and
detuning A, for an atom-cavity system with effective atom number N, and moment
M..

In a Monte-Carlo numerical simulation of the experiment, we do not know the
intracavity pump photon number a priori since we drive the atom-cavity with a fixed
power, fixed frequency ezternal pump field, of strength #;,. For each distribution (each
instance of N, M,.), the pump intracavity photon number n, is found by inverting

the the following equation:

9C,N,  2C0m M, \? 20,N.d  2Cin M.d >
Lin = My [(1 = - - 1t 2) + <¢— - - e ) :| ) (59)

1+ no(l+d?) 1+d  no(l+d?)?

where d = A,/v, and ¢ = A,/k. Eq. 5.9 is an extension of the standard optical
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bistability state equation for the case of a randomly distributed atomic sample. So, in
total, with Egs. 5.6-5.9, we now have a complete description of the probe transmission
for a fixed external drive which can be related to an experimental measurement.

As implied above, we expect the semiclassical treatment to make incorrect struc-
tural predictions as N, — 1 (in the strong coupling regime) which is the point at which
the quantum anharmonicity should play an important role. For comparison, a full
quantum electrodynamical treatment of the coupled system for our particular choice
of measurement strategy, including dissipation, but excluding multi-atom couplings
and fluctuations has been carried out [204]. In this treatment, the Jaynes Cummings
resonances discussed in Section 5.2.1 are clearly evident for an atom-cavity system
with sufficiently strong coupling when it is probed using a pump-probe geometry sim-
ilar to that described in this paper. (It should be noted that even for a single atom
without fluctuations in number and position, the observation of distinct multiquanta
resonances requires a coupling to dissipation ratio of approximately 20, compared to
the ratio 2go/(k+y.) = 5 for this work). The essential full quantum treatment which
includes the effects of multiple atoms with different coupling strengths, and of fluc-
tuations in both number and coupling, and of transit effects requires a sophisticated
approach, and work is currently underway by Carmichael and co-workers' to model
a system similar to the one described here using the method of quantum trajectories
[205]. The computational resources required for such a calculation are large and at
present seem too prohibitive to make this a useful technique for detailed quantitative

comparison with experimental results.

1Personal communication, H. J. Carmichael.
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5.3 Semiclassical simulations, or, What exactly is

a 1 atom effect?

5.3.1 Description

We turn now to a discussion of modeling our experiment. At the most fundamental
level, we have a complex quantum mechanical system consisting of a beam of atoms
interacting with a single cavity mode. Ideally, we would like to make predictions of
the outcomes of particular measurements on such a system. Quantum mechanically,
this is a challenging task. To model our experiment requires keeping track of a
phenomenally large amount of information. For example, even when there is on
average less than 1 atom in the cavity mode volume V/,,, the response of a large number
of “spectator” atoms—those atoms which are weakly coupled due to their location
on the skirts of the Gaussian beam waist, or those atoms which are near the nodes
of the standing wave field—must be taken into account. Indeed, counterintuitively,
it is these very atoms which smooth the otherwise much larger fluctuations in cavity
transmission and hence allow any sort of useful observation of single atom effects. But
these spectator atoms make a full quantum mechanical simulation extremely costly.

Our initial approach has been to develop a semiclassical model based on the results
of the preceding section which accounts for fluctuations in number and position of
atoms within the cavity mode but which approximates transit time effects by a simple
modification of v, (as discussed in the context of Eq. 5.6). The model is equivalent
to a full quantum treatment in the weak field linear regime, but is a semiclassical
approximation for strong excitation. The semiclassical model starts at Eq. 5.3 and
the procedure is as follows:

We begin with a series of “tosses” of atoms into the cavity mode. Each toss
consists of choosing randomly the (z;,y;, 2;) coordinates of N, atoms and evaluating
the mode function ¥(7;) = 1; for each atom. The simulation volume V; contains, and
is much larger than a volume of space equal in size to the mode volume V,,. To model

our experiments in which the atomic beam is collimated only by the cavity substrates
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(collimation equal to the length of the cavity), V; is chosen to be 10w, along the
Gaussian waist (z-,y-directions) and only /4 along the cavity axis (z-direction) since
this accounts for all possible couplings along the standing-wave. For each toss an
effective number of atoms N, = Z;v:sl |9;(7)|? is calculated. (In addition, M, =
ij\iil |4;(7;)|* is computed for the nonlinear simulations.) Typically, to achieve N, ~
1 in V;, N, =~ 100. Simulations with a larger V; and N, (but with the same N,) have
been run, with little change in the resulting spectra, confirming that atoms further
than 10wy from the cavity axis contribute negligibly to the overall probe transmission
spectrum. From N, (and (M., n,) if necessary) a transmission spectrum is generated
using either Equation 5.4 or 5.6. The transmission function generated with each toss
is then averaged over a large number N; ~ 2000 of tosses. Thus, finally produced
is an averaged spectrum Q(w) = 1/N; SN to(N,,, Me,,w) where t, is either |tjm|>
from Eq. 5.4 or |15m,,7,lm|2 from Eq. 5.6. @, results from an average collective atom
number N, = Zfﬁl N, /N;. More specific details of the simulations depend on the

regime (linear or nonlinear) of simulation and the type of probe detection employed.

5.3.2 Linear simulations

We begin with the results of our linear simulations. Eq. 5.4 is used to generate
the appropriate transmission function which is then averaged over a large number
of tosses to produce Qp,. It is clear that @, will not be identical to a spectrum
generated by directly inserting N, into Eq. 5.4, especially in the case N, ~ 1 when
Poissonian fluctuations are relatively large. It could be possible, however, from the
definition of N, and N, that a given averaged splitting could be equivalently generated
either from a few atoms strongly coupled to the cavity mode or from many atoms
weakly coupled to the cavity mode. This is actually not true, because the number
fluctuations in the two cases leave observably different signatures on the resultant
spectrum as was first pointed out in Ref. [7]. Indeed, in Ref. [7] a convincing measure
of the average intracavity atom number is derived from the effects of fluctuations

on the linear probe transmission spectrum. Pursuing this issue in more detail, we
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will compute the distribution of atoms which contributes to a given experimental or
simulated spectrum. Particularly, we would like to know the role of a single nearly
optimally coupled atom in a spectrum with N, ~ 1. The impact of a single atom
in a cavity with the parameters of this experiment is tremendous. For example, the
cavity transmission on resonance changes by a factor 1/(1 + 2/Ny)? ~ 1073 when a
single optimally coupled atom traverses the cavity mode, so one optimally coupled
atom is expected to play a very important role in a given spectrum.

Let us continue this pursuit. We define a volume in which an atom will have a
certain fraction of the optimal coupling, say g. = f.go (in which case the “coupling”
volume V, = €(f.)Vim). Now for each toss of atoms (IV; is chosen to give N, ~ 1) we
count the number of atoms N, in V, and keep track of those cases in which exactly
1 atom appears in V, (N, = 1), when no atoms at all appear in V, (N, = 0) and
when two or more atoms are present in V (Ny > 2). The result of such a tracking
is histogrammed in Fig. 5.2 and shown along with the sum of all contributions. Here
we make the choice € = 1, corresponding to V, = V;,, and f. = 0.56. We show the
distributions for N, = 1.0 (a) and N, ~ 0.7 (b). In Fig. 5.3 we show the corresponding
spectra, with the contributions to the overall probe transmission spectra shown for
the same breakdown as in Fig. 5.2. Contrast the averaged spectrum with a spectrum
due to a single atom optimally coupled to the cavity mode, also shown.

Several comments are in order at this point. 1) For the two values of IV, shown, the
N, =1 case is a major contributor both to the N, breakdown (35% of the cases had
N, = 1) and to the magnitude of the overall splitting. The overall splitting is indeed
given by gov/N, to good approximation for N, = 1, slightly less so for N, = 0.7. A
further study has shown that the absolute error in splitting as determined from the
simple prescription of measuring the peak separation and dividing by 2go to infer v/N,
as compared to the result from the simulation remains approximately constant as the
number of atoms is lowered, so that the relative error becomes increasingly large. For
example for the two values of N, shown in Fig. 5.3, for the simulation with N, =1
the splitting is go to within 4%, while for the simulation with N, = 0.7 the splitting
is go1/0.7 to 10%. While paradoxically the case for single atom effects may not be as
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in the text) for typical 2000 trial simulation of N, ~ 1.0 (a) and N, ~ 0.7 (b).
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convincing as for our previous cavity parameters (Ref. [7], with smaller gy), we are still
convinced that what we observe when N, ~ 1 is an effect with unique unambiguous
signatures of the strong coupling of single atoms within the mode volume V,,.

2) It can be clearly seen in Fig. 5.3b that there is an auxiliary peak at = 0.
The breakdown in terms of the values of IV, shows that this is contributed from those
cases in which there are no atoms in V,—this is simply the transmission function of
the (very large) empty cavity peaking through. During the times when there are no
atoms in Vj, there are still a large number of spectator atoms giving rise to N, ~ 0.4
from Fig. 5.2b. These spectator atoms play the critical role of keeping the empty
cavity from completely dominating the transmission spectrum. The central peak can
be made much larger by shrinking V; and thereby lowering N, as has been done in
Ref. [192]. Our choice of V; is for an atomic beam whose dimensions are much larger
than the cavity waist which has the important effect of diminishing the role of the
empty cavity while retaining observability of the essential single-atom effects.

It should be noted at this point that this is not a universally accepted interpre-
tation of the situation. The authors of Ref. [192] have argued that there is no way
to observe normal-mode splittings in the “true single-atom regime” with presently
realized cavity QED parameters. Their point is as follows: Clearly, the actual cavity
volume V, is much larger than our chosen V; (formally V, — o0), and when N, =1
there is certainly more than one atom interacting with the whole cavity volume (for-
mally Ny — o0). If one takes V;, to be much larger than V,, and demands (as a
definition of the “true single-atom regime”) that at most one atom ever be present
in V; > V,,,, then for an atomic beam experiment in which only the average atomic
density can be controlled, most of the time there will be no atoms at all present within
Vin. In this case, the single-peaked empty-cavity response will completely dominate
the spectrum and no splitting at all will be observeable. As this is simply their choice
of a definition of the “single-atom regime,” it is irrefutable.

Of course the cavity volume V, is as large in the transverse dimension as the
cavity mirror substrates, and where one draws the formal boundary is somewhat

arbitrary. Our choice for this boundary is a reasonable definition based on a volume
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in space equivalent to the cavity mode volume, in which the coupling is large (|2)|? >
0.31 for V; = V;,). In any event, the breakdown of the spectra (especially those
of Ref. [7]) clearly show that single atoms contribute significantly to the overall
spectra, and that the “spectator” atoms serve the primary function of attenuating the
otherwise large empty cavity contribution. To define the “true single-atom regime”
by demanding that the empty-cavity peak dominate, as Ref. [192] has in effect done,
may be appropriate in some situations (e.g., the cavity transits described in Chapter
7 [46]) but seems to us not to be physically motivated in the current setting of atomic
beam cavity QED. The choice V, = V,, accounts for 70% of the total cooperativity
parameter.

Aside from these issues, there are two points which should be set straight regarding
claims made in Ref. [192]. That they were “the first to confirm this unique feature,”
(the unique feature being the central peak due to the empty cavity at low atomic
beam flux) is not at all true. Our own observation of this experimental artifact
predates their observation by a number of years [206], as do our simulations of the
effects of fluctuations in the atomic beam [7]. These are quite well-known effects,
and their importance has been amply noted [177]. They also make the claim that
they have observed “line-shape splitting without normal-mode oscillations,” in an
implication that one can be fooled by “line-splitting” observations. This has been
done in an experiment in which the atom-cavity parameters are not in the strong-
coupling limit (the eigenvalues are purely real), so their observed “line splitting” of
course has nothing to do with a normal-mode splitting—in fact it is not a “line-
splitting” at all but merely the two maxima in the transmission function on either
side of the atom-absorption valley, as we measured and noted well before their result
[45].

3) The number of trials in the simulation and the number of spectator atoms Nj

are important parameters of the simulation. These must not be chosen too small.
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5.3.3 Nonlinear simulations

We first present plots derived directly from Eq. 5.6 via numerical calculation for
optimally coupled atoms. For optimally coupled atoms, N, = M, = N, the actual
number of atoms in the cavity. In order to help quantify the nonlinear effect, we
derive a difference spectrum simply by subtracting the pump absent case from the
pump present case. Fig. 5.4 shows pump on/off transmission spectra along with
difference spectra for NV = 4 and N = 1. We expect expression 5.6 to be valid only
for pump intracavity photon numbers n, < 1.

The simulation in the nonlinear case is similar, but slightly more complicated than
the linear case. We begin by choosing the desired number of atoms Ny. Of course, we
cannot know N, until the simulation is complete, but if the calculation parameters
are chosen appropriately, then we can get N, consistently close to /NV;. We also choose
an approximate desired number of intracavity pump photons n, from which we can

calculate the appropriate, (and approximate) fixed drive by use of the state equation

o 2N,C, 2 ON,Cid  \°
i R ’(1+ 1—l—d2—l—nd/no> G <¢ 1+d2+nd/n0> ’ (510)

where d and ¢ are defined in the context of Eq. 5.9. This fixes ;, for the entirety of

the simulation. As usual, N, and M, are computed for each toss. Now, since the the
actual pump intracavity photon number n, builds up depending on the values of N,
and M,, we must solve Eq. 5.9 in order to have an appropriate n, associated with
the fixed drive ;, which can then be used in Eq. 5.6 for each toss. For consistency
of notation, I will call this effective pump intracavity photon number 7, in analogy
to N, and M, and likewise, 7. averaged over the IV; trials will be called 7, in analogy
with N,. In Figures 5.5 and 5.6 we show histograms of N,, M, and 7. for N, = 3,
Ne = no/3 and N, = 1, n, = no/5. The corresponding spectra are shown in Fig. 5.7.
For these figures, the pump frequency is coincident with the Rabi peak for the desired
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number of atoms V;. This is a fixed quantity, the same for every toss with value

_ 2
Au:—\/ngg—m—él”“)—. (5.11)

In practice, N, turns out to be very close to Ny, so indeed Eq. 5.11 does turn out to be
a pump at the correct frequency. This procedure is meant to mimic the experimental
situation in which there is an estimate of the number of intracavity atoms (based on
the linear transmission spectrum) with the pump detuning set accordingly and with

an arbitrary external fixed drive power.

5.3.4 Comments on comparison of simulated and experimen-

tal data
——2
We are free in the simulations to average over the modulus (Q, = |t(w)| ) or the
modulus-square (@, = |t(w)|?) of the transmission spectrum. Of course, we can

simulate any averaging process, but ultimately we would like to choose one that is
actually used in an experiment. Unfortunately, this has proved to be slightly more
problematic than it may at first appear. We therefore will discuss carefully in this
section how a comparison of simulated and experimental data is made.

All results presented thus far are for averaging over the modulus-square (Q, =
[6(w)]?). An experiment in which this is the correct choice is one which employs a
photon counting detection process. Let us assume that the time scale over which
the intracavity atomic distribution evolves is set by the transit time 7y of atoms
crossing the cavity field. Over a time T each atom distribution “snapshot” evolves
into the next. Our experimental detection always averages over many snapshots,
producing the averaged transmission spectrum @),. In the case of photon counting,
the detector samples for a time t4 > Ty during which the cavity-output photon stream
is collected. This performs an average over the intensity of the cavity output field

so that Qp. = |t(w)|? is measured. This was the detection method of our previous

work [7] and the simulations fit well with the data. In addition, we have done a
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limited number of photon counting measurements for the cavity parameters of this
experiment, and again we have seen good agreement between simulation and data
[177]. (To look ahead, refer to Fig. 5.9.)

The photo-detection used in most of the present experiments, however is differ-
ent. For the measurements of pump and probe fields, there are two different fields
with frequency separation ranging from a few to tens of MHz, so good frequency dis-
crimination is required (which is quite difficult with photon counting and frequency
selective filtering). Detection via an optical heterodyne was therefore utilized. In
this type of detection, the field amplitude of the transmission spectrum is written as
coherent modulation on an rf photocurrent in combination with (white) shot noise
and noise due to atomic fluctuations. The technique by which this photocurrent is
then processed determines the appropriate averaging of the data. Any process seeks
to extract the coherent signal from the inevitable noise sources. We chose a sensitive
(low noise floor) rf spectrum analyzer to mix down the rf and readily view the mod-
ulation as a dc signal on the screen of the spectrum analyzer. The critical element is
the resolution bandwidth (RB) of the SA which was was chosen small: 27B < T,
so that the spectrum analyzer performs an averaging over many atomic transit times.
The spectrum analyzer has an envelope detector and not a true square law detec-
tor, so that the averaging performed by the spectrum analyzer is of the |¢(w )| type,
which we then square in post processing to produce in principle a measurement of
Qner = @) -

Spectra simulated with the two different methods of averaging yield qualitatively
similar but quantitatively different line-shapes and amplitudes. The differences are by
far most pronounced near {2 = 0. This region is also very sensitive in the experiment
to uncertainties such as beam alignment. It is an empirical fact, that no matter what
we believe the heterodyne detection process to be, that on the Whole, the data agree
better with a calculation of Q, = [t(w)|? than with Que = |t(w)] )l In light of this,
we continue to use the ), = \_75(7)|—2 averaging process in our simulations throughout.
While this may seem a brash decision based on our knowledge (both theoretical and

for simple empirical test cases) of the inner workings of the heterodyne detection,
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it turns out not to be critical for several reasons. The first, as we have stated, is
that the most pronounced difference between the two averaging procedures appears
in the “valley” between the Rabi peaks, near {2 = 0. This is a notoriously sensitive
region. For example, the auxiliary central peak in Fig. 5.3b is exquisitely sensitive
to experimental uncertainties, particularly atomic beam alignment, and indeed, to
the fluctuations in atom number themselves. Slight changes in N, (on levels far
more sensitive than our control over oven temperature drift, e.g.) produce dramatic
changes in the the central peak. Simply put, it is difficult to model the central region
of the data successfully. The second saving grace is that the position of the Rabi
peaks does not differ to any significant degree for the two methods of averaging as
determined from simulations. And finally, the simulated difference spectra are only
slightly affected, perhaps indicating that this simple math (subtraction) reveals the
true underlying eigenstructure, which surely must be independent of the way the data
are averaged. In particular, the position of the difference peak does not change at all

under the two averaging types.

