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Abstract

Non-classical properties and quantum interference (QI) in two-photon excitation of
a three level atom (|1), |2), |3)) in a ladder configuration, illuminated by multiple
fields in non-classical (squeezed) and/or classical (coherent) states, is studied. Fun-
damentally new effects associated with quantum correlations in the squeezed fields
and QI due to multiple excitation pathways have been observed. Theoretical stud-
ies and extrapolations of these findings have revealed possible applications which are
far beyond any current capabilities, including ultrafast nonlinear mixing, ultrafast
homodyne detection and frequency metrology. The atom used throughout the exper-
iments was Cesium, which was magneto-optically trapped in a vapor cell to produce
a Doppler-free sample. For the first part of the work the [1) — |2) — |3) transition
(corresponding to the 650" = 4 — 6P33F' = 5 — 6D5,2F" = 6 transition) was
excited by using the quantum-correlated signal (&) and idler (&;) output fields of a
subthreshold non-degenerate optical parametric oscillator, which was tuned so that
the signal and idler fields were resonant with the [1) — |2) and |2) — [3) transitions,
respectively. In contrast to excitation with classical fields for which the excitation
rate as a function of intensity has always an exponent greater than or equal to two,
excitation with squeezed-fields has been theoretically predicted to have an exponent
that approaches unity for small enough intensities. This was verified experimentally
by probing the exponent down to a slope of 1.3, demonstrating for the first time a
purely non-classical effect associated with the interaction of squeezed fields and atoms.
In the second part excitation of the two-photon transition by three phase coherent
fields &;, &2 and &, resonant with the dipole |1) — |2) and |2) — |3) and quadrupole
|1) — |3) transitions, respectively, is studied. QI in the excited state population is
observed due to two alternative excitation pathways. This is equivalent to nonlinear
mixing of the three excitation fields by the atom. Realizing that in the experiment

the three fields are spaced in frequency over a range of 25 T'Hz, and extending this



vi
scheme to other energy triplets and atoms, leads to the discovery that ranges up to
100's of THz can be bridged in a single mixing step. Motivated by these results,
a master equation model has been developed for the system and its properties have

been extensively studied.
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Chapter 1 Introduction

It may be argued that an atom, especially an alkali with a single electron in its outer
shell, is a very simple physical system. In addition, if one considers only an isolated
sub-manifold of few (three in our case) of its energy levels, as in Fig. 1.1, then
the dynamics of this atom under the influence of electromagnetic (EM) fields should
be readily understood. Yet, such a simple system has given us enough material to
investigate, keeping us occupied for the last six years. In fact, the simplicity of the
three-level system of Fig. 1.1 has been the ideal test bench for the investigation of
otherwise very complicated phenomena. During this time and with the aid of such an
atom, some very fundamental concepts and principles in the field of Quantum Optics
and Atomic and Molecular Physics have been uncovered. The journey of exploration
through this very simple three-level atomic system and the discoveries made along

the way are the subject of my Thesis.

More specifically, using a three-level atom, a variety of new phenomena associated
with the interaction of atoms with various states of the EM field have been stud-
ied. As part of the work, experimental techniques have been developed, nonclassical
phenomena have been observed, the system has been studied theoretically and the
acquired knowledge was extended to practical applications with implications in a va-
riety of fields. The emphasis of the work was divided among two principle subjects:
the investigation of quantum effects associated with the interaction of atoms with
quantum states of the EM field and the quantum features of the interaction of the
atoms with multiple single-mode coherent states of the EM field. A combination of
these two subjects sparked further developments and, as a result, observations have
been made of otherwise out of reach nonclassical correlation of fields separated in

frequency by 25 T'Hz.
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Figure 1.1: A three-level system is realized by considering an “isolated’ energy sub-
manifold of an alkali atom.

The intent is to cover in this Thesis the basic milestones and explain the physical
principles of this work. The journey takes us from basic understanding of a three-level
atom to notions such as nonclassical two-photon excitation, quantum interference in
multiphoton excitation and the use of atoms as ultra-fast non-linear mixers. These
subjects will all be explained in due time in the subsequent chapters, but before
getting into the details, in the remainder of this chapter a brief overview of the things

to come will be outlined.

1.1 The Three “FEras” of my Research

Reflecting back on the work of the last six years, I see that my Thesis is naturally
divided into three “eras” which I will conveniently use as break points in the discussion
of our research. The first “era” I call “Basic Fzperimental Concepts.” During this
time some of the fundamental experimental techniques and methods needed for the
subsequent, work were developed. At this preliminary stage a magneto-optical trap

(MOT) was constructed to cool and trap atoms in order to produce a Doppler-free
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sample for the subsequent experiments. Following this, the capability to perform high-
resolution spectroscopy on the atoms in the MOT was developed and measurements
of the previously unresolved internal structure of the third excited state of the atom
were performed. Finally, a unique facility capable of producing frequency tunable
squeezing was modified to match the needs of the research program that followed.
During this era the foundations of my experimental skills were put into place.

The next “era” was the time when one of the most challenging tasks in Quantum
Optics, namely the observation of nonclassical effects associated with the interaction
of squeezed light with atoms, was undertaken. This era I call “Squeezed Light and
Atoms.” During this time pioneering experiments were performed and for the first
time complemented with observations, theoretical predictions that existed for more
than a decade.[1] Here an example of nonclassical behavior of atoms interacting with
squeezed light as manifested in two-photon excitation by correlated pairs of photons
was demonstrated. In particular, the excitation rate as a function of intensity was
measured to deviate from the classical quadratic law and was observed to asymp-
totically approach a linear dependance in accordance with theory. Until today, the
work of this era has been the only successful attempt, and with the exception of an
alternative, relatively unsuccessful approach also implemented by us,[2] it remains
the only experiment on the subject.

Finally we come to the third “era,” the era of “Quantum Interference.” This
has been the most productive era of my graduate career, where as a well “seasoned”
student I have produced the bulk of my work. During this time, by modifying the
previous experiment, a two-photon transition was excited by using multiple photons.
As a result there were more than one possible excitation pathway, which lead to
Quantum Interference (QI). Not long after the initial observations, it was realized
that this could have profound implications in several fields. The key idea is that
atoms act as ultrafast nonlinear mixers due to QI. First by applying these findings to
frequency metrology, we proposed novel techniques for bridging large frequency gaps
in single steps. Then we applied our results to optical communications and obtained

a patent for our work. Subsequently, we also proposed to use the atoms in a novel
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homodyne scheme and presented a proof-of-principle experiment in support of our
claim. Finally, in order to lay some solid ground for future work on the subject, we
have theoretically analyzed the details of our system by solving the master equation
that produced models valid in a large range of parameters.

With this prelude in mind we now turn to the more technical discussion. The next
section is devoted to introducing the atomic system used throughout our experiments,
while the following three sections are an overview of the science of each of the eras
mentioned above. Here, the goal is to relate to the reader the main concepts and
key ideas that will appear in the rest of the Thesis and summarize the content of
the various chapters. The interested reader may then refer for more details to the

subsequent chapters.

1.2 Three-Level Energy Submanifold in Cs'3?

The particular atom that was used throughout our experiments is atomic Cesium-133.
The relevant transitions that comprise the three-level energy submanifold of Fig. 1.1
are the 651 9F = 4, 6P3/,F' = 5 and 6D5/ " = 6 states, as shown in Fig. 1.2. To
familiarize further the reader with the atomic system of Fig. 1.2, it is worthwhile to
introduce at this point the notation and parameters which will be used repeatedly
throughout the rest of this Thesis. First, the simplifying notation {|1), |2), |3)} is
employed to denote the energy levels {6510 F = 4, 652 F' = 5, 6052 F" = 6}. Then

the eigenfrequencies of the system are defined to be

E;,— E,

5 (1)

where E; is the energy of each state. The eigenfrequencies for the atom in Fig. 1.2 have
corresponding wavelengths equal to Ag; >~ 852 nm , Az2 =~ 917 nm and A3y =~ 442 nm.
The FWHM atomic linewidths are v ~ 5 M Hz and 3 ~ 3 M Hz and correspond
to the decay rates of the |2) — |1) and |3) — |2) transitions respectively. Finally, an



b}

important parameter of the system is A, which is defined to be

W31 W31
A= (( o — _’ Sy (I 2
21T 327 (1.2)

Stated differently, A is a measure of the degree of non-degeneracy in the system which

for our case is equal to A ~ 25 THz.
133
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Figure 1.2: The three-level energy submanifold in atomic Cesium which was used in
our experiments.

1.3 Basic Experimental Concepts

In the first part of the Thesis the basic lab set-up that was used throughout the exper-
iments will be described. This set-up consists of two main components: a frequency
tunable source of squeezed light [3, 4] that generates nonclassical states of the EM
field and a magneto-optical trap (MOT) [5, 6] that provides a Doppler-free atomic

sample for the experiments.



1.3.1 Magneto-Optical Trap

Starting from the first part of the experimental set-up, the magneto-optical trap
(MOT) shown schematically in Fig. 1.3 is formed by a combination of optical and
magnetic fields. In particular, five laser beams (two with opposite directions along the
z-axis, and three in the perpendicular plane, spaced by 120° from each other) together
with a repumping beam, are responsible for cooling the atoms down to the Doppler
limit of 120 pK. In addition, a pair of coils with anti-parallel currents produces a
magnetic field gradient, which in concert with light forces produces a potential well
in which the atoms are confined. Although this is a well established technique for
cooling and trapping, [5, 6] some of the discussion will nevertheless be devoted in the
particular realization in our own experiments in order to document the parameters
and characteristics of the apparatus. To give a general idea of the trap that we had
in our disposal, it is worth noting at this point that the physical size of the MOT
was of the order of 0.1 — 0.3 mm in diameter, it had a temperature close to the
Doppler cooling limit of about 120 uK, its density was estimated to be of the order
of 10° atoms/cm?® and hence the number of atoms in the MOT was of the order of

500 — 15, 000.

1.3.2 High Precision Spectroscopy of the 6D;/; State in Cs'®

Continuing the discussion of the preliminary phase of our research, I will then describe
a classical spectroscopy experiment which was performed in order to study the 6 D5/,
state of C's.[7] This exercise was a very crucial initial step in our work for a couple
of reasons. First, in order to realize an isolated three-level energy submanifold, it
is important to know the internal (hyperfine) structure of the states involved in the
transitions. However, as it turned out, the 6 D55 level had not been carefully studied
in the past, and the only available reference [9] until then quoted an accuracy for
the measurements of only 30%. In addition, for the experiments that followed it was
very important to learn how to perform spectroscopy on the MOT which is a very

powerful tool in the field of high precision spectroscopy.[8, 10, 11]



Repumping Beam

Figure 1.3: MOT setup: five trapping beams, 71, ...,75, and one repumping beam
are responsible for cooling the atoms. A pair of coils with antiparallel currents, 7,
produce a magnetic field gradient which in concert with the light force confine the
atoms in a localized region in space.

Turning now to the actual spectroscopy experiment, it is noted that it was per-
formed by exciting the two-photon transition 6S5;/,F = 4 — 6D;,2 " by a tunable
Ti:Sapphire laser and then observing the emitted fluorescence from the cascade decay
back to the ground state. In particular, monitoring of the excited state population
was achieved by observing the fluorescence emitted from the 6 D5/ F" — 6P F' =5
transition. The main outcome of these measurements was the determination of the
hyperfine structure (hfs) of the 6D5/, level as characterized in first order by the mag-
netic dipole a and in second order by the electric quadruple b coefficients. These
coefficients were measured to be a = —4.69 £0.04 MHz and b =0.18 £ 0.73 M Hz.

Here, the solution to two main experimental problems that were crucial in the
following experiments will also be discussed. First, there was the issue of AC Stark

shifts of the ground level and power broadening due to the strong trapping beams.
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This was solved by implementing a chopping cycle (at 4 K Hz) for the trapping beams
and performing the measurements only during the OFF part of the cycle. However,
even the ON part of the cycle was interesting and by comparing spectra obtained
during the ON and OFF parts of the cycle, useful information about the magnitude
of the Stark shifts and power broadening have been extracted.

A second problem that needed special attention was the signal-to-noise (S/N)
ratio of the measurements. First an efficient technique for the observation of the
fluorescence from the 6D;5/,F" — 6P;/,F' = 5 transition had to be devised and
then the background light (mostly from scattering from the trapping beams which
even during the OFF part of the cycle was enough to produce noticeable signals)
had to be dealt with. In addition, during the ON part of the cycle the detector
was oversaturating and was not recovering fast enough for the measurements to be
made accurately during the OFF part of the cycle. However, by realizing that the
wavelength of the trapping beams is 852 nm, while that of the 6 D5, F" — 6P3/2F' =5
transition was close to 917 nm and by using an interference (notch) filter centered
at 917 nm, good isolation was provided that helped to overcome these difficulties
by eliminating the background to acceptable levels and avoiding detector saturation

from 852 nm light.

1.3.3 Optical Parametric Oscillator

The last chapter of Part I refers to the subthreshold optical parametric oscillator
(OPO) which was the source of radiation for the experiments that followed. The
operation of the OPO in two modes, the degenerate (DOPO) and non-degenerate
(NDOPO), will be discussed. The setup, particularly of the NDOPO which is relevant
for the experiments, consists of a very complex set of optical elements, alignment
procedures, optimization techniques and electronic feedback loops (see Fig.1.4), all
of which when put together could be a Thesis by themselves! In addition, when one
starts to consider the properties and actual behavior of the output of the OPO as

compared to the theoretical predictions, even further complications arise. Luckily



9
there exists a lot of theoretical [12, 13] as well as experimental [3, 4] work on the
subject and most of the setup was already in place. Hence, the emphasis here will be
on the operation of the OPO and measurements that were taken to characterize its
properties. In addition the modifications that have been introduced and operating

details will be outlined.

| Ti:sapphire ®S 883 nm | Doubling
Laser ™1 Cavity %

442 nm

442 nm  Stgnal, 852 nm —
-4

Idler, 917 nm

Figure 1.4: NDOPO setup for producing nonclassical light.

Perhaps the most important modification in the system of Ref. [3, 4] is the fact
that in this case the OPO was operating in a non-degenerate mode producing signal
and idler beams that were separated in frequency by 25 T'Hz and had respective
wavelengths of 852 and 917 nm. Not only was it a challenge to operate the OPO
cavity in this large non-degenerate mode (which effectively means that the cavity
had to be in double resonance with the signal and idler frequencies), but also the
signal and idler frequencies had to be resonant with the |1) — |2) and [2) — |3)
transitions, respectively, for the nonclassical spectroscopy experiments to be feasible.
These challenges are unique tasks that had to be accomplished for the first time.

Finally, performance measurements that characterize the NDOPO and comparison
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with theoretical predictions will be discussed. In particular, measurements of the
spectrum of squeezing for the degenerate OPO that verify the uncertainty relation
for conjugate quadratures of the electromagnetic field will be presented, and data
on phase-sensitive gain will be shown and compared to phase-sensitive amplification
and deamplification from theory. As it turns out these measurements indicate small

discrepancies from theory that one needs to be aware of.

1.4 Squeezed Light and Atoms

After this preliminary phase in Part II, the subject of nonclassical interaction of
squeezed light and atoms will be addressed. After a brief outline of the theory, the
experiment will be described and explicit procedures used to treat the raw data will
be given. Following this, statistical analysis of the results and conclusions from the

experiment will be discussed.

1.4.1 Two-Photon Excitation Rate with Nonclassical Fields:

Theory and Experiment

At this point, preluding the work to be presented later, it is worth noting that since
the seminal work of Milburn [14, 15] and Gardiner [16] who showed for the first time
that nonclassical effects arise when atoms are exposed to quantum reservoirs, there
has been considerable effort in the theoretical community to unveil as many of these
phenomena as possible.[17] In particular, in the original work of Gardiner [16] we
see the first example where a phase-sensitive sub-natural linewidth is predicted for
a two-level atom interacting with squeezed vacuum. In this example the degree and
phase of squeezing as well as the efficiency with which it is coupled to the atom are
crucial determining factors to the size of the effect. Figure 1.5 depicts schematically
the original idea.

Following the above footsteps, theorists have since then predicted an abundance

of nonclassical phenomena associated with the interaction of atoms with nonclas-
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Interaction of Atoms with Interaction of Atoms with
Classical Vacuum Squeezed Vacuum

O X
s
ﬁ’x %\
| l

Classical Behavior Quantum Behavior

Figure 1.5: Interaction of atoms with classical and squeezed vacuum, shown as circles
and ellipses, respectively.

sical fields. These examples include resonance fluorescence of atoms in squeezed
vacuum,[18, 19, 20, 21, 22] optical bistability in squeezed vacuum,[23] optical pumping
with squeezed light,[24] photon echoes and revivals,[25, 26] lasers pumped by squeezed
light,[27, 28, 29, 30] gain without inversion,[31] electromagnetically induced trans-
parency, [32] numerous cavity QED examples in the presence of squeezed light,[33,
34, 35, 36, 37] laser cooling with squeezed light,[38] cooperative effects,[39, 40, 41] and
finally effects associated with two-photon excitation by correlated pairs of photons, [42,
43, 44, 45, 46, 47] which is the subject of our own work.

The experiment to be presented here tests the prediction of several authors [42,
43, 44, 45] that the rate of two-photon excitation R, as a function of the excitation
intensity I deviates from the usual quadratic form and becomes asymptotically linear

for small enough intensities
RSqueezed C!]_Iz 4 CEQI ’ (13)

provided that the exciting fields are in a nonclassical state such as the state of the
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NDOPO output. Here a; and a5 are constants of the same order of magnitude. Recall
that for classical fields the two-photon excitation rate versus intensity is quadratic

and is given by
Rglass’ical — ﬁ112 , (14)

where [, is again a constant.

As an intuitive physical interpretation of this phenomenon, one may envision
the two-photon excitation process |1) — |3) as a two-step process, where the atom
makes first a |1) — |2) followed by a second |2) — |3) transitions. Referring to Fig.
1.6(a) this process is shown to take place in the presence of two independent lasers of
frequencies w; and ws, tuned near resonance with the wy; and wgs eigenfrequencies,
respectively. In Fig. 1.6(b) the same process takes place with the same frequencies

w; and wq produced in this case from an NDOPO.

®
Laser2l © o 00 00 o 00O \ 32 2>
Llaser 1] @ © eee o oo o 7]

)
1 11>

—
I \nl

~~

b)

ND'OPO ® ®

Figure 1.6: (a) Classical and (b) quantum excitation of a two-photon transition.