5.4 Pump-probe experiment

5.4.1 Apparatus

The experimental setup employed is as depicted in Fig. 5.8. The core of the apparatus
is a small (L = 346 pum, wy = 38 pm), high finesse (F = 3 x 10°) resonator formed by
the two mirrors M; and M, with radii of curvature 17 cm and transmission coefficients
§; =~ 1x 107% and 6, ~ 1.5 x 1075 (non-transmission, scattering losses in the cavity
substrates were on the order of 4 x 1075). An optically prepared beam of Cesium
atoms intersects the cavity axis at 90°. The transition investigated is the (6512 F =
4,mp =4 — 6P3)3, F' = 5, mp, = 5) transition at 852 nm. Together with the free-
space lifetime of the 6Ps5 level (7 = 32 ns [207]), these parameters lead to the set
of rates (go,%,7y)/2m = (7.3 £0.3,0.6 £0.1,5) MHz. From the above parameters,
(no, No) = (0.16,0.06). Transit broadening due to Ty =~ 10/, leads to a modification
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Figure 5.8: Schematic of the experimental apparatus. TWM is an electro-optic trav-
elling wave modulator. The depleter beam controls the atomic flux in the correct (F
= 4) ground state, the monitor beam registers this flux. The locking beam is part
of the cavity length servo and is chopped at 1.7 kHz. During the “off” cycle of the
locking beam, the transmitted probe is measured by the balanced heterodyne detec-
tor. L are mode-matching lenses. The reflectivity of the beam-splitter which deflects
part of the cavity output to the lock PMT is 15%.

of v =7/(2 x 0.7). (This is cavity #2 from Table 2.1.)

The linear response of the coupled atom-cavity system is investigated using a fre-
quency tunable probe generated using acousto-optic (AOM) and electro-optic (EOM)
modulators from the output of a frequency stabilized titanium-sapphire laser (10-100
kHz rms linewidth). The probe is mode-matched to the TEMgy mode of the cavity,
whose length is actively servo controlled to within 10% of its full spectral linewidth.
The cavity-length servo consists of a large-intensity (njcx & 103n,) “lock beam” inci-
dent on the cavity; both mirrors are on piezo-electric (PZT) transducers with which
the cavity length is dithered very slightly (at 80 kHz); the transmitted lock beam is

detected via a lock-in with the error signal fed back to a mirror PZT. The lock beam
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is chopped by a mechanical chopper wheel (50% duty cycle at 1.7 kHz) to attain an
attenuation of more than 60 dB during the “off” cycle, at which time the probe beam
is observed without the interference of the lock beam. The transmission of the weak
(np < ns) probe beam is recorded as a function of its frequency on a radio-frequency
(RF) spectrum analyzer (SA) after balanced optical heterodyning with an intense lo-
cal oscillator frequency detuned —40 MHz from the common uncoupled atom-cavity
center. For the nonlinear spectroscopic studies, we employ an additional fixed fre-
quency pump field, which is generated by summing a constant frequency, variable
strength, RF signal with the tunable, weak, RF probe signal. The resultant sum of
RF signals drives the EOM for pump/probe generation. (Note that this set-up uses
a different arrangement of LO/probe frequency generation, but that the basic idea is

the same as that of Sections 2.1.4, 2.1.5.)

5.4.2 Linear results

In order to immediately touch base with the simulations we start this section with data
taken via a photon counting method, in which the averaging process is unquestionably
of the type Q. = W These data for an average intracavity atom number N =1
are shown in Figure 5.9. The experimental details are identical with those of Ref. [7],
so we will not discuss the details here. Note that we have introduced a new quantity

N. This is the experimentally determined version of N, from the simulations. As per
the discussion above, N can be read directly from the measrued splitting between
Rabi peaks for N ~ 1, but should be determined from a fit to simulations with
averaging over fluctuations for atom numbers below this. The procedure of fitting
averaged transmission spectra Q, = W is seen from Figure 5.9 to work quite well,
as expected from our experience with our previous system with smaller go. It can be
seen already in these data that the data at {2 = 0 are subject to larger variance than
those elsewhere in the frequency scan. This does not tend to go away with averaging,

but rather just tends to “fill in” the central region. This makes it a problematic region

for comparisons with the simulations, as stressed above.
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Figure 5.9: Linear spectrum for N ~ 1.0 atoms measured by photon counting. w, =
we.  The solid curve is a simulation which includes the effects of atomic number
and coupling fluctuations with go/27 = 7.3 MHz and N, = 1.0, /2 = 0.6 MHz,
vL = 2.5/0.7 MHz.

We now move on to the heterodyne measurements, which are imperative for the
nonlinear spectroscopy and which are used exclusively onward from this point. We
present in Figure 5.10 a typical transmission spectrum of the probe beam for our
coupled atom-cavity system, in the weak field limit (with no pump field present). Here
N = 1.1 atom, with 2 = 0 corresponding to the position of the common uncoupled
atom-cavity resonance. To facilitate comparison with Eq. 5.4 the data have been
processed by squaring the output of the SA, subtracting the background (shot noise)
level, and then normalizing to account for the frequency dependence of the probe
generation and detection process. Note that the ordinate is normalized in units of
the intracavity photon number 7,robe With nprobe S 0.02 over the scan range (compare
this to ng = 0.16). The observed doublet structure with peaks at Q = +g is a direct
spectroscopic measurement of the vacuum-Rabi splitting discussed above. (The sharp
feature at €2 = 0 is the RF generated during the lock cycle by the lock beam, a small

amount of which feeds through electronic RF attenuators which otherwise prevent

this signal from reaching the SA. It is not present during the data taking cycle.)
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Figure 5.10: Linear spectrum for N = 1.1 atoms measured by heterodyne detection.
Nominally w, = w,, but there is a slight detuning. The solid curves are simulations
which include the effects of atomic number and coupling fluctuations. Curve (i) has
go/2m = 7.3 MHz and N, = 1.1; curve (ii) has go/2m = 8.0 MHz and N, = 0.95;
curve (iii) has go/2m = 6.6 MHz and N, = 1.4.
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Also shown in the figure is a series of simulation plots, using the measured values
of go s and v, = 7)/2/0.7. The simulation plots are generated as discussed above in
Section 5.3. For the parameters of our system, the magnitude of the splitting even in
the presence of fluctuations is gg\/ﬁ with the principle effect of the fluctuations being
a significant increase in the cavity transmission near Q = 0. Thus, since gy is known
independently, we can determine the number of atoms to a good approximation simply
by measuring the splitting, but we can also calibrate this procedure by studying the
sensitivity of our spectra to atomic beam fluctuations in the vicinity of 2 = 0. This
is shown with curves (i) - (iii) in which gov/N, is kept constant while gy and N, are
varied. Curve (i) has go/2m = 7.3 MHz and N, = 1.1, as we would surmise from the
data, while (ii) has go/2m = 8.0 MHz and N, = 0.95 (iii) has go/27 = 6.6 MHz and
N, = 1.4, neither of which match as well as curve (i). As stated above, we have fixed
the simulation averaging procedure at @, = W, which appears to perform quite
well. Note that in comparison with our previous measurements [7], the resolution of
the splitting for a single atom is significantly improved in our current system, but
not by as much as one might naively expect, from the more than two-fold increase
in the coupling (go/2m = 3.2 — 7.3 MHz) and the more than 8-fold increase in C}
(see Table 2.1). This disappointing result is due to the even greater role of atomic

fluctuations in a system with increased C;.

5.4.3 Nonlinear results

Armed with this experience in the linear realm, we next move to explore nonlinear
spectroscopy of the coupled system. We note immediately that our goal in performing
the pump-probe type experiment was to observe multi-photon quantum transitions
and to study the evolution of these resonances for large numbers of atoms where the
semiclassical equations should correctly predict spectra. If we take Eq. 5.1 as a guide,
we conclude that N = 4 atoms is sufficiently large to be reasonably well described
by semi-classical theory, since g, = 0.94 for this atom number. In addition, at this

number of atoms, the effects of fluctuations in atom number are less pronounced than
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for V.

In Figure 5.11 we present a sequence of pump-probe spectra, with varying pump
intensity, taken for a “large” number of atoms (N = 4.2 atoms.). The experimentally
measured pump intracavity photon number 7 ranges from zero intracavity pump
photons, to 7 = 0.75 £ 0.3 intracavity photons, on average, and its frequency is
chosen to coincide with the higher frequency resonance of the un-pumped atom-cavity
system at /27 = +(go/27)V'N = 14.8 MHz (this is visible as a sharp peak in the
data, especially of graph (d)). The data have been processed in the same manner as
in Fig. 5.10. For trace (a), taken with no pump, the observed splitting is just that of
the weak field normal mode splitting discussed previously. From the fit (solid curve)
and the splitting, we find that N = 4.2, with the only adjustable parameter being
the overall vertical scaling. In trace (b) the pump has been turned on, with a pump
intensity corresponding to approximately 7 = 0.1 & 0.05 intracavity photons, while in
(c) the pump has been increased to 7 = 0.4 £0.2 photons and finally in (d) the pump
is at 7 = 0.75 + 0.3 photons. Clearly evident from the data is a trend towards lower
heights for the “unpumped” peak as the pump power is increased. At the same time
the pumped peak becomes higher and migrates inward towards the common atom-
cavity frequency at €2 = 0. In addition, the width of the “pumped” peak narrows, with
the width of the upper peak in graph (d) being 30% reduced compared to that of the
peak in graph (a). In each case the pumped peak is higher than the un-pumped peak
and no additional resonances are observed. For a linear system, the probe response
would be independent of the pump (except of course at Qprove = pump), so that
the data in Figure 5.11 represent a measurement of the nonlinear “susceptibility”
for the atom-cavity system. The solid curve in trace (b) is a theoretical fit from
Eq. 5.6 averaged over atomic distributions using the numerical simulation technique
described above. Here the average atom number and overall height are parameters of
the simulation, having been set from the fit in (a) to N, = 4.2. The pump intensity
is then the only free parameter for the fit to the nonlinear case, yielding a value for
the intracavity pump intensity of 1, = 0.38 photons which is high compared to the
measured value of 7 = 0.1 + 0.05.
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Figure 5.11: Sequence of nonlinear probe spectra for N ~ 4.2 atoms with w, =
w.. Here, the frequency 2 of a constant amplitude probe beam is swept and the
transmission recorded (in units of probe intracavity photon number npobe). Trace
(a) has probe field only, with the solid curve a fit to the data including the (minimal)
effects of atomic fluctuations. From (b) to (d), the pump powers (again in units of
intracavity photon number with atoms present) are 77 ~ 0.1, 0.3, 0.8. The pump
frequency is Qpump/2m™ = go/ 27V N = 14.8 MHz, as indicated by the sharp feature in
trace (d). The solid line in trace (b) is a nonlinear semiclassical simulation including
atomic fluctuations and is described in the text. The best fit to the data has 7, = 0.38.
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We next turn to data taken for approximately one intracavity atom. Figure 5.12
shows a sequence similar to Figure 5.11 for N ~ 1.1 atoms. The solid curves are again
simulations, which in this case warrant further discussion. It is seen that the linear
simulation in this case is not a good fit, for the following reason. The data are taken
under conditions in which the cavity and atomic detunings are nominally zero, but are
subject to some drift, as has happened in the case of Figure 5.12. We do not at present
model such detunings in our nonlinear simulations. We therefore want to determine
an approximate height scaling of the non-detuned linear simulation which can then be
applied to the nonlinear simulation. It is clear that this procedure is non-optimal, but
it does reproduce the qualitative features of the nonlinear data. The pump powers
for Figure 5.12 are similar to those in Figure 5.11. The best fit for pump photon
number in Figure 5.12b is 7, = 0.07 as compared to the measured value 7 = 0.1. As
is obvious from these data, multi- quanta resonances of the sort predicted by Fig. 5.1
are not immediately apparent. As the probe frequency is scanned to investigate the
first to second excited state transitions, it of course also probes the ground to first
excited state transitions. Thus a means to isolate the nonlinear effect is needed.

In Figure 5.13 we introduce a naive attempt at such a technique by simply sub-
tracting the linear spectrum from the spectrum with the pump field present, thereby
deriving a “difference” spectrum from the data, much as the difference spectrum from
the nonlinear simulations shown in Figures 5.4 and 5.7. The difference spectrum con-
tains much information. For example, one may look for additional features that arise
in a regime where the basic first excited state features change little. This would be
indicated by near complete subtraction of the linear features with a new peak ap-
pearing at a frequency different from that of the pump frequency. Figure 5.13 shows
linear (i), nonlinear (ii) and difference spectra (iii) as N is decreased from N = 1.6 to
N ~ 1.1 to N ~ 0.75. Here we have selected the data based on a level of qualitatively
similar magnitude for the nonlinear effects.

The data of Figure 5.13c are data taken with N =~ 0.75 atoms. Here the pump
frequency is at /27w = go/2m = 7.2 MHz. Note that three peaks are evident in

both the probe only data and in our linear numerical simulation (curve iv), with the
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Figure 5.12: Sequence of nonlinear spectra for N ~ 1.1 atoms with w, = w.. The
top graph has probe field only. The pump powers are from top to bottom, 7 =
0.1, 0.4, 0.7 intracavity photons on average. The pump frequency is Qpymy/27 =
9o/ 27V N = 7.6 MHz, as indicated by the sharp feature in trace (d). The solid curves
are semiclassical simulations with IV, = 1.1 and for graph (b) 1, = 0.07. See the text
for a discussion.
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Figure 5.13: Linear and nonlinear spectra as the number of atoms is varied. Each
graph contains a linear (no pump) spectrum (curve i), a nonlinear spectrum (curve
ii), and a difference spectrum: [(curve ii) — (curve i)] (curve iii). From top to bottom
the parameters are: (a). N = 1.6, 7~ 0.4, Qpump/27 = 9.1 MHz; (b). N =~ 1.1, fj =
0.2, Qpump/2m = 7.5 MHz; (c). N & 0.75, 7 = 0.06, Qpymp/2m = 7.2 MHz. Curve
(iv) in graph (c) is a theoretical fit to the linear spectrum, including the extent to
which our Monte-Carlo simulations correctly incorporate fluctuations in atom number
and position. As stated in the text the region near {2 = 0 is extremely sensitive to
imperfections in the apparatus, including atomic beam alignment.
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central peak arising from the fact that now there is a significant fraction of the time in
which there are no atoms present within the cavity mode volume. This a promising
regime, because the contribution from multiple atoms in the cavity mode volume
should be small (see Section 5.3), while the response from the zero-atom contribution
(i.e., atoms outside the mode volume V}, with coupling g < €.go &~ 0.56go) should be
essentially linear since the saturation intensity is high for these spectator atoms. Thus
an observed nonlinear response should be predominately due to contributions from
single intracavity atoms within the mode volume. Of course, the trade off is that the
peaks have merged to a degree that may drastically obscure the observation of new
features. What we observe in the pump-probe spectra is a region of increased probe
transmission, again on the inner side of the pumped peak, with very little change in
the position or height of the un-pumped peak, or of the outer side of the pumped
peak. Clearly evident in the difference spectrum is a broad peak centered roughly at
(90/2m)(v/2 — 1) = 3 MHz, which is consistent (but certainly not compellingly so)
with what one expects from the QED theory of Section 5.2.3 (not including atomic
fluctuations). That there are only small dips below zero at the positions of the pump-
off resonances indicate that there has been only minor modification of the single
quanta resonances. We emphasize that the peak shown in the figure demonstrates
a nonlinear response for a system containing just one atom (on average), and an
intracavity photon number of only 7 ~ 0.1 photons.

While the data shown in Figure 5.13c are suggestive, we should stress that without
a QED calculation which models all aspects of our experiment, including atomic
transit effects and the critical role played by fluctuations in the atomic number and
position it is difficult to determine the extent to which the data of Figure 5.13 can be
explained by a semi-classical model (including the proper treatment of transit effects)
or whether there are any aspects which have a purely quantum origin.

To further quantify our observations, we present in Figure 5.14 difference spectra
with a corresponding set of simulated difference spectra. The pertinent information
can be found in the figure caption. Unfortunately, these data and their comparison

with simulations does not shed much more light on the issue of multi-quanta reso-
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nances. However, they do show that the semiclassical simulations qualitatively agree
with the data at “large” numbers of atoms (N = 4.2) trending towards lesser agree-
ment with the smaller atom numbers, though any quantitative comparison is far from
conclusive. Whether this trend is indicative of a fundamental disagreement between
a semiclassical theory and the experiment, or due to complications of the experiment
such as transit broadening is certainly not easy to determine. It is possible that the
features that we seek are to be found in a parameter regime not covered by the simula-
tions. In fact, most of the data that we have taken (e.g., Figures 5.11¢,d and 5.12¢,d)
have pump intracavity numbers that are too large for the analytical approximations
that went into the derivation of Eq. 5.6, so that we have no way to compare these
data with any theory.