Loosely speaking in a language of photons as billiard balls, in the first case of Fig.



13

1.6(a) the probability distribution of time spacing between photons is for each of the
two lasers Poissonian. Hence, the probability distribution of arrival times between
pairs of w; and ws photons at the location of the atom is also Poissonian with the mean
spacing scaling proportionally to the intensity /. Therefore, once the atom absorbs
an w; photon has to “wait” for a certain time (given by a Poissonian distribution) for
a second wy photon to arrive. During this dwell time, however, it may decay back to
the ground state reducing in this way the overall excitation probability. Since each
absorption probability is proportional to the intensity I of the corresponding beam,
it is natural to expect that the overall |1) — |3) transition probability is the product
of the two and hence classically it is proportional to I2.[77]

However, the situation is different for excitation with light emitted from an NDOPO,
Fig. 1.6(b). In this case photons in the w; and ws beams are “perfectly” correlated
and hence pairs of w; and we photons arrive at the side of the atom simultaneously,
reducing the probability for decay of the atom from the intermediate state back to
the ground state. Because of the lack of “dwell” time, the excitation probability from
correlated pairs of photons is then proportional to the intensity I rather than the
square of the intensity I?. Nevertheless, the possibility of excitation from a pair of
uncorrelated photons still exists and hence as in the first case this process will still
have a term proportional to I?, justifying in this way the quadratic contribution in
Eqg. (1.3).

To realize experimentally the above described two-photon excitation with corre-
lated pairs of photons, the atoms in the MOT have been excited by the output of the
NDOPO and then by observing the fluorescent decay of the atoms from the |3) — [2)
transition, a measure of the excited state population was obtained. Having overcome
all other technical problems of trapping the atoms, tuning the NDOPO so that to
generate signal and idler photons in resonance with the |1) — [2) and |2) — [3)
transitions, respectively, and having aligned all the beams, there was still a major
problem to overcome, namely data acquisition.

In order to be able to observe the nonclassical behavior of the atoms, i.e., the linear

component of Eq. (1.3), we have to probe the rate of two-photon excitation at small
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enough intensities where the linear term dominates over the quadratic. Defining
arbitrarily the “knee” point to be the point at which the contributions from the
linear and quadratic parts of Eq. (1.3) become equal, we find that the corresponding
intensity is about 0.001 mW/em? while the saturation intensity is of the order of 1
mW/em?. Hence, it is clear that at the region of interest, the atoms will be excited
very weakly and therefore the excited state population will be very small. Taking
into account the total detection efficiency, which was not more than few percent, the
signals at the relevant region are of the order of 1 photons / sec. Given a background
count of the order of 4 — 5 photons / sec (primarily dominated by the dark counts of
the detector) it is clear that the observation of this effect is non trivial. Nevertheless,
by using several experimental and statistical techniques to check against possible
pitfalls, we were finally able to show convincingly that the nonclassical behavior of

the atoms as manifested in Eq. (1.3) has been observed.[48, 49]

1.4.2 Linear Two-Photon Excitation Rate with Nonclassical

Fields: Analysis, Statistics and Results

In Fig. 1.7 we see a typical example of data obtained from our experiments, with
an obvious deviation from the quadratic law for excitation with squeezed light con-
trary to that of excitation with classical light. Note that significant deviations from
the quadratic dependence occur for counting rates close to 1 photon/sec. “To con-
vince the jury” that an asymptotically linear dependance is predicted from our data,
significant effort was given in the statistical analysis of the data. To combine the
knowledge acquired from different experiments, two different statistics have been de-
fined and detailed analysis of the data showed that a linear plus quadratic model is
the “most likely” to describe the data. Furthermore, identical numerical treatment
and statistical analysis of control experiments with coherent excitation suggests that
these data are as expected governed by the classical quadratic law. Hence a case
is built in favor of the nonclassical model. The details of these arguments and the

procedures followed will be carefully outlined.
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Figure 1.7: Experimental observation of two-photon excitation with (a) quantum
correlated and (b) classical fields. The units of the counting rates, R;?“*****and
R§oherent are detected photons/ sec. The solid lines are fits to the data of the form of
Eqs.(1.3) and (1.4), while the dotted lines are the linear and quadratic components
plotted separately for the fit to the non-classical data. The x — axis is a measure of
the intensity in arbitrary units.

1.5 Quantum Interference

In Part III quantum interference (QI) in two-photon excitation subject to illumination
by multiple fields is investigated. First, theory developed to describe the process is
outlined and then a proof-of-principle experiment is presented. By extending these
ideas to nonclassical excitation, the possibility for ultrafast homodyne detection is
explored and another experiment is presented. Finally, applications of the QI scheme
in frequency metrology and optical communications with atoms utilized as ultrafast

nonlinear mixers are suggested.
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1.5.1 Multiple Field Two-Photon Excitation and Quantum

Interference

The basic idea of QI in two-photon excitation is shown in Fig. 1.8 where a three-level
atom is excited from its ground state |1) to the third excited state |3) in the presence of
three exciting fields. The frequencies of these fields, wy,ws and w,, are chosen so they
are near resonance with the atomic eigenfrequencies wy;, w3, and 2, respectively.
Therefore, the atom can be excited via two alternative pathways: a stepwise cascade
of two dipole absorptions from the w; and ws fields or a simultaneous two-photon
absorption from the w, field. In the case that the probability amplitudes of these two
excitation pathways are coherent, we expect to observe QI as in any other quantum
mechanical system. The particular manifestation of QI is in terms of the excited state
population psz, which is modulated depending on the relative phase of the excitation

amplitudes.

3>
231 ®32
2 2>
231 ©21
2
11>

Figure 1.8: Excitation of a two-photon transition by three phase-coherent lasers leads
to quantum interference.

More quantitatively it has been shown by solving the master equation of the sys-

tem in the perturbative (weak-field excitation) limit that the excited state population
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ps3 is given by
Pasz = X% ~+ 2X1X2 cos @ + Xg 5 (15)

Here X; and X, are the probability amplitudes for the two alternative excitation
pathways and @ is a relative phase between the three excitation lasers at the site of
the atom. The form of Eq. (1.5) indicates interference as in any generic interference
experiment and, since X; and X, are quantum mechanical probability amplitudes,
the process is governed by quantum interference.

The next step is to extend the theory to the strong-field excitation limit. Here
the master equation is solved with a more general approach sacrificing some of the
simplicity of the perturbative solution in favor of generality. As a result the solution is
given by a matrix equation valid for both strong and weak excitation, which, although
not analytic, requires only numerical inversion of an 8 x 8 matrix to produce readily
numerical results that can be studied. To further aid researchers in the field, an
interactive Java based calculator has been constructed and is made available on the
WWW.[50]

Complementing the above theory, a proof-of-principle experiment with observa-
tions of QI is presented. In particular, an example where the excited state population
was monitored as a function of the relative phase of the three lasers used for excitation
is shown. The observation of ps3 shows a clear sinusoidal modulation, the contrast
of which was measured to be about 0.3. To compare to theory, calculations based on

the experimental parameters are performed and test the models developed earlier.

1.5.2 Ultrafast Homodyne Detection

The next subject in the discussion is ultrafast homodyne detection using atoms as
ultrafast nonlinear mixers. The goal here is to observe the quantum correlations of
fields that are separated in frequency by large intervals. For example, for the output
of the NDOPO in the two-photon experiment (see Fig. 1.6(b)), the signal and idler
beams are separated by 25 T'Hz. In order to prove that indeed we have nonclassical

correlations between these two fields, we must in principle be able to form and observe
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the beatnote of these two fields with respect to a reference oscillator (RO), which
in this case is the w, field. However, current technology limits the mixing with a
cutoff of a few tens of GHz and hence the correlations in question are far beyond
any observational capabilities. Yet, the atom behaves as a non-linear mixer itself.
Therefore, by modifying the example of Fig. 1.8 so that w; and wsy are the signal
and idler photons from the NDOPO and keeping the w, field in a classical coherent
state, the atom is utilized as an ultrafast mixer to demodulate the beatnote of the
quantum fields with RO the w, beam. As a result observations of these ultrahigh
frequency correlations are reported. Unfortunately, observing the correlations and
proving that they are nonclassical are two disjoint tasks, and although they have
been observed, there is still a question of principle regarding the proof that they are
nonclassical. In addition to the experimental observations, theory to study in more

detail the consequences of this scheme is presented.

1.5.3 Atoms as Ultrafast Nonlinear Mixers

Finally, some other applications of the notion of ultrafast atomic mixers are presented.
The frequency response of the atomic mixers is quantified with the perturbation
theory developed earlier. Applications in frequency metrology are discussed and a
proposal for a novel technique for establishing new frequency standards is suggested.
Extending the discussion even further, we show that the idea could be commercialized
with implications in the field of optical communications. This latest idea has also
been the motivation behind submitting a patent for the work. In support of these
applications, an extensive database of 6900 different three-level submanifolds from
the alkali elements Li, Na, K, Rb and Cs which can be used in schemes similar to
that of Fig. 1.8 has been constructed. A search algorithm has been developed based
upon the database. Given any target wavelengths in the range of 200 — 2000 nm that
needs to be measured, the algorithm considers all possible combinations and suggests

an optimal strategy for achieving the goal.
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1.6 Summary

From this outline of topics to be discussed in the remaining of the Thesis, it is clear
that the study of a three-level system has been proven to be very fruitful and has
helped in the investigation of several new phenomena in the course of our research.
During our work we have uncovered nonclassical interactions with atoms, we have
seen QI in two-photon excitation, and we have utilized atoms as nonlinear mixers to
perform tasks not possible with any other techniques. Before continuing, however,
I would like to mention that we also performed several cavity QED experiments in
order to investigate the interaction of atoms with squeezed light.[2] These projects,
however, are somewhat disjoint from the rest of the subjects covered in this Thesis
and, in addition, they have been extensively covered in Quentin Turchette’s Ph.D.
Thesis. For these reasons I will ignore this part of our work, which nevertheless was
a significant effort.

With this introduction to the subjects and science to be described in the rest of

the Thesis, we now enter a more detailed discussion of the various topics.
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Chapter 2 Magneto-Optical Trap

A crucial component of all our experiments was the magneto-optical trap that pro-
vided a Doppler free sample of tapped atoms for our studies. In this chapter the
particular realization of the MOT implemented in our research will be described.
However, the main purpose here is not to describe the physical principles dictating
the operation of the MOT,[5, 6] but rather to document the parameters and proce-

dures used in our own setup.

2.1 Geometry

As noted in the introduction, Section 1.3.1, the MOT was constructed implementing
a five-beam configuration, Fig. 1.3. These beams were arranged so that two of
them were counter propagating along the z — azis, while the other three were on the
zy — plane, spaced from each other by about 120° +20°. This particular configuration
(somehow unusual compared to the traditional six-beam MOT), was chosen mostly
due to the constraints of the available geometry in the zy — plane as shown in Fig.
2.1

The trapping chamber was a spectroscopic glass cell made by Uvonic, with fairly
good optical quality windows and dimensions ~ 5cm X 1lem X lem. The wall thick-
ness was roughly 1 mm. This cell was connected to a Cs source which was kept at
a low temperature of about —10 to 0 °C' in order to reduce the Cs vapor pressure.
In addition, a 2 [/s ion pump was connected to the system and sustained a pres-
sure in the chamber of about < 107 Torr. Note that the loading time of the trap
strongly depends on the C's pressure, since it is proportional to the total number of
C's atoms near the cooling “zone,” while the lifetime of the trap depends strongly

on the background pressure, since the main loss mechanism is background collisions.

[52]
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Figure 2.1: The xy — plane geometry of the MOT.

The trapping beams were adjusted to a size as big as possible, about 6 — 8 mm in
diameter. Note that the total number of atoms in the trap grows as the 4" power of
the trapping beam diameter; [53, 54] hence, it was crucial for us to have large beams
in order to accumulate enough atoms.

The geometry of the zy — plane in the vicinity of the MOT (Fig. 2.1) is completed
with the addition of two more elements, the lenses L; and L; shown on Fig. 2.1. Lens
L, is a collimating lens, positioned at a distance equal to one focal length from the
MOT, and its function is to collect light for imaging purposes. In order to have
efficient light collection, the diameter of this lens was chosen to be comparable to its
focal length (note that efficient collection beyond this point becomes impractical due
to lens manufacturing difficulties for the working distances required in our experiment
(~ 25 mym)). This condition imposed certain geometry constraints, since the lens
should not obscure the trapping beams entering the trapping cell, but also it should
not sit at the path of other beams that go through the cell because it would then collect

that light and send it to the detector causing saturation. An additional constraint
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is that the lens should be parallel to one of the cell’s windows in order to reduce
aberrations which are important because the collected light must be re-focused onto
a detector with fairly small active area (diameter ~ 150 pm).

Lastly, we have the lens Lo, which is responsible for focusing the excitation fields
onto the atoms in the MOT. This lens was chosen to be of focal length equal to 5 cm
and was placed almost along the 73 trapping beam. Note that this has no impact in
bringing the trapping beams into the trap, nor does it influence any other part of the

MOT setup.

2.2 Trapping Beams

The five trapping beams of Fig. 1.3 are all derived from a single “homemade” diode
laser,[55] tuned to about 10 M Hz below the 651,0F = 4 — 6P3;2[” = 5 transition
of Cs and locked to the signal from a saturated absorption cell. The corresponding
wavelength of this frequency in air was measured by a wavemeter to be Ap ~ 852.360
nm, although variations in room temperature and humidity result in variations of this
measurement by as much as £0.003 nm. The power of each of these beams was about
1 — 2 mW, corresponding to intensities close to saturation, but the exact power was
not so crucial for the trap performance. However, some care was taken in arranging
that all beams have about the same power so that the optical forces will be roughly
balanced. The polarization of these beams was adjusted to be as close to circular as
possible, with the helicity of the three coplanar beams in the zy — plane, opposite
from the helicity of the beams along the z — axzis. However, due to reflections of
the beams at “funny” angles from various mirrors as well as polarization selective
reflection from the cell walls, the polarization of these beams was in fact elliptical
with asymmetry ratios as large as 3 : 2.

In addition to the five trapping beams, we also had a repumping beam, derived
from a commercially available diode laser. This laser was sometimes free running and
sometimes locked, but in either case tuned close to the 651/, F = 3 — 6P3,, " = 4

transition in order to prevent depletion of the 65,2 F' = 4 state from which trapping
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occurs. Due to the tight geometry we had to work with, as shown in Fig. 2.1, we
chose to send the repumping beam along one of the other trapping beams. Most of
the time this beam was send along the 77 beam (Fig. 2.1), although at the early
stages of our experiments we also tried to sent it along the z — azis as shown in Fig.
1.3. The power of this beam was a few mW; its size was comparable to the trapping

beams; and its polarization was arbitrary.

2.3 Magnetic Fields

While cooling occurs by optical forces, confinement in a MOT is due to optical forces
adding in concert with magnetic field gradients. In fact, the trap forms at the zero
point of a magnetic field gradient, achieved by a set of anti-Helmholtz coils, parallel to
the zy — plane and through which anti-parallel currents run. The optimum geometry
of these coils is described in Ref. [56] and is such that the ratio of the diameter of the
coils to the separation between them is about 1.6. Note that from symmetry and the
divergence-free property of magnetic fields V- B = 0, it follows that %—f = %% = —2%‘%.
The difference in sign for the magnetic field gradient in the zy —plane from that along
the z —axis is also the reason why the helicity of the trapping beams in the z direction
must be opposite from the rest. Note that reversing the direction of the current in
both coils results in a sign flip for all components of the magnetic field gradient.
Therefore, from an operational point of view, the first time the trap is constructed,
one arranges the helicities of the beams as described and then checks whether or not
a trap is formed. If it is not, then the most likely reason is that either the coils are
not positioned correctly with respect to the trapping beams or that the current is
reversed. In the second case, flipping the current direction readily fixes the problem.

The magnetic field gradients used in our experiments were of the order of %—f ~4-—8

Gauss/cm.
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2.4 Alignment

The last thing about the MOT is alignment. This was one of the most tedious tasks
that had to addressed every time the trap was turned on and was crucial in performing

successful experiments. Hence, alignment needs some special attention.

2.4.1 MOT Alignment

The first thing we had to do was to align the trapping beams and position the anti-
Helmholtz coils (which were fixed on an zyz translation stage) in order to achieve
a “nicely shaped” trap. Although so far a MOT has been implicitly described as a
“nice” sphere, Figs. 1.3 and 2.1, this could not have been further from the truth.
In particular, in an ideal case the trap should be an ellipsoid, since confinement in
the axial (z) direction is twice as much as that along the planar (z and y) directions
(recall that 28 = %Ij’— = —298),

In practice, however, a nice ellipsoidal shape is very difficult to achieve because
of interferometrically sensitive alignment of the trapping beams that set interference
fringes in the vicinity of the MOT. In addition, imbalances in polarization and power
of the trapping beams causes further complications. Only after careful alignment,
and most importantly by monitoring the shape and behavior of the MOT from two
perpendicular directions, were nicely shaped traps obtained. For the purposes of
monitoring, two CCD cameras that imaged the trap from the top and side views were
implemented. Note that sometimes it is possible to have an image of the trap from one
direction that looks nice, but viewed from a perpendicular direction is completely out
of shape. Notice that in order to image the trap we had to introduce to the already
crowded geometry even more optical elements.

An additional test for “good” alignment was the modulation by 30 — 50% of the
magnetic field gradient by turning up and down the current. If this procedure did
not produce any erratic movements in the position and shape of the trap, then this

was a further indication of a stable and well aligned trap.
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2.4.2 Excitation Fields

The second major alignment issue that had to be addressed was the intersection of the
two-photon excitation fields with the MOT. This was a major “targeting” exercise
since the trap had a size of 0.1 — 0.3 mm while the excitation fields were focused
down to ~ 7 um. Note that this tight focusing was necessary in order to achieve high

intensities throughout the trap diameter as explained in Ref. [7].
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Figure 2.2: Imaging of the trap. A one-to-one telescope collects light from the MOT
and refocuses it onto the APD.

Lens L, in Fig. 2.1 was positioned on an zyz translation stage and by moving
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it we could steer the direction of the excitation fields with respect to the MOT. To
monitor the “targeting”, the two CCD cameras that imaged the trap were used to
observe the path of a strong 852 nm beam sent along the path of the excitation fields.’
This beam left a bright trail of fluorescent light while traversing the vapor cell and
hence its path could be seen. Note that due to contrast problems the trapping beams
had to be turned off during this procedure. To know the MOT’s location, a mark of
its position was placed on the TV monitors. Also note that when aiming was right
and the trap was turned back on, the 852 targeting beam blow the trap away since it
delivered unbalanced, high intensity radiation to the MOT. In this procedure it was
also crucial to monitor the targeting alignment from two perpendicular views since a

single view could lead to alignment at the front or at the back of the trap.