Nonetheless, we continue our pursuit of a quantum feature by focussing in on a
particular property of the data: the position of the peak on the high frequency side
of the difference spectrum which from Figure 5.1 should coincide with the transitions
t; and tj. Towards this end, in Figure 5.15 we accumulate some of the nonlinear data
that we have taken for this experiment and plot the positions of the measured peaks
in the difference spectra (O) versus the average number of atoms N, where we have
averaged together data for the measured peak position taken over a range of pump
powers from 77 = 0.06 — 0.2 photons. We also show the prediction from our nonlinear
semiclassical simulations, represented by a curve that is derived by a fit to many trials
of the simulation over a dense collection of atom numbers. (The simulations show
that the position of the difference peak is not a strong function of the pump power
over the range we consider, even though the height of peaks is.) An interesting feature
of the data is a “kink” occurring near N = 1.3, followed by a leveling off of the peak
position at a level close to (v/2 — 1)go, for N < 1. The data appear to approach the
semiclassical theory at high atom numbers, as we expect, but there are deviations at
low atom numbers, with no “kinks” observed in the semiclassical theory. It should be
noted that most of the low atom data include the semiclassical result near the limits
of the uncertainty of the measurement. The leveling of the difference peak position

would certainly be a compelling result from our perspective, but again, it is very
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Figure 5.14: Difference spectra with semiclassical theory overlaid. The details are:
Trace (a), N = 4.2, 7 = 0.1, N, = 4.2, n, = 0.38. Trace (b), N = 1.6, 7 = 0.4,
N, = 1.6, n, = 0.16. Trace (c), N =11,7=0.1, N, = 1.1, n, = 0.07. Trace (d),
N =0.75, 7 = 0.06, N, = 0.75, n, = 0.09.
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difficult to determine whether this represents a true quantum behaviour given the
uncertainties in the peak positions and the caveats associated with our semiclassical

simulations.

5.5 Conclusions and the future

We have performed extensive measurements of the nonlinear response of a strongly
coupled atom-cavity system. While our initial objective was to observe clear multi-
photon resonances as a decisive measure of the quantum nature of the system, it
appears that our atomic beam system is not optimal for this and allows us to obtain
only limited information. In the case of the structural investigation presented here,
our strongly-coupled cavity QED system has hidden behind the mask of Poissonian
fluctuations in atom number and position. While we have observed a discrepancy
between our measurements and the semiclassical predictions, it is not clear whether
this is the result of effects omitted from our model (e.g., transit time) or whether
it arises from a real quantum underpinning. For small N < 1.3, the evidence is
suggestive of the underlying quantum anharmonicity, while for large N, the data
asymptotes to the expected semiclassical result. More conclusive data are, no doubt,
desirable.

Towards this end we are developing two strategies which we hope will correct
the most serious defects of the current atomic-beam system. One involves precisely
locating the atoms to the strong parts of ¥(7) [208] along with timing information
of the atomic transit across the cavity mode. The other involves the use of atom

trapping techniques [46]. These are the subjects of Part IIL
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Figure 5.15: Plot of the position of the peak in the difference spectrum D/gy wvs.
number of intracavity atoms (NN, for simulations or N for the data). The data are
shown as the ‘0’ while the simulation results are represented by the solid curve,
which is a fit through many runs of the nonlinear simulation to show the trend of the
semiclassical prediction. The data are taken with intracavity pump photon numbers
in the range 0.06 < 7 < 0.2. Note the suggestive flattening of the data at (v/2 — 1)
shown as the straight line perhaps indicative of a quantum anharmonicity. Data are
taken with the pump frequency at Qpyump/2m = go\/—]v for N > 1 and at Qpump/2m™ = go
for N < 1.
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Chapter 6 Other data in the strong

coupling regime

6.1 Optical bistability with very few atoms

We have been able to observe optical bistability for a system with only 7 intracavity
atoms using the atom-cavity described in the previous chapter. Consider Figure 1.9.
The cavity output is not a 1-to-1 function of the drive strength, so the system will
exhibit a hysteresis: the part of the input-output curve with negative slope is unstable.
As the power of the drive field is increased from zero, the output will follow the lower
branch of the input-output curve until it reaches the point at which the slope turns
around, at which time the output will jump to the upper branch. Likewise, if we
are on the upper branch of the input-output curve and the drive power is decreased,
the output will jump to the lower branch when the turning point is reached. This
hysteresis can be seen in the data of Figure 6.1.

Although in principle we should see bistability for 1 intracavity atom, since C; =
16, there are technical reasons why we do not observe bistability until N = 7. This
is attributed (once again) to beam fluctuations, which tend to cause jumps between
the upper and lower branches of the bistability curve near the turning points [6]. To
see this, consider the following situation. For a given number of intracavity atoms,
we are on the lower branch of the input-output hysteresis cycle, just approaching
the turning point for transition to the upper branch. If there is an atomic density
fluctuation towards a slightly lower number of intracavity atoms, switching will occur
irreversibly to the upper branch for that number of atoms. Likewise, fluctuations
towards larger N cause a truncation of the upper branch as the input intensity is
swept down. This happens on fast time scales (set by the inverse transit time) and

causes a truncation of the turning points over which our slow (in terms of detection
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Figure 6.1: Optical bistability for N ~ 7. The ‘0’ are taken for increasing drive 3>
and the ‘o’ are taken for decreasing drive. (go, k,7.)/27 = (7.2,2.5,0.6) MHz. See

Refs. [177, 48].

time) experiment averages. The experiment is explained in Ref [48], so I will not

discuss the details here.
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Chapter 7 Cavity QED with slow atoms

In our cavity QED experiments with a thermal beam, there are two problems: we
do not know where the atoms are within the cavity field, and we do not know when
the atoms will be within the cavity field. Lack of knowledge of where means that
we are forced to take whatever coupling strength we get at a given instant in time,
and ignorance of when means that we are forced to average over many such points
in time, including the (numerous) instances in which there are actually no atoms
in the mode volume. This leads to the averaging effects that we saw in Chapter 2
and Chapter 5: the observed spectrum is composed of an average over instantaneous
atomic spatial profiles, with the many “spectator” atoms in the wings of the Gaussian
and towards the nodes of the standing-wave cavity field contributing in a significant,
and ultimately, deleterious way. It is this experimental complication in a thermal
beam that paradoxically allows us to measure single atom effects (see Section 2.1.3.3),
but which is also most likely responsible for the sub-par results of the experiments in
Chapters 3, 5.

The optimal solution to this problem would be to have a single atom somehow
fixed in space and maneuvered so that its center-of-mass is directly on an antinode
of the standing wave and at the peak of the Gaussian. A potential realization of this
ideal case using rf-trapped ions will be the subject of Chapter 9. Still, we would, for
many reasons, prefer to continue to use neutral atoms, and in particular Cesium. A
first step towards the goal of localization of neutral Cs is to employ cold (very slow)
atoms which can be tracked in real time as they enter the cavity, cross the cavity
field mode and eventually leave the cavity. In an ideal circumstance, the external
kinetic energy of the atoms Hp = mv?/2 can be less than the energy of the atom-
cavity interaction H; = hg, so that the atom-field coupling can have a significant
mechanical effect. The position-dependent potential energy of an atom in the cavity

field can be used to trap and localize an atom—even with the cavity prepared in the
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vacuum state [209, 210].

As a replacement to our thermal atomic beam, we have used a source of magneto-
optically cooled and trapped atoms, which we let fall under the force of gravity into
the cavity. Since an individual atom is strongly coupled to the cavity mode (C; > 1)
its passage results in a distinct and appreciably sized feature in the cavity output field,
which we then record. In this way, we have been able to monitor the real-time passage
of single atoms as they traverse the cavity field. In addition to being a several-order-
of-magnitude improvement in absorption detection of single atoms [211, 212], and an
exceptionally accurate position meter [213], this capability should open the doors to
many previously impossible experiments in optical cavity QED. The ultimate goal is
not to merely run improved versions of the experiments already presented here, but
rather to exploit the unique features of this entirely new system for experiments such
as deterministic quantum state preparation of the cavity field [181, 182], real-time
monitoring of a single quantum realization (as opposed to ensemble measurements)
[214], as well as for next-generation experiments in quantum computation [215], the
controlled distribution of quantum information [216], and studies of the interaction
between the quantum internal and external degrees of freedom [217, 218, 219, 220].

My collaborators on this experiment were Hideo Mabuchi (who was in charge) and
Mike Chapman. The idea was to plug the existing probe generation and detection
apparatus described in Part I into an atom trapping apparatus built by Hideo in an

adjacent lab.

7.1 Introduction

7.1.1 The new time scales

Before I begin with a description of the experiment and its results, I will point out
how dramatic a change this system is over anything previously attained. This is best
quantified by Table 7.1. The change is so dramatic in fact, that we have a three-

order-of-magnitude improvement in quantities that have not been discussed as yet.



219

| source | 1/27(go, 5,7.) [MHz] | Tp [us] | © = 29T | I = g2To/k | Ref. |
thermal beam (20,75,2.5/0.7) 0.3 4 2 45
atom trap (11,3.5,2.5) 200 20007 2000 46

Table 7.1: The new world order.

These new quantities reflect the fact that entirely new rates of processing should
be relevant in cold-atom cavity QED. We begin with the transit time T, which we
have already met in Section 2.2.3 in the unfortunate context of transit broadening. I
have explicitly written vy, = 2.5/0.7 > 75" for the thermal beam experiment to
call attention to the fact that there is absolutely no transit broadening for the slow
atom source since Ty ~ 10%/~. The transit time is 3000 times longer than it was in
the thermal beam, so that the atom is in the cavity for an enormously longer time
than any of the dynamical evolution times. This property is likewise captured in the
next two parameters. The number of Rabi flops per photon per transit is given by
© = 2g9Ty. This tells us how many times we can cycle the transition as an atom
crosses the cavity mode. If we were to do a Ramsey-type experiment, this is the
accumulated phase as the atom passes through the “interaction region.” The optical
information per transit is given by I = g&Ty/k. It answers the question: how much
can we learn about intracavity activity from the stream of photons during each atom

transit. From one point of view, it tells us the detectability of single atom transits.

7.1.2 The idea of the experiment

The basic concept behind the experiment is depicted in Figure 7.1 . We monitor the
resonant (w, = w, = w,) transmission of an empty cavity, with an atom trap formed
above the cavity. The atom-cavity parameters are such that the system is in the
strong coupling limit as discussed in Section 1.1.3. Hence, when we release the atom
trap and an atom eventually enters the cavity, the normal mode structure changes.
The resonant properties of the system go from that of the empty cavity, to that of
the newly-formed coupled atom-cavity system with associated normal-mode splitting,

and what was a resonance of the uncoupled system is no longer a resonance of the
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coupled system. In fact, the transmission decreases by an amount 1/(1 + 2C})? (see
Equation 1.14), which can be quite substantial. We see a great reduction in output
flux when the atom is in the cavity. The output flux reverts to its previous value when
the atom leaves the cavity and the system returns to its uncoupled empty-cavity state,
once again resonant for the probe. During the time between the extremes, the atom
is travelling up (or down) the side of the Gaussian waist of the cavity mode, so there
is essentially a time-varying coupling strength g(¢) due to the position-dependent
coupling g(s) where s labels position transverse to the cavity standing wave. If we
detect only on long time scales At > (1/go,1/7,1/%) (but quickly with respect to
the transit time A¢ < Tp) then at each time step, the atom reaches steady-state
with the field and we are able to observe the steady-state response. The transmission
of the resonant probe beam under such a scenario is shown in Figure 7.2, ignoring
all mechanical effects. The simple normal-mode picture depicted in Figure 7.1 is
not quite correct for the stronger drive fields that are used here, but the basic idea
is certainly there. The calculation of Figure 7.2 is a quantum calculation with an
empty-cavity drive field of n,Y = 1 (1 empty-cavity intracavity photon) so that the
optimally coupled transmission is not quite reduced by 1/(1 + 2C;)?. The spectrum
for this drive field Y does not actually have (or just barely has) normal modes as such

[221], as can be seen in Figure 7.3.1

7.2 The experiment

The experimental setup is a slight modification of that of Part I. The cavity is cavity
#4 from Table 2.1. As a reminder, the parameters are (go, k,7v.)/27 = (11,3.5,2.5)
MHz, which gives n; = v,7v,/498 = 0.026 (b = 1 is the appropriate choice here)
and C; = 6.9. See Appendix B.1.2 for more details of the cavity and mechanical

parameters. Aside from the atom-cavity parameters, there are two major differences

IThe quasienergies (akin to the energy eigenvalues of the undriven Jaynes-Cummings model) in
the presence of a drive field are given by E; = g[1 — (2¢/9)%*/* where €2 = k?Y/n, [221]. The
threshold for actual normal modes is exceeded when £ > ¢/2. For the drive fields employed in this
particular experiment, this is exceeded by an order of magnitude. Atomic decay is not covered in
this treatment, so it is not entirely valid.
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Figure 7.1: Falling atoms. The graphs on the right-hand side show the weak-field
transmission spectrum 1) before the atom enters the cavity, 2) while the atom is
in the cavity, and 3) after the atom leaves the cavity. A resonant probe (indicated
by the arrow) will thus have 1) high transmission, 2) low transmission, and 3) high
transmission.
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Figure 7.2: Transmission of the resonant probe (quantum calculation of (a'a)) as the
atom passes through the Gaussian waist, precisely perpendicular to the cavity mode
axis and along an antinode of the standing-wave. The calculation does not include
mechanical recoil in any direction, so the atom trajectory is not affected by the atom-
cavity interaction, as it is in the experiment. Position s is in units of the waist.
The top graph shows the probe transmission while the bottom graph shows the waist
itself. As can be seen, the drive field is n,Y = 1. The atom-cavity parameters are as
appropriate for the cold atoms experiment: 1/27(go, x,v.) = (11, 3.5,2.5) MHz.
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probe frequency [MHz]

Figure 7.3: The transmission spectrum for fixed drive field corresponding to nsY =1
on resonance (solid curves). This is a quantum simulation for both the with atom and
empty cavity cases for the same drive. For comparison, the weak field (nsY = 0.001)
spectrum is shown as the dashed line; it has been scaled by a factor of (0.001)~! for
comparison with the strong field spectrum (scaled so that the empty cavity transmis-
sions fall atop one another). 1/2m(go,%,v.) = (11,3.5,2.5) MHz.
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in the experiment. First, the source is replaced by a magneto-optical trap (MOT).
I will not describe this in any detail, mainly because I had nothing to do with its
construction or implementation, (this was done by Hideo Mabuchi and Mike Chap-
man) and also because it is fairly standard and can be found any number of places in
the literature [222]. Briefly, it is a six-beam trap with pairs of counter-propagating
beams along each of three axes. The light is slightly red detuned (10 MHz) so that an
atom preferentially absorbs light from beams propagating against its velocity vector.
The atom absorbs the photon momentum, causing it to recoil against its direction
of motion. Spontaneous emission of the absorbed photon is isotropic, so that a net
cooling of the motion is achieved. In order to trap the cooled atoms in a region of
space, a magnetic quadrupole along 2 with a zero at the center of intersection of the
six beams is applied. The gradient produces a position-dependent potential which
grows larger as an atom moves away from the center point in any direction. In our
implementation, 10° or so atoms are trapped in a 1 mm ball 7 mm above the cavity.
The z-beam is along and just above the cavity axis, with the other beams propagating
up the sides of the cavity mount (see Figure 7.8), intersecting at acute angles just
above the opening between the cavity mirrors.

The second important difference in the atom-transit experiment is that we are
now trying to resolve signals in time. This is fundamentally different from the prior
experiments, which took advantage of narrow-band (0.1-1 kHz) detection and extreme
averaging to improve S/N. No such luxury is available in this experiment. The transit
time is about 200us, so our detection needs to be at least this fast. The empty
cavity with # = 1 intracavity photons has an output flux of ki ~ 27 x 3 x 10°
photons/sec (double-sided cavity), so within time bins of duration set by the transit
time, only 3600 photons are output. We detect a deficit of photons from this steady
flux when the atom is present. The contrast in the detection can be written V =
(Xwa — Xna)/Xna where ns X, = n;Y is the intracavity photon number in an empty
cavity and ny X, = nsX is the instantaneous photon nﬁmber in a cavity with an atom
(see Section 1.3.1). The contrast is shown in Figure 7.4 for both a quantum calculation

of the intracavity intensity (I use (a'a) even though it is not really appropriate for
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Figure 7.4: The transit contrast as a function of empty cavity drive. The curves are:
(i) quantum and (ii) semiclassical. 1/27(go, #,vL) = (11, 3.5,2.5) MHz.

the heterodyne measurement which detects |(a)|?, it nonetheless gives the basic idea)
and for the semiclassical optical bistability state equation (1.24) from Section 1.3.1.
In order that there be sufficient contrast in the transit signal, the atom should not
enter an empty cavity with too many photons, since atomic saturation leads to a loss
of contrast. (For a weak field the transmission is reduced by 1/(1+2C;)? = 4 x 1073,
but for a strong field, this attenuation is less due to atom saturation.) On the other
hand, too few photons leads to a signal which is too small to begin with. These
competing effects lead to an ideal operating point of nsY ~ 1-3.

Transit detection warrants further discussion. The detection proceeds as follows.
With no probe beam on at all, there is a “signal level” due to the shot noise of the
local oscillator on the heterodyne detectors for shot-noise limited detection such as

we use (see Section 2.1.5). The shot-noise level increases linearly with the detection
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bandwidth B. One can treat the shot noise as due to an equivalent signal of 1 photon
per second per unit bandwidth (1 photon/sec/Hz)? incident on an otherwise noiseless
detector, causing the background level that we call the shot-noise level. For a given
bandwidth, this provides a bound on the smallest detectable signal level. (To detect
smaller fluxes, one narrows B so that the shot-noise decreases, while the coherent
signal remains a fixed size, as long as the signal bandwidth is smaller than B.) When
we apply the probe field, a stronger signal field is present so the level out of the
heterodyne detectors increases by some amount above the shot-noise depending on
the size of the probe field and B (B determines the shot-noise level). The output
flux of photons for the empty cavity® is kn,Y and the number of detected photons
in bandwidth B = AQ/27 is knsY/AQ. As long as 1/AQ < Tp, then the number
of photons detected when the atom is present is kn;X/AQ. The instantaneous flux
is knsX photons/sec. The flux due to the shot noise is simply B photons/sec, as
discussed above. It is possible that the best signal-to-noise of detection is reached
when the cavity output flux with an atom present is just forced into the shot-noise. A
stronger drive field will only decrease the contrast as can be seen in Figure 7.4. Stated
in symbols, this occurs when n,Xx = B. This output field X has a corresponding
drive field Y which can be found trivially from the state equation 1.24 or from a full

quantum simulation.* From the state equation an interesting result arises:

2
B 2C,
nSY N 7{'— 1+1 nBli:|
B ol 2
= [1+4B] for =1
gl il
—_— — 1. .
o 5 for 1B > (7.1)

Note that gy has dropped out of the equation which now depends only on the rate
at which the atom can scatter photons. The drive field satisfying the “into-the-shot-

2Upon further consideration, I believe this should be 2 photons/sec/Hz. This carries through the
results in a straightforward fashion.

3The cavity is double-sided with & = k1 + kg where K12 = K/2 are the partial decay rates for
each output channel.

4The quantum simulation will give (a'a) for a given drive. From this it can be determined which
drive field leads to the condition (a'a)x = B by back-interpolation.
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Figure 7.5: The drive field which will just send the with-atom output into the shot
noise. The dashed curve is the semiclassical curve. The quantum curve (solid) is
jumpy because I have only coarsely interpolated the original quantum simulated data
from, e.g. Figure 7.4. For this graph to be of any use, the detection time must be
shorter than the transit time, (2rB)~! < Tp.

noise” criterion is shown in Figure 7.5 both for the semiclassical state equation and
a quantum simulation.

This criterion may, however be largely irrelevant. It certainly delimits the weakest
drive worth using (a smaller drive will only send the transit signal below the shot-noise
level which then cannot be detected any better than if it were just at the shot-noise
level), but it may not be the strongest drive field worth using. It may turn out that
instead of driving the with-atom signal into the shot-noise, it would be better to drive
harder and then not to dip into the shot-noise. This is true because I have thus far
left one detail out of the consideration thus far: the empty-cavity signal has noise

associated with it. The larger the detection bandwidth, the worse this noise becomes.
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This can be significant for a weak probe. (All else equal, the S/N-ratio is n/y/n where
n is the number of photons in each detection bin.) If we drive hard, the variance of
the probe within a time set by the inverse bandwidth will be small and a transit
signal can be detected in the presence of this noise. The point-to-point variance in
detection bins of time 1/AQ is given by \/m for the empty cavity. Thus the
signal-to-noise ratio (for 1/AQ < Tp) is

_ kngY/AQ — kns X/AQ

VEnsY/AQ

(Of course, if 1/AQ > T, then we integrate over the empty cavity for a long time,

S/N (7.2)

during which the atom transit is only a short blip, which disappears altogether.) I
plot the S/N ratio as given in Eq. 7.2 as a function of drive power in Figure 7.6 for
both the quantum and semiclassical cases. The optimum point does turn out to be a
bit larger than the “into-the-shot-noise” criterion for a given bandwidth.

The apparatus for combining cold atoms with cavity QED is shown in Figure 7.7.
The cavity lock beam of our previous measurements (Parts I and II) is eliminated.
Instead, we lock directly to the probe beam signal on the heterodyne. The SA is
placed in zero span and the steady transmission of the empty cavity is read through
the video out port of the SA. The video out is a logarithmic copy of the demodulated
beat note. This signal replaces the PMT signal from the previous setup (see Figure
2.6). This allows us to lock the cavity to output fluxes corresponding to as few as 1
intracavity photon. The probe/lock is nominally resonant w, = w, = w,. The transits
last only 200 us, which is well outside of the cavity lock servo bandwidth, so as long
as atoms arrive infrequently enough, they do not interfere appreciably with the cavity
lock. The actual transit signals are recorded from the same video-out signal. When
the atom trap is shut off, we wait 10 ms or so, until the atoms fall through the cavity
mode, then we digitize the video-out signal at a 500 kHz sample rate for 50 ms, and
look in this record for the atom transits.

The cavity mount is different in construction than those previously described (see

Figure 7.8). In order to accommodate the atom trap, we needed an open structure to
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S/N

Figure 7.6: S/N in various bandwidths (Eq. 7.2). The solid curves are quantum sim-
ulation and the dashed curves are semiclassical. From top to bottom, B = 10, 30, 100
kHz. B = 10 kHz is the absolute slowest detection for which this treatment (Eq. 7.2)
is valid, as the corresponding integration time is approaching the inverse transit time.
1/2m(go, 5,7vL) = (11,3.5,2.5) MHz.
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Figure 7.7: Monitoring the falling atoms. MOT: magneto-optical trap.
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get the trap as close to the cavity mode as possible. Towards this end, we eliminated
the invar tube (of Fig. 2.2) since it is too bulky and not particularly conducive to
the much better level of vacuum required for an acceptable trap (acceptable means
dense enough so that a few atoms fall into the cavity mode for each trap drop; we
operated below 1077 torr). We also had the mirror substrates machined down to a
3 mm diameter (from their nominal 7.75 mm diameter) to get the 2 trapping beams
close to the cavity mode without clipping on the mirror substrates. The mirrors sit
in two separate V-grooves (into which they are glued) which are connected to each
other by a PZT, so that the length can be fine-tuned (see Figure 7.8).> The cavity
mount structure is placed in the vacuum chamber on a series of alternating copper
disks and viton o-rings for vibration isolation, and the optical table was floated for
additional isolation. Vibration isolation proved to be critical, and even still, the cavity
lock was always just barely adequate. The cavity-lock servo was functional but not
optimal. The addition of an integration path in the cavity servo helped to offset
cavity length drift which was more of a problem than in the previous experiments
since the magnetic field coils and oven would heat the vacuum chamber and cause

the cavity mount to thermally expand and contract.

7.3 Atom transits

A typical data set is shown in Figure 7.9. The inset shows a histogram of the arrival
times of individual transits for 450 drop sequences. The time scales are as follows.
The atoms in the MOT are cooled to the Doppler limit, giving them a temperature
Tirap =~ 120uK and an rms speed of 10 cm/sec. The 7 mm distance to the cavity
mode gives the atoms a 35 ms drop time with a dispersion of 10 ms from the rms
velocity in the trap. These numbers agree reasonably well with the measurements as
shown in the inset to Figure 7.9. The different sizes of the individual transit signals
are due to the more or less random coupling (due both to random position along

the standing-wave and random Zeeman substate occupation) that the atom has as

5M. Chapman designed and built the new cavity mount.
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Figure 7.8: The cold atoms cavity mount. Not to scale. The mirror substrates are 3
mm in diameter and 4 mm long. The total height of the cavity mount is ~ 1.5 in.
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Figure 7.9: Atom transits. Each downgoing spike is an individual atom crossing the
cavity field. The probe is set to have n,Y =~ 1. The data are directly out of the
apparatus with the only post-processing to filter out high frequency noise. SA RB is
10 kHz. The inset shows a histogram of atom arrival times for 450 sequences like the
one in the main graph. This figure comes directly from Ref. [46]

it comes into the cavity. The situation is compounded by the fact that the level of
saturation is coupling-dependant

The final velocity of the atoms in the vertical (§) direction when they reach the
cavity mode is vy ~ 40 cm/sec. This puts their kinetic energy at around twice
the energy of the Ag interaction, so that mechanical effects in this direction are not
profound, that is, the atoms should pass through the Gaussian waist in the expected
(uncoupled) transit time 2wg/v; = 200us. The situation is quite different in the
Z direction, along the cavity axis. There is an effective slit formed by the cavity

mirrors that has a height given by the diameter of the mirror substrates (3 mm) and
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a width given by the cavity length (100 ym). This forms a fairly stringent cavity-axis
velocity selector. An atom with Z-velocity larger than about 3 cm/s will hit one of the
mirror surfaces on its way through the cavity and will not register as a transit. Thus
the atoms that we see are initially travelling relatively slowly along the cavity axis,
so that the variation of hg with position can have a large mechanical effect on the
atomic motion in this dimension. Since we are probing with resonant light, the net
effect is to heat the atom and increase its velocity along the cavity axis in a random,
uncontrolled way. This is confirmed by a calculation performed by A. Doherty and
S. Parkins [223].

For the sake of completeness, I show another trap drop sequence and some close-
ups of the individual transits in Figures 7.10, 7.11. The shot-noise signal is shown
in Figure 7.10. I will refrain from making any additional comments on the data for
the following reasons. The effects of the atom heating described above mean that
there is no well-defined velocity along the cavity axis. Thus extreme care should be
taken in associating any of the undulating behaviour seen in Figure 7.11 with atomic
motion over the standing wave. For a fixed and unchanging atom velocity, we expect
the transmission to go up and down as the atom moves over the nodes and antinodes
of the standing wave, respectively. Some of the transmission oscillations we see are
tantalizingly suggestive of a 3 cm/sec atom bouncing along a 425 nm standing wave.
Alas, due to appreciable heating, it is more likely that we are seeing the effects of a
randomly moving atom which can acquire fairly large velocities along the standing-
wave as it executes a random walk driven by fluctuations in optical forces. Only
on those instances where the atom is slow (in terms of the detection time 1/AQ)
would we see anything really having to do with the standing wave. Since we have no
independent measure of the velocity of the atom, we really cannot draw conclusions
about motion in the standing-wave. In addition, there is no optical pumping present,
so the atoms enter the cavity in any one of their magnetic sublevels (see Figure 2.9).
It is likely that the atom would very quickly be pumped into the mpr = 4 ground
state by the cavity field (remember © from Table 7.1) if the cavity supported a

circular polarization relative to a quantization axis along the cavity, as we have for



235

1 O F L T T T T T T T T

10

1

=3
10 1 1 | 1 I ] 1 1 1
0.02 0.025 0.03 0.035 004 0045 005 0055 0.06 0.065 0.07

Figure 7.10: Another trap drop, this time shown with the shot-noise. Conditions are
the same as those of Figure 7.9, as are the axes.

the experiments of Parts I and II. However, we have no holding quantization-axis-
defining magnetic field and the cavity used in these measurements is birefringent and
does not support circularly polarized modes. (The birefringent splitting is larger than
k for this cavity, for reasons unknown. Of course, k is significantly smaller here than
it was for the experiments in Part I.) Also, there can be losses due to off-resonant
drive to the F’ = 4 excited state, which will then decay to the F' = 3 ground state,
forever lost to the probe. This may account for the steep drop-off that we observe in
the trailing edge of many transit signals.

The initial demonstration has been very important, but more work is needed to

make any quantitative statement about the data. Work in this area is underway, with
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Figure 7.11: Individual transits, time axis expanded relative to those of Figures 7.9,
7.10. Data taken under the same conditions as those figures.
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one lab, run by Hideo Mabuchi, dedicated to unambiguous observations of the stand-
ing wave structure in the transmission signal and making measurements pertinent to
the standard quantum limit for the position measurement of a free mass [224] under
continuous observation. Another lab, run by Mike Chapman, Christina Hood and
Theresa Lynn is dedicated to trapping an atom in the cavity field itself. In a third
“falling atoms” lab, David Vernooy and Akira Furusawa are replacing the traditional
Fabry-Perot cavities with microsphere resonators, which have the potential to reach

extremely high quality-factors and correspondingly long photon-storage times.
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Chapter 8 Would-be cavity QED with

fast atoms

While with the cold atom source we have demonstrated that we know exactly when
the atoms are in the cavity, they are still free to traverse the mode volume anywhere
within the standing-wave. With such a long transit time, we could discriminate
against those atoms that are not sufficiently well-coupled and wait for a “good one”
to come along. Depending on what coupling strength is considered sufficient, this
could happen only infrequently. Ultimately, because of the long transit times, we
will be able to use the mechanical forces associated with the atom-cavity interaction
to guide the atoms onto the antinodes of the field. However, for some experiments,
a very short interaction time is required with atomic localization to the antinodes,
so slow atoms do not constitute a viable method. An alternative method is to use
fast atoms for a short interaction time and a mechanical mask to force the atoms
to traverse the cavity field along the antinodes. The atom source will be a fast,
low-velocity-dispersion supersonic atomic beam. The mask (grating) will be nothing
more than a series of transparent (to atoms) slits in an opaque (to atoms) substrate,
separated by the standing-wave light wavelength A/2. How such gratings could be
used will be the subject of this chapter. It is a chapter entirely dedicated to atom
optics rather than quantum optics.

Many people have worked on the beam apparatus itself, principally Olivier Carnal
and Hauke Hansen, then me, and subsequently Wolfgang Lange and Jae Park. I con-
structed the gratings at Cornell’s National Nanofabrication Facility in a collaboration
with Dave Pritchard’s group at MIT.! Olivier Carnal developed the analytical theory

for the two-grating localization scheme and I performed the numerical simulations.

!There is a complete lab notebook which documents the gratings.
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8.1 Why fast atoms?

Before I continue, I will outline briefly the experiment that we had in mind when
we decided to pursue the fast-atoms/mechanical grating setup. At the present time,
the beam apparatus and atom-optics approach have been abandoned in favor of the
slow-atom techniques described in the previous chapter. But with some unforeseen
application, such as cavity QED with metastable atoms, the apparatus and idea could
certainly see the light of day again. The experiment is “transfer of Zeeman coher-
ence via adiabatic fast passage,” in which states of the Zeeman substructure of the
atom can be mapped onto states of the cavity field [179, 180]. The idea is most eas-
ily explained in the context of preparation of a single-photon cavity Fock state |1)..
Consider the arrangement of optical fields shown in Figure 8.1. A fast atom (already
localized to the antinode of the standing-wave via the method to be described) tra-
verses a linearly-polarized cavity field and then an overlapping circularly-polarized
classical field (pointing into the page in Figure 8.1). Because of the (Gaussian) varia-
tion in field strength as the atom traverses each field, the classical Rabi frequency can
be written as Q(t) and the cavity-field coupling frequency as g(t)y/n + 1 where n is
the number of photons in the cavity. The classical field couples the atomic transition
|g1)a < |e)a and the cavity field couples |g2), < |e), Where |g;), are two atomic
ground states and |e), is the excited atomic state. If conditions are “right,” an atom
entering an empty cavity in the state |g1),]0). will take a photon from the classical
field and deposit it in the cavity mode, leaving the system in the state |g2)4|1).. The
process occurs via a “dark state” which does not contain any contribution from the
excited state, so that the atom never finds itself in the excited state and is therefore
not susceptible to spontaneous decay. Thus with near unit probability, an atom can
transfer its state to a single-photon cavity Fock state. If an atom enters the system in
|g1)a and leaves in |g2),, it is guaranteed that the cavity has been prepared in a Fock
state. The principle can easily be extended to atoms with more sublevels, so that
atomic states of the form >, C;|¢;), are mapped to cavity fields > C,|n).. Thus for

multilevel atoms a phenomenal array of “arbitrary states” may be synthesized.
Y y ¥ Y.
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Figure 8.1: The adiabatic fast passage scheme for preparation of cavity field states.
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The process is remarkably robust. To force the transition to proceed via the dark
state, 0Ty > 1 and goTp > 1, where Tj is the transit time. These are not particularly
difficult criteria to achieve. However, in terms of the synthesized intracavity field (but
not necessarily the field that is emitted by the cavity [225]) it is imperative to avoid
cavity decay during state preparation so that Ty < 1. This is where the fast comes
in. The conditions can be satisfied with (go, x)/2m = (20,1) MHz and an 800 m/s
beam, all readily attainable parameters. The quantum state synthesizer has a wide
range of possible applications, including preparation of controlled Fock states to drive,

e.g., the quantum phase gate, as discussed in Section 4.3.4.