2.4.3 Imaging

Finally, the last alignment task was to position correctly the imaging system shown
in Fig. 2.2 in front of the trap (note that the lens L, is the same as that of Fig.
2.1). This imaging system consists of two parts, the telescope assembly and the
detector assembly. Each of these two parts was mounted independently on its own
zyz translation stage.

The telescope assembly consists of two identical lenses, L; and L/, which collected
fluorescent light from the MOT and then refocused it down onto the detector which
in this case was an avalanche photodiode (APD). Between the two lenses there are
917 nm interference filters in order to block the 852 radiation. More details about the
telescope system will be given in the next chapter. The detector assembly consisted
of the APD and a CCD camera which were mounted together on a zyz translational
stage as well. The task was then to first position the telescope so that it will be
centered with respect to the MOT and also to be at the right distance from it. Then
the APD had to be correctly positioned so that it was situated at the image point

of the telescope. This was a tiresome procedure, not only because the trap position

1The 852 nm targeting beam was transmitted through the OPO so that it had the “correct beam
path” relative to the signal and idler beams.
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could change from day to day, but also because the APD detector was so small (150
pm in diameter).

The operational way around this problem was to utilize the CCD camera on the
detector assembly. First the CCD camera which has a large active area would be
used to image the trap through the telescope. When a clear image was achieved then
the telescope was situated correctly and was properly aligned with the CCD camera.
Then the CCD camera would be moved so that the trap image was at the center of
a monitor at a fixed mark. Then since the APD is fixed relative to the CCD camera,
it was always a matter of a fixed zyz displacement of the whole detector assembly to
bring the APD at the right place. Of course in practice we had to find this reference
displacement for the first time, but even after the reference offset was established, the
outlined procedure would only bring the APD to the near vicinity of the image of the
MOT. So finally fine tuning of the alignment was necessary using the signal from the
APD. Nevertheless, this method greatly simplified the imaging alignment and it was

crucial in making the experiment work.

2.5 Summary

In this chapter, a brief review of the specifics of the MOT used in the following
experiments was presented. The main goal in building the MOT was not to achieve
ultracold temperatures or very long lifetimes or in any other way “a state of the art”
trap, but rather to prepare a dense sample of cold atoms on which experiments could
be performed. As such, the MOT described was more than adequate and, although
constructed without fancy vacuum chambers, very stable lasers, large beams or very

precise magnetic field gradients, it was still a very good MOT for all our purposes.
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Chapter 3 High Precision Spectroscopy
of the 65/, State in Cs

Although a lot is known about the atomic structure of alkali elements, not all of their
energy levels have been probed or carefully measured. One of the main reasons for this
incompleteness, is of course, the availability of laser frequencies near the corresponding
eigenfrequencies. In the case shown in Fig. 1.2, the 65/, level in atomic C's was such
an unexplored state. In particular, prior to our work, the hyperfine (hf) structure of
this level was only poorly known, with the hf splitting measured with an accuracy
of only 30%[9] while the linewidth has been only theoretically predicted.[57] Both
of these parameters are crucial throughout all of our subsequent experiments; first
because the hf splitting defines the interaction with other states, which could promote
our three-level model to a more complex system of more than three eigenstates,
and second because the atomic linewidth is a crucial parameter in all theoretical
calculations that will follow. With the results to be presented here, the hf splitting
is determined with an experimental accuracy of 1% and the atomic linewidth to 7%.

The study of the 6Ds/; state in C's was limited prior to our work for two main
reasons: the lack of laser frequencies near the eigenfrequency of the transition and
the fact that to reach the 6Ds/, level from the ground state (6S:/2) requires a two-
photon absorption which is a much weaker process than usual one-photon absorptions.
These problems were solved with progress in laser technology and in magneto-optical
trapping. In particular, the resonant frequency for the two-photon transition 65,2 —
6Ds/> corresponds to a laser wavelength close to 884 nm, which is at the edge of the
operating region of our Ti:Sapphire laser.! On the other hand, spectroscopy on the

MOT simplified the problem of two-photon absorption.

1Today, commercial Ti:Sapphire lasers have operating ranges that can easily reach 920 nm.
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3.1 Two-Photon Spectroscopy in a MOT vs. in a

Vapor Cell

Conventional two-photon studies [58, 59] are usually carried out by implementing
a scheme where the excitation fields enter the sample via two counter-propagating
directions, Fig. 3.1(a). Hence, an atom absorbing a photon from each beam undergoes
an almost Doppler free transition (w] + wj =~ wy + wsy, assuming w; =~ wy) therefore
making possible the observation of the internal structure of the state without the
Doppler broadening that smears it out.? However, this method is not completely
Doppler free because of subtleties introduced by the requirement to focus tightly the
excitation beams in order to reach high enough intensities for the weak two-photon
transition to take place. Contrary to this situation, spectroscopy on the MOT does
not require counter propagating beams and also does not suffer from the problem of
tight focusing because the atoms are cold, Fig. 3.1(b). Moreover, in the subsequent
experiments the two-photon transition is excited by non-degenerate frequencies (852
nm and 917 nm) and hence counter propagation would not have completely solved
the Doppler broadening problem since w| + wh ~ w; + wa + |(k1 — k2) - v| # w1 + wy
for widely spaced w; and ws.

An additional advantage of using a MOT, rather than a vapor cell, is that a
MOT provides an atomic sample that is well localized. This is important for several
reasons: first because focussing of the excitation beams must be such that there is
almost uniform intensity across the sample, second because these beams must be
tightly focused onto the atoms in order to reach high enough intensities and third
because imaging is easier for a well localized sample. The first requirement is obvious
in order to make intensity dependent measurements as in the nonclassical experiment
described in Chapter 5. The second one becomes also obvious when one realizes that
in the nonclassical experiment, the excitation rate is extremely small due to the low

power (~ 1 pW) of the nonclassical fields. Finally, the third reason is justified since

It is also possible to absorb two co-propagating photons. In this case there is going to be twice
as much Doppler shift and this will contribute towards a broad residual Doppler background.
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Figure 3.1: Doppler free spectroscopy: (a) using counter propagating beams in a
vapor cell, (b) using co-propagating beams in a MOT.

the active area of the avalanche photodiode (APD) is only 150 pm x150 pm.
To see how a localized sample is better than a vapor cell, one needs to consider, in
addition to the above requirements, the total fluorescence signal I/ from the sample,

which for an optically thin sample is given by

L
arctan (220> (3.1)

as described in Ref. [7]. Here P, is the excitation power, A, the excitation wavelength,

20y P2n¢

Ip 3

£ is the overall collection and detection efficiency, I's, the two-photon cross section

(defined by Ry, = I';I? with R, the two-photon excitation rate for an intensity I,,)
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Figure 3.2: Focusing geometry of the excitation beam. Notice that the volume of
excited atoms that is imaged may be smaller than the diameter of the trap.

and z, = —731—;’122, the Rayleigh length.[7] The waist of the excitation beam is given by
w,, and the length of the excitation volume is equal to L (see Fig. 3.2).

In the experiment the waist size was w, ~ 7 wm and the length of the volume
of excited atoms that was imaged was L ~ 150 um. Hence, 2z, ~ 175 um and
arctan (2%0) =~ (.4. Note that the maximum value that the arctan can takeis 7. Also
note that with this choice of parameters, the intensity variation across the imaged
volume due to the beam divergence is less than 18%, as could easily be calculated
from the geometry of Fig.3.2 (for a complete discussion on the Gaussian profile of
laser beams, see Ref. [60]).

Despite of all these advantages, there is however a major disadvantage in doing
spectroscopy with a MOT versus with a vapor cell. This is the decrease in density
n, and hence decrease in the overall signal I (notice the two scale proportionally to
each other, Eq. (3.1)). In particular, for the MOT in the experiment the density is

nMOT ~ 10° atorns/cm?® while for “better” traps values of 10*° — 10'? are possible. In
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contrast, a vapor cell of Cs heated up to 100°C will have a vapor pressure of ~ 7x 10~
Torr, which corresponds to n?®" ~ 10 atoms/em®. Therefore, the atomic sample
density for an experiment in the MOT is of the order of a 10000 smaller than what
could have been in a vapor celll However, not all of this gain in density can be utilized,
and, in particular, two important factors cancel out a large portion of it: the residual
Doppler broadening and the detuning from the intermediate state.

First, the residual Doppler broadening due to the non-degeneracy of the excitation
beams, which was not included in Eq. (3.1), has to be taken into account. Notice
that this is important for the experiments to be described because the excitation
beams with wavelengths of 852 nm and 917 nm are separated by a large frequency
interval. The magnitude of the residual Doppler broadening is of the order of ~
|k1 — ka| Upms (T'), where v, (T') is the rms velocity of the atoms at temperature 7.
For 100°C, this Doppler broadening is found to be about 7 times the linewidth, hence,
the signal would decrease by roughly the same amount.

The second factor that reduces the overall two photon excitation signal is the
detuning of the fields from the intermediate level. In particular, while for stationary
atoms the excitation fields at 852 nim and 917 nm are resonant with the |1) — |2) and
|2) — |3) transitions, respectively, in the case of moving atoms each of the two fields
is detuned from the corresponding transition due to Doppler shifts. Although, in the
case of counter-propagating beams, the overall two-photon transition (|1) — |3)) is
kept resonant (except for the residual Doppler broadening described above), the fact
that the individual one-photon transitions (|1) — |2) and |2) — |3)) are off-resonance
will significantly reduce the two-photon excitation probability. The detuning from
the intermediate state is of the order of Ap ~ Jkl;—k"’[vrms (T) which in our case is
roughly equal to 60 atomic linewidths of the intermediate state. Hence, the signal I
will be reduced approximately by a factor of A% ~ 3600.

Combining all these factors (i.e., density, residual Doppler broadening and detun-
ing from the intermediate state) implies that using a MOT, instead of a vapor cell
at 100° C, will result in signals roughly 2.5 times bigger. Clearly for better traps

this factor increases significantly. In addition, the 852 nm and 917 nm beams are
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generated in our experiment in co-propagating directions which makes it difficult to
separate and implement a vapor cell scheme with counter-propagating beams such
as that shown in Fig. (3.1). A further argument against using a vapor cell is that
due to the residual Doppler broadening due to the non-degeneracy of the excitation
beams, the hf states 6 D5, F" = 6 and 6Ds,,F" = 5 start to mix, and, hence, the
three-level system becomes a four level system, which complicates the interpretation

of the results.

3.2 Experimental Setup

Turning now to the complete experimental setup, the main components of the spec-
troscopy experiment are shown in Fig. 3.3. The setup can be divided into four Blocks
(I-IV) of different functional roles in the experiment. Block I is responsible for locking
and scanning the master laser to the right transition for the two-photon experiments.
Block II is the master laser producing the main beam for the excitation of the atoms.
Block III is the trapping setup described in the previous chapter. Block IV is the
detection and data acquisition part of the experiment.

Although each of these Blocks deserves special attention, here only Blocks I and
IV will be described in detail. Block II is a standard Ti:Sapphire setup that has
been discussed in the past [3, 4] and consists mainly of an Ar:lon laser that pumps a
homemade ring cavity containing the Ti:Sapphire crystal. Block III has already been
discussed in the previous chapter. Therefore, the discussion will now concentrate on

Blocks I and IV.

3.2.1 Locking and Scanning (Block I)

The capability of locking the master laser (Ti:Sapphire) to the two-photon transition
and, in particular, to be able to choose a specific hf component was a crucial require-
ment throughout our experiments. In addition, for the spectroscopy of the 6Ds/;
level, it was also crucial to be able to scan continuously the Ti:Sapphire laser (while

keeping it locked) across the frequency range spanned by the hf components of the
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Figure 3.3: Experimental setup.

6.Ds/2 state which is about 140 M Hz. To lock the Ti:Sapphire a two step process is
implemented, where first the Ti:Sapphire is locked a stable, high finesse cavity with
linewidth of about 50 K Hz and second the cavity is locked to the atomic transition.
Direct locking of the Ti:Sapphire to the atomic transition was also possible and some-
times was used, but because the atomic linewidth is about 3 M I z, this lock is not as
“tight” or robust as the first one. Once locked the laser was scanned by using tunable
acousto-optic modulators as described below.

The locking signal was produced by observing the fluorescence from a Doppler
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free two-photon absorption, 65/, F =4 — 6D5/,F" in a vapor cell which was heated
to about 50°C' and through which an intense (~ 100 mW) beam was double passed.
A detector placed at the top of the cell collected the fluorescence from the atoms;
see Block I in Fig. 3.3. Note that a special oven had to be built for heating the
cell since without a “full-jacket” oven, any cold spots on the cell and, in particular,
the windows could easily be coated with Cs making them opaque. Hence, the oven
was constructed in such a way so as to leave only three small holes for the excitation
beams to get in and for the fluorescent signal to get out. The quality of the fluorescent
signal from the cell was somewhat broadened, but still was good enough to distinguish
all hf components, which were well separated in frequency, and enabled us to clearly
choose which one to lock to. Because the F/ = 6 hf component was the strongest,
throughout all our experiments the laser was always locked to this transition.

To tune the Ti:Sapphire, the frequency selection elements in the laser (thick and
thin etalons and birefringent filter) were tuned so that the emitted light had a wave-
length close to A, =~ 883.729 nm. An inseparable part of the tuning procedure was
a wavemeter that guided us. Once the laser was close to A,, it was locked to the
free standing reference cavity. The fine tuning was accomplished by scanning one of
the mirrors of the cavity and having the laser follow until it reached the two-photon
resonance 6512 F = 4 — 6Ds5,F" = 6. At this point the cavity was locked to the
two-photon signal and hence the Ti:Sapphire was locked to the same transition as
well. Note that the reading for the two-photon wavelength deviated from day to day
from the above value of )\, by as much as +0.002 nm because of temperature and
humidity variations in the room (the wavemeter measures wavelengths in air).

The next task was to devise a way to scan the Ti:Sapphire laser across all hf
components F” of the 655/2F = 4 — 6D5, " transition. This was done by using a
locking beam that was frequency shifted from the Ti:Sapphire frequency. In partic-
ular, in Fig. 3.3 Block I, we see that the vapor cell is pumped by the locking beam,
which has first been double passed through two acousto-optic modulators, AOMI1
and AOM2. Since the Ti:Sapphire is always locked to a signal corresponding to the
6.51/2F = 4 — 6D, = 6 transition, the frequency of this locking beam is always
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on resonance with this transition, i.e., 2wrock—Beam = w31, Where ws; is the eigenfre-
quency of the 65,2/ = 4 — 6D5,,F" = 6 transition. However, this beam is shifted
from the Ti:Sapphire frequency by 6w, i.e., Wrock—Beam = WTi:Sapphire + 6w Which im-
plies that 2wr;.sapphire = w31 — 26w. The reason for using two AOM’s is that in order
to scan around ws; and since each AOM operates at a large offset frequency (~ 80
MHz in our case), a single AOM would not work. However, two AOM’s, one that
upshifts the frequency and the other that downshifts it, with a net offset equal to 0
results in tunability around zero offset. Then by scanning one of the two AOM’s using
the HP8644A function generator, the Ti:Sapphire frequency was scanned around the
“4 frequency. Note that because of the double passing of the beams from the AOM’s,

the frequency scan is twice that provided by the function generator.

3.2.2 Detection and Data Acquisition (Block IV)

We now turn to Block IV of Fig. 3.3 that shows the detection and data acquisition
components of the experiment. The rate of two-photon excitation of the 65/, F =
4 — 6D5/, " transition was monitored by observing the fluorescent decay from the
6052 F" — 6P5oF" = 5 transition which has a wavelength close to Ay ~ 917 nm. The
observation at A, was very convenient because all other laser beams in the experiment
were at different wavelengths. Recall that the two-photon excitation 6S5;/F = 4 —
6Ds/2F" has eigenfrequency corresponding to a wavelength A, ~ 884 nm while the
trapping lasers, resonant with the 65,,F = 4 — 6P;,F' = 5, have wavelength
A1 ~ 852 nm, see Fig. 1.2. Hence, by using 917 nm interference (notch) filters to
isolate the detector, only the radiation from the 6D5/, 0 F" — 6P3/0F" = 5 decay is
measured.

Before proceeding to the description of the rest of Block IV, the mechanical chop-
per, which is actually part of Block I1I, must be discussed in more detail. This chopper
was placed in the path of the trapping and repumping beams and was synchronized
so that both beams are chopped ON/OFF simultaneously. This means that the beam

sizes had to be about the same at the chopper side and small compared to the size
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of the chopper slots so that the transit time between the ON and OFF parts of the
cycle would be small. The experiment has then two phases: the ON (trapping beams
ON) phase during which the MOT is maintained and the OFF (trapping beams OFF)
phase, during which the measurements are performed. Note that ON/OFF chopping
is needed for two reasons, first because even though one or two 917 nm interference
filters are placed in front of the APD, there is still noticeable background during the
ON part of the cycle, and second because when the beams are ON, there is significant
light perturbation (Stark shift and power broadening) to the atoms in the MOT. The
operating speed for ON/OFF cycle was 4 KHz.

Returning now to Block IV, the output of the APD was fed into the SR400 photon
counter which was interfaced with a PC using the manufacturer’s control software.
In addition to the signal from the APD, a trigger signal from the chopper was also
fed into the SR400 to synchronize the data acquisition with the ON and OFF parts
of the experimental cycle. Data acquisition was gated and provided two streams of
data, the ON and OFF sequences. The trigger signal for the gating was provided by
a photodiode placed at the exit path from the trapping cell of the T3 trapping beam;
see Fig. 2.1.

Finally, to perform frequency dependent measurements, frequency markers are
needed that coincide with the scanning of the Ti:Sapphire laser. These markers were
provided by the function generator HP8644A that was used to scan the Ti:Sapphire
and were imported onto the computer through the photon counter. Note that the
SR400 counter has only two gates, A and B. Hence, the signal was either for both the
OFF and ON parts of the experimental cycle or for one of them and the frequency
markers. The first case was used to measure the relative shift of the spectra with
and without the trapping beams so that the Stark shift and power broadening due to
the trapping beams can be quantified. The second case was implemented to get an

absolute frequency calibration and measure the spacing of the hf components.
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3.3 Theory of hf Structure for the 6D;,, State

Before presenting the results of the spectroscopy experiment it is worth briefly re-
viewing the theory of hf structure as applied to the 6 D5/, level. On this subject one
can find references in many graduate level Quantum Mechanics textbooks as well as
in more advanced books on the subject.[61, 62, 63] Recall that the hf structure is
the result of the coupling of the nuclear magnetic moment 7 with the total angular

momentum of the electron J and that the hf Hamiltoninan is given by

Y BT= 00— FT
th:h[“(I'J)+b(3( : ;fgj(zfll)(zj—ﬁ;)(J+l)) +} + Hy;.

(3.2)
Here a is the magnetic dipole and b the electric quadruple coefficients in a multipole
expansion while higher order terms are ignored. The term H, hZf is the Zeeman splitting
in the presence of magnetic fields, which is negligible for the magnetic fields in our
case.

For Cs*¥ the nuclear magnetic moment is [ = % and the state of interest 65/,
has J = % Hence, when [ is combined with J under the quantum mechanics rules for
addition of angular momentum, we find that the 65/, state has six hf components,
with corresponding quantum numbers F” = 1,2, 3,4, 5, 6. Assuming that the energy
shift of each of these levels from the unperturbed state is given by AEp: = h dwpr,
one can easily plug in Eq. (3.2) the values for I and J to obtain the position of the

various hf energy levels. In particular, it can be shown that

dw, = - - %b, (3.3)
Swy = —%a ¥ %b, (3.4)
bwy = —gf-a - Tlib’ (3.5)
bwy = —ga — %b, (3.6)
Bty = aip By (3.7)



40
and
35 il

Swg = — —B.

Notice that, as it should be, the center of gravity of these hf components is the same
as the unperturbed level, i.e., > AEp» (2F" 4+ 1) = 0.
Finally, from Egs. (3.3)-(3.8) it can be shown that the splittings dw;; = Sw; — éw;

of the hf components are equal to

bwiz = —2a+ ;b’ (3.9)
bwys = —3a+ %b, (3.10)
S = ali=p %b, (3.11)
Owes = —Ba— %b, (3.12)
and
Swsg = —6a — %b. (3.13)

As it turns out @ < 0 and since b << a (recall that a and b correspond to successive
orders in a multipole expansion), it is clear from Eqs. (3.3)-(3.8) that the energy level

of the F” = 1 hf component is the highest, while that of F” = 6 is the lowest.

3.4 Results

Figure 3.4 shows the hf structure of the three energy levels of atomic Cs'3® that we
are considering. The three hf components shown in bold face are the ones that will
be used to realize a three-level system in the subsequent experiments. As has already
been explained, for the purpose of the current spectroscopy experiment on the 6.Ds/5
state, the atoms have been excited using a tunable laser around A, ~ 884 nm of power
P,. The rate of two-photon excitation was monitored by measuring the fluorescence
intensity Ip at Ap = 917 nm from the 6D5; F" — 6P;/2F" = 5 decay. The trapping

beams, which are turned off during the measurements so that they would not perturb
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the atomic energy levels, are resonant with the 65, /3F = 4 — 6P;/,F' = 5 transition,
have wavelength Ar ~ 852 nm and total power (sum of powers of all five trapping

beams, see Fig. 1.3) Pr.
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Figure 3.4: Hyperfine structure of atomic C's

Figure 3.5 shows a typical spectrum obtained from this experiment. Notice that
because of the two-photon selection rule |F' — F”| < 2, the 6Ds/F"” = 1 state is
inaccessible from the ground state 65;,2F" = 4 and hence only five hf component can
be observed. Also note that to scan across a frequency range w of the hf components
in Fig. 3.5, we only need to tune the frequency of the A, excitation beam by % since

the excitation is a two-photon process. Numerous spectra such as the one of Fig. 3.5
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have been obtained and have been analyzed by fitting to them multi-Lorenzian curves

with variable peak positions, peak amplitudes and linewidths. Then, by compiling

133

the data various results about the 65/, state of atomic C's™** are derived.?
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Figure 3.5: Hyperfine spectrum of the 6D/, state in C's'?.

3.4.1 The a and b Coefficients

The first goal is to measure the magnetic dipole a and electric quatrapole b coeflicients
that characterize the hf structure of the 6 D5/, as described by Egs. (3.3)-(3.8). To do
so we compiled all our results for the various splittings (obtained by multi-Lorenzian
fits to spectra similar to that of Fig. 3.5), and by averaging all available data we
arrived at the best estimates for each of the hf splittings. Given the relation of these
splittings to the a and b coefficients as described by Egs. (3.10)-(3.13), we thus have

an overspecified system of four equations with two unknowns. Performing a standard

3The raw data and details about the analysis (multi-Lorenzian fits and least square procedure)
can be found in Lab Book # 3 of NPhG, p. 56-83.
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least square fit to this data gives the best fit values for the a and b coefficients. The
derived values are a = —4.69 =0.04 M Hz and b = 0.18 £ 0.73 M Hz. Contrasting
our results with the previous measurement of a = —3.6 + 1.0 M Hz,[9] we see that in
addition to a 30-fold improvement in accuracy, we have also pinpointed a to a value

that is 1o away from the previous measurement.

3.4.2 Linewidths

The next atomic property to be measured is the natural linewidth of the hf compo-
nents. Because this measurement is subject to power broadening from the excitation
beam, we have chosen to make measurements as a function of power P, and ex-
trapolate the data back to zero power. Figure 3.6 shows our data along with the
extrapolated value of y3 = 3.2+ 0.2 M Hz [7] and the theoretically predicted value of

~yIheory — 9 5 M Hz [57) which is significantly different from the measurement.

- % \ Extrapolated Natural Linewidth 1

5L 3.2+ 0.2 MHz

Linewidth (MHz)
w
|

Theoretical Prediction
1F 2.5 MHz

0 L | 1 | A 1 I 1 L | 1
0 3 6 9 12 15 18

Power of 884 nm Excitation Beam, P, (mW)

Figure 3.6: Linewidth of the hf components of the 6D/, state as a function of power
of the excitation beam.
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3.4.3 AC Stark Shift of the Ground State

As described earlier, the experiment is performed in two steps: first the trap is formed
using intense 852 nm fields (resonant with the 6S;/3F" = 4 — 6P;,3F" = 5 transition)
and then by turning OFF these beams the measurements are taken. However, it is
also possible to take measurements while the trapping beams are ON, but because
the trapping beams Stark shift the ground state, we expect the excitation spectrum
taken with the trapping beams ON to be shifted relative to that taken with the
trapping beams OFF. Figure 3.7 demonstrates this with three spectra taken under
different conditions. The first spectrum (a) is taken with the trapping beams OFF
and hence serves as benchmark for the unshifted spectrum. The other two spectra
(b) and (c) are taken with the trapping beams ON and as expected they are shifted
(and broadened) relative to (a). The total power of the trapping beams is P}b) =~ 3.1
mW and PP}C) ~ 10.4 mW for the (b) and (c) spectra, respectively.

To quantify the power broadening and Stark shift of the ground state as a function
of trapping beam power, we use the shifted spectra (b) and (c¢) shown in Fig. 3.7. In
particular, for spectrum (b) we find that the mean shift of the various hf components
relative to those of spectrum (a) is about 3.4 M H z, while for spectrum (c) it is about
8.4 MHz. The Stark shift A%™* —= cP is proportional to the power Pr of the
perturbing (trapping) field, where c is a constant of proportionality. Therefore, the
value of ¢ is estimated from spectrum (b) to be 1.1M Hz/mW and from spectrum (c)
to be 0.81 M Hz/mW . Taking a simple average of the two yields a value of ¢ = 0.95
and hence AS*™ (P) ~ (0.954H2) p.

Similarly, the mean power broadening is estimated for each of the two spectra
and it is found that for spectrum (b) the mean linewidth of the hf components is
v® ~ 1.9y while for spectrum (c) is about (¢ ~ 3.3y, where v ~ 3.8 M Hz is the
linewidth from spectrum (a). Notice that 7 is not the natural linewidth because the
two-photon excitation beam at A, = 884 nm has power P, ~ 3.3 mW and causes a
non-negligible power broadening of 0.6 M Hz. The power broadening of the ground
state due to the trapping beams can then be expressed as v (Pr)® = 42 + kPp,[64]
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Figure 3.7: T'wo-photon excitation spectra, which show Stark shifts and power broad-
ening due to perturbation of the ground state by the trapping beams. a) Trapping

beams are OFF, b) Trapping beams ON, total power P,}b) ~ 3.1 mW, c¢) Trapping
beams ON, total power Pj(f) ~ 10.4 mW. The power of the 884 nm, two-photon
excitation beam, is 3.3 mW in each case.

where v is the linewidth from spectrum (a), Pr the power of the trapping beams
and k a constant of proportionality. Hence, from spectrum (b) the value of k is
estimated to be 0.85y?/mW while spectrum (c) gives in good agreement with (b)
that k ~ 0.95vy2/mW . Therefore, an average estimate of the power broadening of the

. . . Sic P
ground state due to the trapping beams is given by v (Pr) >~ v4/1 + 555

3.4.4 “Cross-Talk” between hf States

The concept of “cross-talk” (mixing) between different hf components is an important
constraint for realizing a pure three-level system. For example, if the atoms are to
be excited from the 65;/2F" = 4 level via a two-photon absorption and the excitation

laser is tuned somewhere between the F” = 6 and F” = 5 energy levels, then the
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resulting absorption S will be primarily due to the sum of absorptions that lead
to the F” = 6 and F” = 5 levels. Hence, the upper level must be described as a
non-degenerate two-level manifold, and the overall atomic system is not any more an
isolated three-level system. To quantify in simple terms this mixing we can define
the total absorption S to be the incoherent sum of five absorptions, Ss,Ss,S4,S3
and S5 corresponding to excitations to the various F” = 6, 5, 4, 3 and 2 levels,
respectively. Then § = S5 + S5 + Sy + 53 + 52 and the mixing of the F” = 2,3,4
and 5 into the F” = 6 level may be quantified by the “cross-talk” ratio defined to
be m = §5+—S‘*;65—3—+§2 which needs to be as small as possible. Since each of the S; has

a Lorenzian shape (see Fig. 3.5) of about the same linewidth v ~ 3 M Hz, we have

that
Azry? ] Asvy? 5 Agy? & Asy*
L PA(w—bwae)® T 24 (w—bwse)” | y2+(w—bwas)® | y2+(w—bwse)” 3.14
"= Ae. 2 2 ( " )
.-),2_|_w2

where w is the frequency of the excitation laser relative to the frequency of the F” = 6
component and Sw;g are the frequency splittings between the F/ = 6 and F" = i hf
components. The amplitudes A; are the amplitudes of the various components of Fig.
3.5 and are roughly equal to %?; ! %g : %é‘ : %z =0.5:0.25:0.13 : 0.04. The splittings
Sw;s are equal to {bwag, dwss, Swas, Swse} =~ {84.4,70.4,51.6,28.1} M H 2.

Figure 3.8 shows the “cross-talk” m versus the probe frequency w. When w = 0
then the excitation laser is on exact resonance with the F/ = 6 hf component and
the m is close to minimum (m (w = 0) ~ 0.008). On the contrary when w = éw;s
then the contribution comes mostly from the F” = i hf component and in that case
m > 40. Clearly, if we want to have the atom as a purely three-level system, we must
constraint w to be close to resonance with the F” = 6 hf component. Setting a rather
arbitrary limit of 5% for the allowed contribution to the absorption S from other hf
states (F" < 6) constraints the deviation from resonance for the excitation frequency

tobe —11 Sw <6 MHz.
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Figure 3.8: Cross-talk m as a function of the probe frequency w (w = 0 is the resonant
frequency with the F” = 6 state).

3.5 Summary

In this chapter the investigation of the 6 D5/, state of atomic C's*3® has been presented.
By developing capabilities for two-photon spectroscopy in a magneto-optical trap, we
were able to determine accurately the hf structure of the 6Ds/; level and measure
several things. In particular, we measured to 1% the magnetic dipole a and electric
quatrapole b coefficients that determine the hf splittings. We also measured the
natural linewidth and estimated the Stark shift and power broadening of the ground
state due to the trapping beams. Finally, we quantified the “cross-talk” of the hf

components in two-photon excitation.
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Chapter 4 Optical Parametric Oscillator

In the previous two chapters the experimental techniques that have been developed to
perform our experiments and in particular the procedures implemented to monitor the
two-photon excitation of a three-level atom have been described. In this chapter the
focus will be on the source of nonclassical radiation, which throughout the subsequent
experiments will be a subthreshold optical parametric oscillator (OPO).

Optical parametric oscillators have been used for many years in quantum optics
to generate and study nonclassical states of light.[65, 66, 67, 68] In fact, a very large
portion of quantum optics involves, in one way or the other, the use of some sort of an
OPO which makes virtually impossible the complete coverage of all aspects of OPO’s
in the present discussion. Instead, the discussion here concentrates on the particular
OPO used in our own experiments and a detailed description of its various modes of
operation will be given.

In its most general form, an OPO is simply a nonlinear crystal, characterized by a
non-linearity ¥, placed inside an optical cavity in-order to build up the signal and
idler output fields. This basic configuration is shown in Fig. 4.1 where, in addition to
the crystal and the cavity, the pump laser at frequency w, and the generated signal
and idler fields at frequencies w, and w;, respectively, are also shown.

From energy conservation the relation w, = w,; + w; must be satisfied. Note that
the frequencies w; and w; must be in resonance with the optical cavity while the pump
frequency is usually not, although cases where w, builds up around the OPO have
been considered.[69, 70] Also note that as a result of the conversion of a single pump
photon into two (signal and idler), the two output photons are highly correlated with
each other. These correlations give rise to the nonclassical nature of the OPO output
and the squeezed spectrum that characterizes it.

Depending on whether or not the signal and idler frequencies are degenerate, the

OPO is said to operate in a degenerate mode (DOPO) for which w, = w; = £, orin a
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i

Figure 4.1: A basic OPO consists of a non-linear crystal, ¥ inside an optical cavity.
The OPO is pumped by a laser at frequency w, and generates a signal and idler
output at frequencies w; and w;, respectively.

non-degenerate mode (NDOPO) for which w, # w;. The output coupler of the OPO
has field transmissivity ¢ (see Fig. 4.1) which translates to a cold cavity (i.e., without
the pump) linewidth for the OPO of yopo0 = 7,. Note that the cavity linewidth

changes when the pump is on; see Ref. [12].

4.1 OPO Configuration

4.1.1 Cavity Elements

Turning now to our OPO, we begin the discussion by describing the geometry config-
uration in the experiments shown in Fig. 4.2. Contrary to the simplified OPO of Fig.
4.1, the geometry implemented in our experiments is a folded ring cavity (composed
of the mirrors My, Moyr, My and M,) and is the same geometry that was used
in previous experiments by our group.[3, 4] The main reason for using a ring cavity
is that the total intracavity losses in a ring configuration are only half of those in a
standing wave cavity, while the folded configuration permits the angles of incidence
on the mirrors to be kept small in order to avoid birefringence from the curved mirrors
(M;in and Moyr) that effectively acts as a loss mechanism. The nonlinear material

that was used is a K NbO; crystal of about 10 mm length.!

n the lab this crystal was marked as C15. Its properties were carefully measured by E. S. Polzik.
However, over time the quality of the crystal degraded and during our experiments apparent bulk
defects, “stripes” inside the crystal, were present. For a summary of the properties of the crystal,
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The OPO is usually operating at one of two pump frequencies corresponding to
pump wavelengths of Ap ~ 426 nm and A, >~ 442 nm, respectively. For the first case
(Ap =~ 426 nm) the OPO was always operated in the degenerate mode, producing
correlated signal and idler beams at Ay = A; >~ 852 nm, while in the second case
(Ap ~ 442 nm) the OPO was used as either a DOPO with A; = \; ~ 884 nm or as
a NDOPO with A\, ~ 852 nm and \; ~ 917 nm. In both cases the mirrors My, M;
and M, are high reflectors for the IR (signal and idler) frequencies and transmit the
pump frequency (t2,5 =~ t24, = 0.95) . The output coupler Mopr has IR transmission
2., ~ 0.105 for the case \p ~ 426 nm and t3;, ~ t2s, =~ t%;, ~ 0.07 for the case
Ap =~ 442 nm and also transmits the pump. To switch between the two, the mirror

Moyt is physically replaced.

Figure 4.2: OPO geometry.

The total passive losses (in power) of the cavity are usually less than 0.5% and

see the list compiled by E. S. Polzik in Lab Book # 7 of N.Ph.G., p. 35.
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those due to light induced absorption about 1%.[71] Therefore, the total power losses
(including the output coupler transmission t) are about &§; ~ 12% for the case of
operating the OPO with a pump frequency corresponding to A, >~ 426 nm and & ~
8.5% for the case of A\, ~ 442 nm. Hence, the finesse of the cavity, given by F =
Wf_‘/lCJl—:—T;, is F =~ 50 for the case of A\, >~ 426 nm and F ~ 71 for A\, ~ 442 nm. The
total length of the OPO cavity is about L ~ 46 ¢m and hence the free spectral range
is FSR = £ ~ 650 M Hz from which we calculate the cold cavity linewidth -, = —F;Jﬁ;ﬁ
to be 32 ~ 13 M Hz for the case when we operate the OPO with A, ~ 426 nm and
32 ~9 MHz for A\, =~ 442 nm. Note that -, is the FWHM value of the linewidth.

The last element in the cavity is a set of Brewster windows fixed on two counter
rotating tilt mounds. The purpose of this set of plates is to tune dispersively the
length of the OPO so that in the NDOPO operating mode double resonance for the
desired w,; and w; frequencies can be achieved. These windows are positioned with
respect to the beam path at an angle close to the Brewster angle so as to minimize

losses. The reason for using two instead of just one is of course to avoid misalignment

due to beam displacement of the OPO as the plates are tilted.

4.1.2 Beam Paths

Because of the ring configuration of the OPO, there are two distinct counter-propagating
paths within the cavity (see Fig. 4.2). The main path is defined by the direction of
the pump field and it is also the direction of the signal and idler propagation. The
opposite path is used for locking the OPO, and a beam counter propagating to the
signal and idler is reflected from the output coupler Mgy onto the locking detector.
In order to minimize the degradation of the signal and idler beams, the locking beam
is brought into the OPO through a 99/1 beamsplitter.

One more injected beam through M; (along the direction of the signal and idler
propagation) serves as a probe beam to measure the phase-sensitive gain of the OPO
and to check if the OPO is in resonance with the atomic transitions (see below). This

beam is turned off during the experiments.