8.2 Getting the atoms where we want them

In order to make useful arbitrary cavity field states the atoms must follow well pre-
scribed trajectories through the cavity field. The timing part is difficult with fast
atoms, but in principle a single atom detector such as described in Chapter 7 could
be employed. It would require comparable S/N in a 10000 times shorter detection
time which is no easy task even for much more favorable atom-cavity parameters.
The atomic localization should be more straightforward. Consider Figure 8.9a. We
put a mask very close to the cavity mode, with open sections only in front of the
antinodes to make a shadow of the grating at the location of the cavity field. This
would be a clean and comparatively simple solution, except that atoms are waves
and eventually will protest to being so well localized, by diffracting away from the
perfect shadow. This happens more quickly than might be guessed from the diffrac-
tion angle 8 = A\yp/d where d is the grating period. To demonstrate this, the spatial
distribution of atoms with deBroglie wavelength A\gg = 0.1 A at progressively larger
distances behind a single grating (d = 426 nm) is shown in Figures 8.2, 8.3, 8.4.
The simulations are performed with an incident plane wave, that is, the wavelets at
each grating slit radiate in phase with each other. Note that the pattern starts out
as a perfect shadow of the grating and then degrades very quickly. With the older

generation 7.75 mm diameter mirror substrates this rapid degradation of the contrast
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poses a real problem, since it is virtually impossible to get the grating sufficiently
close to the position of the cavity mode axis. With the new small-diameter cavities,
it is entirely possible that a grating could get close enough to the cavity mode to use
a direct shadow. (the lower limit on mirror diameter may be 1 mm in order to avoid
optical diffraction losses at the cavity edges.) The shadow probably degrades faster
with a plane wave than it would with an incoherent source, but I have not confirmed
this in a simulation. Also, this simulation uses a slightly larger deBroglie wavelength
than our beam apparatus (to be described below) actually has. These features make
the grating-shadow a promising candidate for localization.

Notice in Figure 8.4 that the spatial distribution magically reproduces the orig-
inal grating at a distance Ly = d?/\¢p ~ 18 mm. This is a grating self-imaging
phenomenon known as the Talbot effect [226]. It could in principle be used to lo-
calize our atoms [227], but it requires a spatially coherent source. Because Talbot
images from each point in an extended source are shifted in space, the Talbot effect
is lost with a spatially incoherent source. Atomic plane waves require severe apertur-
ing which causes a serious loss of flux and also require that the source (or defining
aperture) be rigidly attached to the grating. Any relative motion between source and
grating will smear out the Talbot pattern and cause a loss of contrast. It may be this
latter consideration that ultimately denies us plane waves, since supersonic fluxes are
getting very large these days (see Ref. [228]), but the cavity will always need to be
mechanically isolated from the rest of the beam apparatus. The rest of this chapter
will be dedicated to a description of a 2-grating localization scheme closely related to
the Talbot effect which employs incoherent illumination. The incoherent illumination
obviates the problems of reduced beam flux for plane waves and allows the source
to be mechanically decoupled from the gratings (at the cost of introducing an added

level of complexity.)
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Figure 8.2: Plane wave single-grating simulations showing the atomic density at
planes beyond the grating as a function of position. The vertical axes of each graph
are different. The top graph shows the grating function used in the subsequent sim-
ulations. The atomic wavelength is Ay = 0.1 A.
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Figure 8.3: Plane wave single-grating simulations, further behind the grating. It is
difficult to tell from this figure, but note that the Talbot image (at 18 mm) is shifted
by one-half grating period relative to the grating in the top graph of Figure 8.2.
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Figure 8.4: Plane wave single-grating simulations, even further behind the grating.
Note the second Talbot image at 36 mm.
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8.3 The gratings and the OLGA

Before I continue with the description of the localization scheme, I will describe
the makeup and manufacture of the gratings and the beam machine in which the
localization would be realized. The gratings are formed in a thin (100 nm) free-
standing layer of silicon nitride sitting on a frame of silicon. I made a wide variety of
grating periods, open fractions and heights. The manufacturing process is described
in Figure 8.5 and is based on the process developed in Ref. [229]. Two scanning-
electron micrographs of completed gratings are shown in Figures 8.6, 8.7

There is one last issue. We need a large atomic flux and a fast, low-velocity-
dispersion beam. This has been accomplished with a supersonic noble-gas-seeded Cs
source. A reservoir of Cs is heated and backed with high-pressure noble gas. The gas
expands through a nozzle and the shock-front is skimmed off with an appropriately
shaped “skimmer.” The Cs is carried along for the ride. The expansion and skimming
helps to cool the beam in the transverse direction and to narrow the velocity profile
in the longitudinal direction, creating a low-divergence, narrow-velocity-dispersion,
intense beam of fast atoms [230, 231]. OLGA? is shown in Figure 8.8. The numbers
are as follows. The velocity is measured to be 800 m/s by shining light simultaneously
perpendicular to and counter-propagating to the beam, scanning a laser through the
Doppler-free and Doppler shifted resonances. The resonance width in the longitudinal
direction gives the velocity profile, which is: v/Av = 13. This should allow a two-
cavity time-of-flight technique wherein a detection cavity informs the experimenter
that an atom is in a cavity and the experimenter waits the flight time for it to appear
in the next cavity. The brightness is measured by observing the current of a standard
hot-wire detector, and is 3 x 10'® atoms/sec/sr. For a source-to-cavity distance of
1 m, a cavity volume 50 x 50 x 50 pum3 and a beam velocity of 800 m/s, this gives
an average atom number of just over 1, which is not an over-abundance of atoms.
Nothing worth mentioning was ever accomplished with the gratings in the machine,

though there were several efforts.?

2Qlivier’s Latest Great Apparatus. Named by Olivier Carnal, creator and master of OLGA.
3The OLGA team consisted originally of Olivier Carnal and Hauke Hansen, later I took over and
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Figure 8.5: Making the gratings. After Ref. [229].
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Figure 8.8: OLGA, the seeded supersonic cesium wonder, in profile.
8.4 Near-field imaging with two transmission grat-

ings for submicrometer localization of atoms

8.4.1 Abstract

We now show theoretically that an atomic pattern with period d can be obtained
with 100% visibility even for an infinitely extended source by sending atoms through
two transmission gratings with periods d and d/2, respectively, and separated by
half the Talbot length Ly/2 = d?/2\4p, where \4p is the atomic wavelength, and the
source is infinitely far away. For a finite source distance, as would be attainable in any
real experiment, a small correction to the grating periods and separations restores the

period-d pattern. This effect is closely related to the Talbot and Lau effects in classical

then Wolfgang Lange and Jae Park took the reins and made significant progress but were never able
to confirm an atomic localization. Much of the problem likely lies in the unfortunate fact that I only
ever made gratings that were 50um tall. Should the idea of grating-localization be revived, it would
be wise to start with some taller gratings in order to get more transmitted beam flux.
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optics and can be used to localize atoms to a sub-micron scale without a compromise
in atomic flux. We first derive compact analytical formulas for the idealized case of
a monochromatic source and large gratings and then verify numerically that finite
grating size and velocity dispersion in the beam do not decrease the fringe visibility
considerably. Finally, we briefly present an experiment in preparation to exhibit this

localization.*

8.4.2 Introduction

Self-imaging of gratings has been investigated extensively in light optics, with well-
known examples being the Talbot [226] and Lau [232] effects. In the former case, a
grating with period d is illuminated by monochromatic and parallel light (wavelength
A) to create an interference pattern similar to the original grating at distances which
are multiples of the Talbot length Ly = d?/)\ behind the grating. In the latter
example, a grating illuminated by spatially incoherent light is imaged by a second
identical grating when the gratings are separated by half the Talbot length and the
observation plane is at infinity. Both effects can be explained by classical diffraction
and coherence theory [233]. Closely related phenomena with partially coherent light
are discussed by Liu [234]. A comprehensive review of the theory and application of
self-imaging in optics has been written by Patorskii [235]. In addition, self-imaging
phenomena have been considered in the context of matter waves in a series of papers
by Cowley and Moodie [236].

Recently, these effects have been further investigated and applied to atom optics
with de Broglie wavelengths in the 0.1-1 A range [237]. For example, with a cold
beam of Potassium atoms Clauser and Li demonstrated an atom interferometer based
on a two-grating setup operated in near-field [238] and Chapman et al. observed first
and higher order Talbot images behind a single grating with a beam of Sodium atoms
[227]. However, although certain near-field diffractive imaging techniques have been

discussed, it seems not to be generally appreciated that, in theory, a two-grating

4This article first appeared as Ref. [208]. I have modified it slightly where appropriate. It can
safely be skipped in a first reading of the thesis.
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arrangement allows localization of atoms with 100% contrast even with an extended
source at a finite distance. The benefits of imaging with the spatially incoherent
illumination of an extended source are twofold: a large atomic flux is attainable,
and one has the option of mechanically isolating the potentially noisy source from
any sensitive experiment downstream. In realizable experiments with finite source
velocity spread and finite grating extent, contrast of over 90% is achievable on sub-
micrometer scales. This possibility could be of broad importance, including improving
experiments in cavity Q.E.D. which probe the energy spectrum and dynamics of
coupled atom-cavity systems [7] and which attempt to create arbitrary quantum states
of the electromagnetic field [179, 180]. Potential applications may also be found in
the field of atom lithography [239].

The purpose of this paper is to extend existing theoretical work by deriving analyt-
ical expressions for two-grating near-field imaging from the Fresnel-Kirchhoff diffrac-
tion integral. We find an analytical solution for a coherent, point source. Patterns
obtained from sources of finite transverse coherence and especially from infinitely ex-
tended sources can then be directly derived by incoherent summation of the point
source patterns. We give an intuitive picture of the effect for the simplest case of
a large source at infinity. The section is organized as follows. In Section 8.4.3 we
formulate the problem and describe the suggested experimental setup. The theoret-
ical framework underlying the effect is outlined in Sect. 8.4.4, and this work is then
used in Sect. 8.4.5 to calculate patterns resulting from diffractive imaging and the
corresponding visibilities behind two gratings. Results of numerical simulations are
presented in Sect. 8.4.6 to assess the effects of finite grating width and of non-zero
widths in the velocity distribution on the ideal-case results. Finally, in Sect. 8.4.7 we

summarize our results and describe possible avenues for implementation.

8.4.3 Outline of the problem

For many applications in optics or atomic physics it is important to localize atoms

on scales smaller than 1 um as, for example, in cavity Q.E.D. where it is desirable to
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Figure 8.9: Two possible setups to localize atoms from a source at infinity to the
antinodes of a standing light field. a) Straightforward approach with one grating
very close to the cavity (L < da/Agp), and b) setup including two gratings separated
by half the Talbot length Lr/2 = dy/2Ms5. The inset shows the theoretical atomic
intensity distribution in the plane of the cavity mode.

confine atoms to the antinodes of an optical standing wave. The straightforward so-
lution is to pass atoms through one grating with a period d < 1um close to the plane
of localization (see Fig. 8.9(a)). The problems with this setup are that diffraction
from the grating leads to fast washing out of the originally perfect contrast pattern®
and that the need for a very small beam divergence and consequently a small source
aperture leads to a drastically reduced atomic flux. As we shall show, these drawbacks
can be eliminated by moving the first grating back and introducing a second grat-
ing with grating period d/2 for infinite source-grating distance (Fig. 8.9(b)). Quite
remarkably, for a specific grating separation, this arrangement produces an interfer-
ence pattern with period d and with 100% visibility, even for a large source size. In
a realistic experiment with finite source-grating separations the grating periods and
separations must be modified slightly (see Egs. 8.12-8.14).

The general setup that we wish to consider is shown in Fig. 8.10, where an atomic

beam is sent through two gratings G; and G, with grating periods d; and dy. L,

SNumerical calculations show that the visibility drops to 80% within a distance of 0.1d%/\4p
behind the grating.
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d

atom

Xg X4 X2 X

LO L1 L2

Figure 8.10: General two-grating setup. S: source, G: first grating with period d;,
G5: second grating with period dy, D: detector plane. The corresponding distances
between the parallel planes are Ly, L; and Ls. The coordinate of a point in one of
these planes is given by zg,z1, 2 and z, correspondingly.

denotes the distance between grating 1 and 2, L, is the distance from grating 2 to
the observation plane D, and Ly is the distance from the source to the first grating.
All gratings are assumed to be parallel to each other, to be of zero thickness and to
extend infinitely® perpendicular to the plane of Fig. 8.10, so that the problem can be
reduced to two dimensions.

The atomic wavelength \;g depends on the atomic velocity v and mass m: A\gg =
h/muv, where h is Planck’s constant, as was first shown by de Broglie. In all subsequent
analytical calculations (but not for our numerical results), the gratings are assumed
to have an infinite number of slits and the velocity distribution in the beam is taken to
be a delta-function centered at v. In order to investigate the effects of finite gratings
and of non-zero dispersion of atomic velocities in the beam, numerical simulations

have been carried out.

6Tf taken rigorously, the assumption of an infinite grating is not compatible with the Fresnel
approximation as given below. Infinity in our case means that the number of slits in a grating
N > 1. For the experimental parameters given in Sect. 8.4.6 even N = 1000 leads to grating
dimensions small enough to neglect fourth order terms in Az;/L, Az; = z; — z1, in the expansion
of the exponential in Eq. 8.4.
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8.4.4 Theoretical framework

Due to the wave character of the atomic center-of-mass motion, the problem of atomic
diffraction can be formulated completely analogously to classical diffraction problems
in light optics. More precisely, the time-independent Schrédinger equation for one
non-relativistic particle has the form of a Helmholtz wave equation [240] and if internal
degrees of freedom of the particles are not of importance, atomic diffraction from
small objects can be described by Kirchhoff’s scalar theory of diffraction [241]. On
the other hand, all effects described below for atoms can also be readily applied to
physical optics, and indeed to waves in general.

With this preamble and with reference to Fig. 8.10, let us begin by calculating
the probability distribution I5(zo, L;) of finding an atom at transverse position 5 in
the plane of the second grating GG5. We treat the source as an ensemble of incoher-
ent and monochromatic point sources’ of equal intensity, with the partial amplitude
d®7 (zo, 21, Lo) just to the left of G; due to a point source at position zg given by
d®7 (zg, 1, Lo) kv Lt (@1—20)? Here, x; is the coordinate of a point in the plane
of the first grating and k = 27 /\4p is the absolute value of the atomic wave-vector.
We introduce the complex amplitude transmission function t;(z;), ¢« = 1,2, which
connects the amplitude d®; (z;) immediately to the left of (before) the grating G;
and the amplitude d®; (x;) just to the right of (after) the same grating:

For the gratings used below, the transmission function is real and takes the values 1
(open slit) and 0 (solid bar). The partial amplitude d®; in the plane of the second
grating G is calculated by using the Fresnel-Kirchhoff diffraction integral (see, e.g.,
Ref. [241]) for distances large compared to the grating periods and by making the

"The two conditions of spatial incoherence and monochromaticity are incompatible if taken rig-
orously but they can be justified in most cases. See Ref. [241], Ch. X and especially the footnote
on p. 509 for a discussion of this.
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paraxial approximation [242]:

d@;(xo, T2, Ll) 0.8 /dq)i{—(l’o, L1y L()) exp [Zk\/[/% + (1'2 == $1)21| dﬁCl. (82)

z1

The total intensity distribution at G; and subsequent observation planes is found
from an incoherent sum over all source point contributions of the form I;(z;) o
o |d®; (ﬂﬁi)Ile‘o . Hence, the total intensity distribution just to the left of the

second grating G is given by:

[2(1’2,[/1) O(/Id@;($0,l‘2,[/1)‘2 dCCO, (83)

0

with the point source amplitude

d®; (zo, T2, L1) /tl(:cl) exp {z’k\/Lg + (z1 — xo)-?] exp [zk\/Lf + (zg — :1:1)2} dz;.
T3

(8.4)

Since we are interested in effects occurring in the near-field, we retain all terms

up to second order in z;/L;, i, = 0,1, 2, in the diffraction integral.® In addition, we
assume that both gratings are infinitely wide (see prior footnote on this subject) and

can therefore develop the transmission function of G1 as a Fourier series:

oo
; I
iz} = Z A, exp [227r nd—lJ , (8.5)
n=—o00
with A,, the nth Fourier coefficient. Throughout this paper we will limit our discussion
to gratings with infinitely sharp slit edges and a real transmission function [243]. The
corresponding model transmission function and its Fourier components are shown

in Fig. 8.11 for a grating with open fraction f; = 3/8. With the approximation

VLE + (z1 — 20)2 = Lo+ (1/2Lo) (2} + 2% — 22120) (and accordingly for the exponent
in the third term of Eq. 8.4) we obtain the following equation for the amplitude

distribution at G, arising from a point source at position zo (unimportant phase

8This approximation is the Fresnel approximation, see Ref. [241], Chapter VIIL.7., p. 428.
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factors have been removed):

dd; (a,fcg, L) =C Z A, exp [—z’w Ly (a+ n)z} exp 127 - Zo(a +n)]  (8.6)

n=—oo

with the dimensionless variables

” Aip L\~
=Bt 1= .
1= ( +L0) ’ ®.7)
—1
=21y
Lo = dl (1+ L0> y (88)
and
. dl Zo
o= g Lo’ (8.9)

and the proportionality factor C; = 1/dI, (1 -+ %) - , where dIj is the beam intensity
of the point source right before the first grating. Note that for large source-grating
distances, L; is the grating separation in units of the Talbot length and %, is the
coordinate in units of the grating period d;. « is defined as the angle under which
the point source is viewed from the first grating in units of the far-field first order
diffraction angle A\jp/d;. The source will be spatially coherent across d; if the source
aperture extends to a maximum ., < 1 and incoherent if ay,q, > 1.

The advantage of developing the transmission function in terms of Fourier compo-
nents is obvious: in this case the intensity distribution is given simply by a sum and
can be easily analyzed for special distances like, e.g., L, = 1. If one is not interested
in small-scale features (i.e. high diffraction orders) one could truncate the Fourier
expansion and limit the discussion to the first few diffraction orders. Here we retain
all orders.