52
4.1.3 OPO Locking

To lock the OPO we implement the well established FM stabilization technique of Ref.
[72]. Here the locking beam (like all other beams originating from the master-laser
which is the Ti:Sapphire) has FM sidebands at £27.5 M Hz. When reflected from the
OPO, this locking beam is detected on a fast photodiode, the photocurrent of which
is demodulated by mixing with a signal from the RF generator at 27.5 M Hz. The
demodulated signal is amplified, high-pass filtered and fed into a HV amplifier that
drives the PZT of M, so that the cavity stays in resonance with the locking frequency
wy,.

To avoid any cross-talk of the locking beam with the signal and idler frequen-
cies due to backscattering, the locking frequency wy is detuned by about 240 M Hz
from the master-laser (Ti:Sapphire). This is achieved by double passing the locking
beam through a tunable acousto-optic modulator. Then the OPO is locked to one
of the transverse spatial modes of the locking beam that coincides with the longitu-
dinal modes of the signal and idler beams that we want the cavity to be resonant
with. Note that the master-laser frequency is w,, the OPO pump frequency (gen-
erated by doubling of the Ti:Sapphire laser frequency) is 2w,, the signal and idler
frequencies are w,; = w, = A and the locking beam that also originates from the
same Ti:Sapphire laser has frequency wy ~ w, + 240 M Hz; see Fig. 4.3.  Hence,
in the degenerate operation of the OPO, w,; = w, # wy, while for the NDOPO we
have that |w,; — wr| > 240 M Hz since A > 240 M Hz. In other words, in both the
DOPO and NDOPO, the locking beam frequency is at least 240 M H z away from the
signal and idler frequencies minimizing in this way the possibility of contaminating

the squeezing by unwanted radiation.

4.1.4 Triangular Cavity

Finally, to complete the discussion about the OPO setup, notice that in Fig. 4.3 the
pump beam passes through a triangular cavity on its way from the doubling cavity

to the OPO. This cavity is used as a transfer cavity to modematch the pump beam
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Figure 4.3: Experimental setup to generate squeezed light.

to the OPO. To do this, the pump from the doubling cavity is modematched to the
triangular cavity. Then, by injecting into the OPO an IR beam (at frequency w,),
counter-propagating to the direction of the signal and idler beams, we generate light
at the pump frequency w, = 2w,. This beam is propagating in the opposite direction
of the pump and goes to the triangular cavity to which is also then modematched.
Hence, the pump from the doubling cavity is modematched to the OPO. The transfer
cavity just described is crucial for aligning the pump to the OPO since the OPO
cavity is not resonant with the pump and hence could not be directly modematched

to it.
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4.2 Degenerate Operation

Having described in detail the experimental realization of the OPO, we now turn
our attention to its performance characterization in the two modes of operation, the
DOPO and NDOPO. Theory for both operating modes can be found in Ref. [12].
The discussion begins in this section with the DOPO, and in the next section the
NDOPO will be described.?

From the analysis of Ref. [12], it follows that all OPO output characteristics (both

for the DOPO as well as the NDOPO) can be expressed in terms of the pumping

\/1—?—; , (4.1)

and the OPO cold cavity linewidth ~,. Here P is the pump power and P, is the

parameter z defined by

z

I

threshold power above which the OPO starts to lase. The parameter x is the same
as what the authors in Ref. [12] call coth §, which for practical reasons we choose to
express here in terms of power instead of fields since power is what we experimentally

measure.

4.2.1 Phase-Sensitive Gain

In the degenerate mode (either with A, ~ 426 or A, ~ 442), the DOPO was charac-
terized on a day to day basis in terms of the phase-sensitive gain G5, experimentally
defined by

exp
Gy

Vi
X (4.2)

The gain GE* corresponds to the maximum power amplification (+) and maximum
power deamplification (—) of a small injected coherent signal at frequency £, that

enters the OPO cavity through M; (see Fig. 4.2). This beam is phase coherent with

2Note, however, that the phase sensitive gain derived in Ref. [12], DOES NOT apply in our
case, because the derivation is based on the assumption of a single port cavity (i.e., same input and
output ports). In our case, the two ports are different, M; and M,,; (see Fig. 4.2). Notice, also,
that Fig. 1 of Ref. [12] is misleading and does not correspond to the equations the authors derive
for the phase sensitive amplification, i.e., Eq. 15 and Eq. 46 in Ref. [12]. The easiest way to see
this discrepancy is to turn off the gain and observe that, contrary to the two sided cavity, the entire
field transmits (see Eq. 15 in Ref. [12])! More details can be found in Appendix A.
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Figure 4.4: Phase-sensitive gain of a coherent beam transmited through the DOPO.

the pump (i.e., originates from the Ti:Sapphire laser of Fig. 4.3) and is injected
along the injection path of Fig. 4.2. The transmission of this beam is observed at
the signal/idler output port of the OPO. In the presence of the pump this signal is
amplified or deamplified depending on its relative phase to the pump. By modulating
this phase, with a PZT along the injection path, we observe a periodic output with
maximum value V, and minimum V_ (see Fig. 4.4). These values, compared to the
no-gain value V,, give G* as described by Eq. (4.2). Here an important experimental
detail is that to determine correctly V, we should NOT block the pump power (which
of course turns the gain off) but rather detune the temperature of the crystal to a
place where there is no phase matching and hence no gain from the OPO. This is
important because the presence of the pump introduces non-linear losses due to light-
induced absorption, so that if the blue is blocked in order to measure V,, its value

will in fact be overestimated.
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Figure 4.5: OPO gain G, vs. the dimensionless pumping parameter z?. The solid
line is the theoretical prediction (G = (1 — z)*) with no free parameters.

Expressed in terms of the pumping parameter z, the phase-sensitive gain for the

DOPO can be shown from Ref. [73] (Egs. 1-4) and Ref. [74] to be equal to
Ge=—— (4.3)

and hence the relation

must hold; see Appendix A.® Clearly, by measuring G+ the value of the pumping

parameter x can be inferred, which is important in estimating the rest of the properties

3Note that for a single-sided cavity in which the injected beam enters and escapes the cavity from
the same mirror (i.e., same input and output ports), the gain is given by Eq. 15 of Ref. [12], which

reduces to 5
1o
G:Q: = (1 = SC) )

GG =1.

This expression can also be derived from Refs. [73] and [74] and details of the derivation are shown
in Appendix A.

and which further implies that



57

1.0

& 2M11/04
® 4/27/94
B 5/2/94
v 8/4/94
Theory

O 0.6 |
=
(]
O
O 0.4
o
o
02+ M N
00 1 1 1 " l 1 1 .
0.0 0.2 0.4 0.6 0.8 1.0

Threshold Parameter x’=(P/Pth)

Figure 4.6: OPO gain G_ vs. the dimensionless pumping parameter z2. The solid
line is the theoretical prediction (G_ = (1 + z) %) with no free parameters.

of the OPO. In particular, inverting Eq. (4.3) for z gives

|

VGx

(4.5)

o= i-

In addition to the day to day measurements of G4 through which the performance
of the OPO was monitored, specific experiments were conducted to quantify better
the issues described above. In particular, measurements have been taken of G+ versus
P in three occasions (2/11/94, 4/27/94, 5/2/94) with A, ~ 426 and once (8/4/94)
with A, ~ 442. The data are compiled in Table 4.1 and plots of them are shown in
Figs. 4.5, 4.6, 4.7 and 4.8.

To put all the data together, the following two-step procedure has been applied:
a) the G, versus P data from each experiment are fitted to Eq. (4.3) to get FP; b)
the P axis of the data is rescaled to @ by normalizing P by P, for each experiment.
Having performed this normalization the data, although taken at different days, which

could mean different conditions, i.e., potentially different P, can be presented on the
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Figure 4.7: The product G G_ versus the dimensionless pumping parameter z%. The
solid line is the theoretical prediction GLG_ = (1 — 2:2)_2.

same graph. The threshold powers extracted from fitting Eq. (4.3) to the data are
PN~ 335 mw, PYP% ~ 311 mW, PY** ~ 317 mW and PY/Y* ~ 146
mW . Clearly, the first three data sets have similar threshold powers, while the last
one has a much lower value which is due to the different output couplers used. In
particular, the first three experiments, for which the pump wavelength was Ap ~ 426
nm, were performed with a 10.5% output coupler, resulting in an OPO linewidth of
&8, ~ 13 M H z, while the last experiment, for which Ap ~ 442 nm, was performed
with a 7 % output coupler, resulting in an OPO linewidth about v4%, ~ 9 MHz
(see Sec. 4.1.1). Since the threshold power for the OPO scales as the square of the
cavity linewidth (see Ref. [12] and Appendix A), we expect that the threshold in
the case of A\p ~ 426 nm (first three experiments with 10.5% output coupler) to be
(1—3)2 ~ 2.1 times bigger than in the case of A\p ~ 442 nm (last experiment with 7%

9
output coupler) in accordance with the observations.
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4.2.2 Squeezing Spectra

In addition to the gain measurements, we have also observed squeezing directly using
a usual balanced homodyne setup as shown in Fig. 4.9.[75, 76] A typical spectrum
obtained from such a measurement is shown in Fig. 4.10. The shot-noise level W,
is about 10 dB above the electronics noise. When the squeezing is unblocked, the
modulated trace in Fig. 4.10 is observed, which is an indication of squeezing. The fact
that there is noise suppression below the shot-noise level is a signature of quantum
squeezing. The frequency with which the modulation occurs is twice that of the
modulation on the PZT of Fig. 4.9.[13] The maximum noise suppression W_ and
the maximum noise enhancement W, correspond to the sizes of the squeezed and
antisqueezed quadratures, respectively.

Systematic homodyne measurements of squeezing as a function of the pump power
P were performed twice, once on 2/11/94 and once on 4/27/94 along with the phase-

sensitive gain measurements mentioned earlier. In both cases the homodyne detector
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2/11/94 4/27/94 5/2/94 8/4/94
P . G| P @&, G |P G, & | P G &
60 38 045| 3 1.2 0.75| 65 35 043| 20 1.7 0.56
100 64 037| 10 1.6 072|100 51 0.38| 30 24 047
125 85 035| 30 21 057|120 6.4 037| 40 3.4 0.38
150 10.7 0.32| 50 3.0 051|140 92 035| 50 55 0.38

170 132 032 70 3.7 047 60 6.7 0.27
180 14.0 0.31| 90 4.7 041 70 12,56 0.27
190 14.3 0.31|110 6.2 0.42 80 21.0 0.30
130 7.5 0.36 90 30.0 0.24

140 9.2 0.35 100 56.0 -

160 12.5 0.33 110  96.0 -

120 168.0 -

130 290.0 -

Table 4.1: Raw data of P, G4 and G_ for the experiments of 2/11/94, 4/2/94, 5/2/94
and 8/4/94. Note that P is in mW.

was balanced at 3 M H z (to avoid the laser’s technical noise) and had noise suppression
of about 35 dB. To observe the squeezing, the spectrum analyzer was set to zero
span, center frequency 3 M H z, resolution bandwidth 100 K H z and video bandwidth
1 K Hz. The overall detection efficiency was ¢ = n?atytoy =~ 0.71, where n ~ 0.93 was
the homodyne visibility at each port of the 50/50 BS (Fig. 4.9, note that a cleaning
cavity for the LO mode was not used), o ~ 0.95 was the detector quantum efficiency
(measured by Akira Furusawa in Oct. 1997, about two years after the experiments
took place), t; =~ 0.96 was the transport efficiency and ¢, =~ 0.87 was the escape
efficiency from the OPO. Figure 4.10 is typical of the squeezing spectra from the
experiments of 2/11/94 and 4/27/94.

The quantities of interest from the data are W, (shown in Fig. 4.10), from which
the sizes Ry (see Eq. (4.7) below) of the squeezed and antisqueezed quadratures
relative to the shot-noise level can be calculated. Notice that the W’s are in a log scale
while the R’s are linear quantities. Furthermore, matters are somewhat complicated
by small corrections to W.. due to the finite shot-noise level above the electronics noise
floor which was W, ~ 10 dB for experiment 2/11/94 and W, ~ 8 dB for 4/27/94.
To derive the transformation between the W’s and the R’s, we begin by defining the

electronic noise floor to be at a level on the spectrum analyzer y., the shot-noise at y,,
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Figure 4.9: Balanced homodyne detector.

the maximum squeezing at y_ and the maximum antisqueezing at y.; see Fig. 4.10.
Hence, Wy = y, — y. and Wi =y — y,. Let z, + be the size (in linear scale) of the

shot-noise, antisqueezing and squeezing without the contribution from the electronics

noise. Then,

Yo, +

Yo = 1010g (a:o,i 3 10%) = 2,4 = 10°% — 10%, (4.6)

where the contribution of the electronics noise is included via the term 101 and is

assumed to add incoherently to the values of z, .. Therefore, R, is calculated to be

Y4+ —Ve Wi +Wo
#e. Mm—1 ¥ —1
Ri = — = Tomiia = Wo (47)
Zo 107 —1 10 —1

The experimental uncertainties for Ry, defined to be eg,, are easily calculated from
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the experimental uncertainties ey, of W, to be
dR
ery = ’d—ﬂi ew, = 0.23 Ry ew,, (4.8)

where it is assumed that there is no uncertainty in W,. Note that both the values of
W, as well as their associated uncertainties ey, have been extracted (“by eye”) from
plots similar to that in Fig. 4.10. Table 4.2 lists the values of R4 and the associated
errors er, for the experiments of 2/11/94 and 4/27/94.

Next, the size of the two conjugate quadratures of the electromagnetic field AX . (Q2)

are calculated, which as shown if Ref. [13] are equal to

AXe(Q) =14+ 54 (Q) (4.9)
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2/11/94 4/27/94
P R+:EBR+ R_:I:BR_ P R+i63+ R.ﬁ:|:8R_
100 5.7240.65 0.42+0.05 3 1.4140.16 0.78+0.07
125 6.43+£0.74 0.41+0.05| 10 1.61x0.15 0.67%=0.06
150  7.40£0.85 0.384+0.05 | 30 2.24+0.10 0.6230.03
170  9.35£1.07 0.45%+0.05 | 50 2.94+0.20 0.5640.03
180 10.2641.18 0.37£0.04 | 70 3.32+£0.15 0.5640.03
190 10.50£1.20 0.39£0.04 | 90 3.84+£0.17 0.5440.05
110 4.234+0.19 0.51+£0.05
130 5.34+0.37 0.51%+0.05
140 6.0540.42 0.50£0.03
160 6.97+0.80 0.47=0.06

Table 4.2: Size of the squeezing R_ and antisqueezing R, relative to the shot noise
in linear units. Corrections for the finite level of the shot noise have been included.
P is the pump power in mW.

and satisfy the uncertainty relation

AX, (QAX_(V)>6(Q-Q). (4.10)

Here 2 is the frequency of observation (3 M Hz in our case) and Sy is shown (see

Ref. [13]) to be related to R+ by

Ry () =148 (), (4.11)

where ¢ ~ 0.71 is the overall homodyne efficiency. From these relationships the uncer-
tainty relation for the quadratures of the field is written in terms of the experimentally

measured quantities R.:

() (o) 2

Note that for minimum uncertainty states AX, AX_ = 1 and as we approach perfect

(4.12)

squeezing S, — oo while S_ — —1.
Figure 4.11 shows the data plotted as the squeezed quadrature AX, =1+ Sy
versus the antisqueezed quadrature AX_ =1+ S_. As we can see, the data exhibit



64
quantum squeezing (i.e., AX_ < 1) but they do not fall on the minimum uncertainty

curve. One explanation of this discrepancy is that there is an extra loss factor that

has not been accounted for. By assuming that (ror = ¢ - {, with the extra
1.0 T ’ T g T T T " T
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Figure 4.11: The squeezed (AX_ = 14 S_) versus the antisqueezed (AX, =1+ 5.)
quadratures of the OPO output. The solid line is the minimum uncertainty relation
AX+AX_ == 1.

factor (, introduced to account for a missing efficiency, the data are fitted to the
minimum uncertainty relation to obtain (., which gives that for the experiment of
2/11/94 ¢, = 0.93 and for 4/27/94 (, = 0.79. Figure 4.12 shows AX versus AX_
as calculated from Eqs. (4.9)-(4.11) taking into account the extra factor ¢,, with now

very good agreement.

4.2.3 Summary of the DOPO Results

Recapitulating the results for the performance measurements of the DOPO, we note

that two independent types of experiments were performed, the phase-sensitive gain
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Figure 4.12: The squeezed (AX_ = 1+ S_) versus the antisqueezed (AX, = 1+.5,)
quadratures of the OPO output calculated taking into account an extra efficiency
factor ;. The solid line is the minimum uncertainty relation AX;AX_ = 1.

measurements and the direct homodyne detection of squeezing. In the first case, the
phase-sensitive gain measurements are in good agreement with theory, while in the
case of squeezed spectra a small discrepancy with theory has been detected. However,
this difference can be bridged by assuming some extra loss factor which has not been
accounted for otherwise and which degrades the squeezing. For the experiment of
4/24/94, the loss factor that resolves the discrepancy is 1 — {, = 0.21, while for the
experiment of 2/11/94 the factors that adjust the data to the theory is 1 — {; = 0.07.

4.3 Non-Degenerate Operation

Turning now to the NDOPO, we will first discuss its operation and tuning so that
the output signal and idler beams have corresponding wavelengths A, ~ 852 nm and

i =~ 917 nm in resonance with the 65/2F = 4 — 6P3F' = 5 and 6P3pF' = 5 —
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6D5/2 F" = 6 transitions in Cs, respectively. Following that we will concentrate on
the characterization and day-to-day monitoring of the performance of the NDOPO.
Neither the operation nor the characterization are easy tasks mainly due to the fact
that the signal and idler frequencies differ by 25 T'Hz. First to tune the NDOPO, we
must bring the OPO cavity to double resonance with the signal and idler wavelengths
As = 852 nm and A; ~ 917 nm. Then to deduce the squeezing produced, we must
rely on phase-sensitive gain measurements since direct observation of the spectrum of
squeezing is not possible. Note that nonclassical correlations exist between the signal
and idler frequencies which are separated by ws — w; >~ 25 T'Hz and hence are well

beyond the detection capabilities of any conventional photodetector.

4.3.1 Operation

In order to tune the OPO cavity to double resonance with A; ~ 852 nm and A; ~ 917
nm, the Brewster plates in Fig. 4.2 are used to scan the length of the OPO. Double
resonance is achieved when the optical path lengths L, and L; of the signal and idler
beams are simultaneously equal to integer multiples of the corresponding wavelengths
As and ), i.e., when L, = pA; and L; = g)\;, where p and ¢ are integers. Assuming
that the indices of refraction for the two wavelengths in the Brewster plates are the
same, the double resonance condition may be written as pAs; = g\;. Realizing that
%z% o~ % implies that if there is a double resonance in the OPO cavity for some physical
cavity length L,, then the next double resonance will be at L, + 13\; =~ L, + 14A,.

Hence, by changing the length of the OPO by at most dL, >~ 13X; ~ 14\, ~ 12 um
should result in a subsequent double resonance; see Fig. 4.13. Because the required
scanning length of 12 pm to reach double resonance is beyond the scanning range of
the PZT, the Brewster plates are used, which provide a much larger tuning range.
Note that if the ratio of the two wavelengths is not “close” to a ratio of two small
integers, then the length L, must be tuned by much more than 12 um before a double
resonance is reached. Actually, because the ratio is not exactly 13/14, it has been

found that a scanning range of the order of 100\, was required before the double
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Figure 4.13: Schematic representation of double resonance in the NDOPO. The ver-
tical lines denote longitudinal modes of the OPO cavity for the two wavelengths A,
(solid lines) and A; (doted lines), which are separated by As; and A;, respectively. As
the cavity length is changed, the resonances of the two wavelengths move relative to
each other until they coincide and to produce another double resonance.

resonance was optimized for the finesse of our cavity.

To monitor the tuning to the double resonance, a small coherent probe beam is
injected into the OPO. The injected beam originates from an independent diode laser
tuned at the Agso = 852 nm resonance of the 65,/,F = 4 — 6P3/,F' = 5 transition
in Cs, hence having the desired frequency for the signal beam. Simultaneously, the
OPO is pumped at frequency A, = 442 nm, obtained by doubling the frequency of
the Ti:Sapphire laser which is locked to the two-photon transition 6S5;,F = 4 —
6Ds/2F" = 6 (Assa = 884 mm). Then, as the cavity length is scanned, successive
double resonances of wgss With ways—wsse are reached, at which points the transmission
of the injected beam exhibits amplification; see Fig. 4.14. This of course happens
because at double resonance some of the pump photons at w4y are converted to two
photons of frequencies w; = wgsz and w; = waao — wsse and hence the wgss beam is
amplified. By optimizing the gain of the injected wgs2 beam and locking to that point,
the length of the OPO cavity is fixed so that it is doubly resonant with ws; = wgs2
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Figure 4.14: When the OPO cavity is doubly resonant with the injected wgso and
conjugate wyq2 — wss2 frequencies, there is amplification of the injected beam.

and w; = wy2 — Wesz. Since wgsy is resonant with the 651, = 4 — 6P F' =5
transition and since wg4y = 2wss4 is resonant with the 6S;/0F = 4 — 6D, F" = 6
transition, it follows that the w; = wg17 = wygs — wes2 is the eigenfrequency of the
6P/ F" =5 — 6Ds5,2F" = 6 transition. Hence, the OPO signal and idler frequencies
are w, =~ wgse and w; =~ wgyy are in approximate resonance with the two atomic

transitions of interest.

4.3.2 Performance

To monitor the NDOPO performance we observe in a series of measurements the gain
at the signal and idler frequencies. In particular, we look at the transmission of the
injected beam and measure its power in four different configurations; see Fig. 4.15.
First, by detuning the crystal temperature, the no-gain transmitted power of the
wgs2 beam V, is obtained; Fig. 4.15a. Next, the temperature is tuned to the phase
matching point and the amplified power of the combined signal and idler beams

Vasoqo17 is observed; Fig. 4.15b. Note that as the OPO cavity is scanned, several



69

(a)

Ap=442 nm ’Z‘ As=852 nm . A
- DTy
’ N ¢vo

NO GAIN
(b) -
A
R
NDOPO V
Ap=442 nm /Z\ As=852 nm Y
— — 8524917
Ai=917 nm
(c) %
R
NDOPO 7;;/ 852 nm Filter
Ap=442 nm Z As=852 nm ,!:::;:r:_:i::::
—’- —_— I > S . T
2 Ai=917 nm cir |y Vese
i=
(d) =
Rl
NDOPO Ao 917 nm Filter
- R S et
_— ——m
—_— > R ¢V917
Ai=917 nm

Figure 4.15: Sequence of measurements to determine the OPO gain: (a) no-gain
measurement of the transmitted power V,; (b) combined power of the amplified 852
nm and generated 917 nm beams, Vgsa4917; (¢) amplified power of the injected beam
at 852 nm alone, Vgso; (d) generated power of the idler beam at 917 nm alone, V7.

longitudinal resonances of the injected beam appear, but only the one for which there
is double resonance exhibits gain. In the third measurement only the amplified signal
beam power Vgso is observed by inserting an 852 nm filter in the path of the OPO
output, Fig. 4.15¢c. Finally, in the last step, by replacing the 852 nm with a 917 nm
filter, the generate idler power Vg7 is observed, Fig. 4.15d.

Combining these measurements for the various V’s, the gain (maximum amplifi-
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11/29/94 12/06/94 12/20/94
Ggs; Goip Gotr | Gssp Gorp Gawp- | Gesh Gotp Gaib”
460 2.75 3.13| 3.33 187 200 6.07 293 4.25
316 1.15 1.25| 200 100 095|367 233 225
2.25 1.03 0.78| 1.40 080 043| 1.83 0.67 0.63
175 028 042|117 133 020|167 083 045
1.50 0.26 0.26] 266 134 175|1.68 0.82 0.63
1.25 022 020|667 533 500|375 0.85 1.50
125 018 0.16| 400 3.00 225|135 0.18 022
3.00 057 071|200 140 075|241 053 0.68
1.50 0.70 0.38| 3.27 1.40 153
127 0.08 0.14
522 0.28 281
143 0.39 0.1
231  0.80 0.75

Table 4.3: Gain measurements for the NDOPO.

cation) is defined for the signal and idler beam to be

1 Vaso
Garh = —— 4.13
852 TBSZ % ( )

and "
Gemt = Vssz+917; mvsw, (4.14)

where Tgso is the power transmission of the 852 filter in the measurement of Fig.
4.15¢. In addition, the measurements of Fig. 4.15d give a second estimate of Gg7,

namely
1 Voir
Gexp? = ’
N7 Tar V,

(4.15)

where Ty17 is the power transmission of the 917 filter. Note that in the above discus-
sion it is assumed that the quantum efficiency of the detector at 852 nm and 917 nm
is the same.

Systematic data for the gain of the signal and idler beams have been recorded
on three occasions, 11/29/94, 12/06/94 and 12/20/94, during the nonclassical two-
photon excitation experiment. The data are shown in Table 4.3. To check for consis-

tency of the measurements, we first plot in Fig. 4.16 G52 versus G322, The data
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fall on the diagonal Go2' = G222 (as they should) and hence we take for the value

of the gain of the idler beam the average of the two Ggis = 1 (G§i2' + G5 ?).

6 T T T T T T 4 T L T L
[ W 11/29/94 )
51 ® 12/06/94 ® §
i & 12/20/94 ‘ !
4 g & A
P [ |
(D 2 -
®
5 L i
1k ' =)
Yy ®
"
0
0 1 2 3 4 5 6
1
G 917

Figure 4.16: Plot of the gain measurements of the idler beam Ggio' versus Goib?,

which were determined by two independent methods. For the data to be consistent,

they must fall on the diagonal Ggip' = Ggrb?,

The theory for the NDOPO is slightly different from that of DOPO. Following
the discussion of Appendix A, we find that the gain of the signal and idler beams of
a NDOPO are given by

1
Gy = T (4.16)
and
e
Gi — (1 — m2)2, (417)
from which it follows that
1
Gi=Gs (1 — \/CT) (4.18)

Here z is the pumping parameter as defined by Eq. (4.1) and all the losses in the OPO
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are assumed to be the same in both the signal and idler frequencies; see Appendix
A. Therefore, to check whether or not the data are consistent with theory, we plot
in Fig. 4.17 the gain of the idler beam Gg}5 versus the gain of the signal beam Gjgs5.
Clearly, there is good agreement and the discrepancies that are present (especially for

the experiment of 12/06/94) could probably be explained by unequal losses for the
signal and idler frequencies in the OPO.

7 T T T T z T y T ’ T i T L | y
oL | m 1129194 |
| | ® 12/06/94 i

12/20/94 P

5T Theory i
4 |- .
(Dmg = a
Z -
1 L —

O 'S
0 8

C

Figure 4.17: Idler gain Gg;5 versus signal gain Ggs5. The solid line is the theoretical

prediction for the relation of the two, namely Ggi; = Ggsp (1 - \/g@)

4.4 Summary

The focus of this chapter has been the description and characterization of the OPO
used in our experiments. Two main modes of operation have been discussed, the

DOPO and NDOPO. A compilation of all available data from various experiments al-
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lows us to compare theory with experiment and to quantify the discrepancies between
the two. In particular for the DOPO we find that the phase-sensitive gain measure-
ments are in agreement with theory, while the homodyne spectra of squeezing deviate
from theory by up to 20% which could be due to an unaccounted detection efficiency.
For the NDOPO there is a more limited set of data which nevertheless again shows

agreement, between the gain measurements and theory.
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Part 11

SQUEEZED LIGHT AND ATOMS
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Chapter 5 Two-Photon Excitation Rate
with Nonclassical Fields: Theory and

Experiment

One of the most challenging tasks in quantum optics is the observation of the inter-
action of nonclassical states of the electromagnetic field with atoms.[14, 15, 16, 17]
Three main factors contribute to the overall difficulty of this type of experiment: the
creation of nonclassical states of the electromagnetic field in resonance with atoms,
the efficient illumination of the atoms by these states and the efficient monitoring

of the interaction. As mentioned in the introduction, predictions for nonclassical

T 3>
pumMp _ NDOPO o3 0332\‘\<3
204 Z\ D= 0g- L = @) ? 3 i 27
—ie- > <

0= 0o+, =w, P D1 v2
2

Figure 5.1: Two-photon excitation by non-classical fields: a three-level atom
{11),12),|3)} is illuminated by the signal and idler (ws,w;) output beams from an
NDOPO, and they are near resonance with the |1) — |2) and |2) — |3) transitions,
respectively (ws ~ wjo and w; =~ wog).

effects associated with the interaction of squeezed states with atoms have existed in

abundance for more than a decade, but the difficulties outlined above have limited
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experimental work to a minimum. To the present day there is only one experiment
demonstrating such an effect [48, 49] and this will be discussed in the present and
next chapters.

Two-photon excitation of a three-level atom by the signal and idler outputs of an
OPO (Fig. 5.1) was predicted to exhibit nonclassical behavior by several authors.[42,
43, 44, 45] In particular, it has been shown that the rate of two-photon excitation
as a function of intensity approaches asymptotically a linear dependance for small
enough intensities. The basic principle behind our experiment along with an intuitive
interpretation of the phenomenon was presented in the introduction. In the following
section (Section 5.1) a more accurate but brief description of the underlying theory
is presented with emphasis on what constitutes a nonclassical effect. In Section 5.2
the setup, protocols and data of the experiment (including a control experiment) will

be discussed. The analysis is deferred to the next chapter.

5.1 Theory

5.1.1 “Simple” Theory

It has been known since the early work of Mollow in 1968 [77] that the rate of two-
photon excitation Ry is proportional to the fourth-order correlation function of the

excitation field & )
R2a<ET (t+7) Bt (t+T)E(t)E(t)>. (5.1)

In our case, the excitation field is the output of an NDOPO B = Eq which can be

expressed in terms of the transformation
E, (@) =p (@) By (Q) +v(Q) E}, (-9) , (5.2)

of the input field Em = EV, taken to be the vacuum state so that <EV (Q)> =0 (see
Fig. 5.2). The quantities Eq (t) and Eq (©2) are related to each other by the Fourier
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transform
B, () = / B, (Q) edQ. (5.3)
NDOPO
OUTPUT
PUMP, 20, Wg=0n+Q, 5
. X\ —— & [Fout"HEin*VEin
Wj=05-
o,

Figure 5.2: The output field £,,; of the OPO is related to the input state F;, via the
transformation Fu = pEi, + J/Efn.

The parameters p and v are broadband functions of the frequency 2 and fully
describe the output properties of the OPO.! In particular, {u (2), v (Q2)} are centered
(peak) at the signal and idler frequencies at w, = w, + €2, and w; = w, — 2, and have
bandwidth similar to the OPO linewidth. Without loss of generality v is taken to be

real and p = |p| €. In addition, from the commutation relation
B @, Bl @) =s@-9), (5.4)

it follows that
(@ — v (@ =1. (5.5)

It can also be shown that {u, '} are related to the more common squeezing parameters

1The parameters {u, v} are related to the squeezing parameter s of M. J. Collet and R. Loudon,
J. Opt. Soc. Am. B4, 1525 (1987) via

s e 8
|| = cosha and |v| = smh§ :
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M and N in the literature by

M(Q) = u(Q)v(Q) (5.6)

and

N(Q) =v (@) . (5.7)

Here the parameters M and NN are the field autocorelation function and occupation
photon number of the squeezed output of the OPO as defined by the correlation

functions

(E‘q Q) B, (Q’)> = M(Q)6(Q+ ) (5.8)

and

(B} @B, () =N (@)5(0—) . (5.9)

Expanding Eq. (5.1) and applying these definitions leads to
Ry o [u|* +€|ul’ v = N* + ¢ |M|* (5.10)

where £ is a constant of order unity. For minimum uncertainty states M and N are

related to each other by M? = N (N + 1) and hence
Ry o oy N? + oy N = oqI? + oo 1 (5.11)

which is in agreement with Eq. (1.3). Here of course I is the intensity of the squeezed
beam which is proportional to the occupation number /N and also for simplicity we
have assumed that N, = N; = N where N, and NN; are the photon numbers in the
signal and idler beams.? Note that N, and V; are not necessarily the same if the

corresponding losses in the OPO are unequal.

2Strictly speaking, the output intensity of the OPO is proportional to the photon flux, and is given
by I % ) A=)ty (Q). Therefore, in general I » N and the bandwidth of the OPO cavity
(i.e. lineshape of N (2)) has to be properly accounted for with the above integration. Nevertheless,
for small values of IV, the two quantities are proportional to each other, i.e., 1 > N ~ I. For more
details see Appendix C.
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5.1.2 “Full” Theory

Following a more accurate theoretical description of the system, the authors in Ref.
[44, 45] have integrated the master equation and derived a more complicated expres-
sion for R, in terms of the excited state population pss

v? (0) No {1 — v (6) Ns +[1 + 8 — Buv (6)] Ni}
[8+ Buv (8) N; + v (8) N, {1+ v (6) [2N, + N; — 3v () N;]}’

R2 X p33z = (512)

(see Eq. (23) in Ref. [45]). The parameter § is the ratio of the atomic linewidths as
defined by # = % where 7, and 3 are the linewidths of the second and third excited
states, respectively, (6P3/2F’ = 5 and 6D5/,,F" = 6 in our case, see Fig. 5.1). Here
the quantity v (@) is defined by

1 .

’U(Q)E§ 1—1(3—1—00528)(:059} <8< (5.13)
and accounts for imperfect coupling of the atoms with the squeezed vacuum which
is mainly due to the finite focusing angle # of the OPO output onto the atoms. In
our experiments v () < 1 and hence by expanding Eq. (5.12) and assuming that

N, = N; = N, we arrive at

v? () 3 v (6) 2
P33 3 [(1+ B) NyN; + N;] + O [v* (8)] ~ 3 [(1+B8)N*+N| , (5.14)
which can also be written as
paz =~ v (0) [N2 + % |M12} , (5.15)

Clearly, Egs. (5.11) and (5.15) have the same functional dependences in NN, which
as advertised for small enough N grow linearly with intensity. An important feature
of Eq. (5.14) is that even for inefficient coupling of the atoms to the squeezed vacuum
(v () — 0), this nonclassical effect persists since the functional dependance of the
excitation rate versus intensity is not altered. This is not the case in examples such

as the one originally considered by Gardiner [16] for which efficient coupling was
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essential in preserving the nonclassical effects. This feature of two-photon excitation
by nonclassical fields is extremely important from an experimental point of view
because of the difficulties in achieving efficient coupling.

Preluding the experiment that will be discussed in the next section, it is noted that
the price to pay for small values of v (f) is that the overall detection signal, which
scales proportionally to v? (#), becomes very small. In our case # ~ 5° and hence
Eq. (5.14) predicts that the excitation population is pss ~ 1.4 x 107° (EN2+ N). In
order to observe the transition from the quadratic N? to the linear dependance N,
the experiment must be performed in the region where %N 2~ N,ie., for N = g and
hence at the region of interest ps3 = 2 x 1075, Because the overall detection efficiency
is also small (ot ~ 0.01 and given that the detection channel (which in our case is
the decay from the upper to the intermediate states |3) — |2)) has linewidth v3 ~ 3

M Hz, the expected counting rate at the region of interest is of the order of
Ry = Giory3pas ~ 0.5 [ sec ! (5.16)

Clearly, detecting 0.5 photons per second is not an easy task which is one of the

reasons why this type of experiment is extremely difficult.

5.1.3 Classical versus Nonclassical Effects

Before describing the experiment, it is worth discussing what constitutes a nonclas-
sical as compared to a classical effect. This question has to be clearly addressed if
one is to claim that nonclassical effects have been observed. Setting the standard,
throughout our research in both our attempts to such effects,[2, 48] we have used the
strong criterion that nonclassical atomic effects are atomic features that can only be
observed in interaction of atoms with nonclassical states of the electromagnetic field.
Although this definition would apply to all nonclassical electromagnetic states, here
we are only considering the limited class of nonclassical states, the so called squeezed
states, for which the threshold for being nonclassical is defined to be the condition

AX_ < 1. Here, AX_ is the minimum variance of the generalized field quadrature
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Xy, defined by
Xp = E’qe_w + E;eia (5.17)

and where Eq is the operator for the field under consideration, which in our case is
the squeezed output of the OPO; see Ref. [13].

To explore the phase space of field quadratures, we consider the plane spanned by
the orthogonal quadratures AX_ = Var (Xp) and AX, = Var (X %)and discuss the
various regions, keeping in mind the uncertainty relation AX_AX, > 1. Figure 5.3
shows this quadrature space with a cartoon like representation of the various types of
states, which in addition to the quantum squeezed states, also include thermal and
classically squeezed states.