The diffraction pattern in the detector plane D arising from the two gratings G,
and Gy is calculated in two steps: first, the amplitude d®3 (g, 2, L) just to the right

of the second grating is calculated via Egs. 8.1 and 8.6, where the second grating
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Figure 8.11: Transmission function ¢(z) for an idealized grating with infinitely sharp
edges and open fraction f = 3/8. The corresponding Fourier components A, =
fsinc(nfm) up to n = +5 are shown below.
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transmission function is given by

to(za) = i B, exp lz'zwmﬁ]. (8.10)

Second, this amplitude d®3 (o, z2, L1) is combined with the Fresnel-Kirchhoff diffrac-
tion integral (see Eq. 8.2) for propagation to the detection plane D. The calculation
is carried out analogously to the one-grating case. The algebra, however, is tedious
and only the final result is given here for the partial amplitude d®p(z) in the plane

D due to a point source at position xg:

d®o(a, Z, _I:Jl,f,Q,p) = ih f: i An B, exp [—iwlzl(a—kn)z} X

exp [—iﬂ'iz(a +n+ pm)Q} exp [i2rZ(o +n + pm)],

(8.11)

1
where z is the coordinate in the observation plane (see Fig. 8.10), Cy = +/dIy (1 + L—IL“LO—LE) ,

and the dimensionless variables are defined as:

- s L\7! Li+ 5"
e Tp— — 1 12
= *d <1+L0> ( " Lo ) ’ (8.12)

oz Ly +Lay ™
=11 8.13
x a4 ( + To ) ( )
and
dl L1

=—=(1+=). 14
p d2< +L0> (8.14)

These expressions are greatly simplified for an infinite source distance Lo/L; — 0.
In this case, p is simply the ratio of the two grating periods and l~)172 are the distances
L, 5 given in units of the first grating Talbot length. Note that Eq. 8.11 was found
in [244] for the special case Ly — oo. The purpose of this paper is to show that for
p = 2 and L, = Ez = % the atoms can be localized with 100% contrast, even for

Lo/L; # o0 .
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The intensity distribution in the plane D due to an extended source is finally given

by:
= - — - 2
Los(%, L1, L9, p) o / ‘d%(a, %, 51, Ls,p)| da. (8.15)

«
Eqgs.8.5 to 8.15 provide the basis upon which we will now derive a specific two-grating

configuration to localize atoms in space.

8.4.5 Patterns and their visibilities behind two gratings

Before discussing patterns associated with two gratings, let us first point out two
special cases for the one-grating setup. The starting point for this analysis is Eq. 8.6,
from which we compute multiple images of a point source at zop = 0; (o = 0). At
odd multiples of the Talbot distance L; = 2k — 1, k € N , the exponential with the
quadratic term in Eq. 8.6 can only take two values: 1 for n even and —1 for n odd.
Thus, all even terms in the sum are unchanged, whereas odd terms change sign. This
corresponds to a downstream image of the original grating shifted by half a period
and magnified by a factor (1 + L;/Lg)~!. On the other hand, the grating image is
unshifted at even multiples of the Talbot length. This self-imaging phenomenon is
called the Talbot effect and was first observed more than 150 years ago. This effect
could be used to localize atoms at the Talbot distance behind one grating [227], but
requires a point source since the images are shifted proportional to a.

Another interesting amplitude distribution is obtained for L= % and a perfectly
rectangular transmission grating with open fraction f; = 50%, again with alpha =0
for a point source. The Fourier coefficients for this grating are A,, = 1/2sinc(7mn/2).
Since coefficients with even n > 0 vanish for this grating, the quadratic term in the
exponential in Eq. 8.6 is either 1 for n = 0 or —i for n odd (which is proved via
n? =4k(k—1)+1, k € N, for n odd). The resulting probability amplitude is
therefore given by: d®; (Zs) o 5 (14 %) —it(Z2) , a function which takes only the two

A gEin/4
values B

. The intensity is constant, whereas the phase jumps between /4
and —m /4 over one grating period. This somewhat amazing field distribution may be

useful in connection with phase sensitive techniques in atom interferometry.
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These examples show that in the near-field, gratings can behave in unfamiliar ways
and that the characteristic distances for self-imaging are given by Ly = d?/\sp (fq ad
1). These simple observations drive the search for similar effects with two gratings. In
particular, Chang et al. [244] observed that under special conditions two gratings with
periods d; = 2d; can self-image without requiring either a point source (in contrast
to the one-grating examples given above) or a monochromatic beam. Additionally,
Clauser and Li [238] have used this grating configuration for atom interferometry but
a quantitative analysis of high-contrast localization with an incoherent source was
not given. For this specific two-grating setup we now derive a remarkably simple
analytical expression for the case of perfectly rectangular transmission functions.

In Eq. 8.12 we choose p = 2 (which is the generalization of the condition d; = 2d;
for infinite source-grating distances), Ly = Ly = 1/2 , and rewrite Eq. 8.11 as follows

by omitting unimportant phase factors and by regrouping terms:

d®p(a, 3,1 =Ly =1/2,p=2) = d®0(e,3)=Cy > > AnBn

n=—oo0 m=—o0

x exp [—im/2 (n® + (n + 2m)?)]
X exp [—12m(n + m)a] exp [:27(n + 2m)Z] .
(8.16)

This expression can be readily simplified by using the following identity:

1, for n even
exp [—iz {n®+ (n+ 2m)2}} = : (8.17)
% —1,for n odd

independent of m. As a result, the two summations over n and m can be factorized:
d®p (o, ) {Z Anexp [i2rn (T — a)]exp [—im n]} %
n

{ > " Bexp [i2mm (2% — a)]} : (8.18)
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This can now be written in terms of the transmission functions ¢; and ¢, of the first

and second gratings (as given in Egs. 8.5 and 8.10):

5 e, ) = iy Kx g %) dl} 1 [(25 — 0) da]. (8.19)

The final probability amplitude arising from a point source at the origin (a = 0) is
therefore simply given by the product of the transmission function of the first grating,
shifted by half a period, and the transmission function of the second grating. Equation
8.19 is the central result of this paper. It describes how the intensity pattern in the
detector plane can be obtained when illuminating the two-grating setup coherently
with a point source. Any partially coherent source distribution and its pattern can
be derived from this equation.

With the point source at infinity, Eq. 8.19 can be readily expressed in real space

coordinate x because in this special case d;/ds = 2, and = Zd; , and hence
dy
Ip(z,a=0)=dlpt; |z — 5 ts (z) . (8.20)

The corresponding intensity distributions for the two cases of perfectly rectangular
gratings and open fractions f; = 25% and 50% for the first grating and fo = 50%
for the second grating are shown in. 8.12(a) and (b). The point source patterns for
f1 = 256% and 50% are identical and consist of a perfectly rectangular pattern with
open fraction 25%, which is shifted with respect to the origin by d; /2Note that the
intensity maxima are given by dly , although the total overall transmission of the
two gratings is different in the two cases. For sources at finite distances, the result
is the same with the exception that the period is d; (1 + A’;’—fz> and the intensity is
reduced by a factor (1 + LlZFTLZ) -

Given the result of Eq. 8.19 for a point source the principal question remaining
is What happens if we take an extended source for which a runs from —ap., to

4+amax ! Does the fringe visibility persist or is it washed out completely as soon
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Figure 8.12: Self-images behind two gratings for a point source and for an extended
source, both with Ly — oo . The distances are L1 = Ly = Lz /2 and the open fraction
of the second grating is fo = 50%. The transmission functions of the two gratings
ti(xi) and the resulting intensity distributions for a point source at o = 0 (Ip) and

an extended source (I..:) are shown for a) an open fraction of grating 1 f; =50%,
and b) f1 = 25%.
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as amax >> 1,° as is the case for a diverging beam from an extended source? This
question is answered by applying Eq. 8.15 to Eq. 8.19 and by using the identity

|t1.2 (@) = t12 (%) for perfectly rectangular transmission gratings to find that

5 s p
Ie:z:t (iE, Ll = L2 = §’p = 2> = Ie$t (‘T) (821)
1 ) 1 )
4 . / t ((ac —a— 5) dl) ts ((2Z — a) do) da
1 Omax ) 1
- T / t <<a +Z+ 5) d1> ty (- dg)da

which is a convolution of grating 2 with the shifted grating 1. The factor 1/2au., was
added to ensure convergence of the integral for a,.x — oo . If the source dimension is
much larger than LoA\gg/d, then a.x => 1 and the integral is to a good approximation
independent of the upper/lower limits and qu.x can be set to infinity. Due to the
periodicity of the expression under the integral, it is therefore sufficient to evaluate
the integral within one period 0 < a < 1. For two rectangular gratings (G1, G2) with

open fractions (f1, f2) (fi < 0.5), respectively, the result is (with fi, = min(fi, fo)):

0, forn_l_—fé_—fz§}~(§n+1_—fzz_—fz

Iezt(j) = )
Iy fonin, for n 4 2121 fé_b SELSn+ —”Hf;*fz

(8.22)

where n is an integer and I, (Z) is linearly increasing or decreasing in between. Iy
is the total beam intensity to the left of grating 1.

For illustration of this final result, we take again the above examples of f; = 25%
and 50% and fy =50% for the two gratings. The intensity distributions I..:(x) for
illumination by an infinitely extended source are shown in Figs. 8.12(a) and (b) at
the bottom. Although the point-source images are identical, the large-source images
differ considerably. For f; = 50% (Fig. 8.12(a)) the resulting image is a perfect
triangular sawtooth with a maximum intensity equal to half the incoming intensity.

The main problem with this setup is the fact that the intensity drops to zero only

9This is possible without violating the paraxial approximation.
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at the singular points £ = n, n integer. This situation is clearly not ideal for an
experiment with usually finite position resolution.

By contrast, for f; = 25% (Fig. 8.12(b)) the intensity drops to zero not only at
singular observation points but for all Z in the intervals n—% L= n-{—%, n € Z, and
the contrast is therefore 100% even with a non-ideal detector. The price to be paid for
this improved localization is that the maximum intensity drops to 10/4. However, this
case offers a reasonable compromise between high atomic flux and good localization.

The origin of this unexpected result of high contrast even for an extended source
is somewhat obscured by the lengthy equations. To conclude this section, we will
give two somewhat more intuitive pictures of the effect for the simplest case of a large
extended source located far from the gratings (oumax > 1 and Lg/L; 2 > 1). The first
explanation of the effect is found by considering G itself as the (structured) source
and reducing the problem to imaging with a single grating G5. The pattern due to
a point source in the plane of G is given by Eq. 8.6 and by replacing Lg by L, , L
by Lo, and d; by dy in Eq. 8.7. As a consequence, =1 , and we end up with the
simple Talbot effect described at the beginning of Sect. 8.4.5. The resulting pattern
I; , however, has a period of d; (and not ds) due to the factor (14 Ls/L;)~" in Eq.8.8.
This point-source image must now be convolved with the transmission function of G
to obtain the final intensity distribution. Since both ¢; and I, have the same period
dq, the self-imaging pattern survives. In this picture we also see that analogous to
the Talbot effect, localization with period d; occurs not only for one specific distance,
but for all distances L1 = Ly = nlLt/2, n € N .

Our second explanation is based on the complex coherence function p9, as de-
fined in [241]. This approach has already been used by other authors to explain the
Lau effect [245]. The coherence function is the time-averaged product of the field
amplitude at position x with the amplitude at position z + Az and indicates the
degree of spatial coherence for the amplitude from an extended source. If one knows

the intensity distribution of an incoherent source in the plane o, then ;5 in a plane
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parallel to o at distance L is given by

J1(§)e*edg

pa(g) =¥ - =

G

o [(a: + A:c)2 — xQ} . (8.23)
where ¢ = Az/L and £ is the transverse position in the source plane o. Let us
now just consider the simplest case of a large extended source located far from the
gratings corresponding to a completely incoherent irradiation of grating 1. In this
case, grating 1 (with period d; and N slits) can itself be considered as an incoherent
source. For a first grating G, with 50% open fraction, we find from Eq. 8.23 that p

takes the following form in the plane of the second grating Gs:

k:qu1> sinc (NE24)

p12(g2) o sinc ( 1 ) go = Axo/L,. (8.24)

sinc (

For N — oo the second term in Eq. 8.24 can be approximated by a sum of Dirac
delta functions: > (—1)"8 (kged; — n2m) . Hence, for Ly = Lr/2 = d2/2\4p any
two points zi, and ) in this plane are highly correlated if they are separated by a
multiple of d; /2. By introducing now a grating with period ds = d; /2 into this plane,
only correlated points (oscillating perfectly in-phase or out-of-phase) are transmitted.
Grating G, thus acts as a secondary phased source, which produces a simple inter-
ference pattern in a plane Lz /2 behind this second grating, as can be seen from the
following formula relating the coherence function in the plane of the second grating

to the intensity in the observation plane D (located Ly/2 away from Gs) °

/ el / e pnn( 22 /2 2 = Doy (2ol exp [ik (5 — 1) (8.25)

with s’ and s” the distances from a point z in the observation plane to points z}, and

x4 in the plane G, , respectively. In the Fresnel approximation this integral can be

readily evaluated by inserting the coherence function from Eq. 8.24 and by assuming

10Gee, e.g., Ref. [241], p. 517.
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a second grating with infinitely narrow slits ( fo — 0 ). In this case the coordinates
in the grating 2 can be replaced by zy = md;/2 and z§ = (m +n)d;/2, where
m,n are integers; each integral is then transformed into a sum over n or m. With
ta(7h +ndi/2)ta(25) = ta(23), n € Z, and k (s" — §') = —Znz 49 , ) = n*Z +mmn,
I(z) takes the form:

I(z) zn:sinc <ng) exp <zn2—71ra:> exp (inr) = t (x . %) , (8.26)

which is simply the transmission function of the first grating shifted by half a period.
This result also follows directly from Eq. 8.22 with f; = 1/2 and f, — 0.

We can now give an intuitive picture of the effect as follows. A periodic incoherent
source (grating 1) with period d; produces strong correlations between points sepa-
rated by d;/2 in a plane L = Lz/2 away from the source G;. By transmitting with
G4 only those parts of the wavefunction which have a high correlation in this plane
we obtain a pattern with high contrast in a subsequent plane, located at L = Ly

away from the source grating G;.

8.4.6 Numerical simulations for a realistic experimental setup

All of our preceding analytical calculations were carried out under the idealized
assumptions of infinite gratings (along z;) and monochromatic illumination. If in-
stead the gratings are finite, then from the coherence-function picture just presented
one might expect that the error would be small as long as the first grating consists
of more than N; = 10 slits. To verify this statement, we have performed a rigor-
ous numerical calculation of the diffraction pattern with finite grating sizes as well
as with finite-width velocity distributions in the atomic beam. The calculations are
based on a model described in [242] which minimizes computer time by converting the
diffraction integrals into convolutions thereby exploiting Fast Fourier Transform tech-
niques. The calculations were performed on a Macintosh Quadra 700 whose memory
is sufficient for storing the vectors used in these time-consuming calculations.

For the numerical simulations, we used two sets of parameters, listed in Table 1.
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parameter numerical value I numerical value II
Aip (m) 3.7 % 104 3T x 1%
Ly (m) 0.65 0.65
L; (mm) 22.13 21.9
Ly(mm) 23.69 234
d; (nm) 398 396
do (nm) 206 204
localization period (nm) 426 426

Table 8.1: The two sets of parameter values used for the numerical calculations. Set
I is the test set, and is used for Figure 8.13. Set II is based on values for a proposed
experiment and is used in Figures 8.14 and 8.15.

The first set of parameters (set I) forms a numerical “test” set which satisfies Eq.
8.12 with a localization period of 426 nm (equal to the optical standing wave period
Might/2 in our cavity QED experiments [7]). The second set of parameters (set II)
for the gratings and the source was chosen according to an experiment planned with
a seeded supersonic beam of Cesium in combination with micro-fabricated Silicon
Nitride gratings.!’ Note that, due to the finite source distance the period of the first
grating is not exactly twice the period of the second one and is smaller than the period
of 426 nm obtained in the detector plane. Because of limited computer memory, the
source size in our calculations is only 10 pm, which corresponds to amax ~ 1 which
obviously does not meet the requirement of aumax > 1, but is sufficient to smear out
the point source image over one grating period. In the planned experiment we will
use a source about 0.5 mm in diameter to obtain a grating-like intensity pattern in
the atomic beam allowing localization of atoms to the antinodes of a standing-wave
field in an optical cavity.