The states shown in Fig. 5.3 can also be distinguished from each other in terms of
the parameters M and N (defined by Egs. (5.8) and (5.9)). Recall that M describes
the autocorrelation of the fields and hence is a measure of the asymmetry in the
quadrature space while N is the occupation photon number and hence describes the

overall “size” of the states. The classification in terms of M and N is then as follows:

e Electromagnetic vacuum, AX, = AX_=1& M =N =0,
e Thermal states, A X, =AX_>1< M=0,N>0,
e Classically squeezed states, AX, # AX AX; >1&0<M<N

e Quantum squeezed states, AX, # AX_, {AX.: >land AX;: <1} & N <

M</NN+1)

In summary, the criterium for having a quantum squeezed state is restricted in

the limited range

N<M</NHN+1). (5.18)

Returning now to the expression for two-photon excitation, Eq. (5.15), we note
that it applies not only to quantum squeezing but also to all other states in the plane

in Fig. 5.3. Therefore, it is easy to see that for all non-quantum squeezed states (i.e.,
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M) (i) (l”)

linmu, van)
.
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Figure 5.3: Quadrature space of the squeezed states of the electromagnetic field.
Curve (i) indicates minimum uncertainty states which satisfy AX_AX, = 1. Curve
(ii) corresponds to thermal states for which AX_ = AX, > 1. Curves (iii) and (iv)
are for states with AX, = 1 and AX_ = 1, respectively. States in region (a) are
forbidden by the uncertainty relation. States in region (b) are quantum squeezed
states characterized by the fact that either AX, <1 or AX_ < 1. States in region
(c) are classically squeezed states with both AX, > 1 and AX_ > 1 and also with
unequal quadratures AX_ # AX,. The special state AX_ = AX, = 1 corresponds
to the electromagnetic vacuum.

all states not satisfying Eq. (5.18)), the two-photon excitation rate is proportional to
N2
p:%lassical. ~ ’U2 (‘9) N2 (519)

which always has slope %((l%;ﬁ))- = 2 and clearly does not have the distinctive linear

component of Eq. (5.14).
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5.2 Experiment

5.2.1 Setup

Turning now to the experiment, we have the setup shown in Fig. 5.4 which is almost
identical to that described in Section 3.2 with the addition of Block V which is the
part of the setup where the squeezed states are generated. The operation of Block
V has been discussed in the previous chapter (Section 4.1) with more details about

Block V shown in Fig. 4.3.

a

L eomem—
» Cs Vapor
Cell I

AOM #1l=—=[AOM #z]t:»l

Reference 7 Fal. Bre
Cavity .
<= B/S HP8644A
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Ti:Sapphire EiiS Doubling
Ar lon Laser |:> Lassr - Cavity :>\
883.73 nm
Ll R —. 441.86 nm
Repumping Beams ¢
Chopper Controller
Lebie
Lg=852 nm JZ\ v
ozl — [|«p
MOT AFE917 nm

917 nm Filter
APD X
Photocounter

Figure 5.4: Experimental setup for two-photon excitation with non-classical fields.

Recall that in Fig. 5.4 the Ti:Sapphire laser is locked to the two-photon tran-
sition 651/2F = 4 — 6Ds5,,F" = 6, which is achieved by locking to a Doppler-free
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spectroscopy signal from an auxiliary C's vapor cell. The output of the Ti:Sapphire
laser, at A, ~ 884 nm, is frequency doubled to A, ~ 442 nm and is used for pump-
ing the NDOPO. The output of the NDOPO is tuned so that the signal (\; ~ 852
nm) and idler (\; ~ 917 nm) beams are resonant with the one photon transitions
6S1/2F = 4 — 6P30F" = 5 and 6P;0F" = 5 — 6D;,2F" = 6, respectively.® The
squeezed light from the OPO is focused onto the atomic sample which in our case is
a MOT. The MOT is formed by diode laser beams that are chopped ON and OFF
at 4 K Hz. Finally, to measure the excitation rate, the fluorescent decay of the atoms
from the 6D5/3F" = 6 — 6P3,,F" = 5 transition at Ap =~ 917 nm is monitored.

The detector is an avalanche photodiode (APD) of quantum efficiency at 917 nm
n ~ 0.25, and is carefully shielded to reduce background. Two interference filters are
placed in front of it with total transmission at 917 nm equal to Tg17 =~ 0.74. The
solid angle over which light is collected is defined by the 1-1 telescope shown in Fig.
2.2, which has opening angle § ~ 60° and hence the solid angle that is covered is
equal to ¢ = £ = 1 (1 —cos§) ~ 0.07. Combining the solid angle coverage, filter

transmission and detector quantum efficiency gives an overall detection efficiency

Cot =~ nTp170 =~ 0.01.

5.2.2 ON/OFF Protocol

The measurement cycle consists of two parts, the so-called ON and OFF phases of the
experiment which differ from each other only with regard to the state of the trapping
beams which are either turned on or off, respectively (see Fig. 5.5). The frequency
of the ON/OFF cycle is regulated by the mechanical chopper shown in Fig. 5.4 and
is adjusted to be 4 K Hz. During the ON part of the cycle, Fig. 5.5a, the trap is
formed and the two-photon transition is excited by the combination of the trapping
beams and the OPO output, providing a measure for the OPO output intensity R;.
During the OFF part of the cycle, Fig. 5.5b, the two-photon transition is excited by

the signal and idler beams of the OPO and the fluorescent decay R; gives a measure

3Tt is estimated that the fields at 884 nm, 852 nm and 917 nm were kept within 1 M Hz from
resonance with their corresponding atomic transition.
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of the nonclassical excitation rate.

a) Trapping Beams ON b) Trapping Beams OFF
Collected Collected
Idler Beam Fluorescence R1 Idler Beam Fluorescence R2
A =917 nm Af =917 nm Ai = 917 nm AF =917 nm
| = { [p—

Signal Beam Signal Beam

?"S =852 nm N ls = 852 nm

Trapping Beams
AT =852 nm

Figure 5.5: a) With the trapping beams turned ON, the rate R; is proportional to
the intensity of the idler field. b) When the trapping beams are turned OFF, the rate
R is proportional to the two-photon excitation rate by the signal and idler beams
from the NDOPO.

In particular, during the ON part of the cycle, Fig. 5.5a, the trapping beams
saturate the 65/, F =4 — 6P3,0F" = 5 transition and a considerable fraction of the
atoms are excited to the 6P3/2F" = 5 level. The contribution of the signal beam from
the NDOPO is negligible because the power in this beam is several orders of magnitude
lower than the power of the trapping beams. Therefore, independently of the NDOPO
output power, the excited state population of the 65/ F' = 5 level is constant during
the ON phase of the experimental cycle. However, the idler beam, resonant with the
6S1/2F = 4 — 6P, F" = 5 transition, excites atoms from the intermediate to the
upper level at a rate that is proportional to its intensity. Monitoring the fluorescent
decay from the 6D5/3F" = 6 — 6P3/2F" = 5 transition gives I; which is a measure

of the idler beam intensity I;, i.e., Ry o I;.
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On the other hand, during the OFF part of the experimental cycle, Fig. 5.5b,
the trapping beams are turned off and the atoms are excited from the ground state
6512 F = 4 to the upper level 6D5,2F" by the combination of the signal and idler
beams from the OPO. Thus, monitoring the fluorescent decay from the 6D5, F" =
6 — 6P3/oF" = 5 transition gives Ry which is a measure of the nonclassical excitation
probability.

To implement this acquisition protocol, the photon counter is gated to integrate
the signal from the APD in two distinet channels that measure R; and Ry. This mea-
surement is complimented by phase-sensitive gain measurements GG, and G_ similar
to those described in Section 4.3.2. To change the gain, and hence the OPO out-
put power, we regulate the pump power. Therefore, for each pump power there is a
quadruplet of measurements {R;, Ry, G, G_}. The quantities Ry, G4 and G_ con-
tain redundant information about the degree of squeezing, or equivalently the power
of the squeezed output of the NDOPO, while R, is proportional to the nonclassical

excitation probability.

5.2.3 Background

One of the critical aspects of the experiment is the accurate determination of back-
ground in the R, measurement. As estimated earlier in Eq. (5.16) (and also confirmed
by our data, see below), the counting rate at the region of interest is Ry ~ 1 /sec;
therefore, even a single photon per second leaking into the detector has dramatic
effects on the S/N ratio of the experiment. Moreover, dubious sources of background,
like scattering of the idler beam into the detector, would scale linearly with the OPO
output intensity and mislead our conclusions. For these reasons several precautions
and redundant tests have been performed to confirm that we understand and correctly
eliminate all sources of background.

First, shielding of the detector was of the highest priority. Even though several
layers of isolation have been used, the best background from diffuse scattering that

was achieved was ~ 1/sec. At this level, the main source of background remaining
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was the detector itself with darkcounts of ~ 4/sec. A third source of background was
the scattered light from the OPO output that contributes up to 4/sec although is
more typically less than 0.2/ sec for alignments that minimize the scattering into the
detector.

Operationally, to measure the background without disturbing any of its sources,
an interference filter that passes 917 nm radiation was placed at the OPO output.
This filter has a double purpose: first, it turns off the two-photon excitation (since
it blocks the signal beam at 852 nm) and, second, it does not disturb the idler
beam which could contribute to the scattering background. Notice that scattering of
the signal beam that is blocked by the filter does not contribute to the background
because of the 917 nm interference filters in front of the detector. To confirm this
background measurement, an alternative (independent) method was also used where
the magnetic fields of the MOT were turned off. Without the magnetic fields the trap
does not form and hence the two-photon excitation is turned off as well. Note that
this method is non-intrusive by eliminating only the sample of cold atoms excited
by the OPO output, and hence only turns off Ry without affecting the background.
These two methods give within the experimental uncertainty the same background
levels and hence confirm each other.

Finally, note that the integration time required to accumulate enough signal so
as to distinguish signals of ~ 1/sec over a background of ~ 6/ sec is roughly 20 min.
During this time the whole lab (setup of Fig. 5.4), which includes several mechanical
and thermal servos, has to operate without any disruption or drifts. This has proven

to be not a trivial task!

5.2.4 Data

Here is a good place to document the numerical transformations on the raw data
and make transparent the processing that leads to the counting rates R; and Rs for
the one and two-photon excitation rates, respectively. Starting with data acquisition,

Fig. 5.6 shows the gating of the counter so as to distinguish between the ON and
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OFF parts of the experimental cycle. Usually the width of these gates was about 100

GATE B

OFF

ey y
-

GATE A T=1/f =1/4KHz = 250ps

Figure 5.6: Gating of the photon counter. Gate A corresponds to the OFF and Gate
B to the ON phases of the experiment.

pus and well within the ON or OFF phase so that edge effects would not contaminate
the measurements. The counts of each gate were integrated long enough until 1 sec of
data is accumulated (e.g., for 100 ps gates the integration was over 10000 gates), and
the sum was sent to a computer in two channels A and B corresponding to the ON
and OFF parts of the cycle. So at the end we have two streams of data, for channels

A and B, denoted by

Xorr = {IA 737,4 § :wA } (520)
and
Xon = {xg),xg),_. asgv)} ; (5.21)

where £, and zg are counts per second for each of the channels. By averaging the

data points in each channel, we get the mean counting rates per second Rorp and

Ropn with their corresponding uncertainties defined as usual by
Rorrjon = ZQJA/B (5.22)

and

N

2
1
€Rorrion = Z (wA/B N Z A/B) (5.23)

i=1
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G, G- R &
0 0 0 0.0020.50
200 - 7132  2.794+0.65
225 - 6374 2.3940.61
175 - 6262  1.5740.43
1.24 - 1465 0.61£0.51
3.00 - 14614  9.64%0.66
3.57 - 18389 14.85+0.91
2.38 - 12424  5.354+0.45
7.50 - 33677 49.19+2.78
6.00 - 26343 30.0941.78
475 - 17944 12.82+1.09

- - 13291 9.96+0.68
- - 9182  4.844+0.48
2.25 - 4384  1.8440.26
- - 3063 0.75%+0.46
- - 2594 0.66%0.62
1.24 - 1947  0.23+0.25

1.46 - 3831 1.67%0.37
1.25 - 2689  0.44+0.42

Table 5.1: Excitation with non-classical fields, data from experiment 11/17/94.

Three types of measurements were performed with this procedure. First, the
atoms were illuminated by the NDOPO output to determine the rates RS??/O N
then the background was measured to obtain Rg%’}f/o ~ and finally the OPO output
was blocked and the atoms in the trap were illuminated by a fixed power of an 884
nm beam to obtain RG%p oy This last measurement was used to normalize the data
to account, for trap density fluctuations. Note that the 884 nm beam was propagating
in the same direction as the squeezed light and hence probed the same region in the
MOT that interacted with the squeezed light.

By combining these three measurements, the counting rates R; and R, are esti-

mated to be g

Ry = (REEP - RERY) FoEE (524
OFF
and
OPO Bgnd E?;‘F 2 & 2
R; = (ROFF - ROFF) 884 = (eRgJ;g) + (3Rg%';i) + (eer)” (5.25)

OFF
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where the background has been subtracted and the trap density fluctuations have
been factored out. The counting rate E?JS; r is an arbitrary reference level for nor-
malizing the density fluctuations and is usually taken to be the mean of the R&y
measurements. Notice that the normalization for the trap density fluctuations is the
same for both the R; and R, rates. Also note that because of the high counting rate
for Ry, the error of this measurement is negligible and therefore not quoted. Finally,

note that the error for the Ry measurement is a combination of three factors: the
Poissonian counting errors eggro and epsgne, and an estimated 5% fractional error
d OFF
—884

o\ R
evs. = 0.05 (RGES - Rg%;) gEF (5.26)
ROFF

due to the trap density fluctuations.

G, 6 & R

0 0 0 0.0040.50
49 3.13 22479 25.0441.61
32 125 13701 10.2640.83
2.3 0.78 9000  4.2440.43
1.8 042 6319  2.6840.33
1.5 0.26 4566 1.8840.28
1.3 0.20 4048  1.5040.53
1.3 0.16 2544  0.350.32

Table 5.2: Excitation with non-classical fields, data from experiment 11/29/94.

Tables 5.1 - 5.5 show the data for the five experiments performed. Note that G_

is the value of the phase-sensitive gain for the idler as determined by Eq. (4.15).

5.2.5 Control Experiment

In addition to the two-photon excitation with nonclassical fields (the spontaneously
generated signal and idler beams from the NDOPO), a control experiment of exci-
tation with classical fields (two coherent beams resonant with the 651,F = 4 —
6P3/oF" = 5 and 6P3F' = 5 — 6D5,F" = 6 transitions, respectively) was also

performed. To generate the coherent beams, a small signal beam resonant with the
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G G- R,

0 0 0 0.0040.50
3.3 2.00 25356 17.53+1.06
2.0 0.95 13142 6.08+0.51
14 043 6516 1.87+0.25
12 020 3181 0.51+0.18
2.7 1.75 20602 13.02:40.84
6.7 5.00 44457 55.13+£3.00

- - 31968 26.95+1.50

’ - 25055 16.061.08
4.0 225 20173 13.81+0.96
2.0 0.75 9909  3.3940.34
1.5 0.38 4437 0.7040.23

Table 5.3: Excitation with non-classical fields, data from experiment 12/06/94.

G. 6. & R,

0 0 0 0.00£0.2
6.07 4.25 17400 35.06+2.07
3.67 225 9909 11.30+£0.76
1.83 0.63 4576  3.06+0.61
1.67 045 3363  1.59:£0.39
1.67 0.45 2744 1.4140.44
1.68 0.63 3565 2.2740.38

Table 5.4: Excitation with non-classical fields, data from experiment 12/20/94-a.

6S1/2F = 4 — 6P, F' = b transition was injected into the OPO and was paramet-
rically amplified; see Fig. 5.7. As a result, an additional (idler) beam was generated
by the NDOPO that was resonance with the 6 P30 F' = 5 — 6D5,,F" = 6 transition
as described in the previous chapter, Section 4.3.

These two beams (the signal and idler output beams of the NDOPO) are in a
superposition of coherent states with a small contribution from the squeezed vac-
uum that is simultaneously generated. To remove the squeezing, a strong attenuator
(transmission 3 x 1071) is placed at the output of the OPO (Fig. 5.7). The power
of the coherent signal and idler beams is regulated by controlling the power of the
injected coherent beam. The same set of measurements to obtain R; and R; as before

are taken with this arrangement.

This experiment was performed twice, once on 12/22/94 and once on 1/12/95.
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G. G- R Rs

0 0 0 0.00+020
417 - 7049 11.96-0.84
1.35 022 1277 1.5240.40
2.41 0.68 3581 4.50+0.53
327 1.53 6352 9.72+0.70
1.27 0.14 756 0.37+0.32
1.27 0.14 795 0.79+0.31
1.85 - 3123  3.62+0.48

- - 9800 23.324+1.48
522 2.81 7927 16.14+1.00
1.43 0.31 1319 0.72+0.26
2.31 0.75 3149 2.9140.33

Table 5.5: Excitation with non-classical fields, data from experiment 12/20/94-b.

&
N
//°°‘§L
Y
ATTENUATOR NDOPO
:—_ﬂb As=852 nm Z
®: = N
- -
AF917 nm Ap=442 nm

MOT

Figure 5.7: Setup for generating two coherent beams at 852 nm and 917 nm in
resonance with the 65),F = 4 — 6P;,3F' = 5 and 6P32F' = 5 — 6D5,,F" = 6
transitions, respectively.

In the first experiment the gain of the NDOPO was G, ~ 2.5 and in the second
G4 ~ 5.0. Table 5.6 lists the data from these experiments.