In a first numerical evaluation run (using numerical value set I) we have con-
firmed that the image visibility, with f; = 25%, remains high even for finite sized
gratings. We determined the visibility V' by measuring the average maximum and

minimum intensity values ., and I, in the calculated fringe pattern and by using

1 The Silicon Nitride gratings were fabricated at the National Nanofabrication Facility (NNF) at
Cornell University. The fabrication procedure is described in Ref. [229].
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the following definition:
Lo — i
V - max min .
Imax + I min

(8.27)
By going from N; = N/2 = 20 (same widths for the two gratings) down to N; = 5
we have found that the visibility remains roughly constant (this is confirmed in Fig.
8.15). For example, the intensity distribution for N; = 20 is shown in Fig. 8.13 as
a function of transverse position z in the detector plane, where we note that due to
the finite grating size, no sharp corners appear as in the theory. For a comparison
with Fig. 8.12, we have plotted the results of numerical simulations for f; =50%
and fo = 50% in Fig. 8.13(a) (compare Fig. 8.12(a)) and forf; =25% and f5 =50% in
Fig. 8.13(b) (compare Fig. 8.12(b)). In Fig. 8.13(a), the expected singular minima
are smeared out due to the diffraction from the grating edges, and as a consequence,
the visibility drops to about 86%. By contrast, in Fig. 8.13(b) with f; = 25%, the
intensity stays low for about a quarter of a period as in the analytical result. The
minima do not, however, go all the way to zero, but still the contrast remains high
at 97%. The advantage of using a first grating with lower open fraction is evident.
Due to the fact that the two-grating localization depends on the wavelength of the
particles through Eq.8.12, a velocity spread in the beam will deteriorate the effect.
The role of non-zero velocity dispersion is investigated by calculating the intensity
patterns for different de Broglie wavelengths and weighting each result incoherently

by a function N()) corresponding to a Gaussian velocity profile for the beam??:

N(\)dA = Ny exp [— <A; ;(’)2] . (8.28)

The numerical result for numerical values set II with a finite wavelength width
Xo/AX =20 (Mg = 3.7 x 10712 m), as we have measured in our seeded Cesium beam,
is shown in Fig. 8.14 for N; = 10 slits. Relative to Fig. 8.13(b) the visibility drops
by about 10% to 87%, but otherwise the patterns are comparable. This demon-

12The wavelength distribution is actually given by N (A)dA = CA~7 exp [— (%)2 (%\1)2] dx ,
but the error is negligible for Ag/AX = 20.
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Figure 8.13: Results of the numerical simulations (numerical values set I) for N; =
N3/2 =~ 20 and a monochromatic source. a) Intensity distribution in the detector
plane for f; = fo = 1/2 and b) for f; = fo/2 = 1/4. The asymmetries are due to an
arbitrary cutoff of the gratings on both sides (partial slits at both ends are possible).
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Figure 8.14: Numerical result (numerical values II) for a finite width in the velocity

distribution such that Ag/AX = 20. The parameters are from numerical values set II
and f; = f3/2 = 1/4. The visibility here is 87%.

strates that a supersonic beam is sufficient to suppress dispersion effects and that
less-than-exact grating periods and separations are sufficient for good localization.
For completeness, in Fig. 8.15 we show the self-imaging patterns for the above ve-
locity distribution for various grating sizes. These results are for N; = 5 up to 20,
showing that the visibility at the center of the pattern changes little when the number
of slits is changed. The total relative number of atoms in the unstructured wings on
both sides of the fringe pattern, however, decreases linearly with grating size. Large
gratings are therefore more efficient for localization. In the actual experiment we will
use gratings with /Ny =~ 100 .

These two tests clearly show that the localization effect discussed in this paper is
relatively robust to deviations from the ideal case and should be clearly observable

in a realistic apparatus with high atomic flux.

8.4.7 Conclusions

We have shown that, even with an extended source, atomic patterns of high contrast
with sub-micrometer resolution can be produced with a simple two-grating setup,

where the grating period of grating 2 is approximately half that of grating 1 and
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Figure 8.15: Same as in Fig. 8.14, but for a sequence of different grating sizes. a)
N; = 5, b) 10, ¢) 15, d) 20. The relative number of atoms in the unstructured wings
decreases with grating size, whereas the visibility stays almost constant. Note that
Fig. (8.15b) is the same as Fig. (8.14).



273
the grating separation is approximately half the Talbot length of the first grating.
This setup should not only allow significant atomic localization but should also yield
high atomic fluxes and high mechanical stability due to grating separations in the
centimeter range. Although we have restricted our analysis to the case of perfect
rectangular gratings, the two-grating setup could also yield interesting results for

phase gratings created by optical fields.



274

Chapter 9 Would-be cavity QED with

stopped atoms

Another method at our disposal for controlling the position and timing of atoms in
cavity QED makes use of a radio-frequency trapped ion. In this method, external rf
and dc electric fields are used to confine an ion (in this case Yb II) within the cavity
field. With additional and relatively straightforward laser cooling, the so-called Lamb-
Dicke limit (localization to a region in space smaller than the optical wavelength) can
be reached. So, independent of the cavity field, the atom will be fixed in space. If the
energy spacing between levels of the trapping potential is larger than the atom-cavity
interaction strength (strong confinement) (and the recoil frequency is smaller than
this level spacing), then for all intents and purposes, the ion is rigidly fixed in space
and will not be affected by the atom-cavity interaction.! This will be a valuable
regime from the point of view of pure cavity QED, since it eliminates the need to use
the cavity field itself as a trapping agent. One of the powers of ion-trapping is the
exquisite control over the quantum-mechanical motion state, with virtually arbitrary
motion state synthesis possible. With control over the external ionic wavefunction on
wavelength scales, there are potentially interesting consequences of the quantization
of both the internal and external degrees of freedom. In fact, it will likely be the
case that in an initial demonstrative experiment, the coupling between internal and
external degrees of freedom will be unavoidable, for better or for worse.

Apart from such considerations, the initial demonstration experiment will likely
be something along the lines of a “one-dimensional” ion, as this is the atom-cavity
parameter regime which can be accessed with present-day mirror technology. (The

ionic transitions are in the near-UV.) The project is underway in a collaboration with

Lute Maleki and Wo Yei of JPL.

1This ideal circumstance will be realized only as the mass of the ion goes to infinity.
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9.1 Attainable atom-cavity parameters

9.1.1 Atom

We are using singly-ionized Ytterbium. The relevant levels are shown in Figure 9.1.
The cavity QED transition will be the 4f'6s%51/, — 4f6p2P;, dipole-allowed
transition at 369 nm. The lifetime of the 4f6p 2P, /; state is 8 ns [246], which gives
v = 18 MHz. Unfortunately, the excited state decays not only back to the ground
state, but also to the 4f*5d?Ds /5 level with a calculated branching ratio of 0.66 %
[246]. If the ion falls into this metastable (7 = 52 ms) 4f'*5d2Ds/y state, it will
be lost for an appreciable time. (Luckily, from there it is not likely to decay into
the 4/'6s%2F;/, which has a measured lifetime of 10 years! [247]) The ground state
can be repopulated via excitation out of the 4f45d2Ds /2 state to the configuration-
mixing excited state 4f'35d6s2Fy/23D[1/2]1/2 at 609 nm. This (strange) excited
state has a direct, fast decay channel to the ground state, with a lifetime on the
order of 10 ns. There are other repopulating schemes, including driving the 2.4 pym
4f5d2Dsjy — 4f16p2Py/o directly [248], or by driving to another configuration
mixing level (4f135d6s3D[3/2]1 /s, lifetime 17-42 ns) at 935 nm [249]. The 935 nm
line may be easier to reach with diode lasers than the 609 nm line.

It is somewhat unfortunate that the transition is not closed, but if we want to
use a dipole transition from the ground state in Yb II, then we are stuck with the
lower-lying 5d states. There are doubtless other good candidate ions out there, but
an exhaustive search was not performed. The JPL group has experience with Yb™
which does have several advantages. One of the advantages of this transition is its
relatively long wavelength (for the primary ground-state line of an ion), which can
be reached with a doubled Ti:Saph. Decent cavity mirrors are possible at 369 nm,
as opposed to lines around 200 nm used in other commonly trapped species. As an
added bonus, standard PMT’s have excellent quantum efficiency near 400 nm.

Yb comes in a natural abundance consisting of: 3.1% 0Y'b, 14.3% 1"'Yb, 21.9%
172¥b, 16.2% ™Yb, 31.7% ™Yb, 17.7% 1"Yb. The even isotopes have nuclear spin

I = 0 and are attractive since they have no hyperfine structure. "'Yd has I = 1/2;
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its simple ground-state hyperfine splitting of 12.6 GHz is considered a good candidate

for a microwave clock transition [250]. 13Y'b has [ = 5/2.

9.1.2 Cavity

At the 369 nm transition wavelength, mirror coatings tend to have high scattering
losses, as scattering probability is inversely proportional to A*. The goal is, as usual
to get mirrors with relatively low transmission but to keep scattering losses a small
fraction of the transmission (see discussion of Section 2.1.1.1.3). With these criteria
in mind, we have had §; = §; = 200 ppm, &y/2 = 25 ppm mirrors manufactured. This
is the smallest 6y we could be guaranteed which determined the choice of 6; 5. An
initial measurement of the finesse of the cavity confirms the overall losses, though the
distribution of losses has not been measured. In order to accommodate the electrodes
of the ion trap, it is likely that the shortest cavity we will be able to make is on
the order of 100 pm, with 3 mm substrates conically tapered to 1 mm at the mirror
surface. We will use the tightest mirror radius available, which is 10 cm. These
parameters give (go, 7, ~)/27 = (26,18,54) MHz, (Ci,ns) = (0.7,0.16). This is
state-of-the-art for a UV transition, but certainly not stellar relative to what we have
seen in Parts I and II and Chapter 7. See Appendix B.1.3 for more details on the
cavity and mechanical parameters for this experiment. It should be a good starting
point for an experiment in which the transmission of the cavity with and without a
trapped ion is monitored. Because the ion is stationary, some averaging can be used

to boost S/N.

9.1.3 Trap parameters

An ion in an inhomogeneous rf electromagnetic field experiences an averaged pseu-

dopotential U given by [253]

qu()(fL', Y, Z)2
\If(:]:,y’z) = 4mQ2
(
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Figure 9.1: Yb™ partial term scheme. The data are compiled from references [248,
249, 246, 251, 252, 247]. (E2): electric quadrupole transition, (E3) electric octupole
transition.
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where Fj is the spatial part of the electric field which is oscillating at frequency €,
¢e is the charge of the ion and m is its mass. The common configuration is for a pure
quadrupolar field, in which case the pseudopotential is harmonic, with a trap secular
frequency 2mviap = (¢2A2%/25)/(m*Q2) where Ay is the amplitude of the applied rf
potential (in Volts) and zj is a characteristic trap size (proportional to the spacing
between trap electrodes). The size, applied trap voltage, and applied frequency are in
practice determined by a stability criterion which demands that 2714,/ < 1; that
is, the secular frequency should be significantly smaller than the trap drive frequency.
In practice, a ratio of about 1/10 leads to a stable trap design [253, 254]. Without
going to very small traps (as is done, e.g. in Ref. [255]) it is difficult to keep the
secular frequency large for moderate applied voltages.

In order to obtain further estimates of secular frequencies, it is necessary to con-
sider a specific geometry, since zg can be significantly different than the nominal
spacing between electrodes. Let us look at the geometry in more detail. Consider the
arrangement of trap electrodes in Figure 9.2, which is a simplified version of our trap.
There is an applied potential either +V or —V at each electrode, which we take to be
due to a point charge g.g = +4megV R, located at the center of each electrode. (This
is true for isolated electrodes, but not for the actual configuration. It is, however, a

reasonable start.) The potential anywhere in the x-y plane is then given by

Geft 1 + 1 .
dreo |z —al+42 V(s +a) +47
1 1
V(Y +a)? + 2 - V(y — a)? + 22

oz, y) =

(9.2)

(The anharmonic terms are down relative to the harmonic terms by a factor of 5
for distances from the center of the trap up to a/10.) From ¢(z,y) we can find the
electric field in the z and y directions, expand to first order in = and y (dropping
terms that mix z and y) to find

16 16
E2(z,y) ~ V2R? <Ea:2 + Ef) : (9.3)
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Now if the electrodes are driven with rf, with the phase between electrodes preserved

as in the figure, then this gives an harmonic pseudopotential

_ 16¢.V2R?

2 2
U= IS (z° 4+ y*) (9.4)

and a secular frequency 27 vgap = (2/m) V2¢.VR, /(Q:a®) For our configuration, R, ~
a/2. With a ~ 1 mm the stability criterion from above gives some estimates on the
attainable secular frequency: a 1 MHz secular frequency can be reached with 10 MHz
drive at 500 V. In practice we will probably go to lower frequency and voltage, but I
will continue to assume a 1 MHz secular frequency as the operating point. The depth
of the trap (the most energetic ion that can be captured by the trap) can be taken
to be eV (zmqa:) evaluated at the edge of the trap, near the electrode (or much closer
to the middle, where the trap is actually harmonic). The classical ion motion will
extend to the classical turning point determined by the spring constant (or frequency
for fixed mass) of the trap and the energy at which it was trapped. The depth is no
more than a few tenths of an eV (0.3 eV at 100 um), so it is difficult to trap hot ions.
The Yb™ ions are confined in the z-direction by applying the same small positive dc
potential to two end-plates parallel to and above and below the z-y plane. With the
cavity in place, the end-caps will be loops of wire around the mirror substrates. The
cavity is oriented perpendicular to the plane of the electrodes defined in Figure 9.2.
We still need to quantify how well localized the atoms are within the trap. The

Lamb-Dicke parameter is defined as?
n=kay k=2m/\, (9.5)

where ag is the root-mean-square position extent of the quantum ground state of the
harmonic well; ag = \/h/2mw;, where wy = 274,p. The goal is to get 7 small, so
that the ion is confined to a region smaller than the optical wavelength. (Of course, a

trap filled with hot ions will have a large position dispersion even if n < 1, so we also

2The definition of 1 seems to vary throughout the literature.
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Figure 9.2: The trap electrodes, simplified. The electrodes actually extend away from
the origin along all four directions £z, +y, and are cylindrical (see Figure 9.4).
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have to cool the ions to near the ground state.) For a 1 MHz trapped Yb, n ~ 0.1.

9.1.4 Mechanical parameters

Finally, we can consider mechanical parameters of the system. Let us assume that we
can trap a single ion at will, and that we can obtain a secular frequency vyap = 1 MHz.
This gives n ~ 0.1. Because we are in the weak-binding limit (motional sidebands
not resolved on the natural linewidth, v4p < 7)) the coldest that we can get the
atoms with straightforward laser cooling is to the Doppler limit: Tpeppier = Ay)/2kB
which for the chosen transition (the cooling transition is the same as the cavity
QED transition) is Tyoppler = 440K.2 The temperature of the trap ground state
Tirap = Av/kp is Tirap = 48 pK, so Doppler-cooled ions will be populating at least
the first 10 or so states of the trap. Laser cooling produces a thermal distribution
with mean phonon number (in this case) fiyap = 9. The position wavefunction for
this situation is shown in Figure 9.3. The FWHM is reasonably well localized to the
antinode of the standing wave (A/2). This is good news for Doppler cooling, which
should in principle be straightforward to achieve. In the experiment, a cycle of laser-
cooling and cavity field monitoring will be needed to keep the ion confined. Cooling
can be attained from a detuned cavity field, or from a beam injected through the side

of the cavity.

9.2 Apparatus

We have designed an ion trap/cavity mount apparatus for this experiment, shown in
Figure 9.4. The ion trap consists of an outer ring which holds four radial “pins” which
form the trap rf electrodes. The end caps will be loops around the cavity mirrors.
The mirrors for the cavity are mounted on supports which connect directly to the
trap ring structure. The cavity mount is very similar to the design of Figure 2.2, with

a different aspect ratio.

3 Actually, since the ion will be in the cavity, it will experience an enhanced rate of spontaneous
emission 7} (1 + 2C1), so that Tpoppler — TDoppler(1 +2C1) ~ 900uK.
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Figure 9.3: Position wavefunction for an ion cooled to a thermal state with n = 9,7 =
0.037, A = 369 nm. The dashed line is cos? kz, the standing wave part of the cavity
mode function. The phonon basis for the wavefunction calculation is truncated at
Nirap = 30 at which point the probability of occupation is 5% of its maximum value.
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Figure 9.4: The ion-trap/cavity-mount apparatus. Not to scale. The cavity mirror
substrates are 3 mm with a taper to 1 mm. The outer ring is 3 in. The trap electrodes
are 1 mm across, but will eventually taper to a point 0.1 mm across. The dashed line
through the “side view” indicates the plane of the “front view” cross-section and wice
versa. The whole assembly will be in a vacuum chamber.
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9.3 Some calculations on expected results

9.3.1 Fixed ion assumed

If we assume that the ion is rigidly fixed in space and that the atom-cavity interaction
does not affect the motion, then all of the previous steady-state calculations are valid.
In order to avoid locking the lasers and having complicated offset beams, etc., one of
the easiest experiments will be to lock the cavity directly to the laser (w, = w.) and
scan them both across the atomic resonance. For this arrangement of probe/cavity
frequency, the probe transmission is shown in Figure 9.5. The transmission far off the
atomic resonance is unity, since the probe is on the cavity resonance and the atom is
effectively uncoupled. As the laser and cavity are brought near the atomic resonance,
there is the characteristic dip in the probe transmission of the bad-cavity limit (note
that this is not the same dip as, for example in Figure 1.3, since we are scanning both
the probe and the cavity). In Figure 9.5 I show the transmission for two different
strength drive fields. The curves are scaled so that the empty cavity in both cases
is the flat line at 1 intracavity photon. The empty cavity drive for the solid curve is
nsY = 1 and for the dashed curve n,Y = 0.001. Thus the former is as strong a field
as we are likely to use and the latter is weak field. The contrast for probe fields with
intermediate power will always be less than or equal to the weak-field contrast. With
a PMT dark count rate of hundreds of photons per second, and quantum efficiency
ng ~ 60%, we should be able to resolve the transmission dip for fairly small drive
fields. (a'a) = 1 corresponds to an output flux of photons of x{afa) ~ 50 x 10°

photons/sec.
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Figure 9.5: Quantum simulation of the transmission spectrum for coincident probe
and cavity frequencies as the probe/cavity frequency is scanned. The solid curve is
driven with n,Y = 1 and the dashed curve with n;Y = 0.001 and scaled by (0.001)~*
to fit on the graph. The straight line at 1 intracavity photon is for the empty cavity.
The parameters are as for the trapped-ion experiment: (g,v,x)/2m = (26, 18, 54)
MHz, (C, 1.} = (0.7, 0.16).
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Appendix A Complicated expressions for

7x7y7z and Qy’Z

The expressions for 7;, . and ), , for the case of finite bandwidth squeezing that I
promised in Section 3.2.2.2 follow. They are taken verbatim from a letter that Scott
Parkins sent me, which begins at the next paragraph break. Note that Scott includes
the effects of transit broadening by a modification of v; — /2 (1 4+ 2C) + Yeransit-
For the figure of Section 3.3.4 in which theory is compared to data (Fig. 3.24), a
value of Yyansit = 0.2157 is used. In what follows, v = <. I am certainly not
fully versed in the techniques involved, but briefly the expressions come from the
following: There are a full set of stochastic Heisenberg equations for the evolution of
the squeezing, cavity and atomic operators. The field mode is adiabatically eliminated
as in the discussion of the bad-cavity limit in Section 1.3.2.1 to reduce these to a set
of stochastic differential equations in the squeezing and atomic operators. Then a
so-called decorrelation approximation [79] in which the noise (squeezing) operators
and the atomic operators are factored upon averaging is applied. This allows some
complicated integrals to be solved, truncates the hierarchy of operator moments and
results in the OBEs for the atomic operators only (Egs. 3.23) with the modified
parameters that Scott has derived. Scott has compared this approximate treatment
with an numerical integration of the full quantum master equation for the OPO/1-
D atom system, and finds that the two approaches agree fairly well. In fact, the
decorrelation approximation tends to underestimate the size of the modulation of the
transmitted probe.

Here are the expressions for 7,,. and 2, .. Remember, they are derived under

the assumption that € is sufficiently large that the parameter p is complex (note that
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the v;4,. and €, , given below are all real). For completeness,
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+ -+ (7/2)(1 + 20) + s <A+ = bi P2 a - balc —p/2>}

Q
—7Cn(N & M) b %



Q2

288

1 1 1 1
<A+—b¢ TP2 M—br-p/2 A —br+p2 A —b;—p/2>
+vCn(N F M)by x

1 1
{ (/21 +20) + vl + 02 — (0/2) | [0/ +2C) + Yer| + bx + (p/2) }
(A.4)

= 9

A Cn(N £ M)

1 1 1 1
-~ — + +
[ Ap —be+p/2 A —br—p/2 A —br+p/2 )‘—_b¢—P/2}
i)
+vCn(N £ M)Elh X

{_ Dy + (1/2)(1 +2C) + vu (M ~ ble el Ao~ bi - p/2>
+ A+ (v/2)(1 +2C) + u] <A_ — bi +p/2 A — bi —p/Z)} e

Q

+’nd(NiM)%b$ R

{_ g+ (v/2)(1 +2C) + Y] ()\_ = bi e85 - bi —p/2>
+ A=+ (7/2)(1 +2C) + 7l ()\+ - bi +p/2 A - bﬂlF _p/2>}

Q
+IONN £ M) b x

1 1 1 1
_l__ — —
<>\+—b¢+p/2 Ay —by—p/2 A —br+p/2 A——bq:-zv/2>
—yCn(N F M)iby X

1 1
{ [(7/2)A+2C) + 7] + b — (p/2)  [(7/2) (AL +2C) + Yu] + bs + (p/2) } '
(A.6)
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These expressions can be further manipulated to eliminate some factors, etc., but the

resulting forms are probably not much more enlightening than those above.



290

Appendix B Experimental parameters

code

B.1 Cavity Parameters: cavityq.mcd

B.1.1 The bad cavity

Units: nm:=10%m pm = 10%m ppm := 108 em = 100 %m ps = 10°%sec ns = 10"%-sec
Constants:

A= 852-nm c=299-10% 2 PSS  ped e

' o sec Tparl sec . Yperp 1
mirror properties:
1
50 =2-ppm & :=1ppm 8 5 = 350-ppm Bc:=50+51+52 Y—=31.831-ns
R =100cm Ry:=45cm = 3.5mm el

Cavity properties:
1 1

1=56um g =1- X gg=1- %, g [ =0.9999440000 g, =0.9998755556
(transverse mode spacing) the indentation of the mirrors:
acos( 218 ) 2.1
™S = —1—2% indent | =R ;- [R >~ indent | =6.125-um
o .
TMS
o el indent , =R, - [R,* -1 indent, =13.611-um

gap :=1- indent | - indent ) gap =36.264-um

cavity transmission and reflection:

; ; ; 4.5 -8
circulating intensity ~ 12 _
Lirans = - Lirans =0.011
484 o
Leircl = 5 2 Leirc) =321 <52+50_51>2
¢ Liefii =5 lrem11 =0.989
48, i 5 c
Leirc2 ::F Lgipep =1.124:10 (51+50_82>2
: Lref12 = 2 Lreip =0.966
8 C
cavity parameters:
2: FSR 1A | grea(l-8182
F=2" ESR ;:% K= n-% Wi — —<__)2 = g_WOZ_l
S¢ ' L (g1+g2—2-g1-g2)
4 3 K 4 3
F=1.78-10 FSR =2.67-10" -GHz 2— =74.993 -MHz V n=4972-10" -pm
T

w g =33.624-um
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the next longitudinal mode

i . -1
atomic CQED parameters: (% . FSR) I
g 2 perp’Y parl
g:= C e ng = =
2y perp 3¢
f« =20.362"MHz C | =1.106 n =002
o
CL ~0.904 quality factor
2-m-2-1
additional stuff: 4 g2l a=sun’
A8 &
L _oo0969%6 B 8145 1 1
2 Y - —=7.816"ns —=2.122'ns
(l +2:C 1) perp g K
rate of spontaneous emmision to various places
gz i
- - rate %
rate cavity = rate a1 = Yperp'(l +2:C 1) 1 cavity
1ate ota]
rate : rate tal
Y _5529-MHz  — 0% _8.029-MHz B =0.689
2 2
. 6 _2n ) 19, e
more units:  pK:= 10 -K k= — eV = 1.602-10" "-joule gram = 10" "-kg
constants: A
_23 joule 23 133-gram
kp = 138065810 2122 N, = 6022136710 m gy =
A
) i ) cou12 34
= 8.854-10" 2 sec® 6260755-10"** joule-
€= 8.854-10° "-sec AT Sy 6.6260755-10 ~"-joule-sec m o =0kg
kg:m 2
energy: hbar-g =8422-10°° -eV  hbark =0-kg:m-sec |
c 8
V= X v =3.5094-100 -MHz ®:= 2y
hbar-® =1.452-eV
electric field _ _ y _volt B c y )
porphoton ©* 75— E=S513895-"% By =hbar2ms B ppo=1452:6V




292

pW = 10 2 watt

for intracavity photon number of 0.1 n=10*

the rate out the back side is

R:= L-S n-R =9.344- IO4 -sec‘l
21 2

. R-E phot =217.275 -pW
this corresponds to

n'RE jpo =0.022-pW

pho

to attain the same intracavity
photon number by driving from the
backside, we need to put in 1/4(1+2*C)"2
of the power that is
nsc:=-4,-39..0 transmitted (see notes of 10-19-96)

nscl0(nsc) := iph

2
\ - (1 +2:C 1)
1-10 T T Fp#ms—
100 |- -
nsc 10— = - y
107 RE oy n¢F yRE phoy = 11.26-pW
pW 1 =
0.1 —
0.01 . '

-4 =2 0 2
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B.1.2 The falling atoms cavity

Units: nm = 10%m pm := 10 %m ppm = 106 em = 10 2m ps = 10 sec ns:= 10"-sec
Constants: 2 < i el
. A= 852-an1 c:=2.99-10 i ¥ parl = 2-m-5-10 e I:= Y perp = e
mirror properties:
8¢p:=2ppm &= 15ppm 85 := 15-ppm 8,.=8p+8,+3, L=31.8310-ns
R = 100-cm Ry:= 100-cm  ri= L5-mm ¥ parl

Cavity properties:
1
1:=108um g :=1- o Baels RL g1 =0.9998920000 g, =0.9998920000
1 2

the indentation of the mirrors:

e ot Spee/ig) indent | =R { - /R -7 indent | =1.1250-um

_— scos( & 182 2
n B indent y =R 5 - [R %~ *  indent 5 = 1.1250-um
™S

2 =BT e gap :=1- indent | - indent 5 gap =105.7500-um

cavity transmission and reflection:
48 -8,

trans *~ 2 Lrans =0-8789

c

2
. (52+50-51) 4
Ireﬂl = —7— Iref]l =3.9063-10

I

C

2
(5 [+8g-8 2) P
Leig =5 lref1n =3.9063:10

cavity parameters:

grgy{l-8182)
(g 1782~ 2-g 1'82)2

K
F=1963510°  FSR=13843-10° -GHz ——=35250-MHz  V,=1.6904-10° -um’

2w
atomic CQED parameters: g =Bl
8= L st D 1=
perp ‘g &
£ 11,0438 MHz C 1 =6.9200 n ¢ =0.0683 n gy =0.0256

2:n
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additional stuff:
1

: =4.54080-10"° 8 44175 ! 441130
(1+2¢y) ¥ perp 8
1
— =45.1505 -ns
. a K
the next longitudinal mode
-
(% + FSR) -c =848.6525 -nm
Mechanical parameters
) ; 5 E )
units:  pk:=10%K k= T“ eV = 1.602:10 Pjoule  gram = 103 kg

constants: kp = 1.38065840‘23-% N 4 = 6.0221367-10%

2
£ 8.854-10° Bt SO0 6.6260755-10 3% joule-sec
3 hbar :=
kg-m 2
velocities: ’ hbar-y ;g
P s — T goppler = 119-9804 4K 1

us
A
ag:= 98-12 34781 -ps
sec 2vy
1 2
tg=—\-V+ V¢ +2-ag-d t 4 =0.0273-sec
tg
cm
=W ¥ At v £=39.0130-—
VEEvitagty f ==
2w 7! 4
gas 1=228.8540-us — =6.9544-10 © ‘MHz
Vg 2T
energy:

Migs=

-a
2

_ 133-gram
Na

m g =2.2085:10 > kg

g-t2+v0~t— d

vor fataagd
—f 2a,d
v =122479-2y =0.1225- L0 ag\ 0740 TR
sec
2
-~(~v0— vo +2-ag-d>

1
ag

g1 =5054810°

-8 -3 1 5 -7
kBT doppler =103403-10" -V hbar-g =4.5678-10" -eV —m v =10491:10 " eV
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recoil velocity

hbar-k mm hbark “recoil frequency"
=392 e Vrecoll T 1=50548-10° -

nCs e MCs S " _ hbar- K

I 2m Cs
28 =1 c 8
hbar-k =7.7771-10 -kg-m-sec Vs ;» v =3.5094-100 -MHz o
1 =3
= — =2.0666-10
®:= 2wV B

*MHz

hbar® =14515-¢V  clectric field E = E =278.7180-Y!
m
1 —
V recoil —— =0-1121-nm v recoil'g =0.0507 -nm recoil —4.1331 -KHz
parl K
Y pn =7-1897-10° g =1.5880-10° A 1-MHz =85.2000- =
Sec
standard quantum limit on position:
., cm -~ ! -3
V trans = 1'; B := 1000-Hz TmeasB " TmeasB 1.0000-10 ~ -sec

must guarantee with a given transverse velocity that the atom has not moved
off a standing wave in the measurement time. this puts a limit of:

5 =93897-10° ‘Hz

T

meas

e T =10.6500-ps
8v trans) S

T meas © (

thus we need a bandwidth of at least 100 kHz and the SQL is:

hbar-t Higas

mes

8x 8x sql =71.3120 -nm (A/16)

sql =
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B.1.3 The proposed ion trap cavity

Units: nm = 10%m pm := 10%m ppm := 108 em = 10 %m Hs = 10°%sec ns = 10"%-sec
Constants: )
' A= 369-nm ¢ = 2.99- IOg-ﬁ TpE 8BNS Y 1—1— IES T 2‘_’—;ﬂ
mirror properties: Yo
80‘= 50-ppm 8 | := 200-ppm 8 5 :=200-ppm 8.=8,+8 +8, %:=18,0858'MHZ
R :=10-cm R,:=10-cm e l-mm
Cavity properties: &
1:=100-um gy :=1- RLI go=1- RLZ g 1 =0.9990000000 g9 =0.9990000000

the indentation of the mirrors:

(transverse mode spacing) indent =R (- JR 2~ indent | =1.2500+um

acos( 218 2) 2.1
s - M8 182) 2 2

n & indent ) =R~ [Rp* -1 indent, =1.2500-um
™S

2.1 =Rl THE gap :=1- indent | - indent 5 gap =97.5000-pm

cavity transmission and reflection:
48,8,

Lirans = _';2_ Lirans =0.7901

(4

(52+50-51)2

Lrefig =~ ety =0.0123
60
2
(a 1+30- 52)
Lrei2 = BAEPY T Liggp <0012

cavity parameters:

2: 1A | 8r82(l-8182 T
P 1=SR;:5°—1 K:=TC'E§E wois | —(—>2~ Vm=—;w02-l
8¢ : ™ [(e1+e2-2818))
4 3 - Aad . 3
F =1.3963-10 FSR=14950-10° “GHz X _ o caer oV =20623:10" -um
3 2 = 3
atomic CQED parameters: W= to.alM2 s
gz 2y perp Y parl ¥ perp ¥ parl
€= Ngm————— D=
2 2
5 2% perp 3g 4g
- =260441-MHz C | 207005 n ¢ =0.1607 n gy =0.0603

Q. Turchette
cavitygmYb.MCD
*edpt 07:34
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additional stuff:
1

5 =0.17345 Bl =2.8801 l =6.1110ns
(1 +2:C 1) ¥ perp &
L =2.9729-ns
dh =2 B5R K
dA =0.6808 -nm

Mechanical parameters

units:  pk:=10%K k:

21 = -19 . )
T eV = 1.602-10 "-joule gram = 10 "-kg
mK = 10%K

53 joul !
constants: kp = 1.380658-10 225 N, = 6.0221367-10°  myy = 173 gram
K ——

N A
122 coul2 34
€g= 8.854-10° “-sec™- > e 6.6260755-10 " -joule-sec myp =2.8727- 10—25 kg
kg:m 2.1
velocities: hbar-y payg
T doppler = T T doppler =433.9880-uK

m A
ViEa vi=204244-2 y =02042- 22 =0.9033 -yis
1 sec us 2vy
energy:
=374026-10°° -ev L 2 _37403:10° -ev
kBT doppler‘3‘ 026 e --mYb-vt =3. €

hbar-g = 1.0772-10 " -eV 2

hbarf— =1.2499-mK

B

Q. Turchette
cavitygmYb.MCD
*edpt 07:34
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"recoil frequency”

- hbar-k
TEE =6.2508 22 Vrecoil = = 2
myy sec myp Q = hbar-k
27 1 ' Zm R
hbar-k =1.7957-10 kg m-sec
v=< v=g1030-10° -MHz =
1 84699107 -MHz
o= 27TV 2.1
1 "
v recoﬂ-y— =0.0550-nm v recoily =0.0382-nm recoil ¢ 9308 -KHz
parl
A-1-MHz = 36.9000- 22
sec
based on Fisk:
T cool = 100-mK
-6
E cool = K BT cool E (ool =8:6183-10 eV

hbar-® =3.3515-eV

hbar-®
2-€ O'V

electric field E =
m

volt

E =12125-10°

Q. Turchette
cavitygmYb.MCD
*edpt 07:35
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for Yb trapped in harmonic potential of freq wt ® = 2-m-1-MHz

1

4
m Yb-wt 1 (0] t o
Vv o(X) i= |————/ -exp|-—'m yp ——X X := -400-nm,-399.9-nm.. 400-nm
7-hbar 2 hbar
4
1-10 T T T T
8000 — —
V) 6000 |- -
4 2
&.(C(,s(z.z.x))
4 N 4000 —
2000, A S m
|“ ’,. \‘ ’,' |\ ‘.‘ \“ ',:
. Yt L N Nl o ey |
2400 200 0 200 400 600
=
nm
where can laser cooling get us?
ag:= Ax(0)
E (rap = hbar-o E (rap =4-1361- 107 -ev a(k=00293-n
. Pmap =47.9922 K Ax(0) =5.4049-
T"ap.—w Ttrap" 2 n x(0) =5. nm
T
cool 3
g I =R Ax(2000) =341.8770-nm
T doppl
ppler _
- =k AX(9) =23.5593 -nm

Q. Turchette
cavitygmYb.MCD
*edpt 07:35



300
B.2 Heterodyne Efficiency Calibration: beat.mcd

BEAT.MCD !
BN =-71 B i=100-107
SN :=-90
—
— BW :=30-10

( SN—EN )
CSN:=EN+ 10-log\10 '© —1/+20

§:=BN- CSN

S

10

P
-19
1.6-10" 7-1.46:BW

8 i=- 1-10g<

€2:=10

€2 =0.514

CSN =-89.651

8 =68.651
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B.3 Intracavity Photon Number from Beatnote:

phot.mcd

P :=%5-10'9 calibration power W :=4.3-10'8 ¢:=2.99-10

BN :=12.5 calibration BN (mV) BNQ =30 actual BN (1V)

. -6 A A TR0 .
L =52-10 T '=320-10 OPR ::Ei-T R = 19 the. reﬂe_sctxvrty of the beam
2 L splitter in the output path
8
o OPR =9.2°10
BNC =B 10
P W
BNC =1.02°10 °
1 1 1

BNC OPR 1-R

n :=BNQ%nl

n =1.18406°10 ° the inferred intracavity photon number

nl =1.31610 °
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