5.3 Summary

In this chapter the theory and experimental realization of two-photon excitation with
nonclassical fields has been presented. T'wo different theoretical approaches were out-
lined, the simple Mollow description [77] and the more complete integration of the

master equation.[44, 45]. In both treatments the rate of two-photon excitation is pre-
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12/22/94 1/12/95

R, R, R 2
0 0.00:0.50 0 0.00£0.50
13350 25.66=1.55 | 69923 987.00:£50.56
5455  4.46--0.58 | 44240 378.00£19.55
2775  1.2840.32 | 24301  115.00:6.09
1355  0.3740.29 | 14704  41.52+2.41
1672 -0.24+0.52 | 11519 19.62+1.17
1941 0.9540.35 | 5072  3.50-:0.42
3835  2.3340.42 | 2093  1.1940.37
8090 10.0040.79 | 1068  0.3340.34
1410  0.43+0.33

Table 5.6: Excitation with coherent fields, data from experiments on 12/22/94 and
1/12/95.

dicted to approach asymptotically a linear dependance for small enough intensities
with the particular functional form ps3 oc N2 + ¢ |[M|?, Egs. (5.10) and (5.15). By
analyzing different types of states it has been shown that the linear component exists
only for nonclassical states as defined by N < M < \m . The experimen-
tal realization was then presented in detail. Both the setup, acquisition protocols
and data filtering have been carefully explained and the data have explicitly been
reported. Finally, a control experiment of two-photon excitation with coherent fields

was described. In the next chapter the data from these experiments will be analyzed

and the results will be discussed.
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Chapter 6 Two-Photon Excitation Rate
with Nonclassical Fields: Analysis,

Statistics and Results

In the previous chapter the theory and experimental realization of nonclassical two-
photon excitation was presented. Here, the data obtained in the experiments of
Chapter 5 (Tables 5.1-5.5 and 5.6) will be analyzed and, based on statistical argu-
ments, it will be demonstrated that an asymptotically linear dependance has been
observed. In particular, it will be shown that the rate of nonclassical two-photon
excitation is best described by the combination of a linear plus a quadratic term of
the excitation intensity which is in sharp contrast with the observations of classical
excitation in the control experiments for which the dependance is purely quadratic.
Absolute comparison with theory is achieved by incorporating the gain measurements
and estimating the “knee” position defined to be the point at which the contributions
from the quadratic and linear terms are equal. Furthermore, by normalizing the data
to the theory, a combination of all data points on a single graph will be presented
which will clearly demonstrate in a visual manner as well the deviation from the

classical quadratic law.

6.1 Statistical Analysis Part I: Functional Form of
Rg VS. Rl

6.1.1 Fitting Procedure

The first issue in the analysis is to identify the correct functional form that describes

the R, versus R; data. As explained in the previous chapter, the excited state pop-
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ulation ps3 is proportional to the experimentally determined rate R,

P33 = 02 R, (6.1)
while the intensity of the excitation fields I is proportional to Ry,

I=ayh, - (6.2)

Here oy and o9 are constants of proportionality which include the experimental effi-
ciencies, atomic cross sections and trap conditions. In general o; and oy will differ
from experiment to experiment, and therefore the data from different runs can not
be all represented on a single graph without some sort of normalization. Equations
(6.1) and (6.2) also imply that investigating the functional dependance of ps; as a
function of intensity I, ps3 = F (I), is equivalent to investigating Ry = f (R;). Recall
that our goal is to demonstrate that the rate of nonclassical two-photon excitation
is a combination of a linear term plus a quadratic term, F' (I) = a,1 + axI? (see Eq.
(5.15)) and hence we must show that f (R;) = a| Ry + a5 Rs.

From a mathematical point of view, identifying the best functional form f that
fits a given set of data is not an easy task. However, with some physical insight the
choices in this case can be limited to the following four alternative models that will

be examined in detail. The first of these is the quadratic model

fo (R1) = GRS, (6.3)

which describes classical excitation corresponding to an excitation probability that

scales quadratically with intensity. Then, the quadratic plus constant model

forc (Bi) = 2R3 + P (6.4)

describes a “pitfall” case in the experiment, corresponding to a classical quadratic rate

plus a constant background contribution 3 that has not been correctly identified and
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removed from the data. If such a contribution is present, then at low intensities
(I — 0 = R; — 0) the data will exhibit a divergence from the quadratic law that
could mislead to an interpretation as nonclassical excitation. The third model is a
power law which is neither quadratic nor linear but rather depends on an arbitrary

power,

fp (Rl) = /64R)185. (65)

Finally, the forth model is a quadratic plus linear function

forr (Ry) = BsRY + Br R, (6.6)

which is in accordance with the theoretical prediction for nonclassical excitation,
Eq. (5.15). Note that the model fo,; could also be observed if we had dubious
sources of background, such as scattered light, that scale linearly with intensity.
This, however, has been excluded by the procedures for background determination
explained in Section 5.2.3.

Based on these four models, the statistical question imposed is which of them
best describes the data of the nonclassical excitation experiments and which the data
of the classical excitation (control) experiments. Note that the procedures (such as
background determination and data acquisition protocol), as well as the counting rates
at the low end of the data, are for both types of experiments identical. Therefore, if
there are deficiencies or pitfalls in the experiments with nonclassical excitation, they
should also be present in the classical excitation experiments. On the other hand, if
differences are discovered between the two types of experiments, then these differences
are most likely due to intrinsic differences in the underlying physical processes.

The analysis begins by fitting the data from each experiment to the four models of
Eqgs. (6.3)-(6.6). The fitting is done as usual by minimizing the x(® “score” function

defined by
» (RY - f (R
@ = , 6.7
¥ =3 ~ (6.7)

=1 Ry




o7
g): eR:(;)
and f is one of the test functions fq, fo+c, fp and fgiz. The “goodness” of each fit

where n is the number of points in each experiment, {Rgi), R are data points,

is quantified in terms of the x(® of the fit and also the significance level S defined by
8= / Foa(z)dz, (6.8)
@

where F),_,4 is the x(z) distribution with n — d degrees of freedom, and where n is
the number of points in the experiment and d the number of fit parameters.[78] It is
noted however that in some special cases, some or all of the fits could be degenerate
as for example when the data are described by a purely quadratic relation, which
in an ideal case would result in a set of fit parameters {8, B2, 05, 81, 85, 86, 07} =
{61,51,0, 01,2, 51,0} that implies fo = foro = fp = foir = B1R].

As indicted in the previous chapter, the nonclassical excitation experiment was
performed five times (11/17/94, 11/29/94, 12/06/94, 12/20/94-a and 12/20/94-b)
and the control experiment twice (12/22/94 and 1/12/95), Tables 5.1-5.5 and 5.6.

The results of fitting the test functions to these data sets are shown in Table 6.1.1

Experiment fo forc fp fo+r
g T8 XT| 5§ X@([s el
11/17/94 | 0.00001 54.1 | 0.0024 39.6 | 0.0001 48.0 | 0.001 40.8
11/29/94 0.04 13.2 0.55 5.9 0.53 5.1| 0.68 4.0
12/06/94 0.001 29.0 0.08 18.1 029 119 033 114
12/20/94a 022 7.1 0.59 4.6 0.71 3.0 088 1.7
12/20/94b 0.002 27.6 0.14 16.0 0.24 126 | 050 9.3
12/22/94 0.82 3.6 092 3.2 0.90 29| 089 29
1/12/95 0.0001 31.3 | 0.0003 30.8 0.09 13.5|0.009 20.3

Table 6.1: Significant levels S and x‘® values for fits to the test functions. The number
of free parameters n—d in the experiments of {11/17/94, ..., 1/12/95} are for fg equal
to {18,7,12,6,11,8,9} and for foic, fp and foir equal to {17,6,11,5,10,7,8}.

By inspection of Table 6.1 several observations can be made. First, for the
nonclassical excitation experiments (11/17/94, 11/29/94, 12/06/94, 12/20/94-a and
12/20/94-b) it is obvious that the fu model is significantly inferior to the other test

IMore details about the fits in each experiment are shown in Appendix B.
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functions as evident from the relatively small confidence level with respect to the
rest. Second, for the same set of nonclassical experiments, the fit to fp,z (which
indicates a nonclassical excitation rate) is consistently bigger (although not by a big
margin) from the other two alternatives foic and fp. Third, all fits to the experi-
ment of 11/17/94 are much worse than they are for the rest of the experiments which
possibly indicates pathologies in this particular experiment such as unrecorded fluc-
tuations in the trap density, OPO gain fluctuations or laser drifts. Next, for the
control experiments (12/22/94 and 1/12/95) the best fit in both cases is the power
model fp = @Rf‘" for which, however, the power dependencies are 5 = 1.9 and 2.1,
respectively; see Appendix B. In addition, the experiment of 12/22/94 has almost
identical significance levels for all four test functions which is a direct result of the
special case noted earlier, namely that the models become degenerate for a set of
data that is described by a quadratic relation. This degeneracy, and hence quadratic
dependance, is also true for the last experiment (1/12/95), although it is not evident
from its significant levels and x® values. For both control experiments it is clear from
the actual fit parameters that the fitted models are indistinguishable and suggest an

almost perfect quadratic dependance.

6.1.2 The S statistic

The next task is to define cumulative statistics to quantify the combined knowl-
edge from all experiments. This crucial step in understanding the results should be
carefully addressed. The situation is similar to any generic measurement of a given
quantity z, for which several data points are taken and then by averaging them a
best estimate Z for the quantity x is established. Here, “data points” are the vari-
ous experiments and the quantity z is the hypothesis that a given functional form f
describes the data.

For each experiment we have probability measures (the significance levels) for
the truth of the hypothesis that model f € {fq, fo+c, fp, fo+r} describes the data.
Therefore, a natural measure of the “average” probability of the hypothesis that the
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data of any particular experiment are described by the model f, is the geometric mean

S of the significant levels of all the experiments with squeezed excitation, namely

5, = {/s959) 5950 59 (6.9)
where SZ-(j ) is the significance level of the fit of the 5%
fp and fo.r) to the i*" experiment (from 11/17/94, 11/29/94, 12/06/94, 12/20/94-a
and 12/20/94-b). Applying this definition gives Sg = 0.003, Sg.c = 0.10, Sp = 0.08,
§Q+L = 0.15. If the first experiment, of 11/17/94, is excluded on the basis that it is

model function (from fo, foic,

an “outlier,” and by redefining S to be the fourth root of the product of the significant
levels of the remaining four experiments gives TSY—IQ = 0.01, EIQ +c = 0.24, glp = 0.40,
—
SQ+L = 0.54.

To quantify how much better the linear plus quadratic model fits the data as

compared to any of the alternative model, the quantity II is defined,

IT = min {§E+L, §Q+L ; 32“% } ; (6.10)
Sqo So+c¢ Sp

Note that in this definition taking the min of the ratios is equivalent to considering the

worse case, i.e., comparing the probability of fo; with the second most likely model.

Taking into account all five experiments of nonclassical excitation gives IT = 1.5, while

excluding the first experiment results in II' = 2.25. Hence in the first case the data

are at least 1.5 times more likely to be described by the foi; model than by any of

the other test functions, while in the second case this probability increases to 2.25.

6.1.3 The C statistic

An alternative statistic that can be defined is the significance level of the cumulative
x@ value

2 2 2 2 2 2
Xroms = Xig + Xe) + X6 + X8 + x5 » (6.11)

where XE? is the ¥ value from the fit of the j** model function (from fo, fo+c, fp
and for) to the i experiment (from 11/17/94, 11/29/94, 12/06/94, 12/20/94-a and
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12/20/94-b). The static C; is defined to be the significance level as calculated from
Eq. (6.8) where n is the total number of data points from all five experiments and d
is five times the number of fit parameters in f;. Applying this statistic to the values
in Table 6.1 for the nonclassical excitation experiments gives Cg = 2 x 1078, Cg o =
0.001, Cp = 0.004 and Cq, 1 = 0.04. Excluding as before the first experiment gives
Cq =0.0001, To,c = 0.07, Tp = 0.44 and Ty, ; = 0.72.

Similarly with the previous case, the “likelihood” that the data are described by
a linear plus quadratic model relatively to any of the other models is quantified in

terms of ratios of the statistic C, defined by

. [C Co+1, C

¥ = min { EH’, — , dico } ' (6.12)
Cqo Coq+c Cp

As before, taking into account all five experiments of nonclassical excitation gives

that ¥ = 10, while excluding the first experiment results in ¥’ = 1. 64. Hence, in this

case as well, the data are most likely described by the linear plus quadratic model

with a probability that is at least 1.64 times as big as the probability that they are

described by any other model.

6.1.4 fQ VS fQ+L

In the above discussion all four test functions have been treated equally although
from a physical standpoint some are better choices than others. Starting from fg,c,
it is noted that the issue of an additive constant has been extensively studied by the
measurements of the background and redundant procedures implemented to check
for such a constant during the experiments (see Section 5.2.3). Furthermore, the fp
test function, although it may describe phenomenologically the data, has no good
physical interpretation and can be excluded as well. In addition as noted earlier,
degeneracy of the models forces these alternative fit functions (foc and fp) to curves
very similar with fg or foir and makes the distinction among all four choices less
profound. Nevertheless, for completeness the results have been carefully presented

for all models and even in this case distinction can be made in favor of fg,r.
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Having said all that, the study of alternative functional forms can be limited to the
two choices of fg and fg.p which characterize a classical quadratic and a nonclassical
combination of a linear plus quadratic excitation rates, respectively. The distinction
between these two is much more profound as seen from the ratios of the cumulative

significant levels defined by the S and C statistics and are equal to:
. %gﬁ = 50 ( = 54 if the 11/17/94 experiment is excluded)
. %’;—L = 2 x 10°% (= 7200 if the 11/17/94 experiment is excluded)

Therefore, the distinguishability for the nonclassical excitation experiments be-
tween the fg and fp4; models is very clear and in favor of fgo,,. Note that the
measure of distinguishability provided by the S statistic seems to be an underesti-
mate relative to the estimate by the C statistic (which appears to be an overestimate).
Figure 6.1 shows the 12/20/94-b nonclassical excitation experiment overlaid by the
fo and fgy fits which even by “eye” are distinguishable and the fg., fit is favored.

Moreover, the two control experiments of excitation with classical fields are de-
scribed by purely quadratic functions and the alternative models yield degenerate
curves best approximated by fp, as explained earlier. Figure 6.2 shows the data from
the 12/22/94 experiment, plotted together with the best fq fit. Clearly, the fit leaves
no doubt that the data are well described by a quadratic law in contrast with the

nonclassical excitation experiments.

6.2 Statistical Analysis Part II: The & factor

Beyond the analysis of the Ry versus /) data, there is one more piece of information,
the gain measurements, that has not been utilized yet. The OPO gain is experimen-
tally determined in two ways, by measuring Ggss and Gg17 (see Eqgs (4.13) and (4.15)),
which are related to the operation of the OPO via the relations for G5 and G; given
in Egs. (4.16) and (4.17). In particular, the intensity output of the squeezed field
can be estimated directly from the gain measurements and hence offers an alternative

route to investigate the functional dependance of R, versus intensity. In addition,
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Figure 6.1: Ry versus R; from the nonclassical two-photon excitation experiment of
12/20/94-b. The solid line is a quadratic plus linear fit (foz) and the dotted line is
a quadratic fit (fg).

the relation of R; to the intensity (which should scale proportionally to each other)
could also be verified.

The photon flux in the idler beam of the squeezed output of the NDOPO (and
hence the output intensity I) scales proportionally to the intracavity photon number

ng17 in the idler beam, which is given by

332

1
= Jst SN S
Ng17 = <CL9170«917> 51 —g8 ! (6-13)
where z is the pumping parameter defined in Eq. (4.1).[79, 80] Then, the intracavity
photon number ng7 is expressed in terms of the OPO gain G, Eq. (4.16) (or equiva-

lently G;, Eq. (4.17)), which is what we experimentally measure as discussed in Sec.

4.3.2, by



103

100 ——————+r—————
m  Exp. 12-22-94 ]
f -
10 | 2
/a ~
.% 1F E
- f ]
0.1k 4
[ 1
0.01 L
100 100000

R, (1/sec)

Figure 6.2: R, versus R; from the two-photon classical excitation experiment of
12/22/94. The solid line is a quadratic fit (fg) to the data.

1 1
ng17 = 3 (‘\/ {7y — 1) =i (\/ 4G; +1 — 1) . (6.14)
and similarly ng;7 and G; are related to each other by

Ng1y = % (M— 1) . (6.15)

Therefore, the question that needs to be addressed is whether or not the counting

rates Ry, and Ry are the expected functions of G, namely

B — (\/CT _ 1) , (6.16)
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and
B0 (\/Z::—1)+a3 (\/0_3—1)2, (6.17)

which follow trivially from Egs. (5.14) and (6.14).2 Notice that Eqs (6.16) and (6.17),
together with Ry = fo,r (R1), form an overspecified system that is redundant in the
sense that by establishing Eq. (6.16) and given that Ry = foi. (R1) has already been
shown, then Eq. (6.17) automatically follows.

25000 i , i , i , , , ,
- B Exp. 11/29/94 .
- - 142

20000 |- Fit: R ,=a,(G"%,,-1) -

< 15000 L |
[4b]
)

o 10000 | ]

5000 | |

O L 1 I
0 1 2 3 4 5 6
G

Figure 6.3: One photon counting rate R; versus the OPO gain Ggss from the data of
11/29/94. The solid line is a fit of the form R; = a; (v/Gss2 — 1).

Instead of showing the full blown analysis of alternative functional forms for R;

and Ry vs. G, only two examples are shown here in support of the argument

2Note that during our experiments there was some confusion as to which gain we are measuring;

2y 2

see Appendix A, Sec A.2. In particular, while we thought that we were measuring G, = (i—f%) ,
we were in fact measuring G, = (lflzm- The implication of this is that ng;7 is expressed in different

forms relative to G and G,. As can easily be shown ng17 = 1 (v/Gs — 1) and ng17 = 1 (/G}, — 1),
hence, independently of our mistake, ng17 has the same functional dependance on G, and G} and
hence the subsequent analysis of relating the gain measurements to R; and Ry (Eq. (6.16) and
(6.17)) is not affected. However, the relation of R; and Ry to G; is different from what we though
it should have been, but this was not used either explicitly at any part of our work.
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that the gain measurements are consistent with the linear plus quadratic dependance
discussed in the previous section. Figure 6.3 shows the R; vs Ggsz data from the
experiment of 11/29/94, plotted together with the best fit to the data of the form
Ri=o (\/@ — 1). Clearly the agreement is quite good and supports the argument
that the values of R; are proportional to the intensity. For completeness, in Fig. 6.4,
the Ry data from the same experiment are plotted as a function of the gain Ggso
with the solid line indicating a fit to Eq. (6.17) while the dashed line shows a purely
quadratic fit.

100 r T : — r T ' T 3
10 &
o
@
8
o i L
Exp. 11/29/94
B Quadratic + Linear Fit ]
T T R (= Quadratic Fit ]
0.1 Ll
1 2 3 4 5 6
G

Figure 6.4: Two-photon counting rate R, versus the OPO gain Gjgss from the data of
11/29/94. The solid line is a fit of the form Ry = a (\/G'g52 - 1) + e (\/0852 — 1)2.
The dasshed lines shows the quadratic fit of the form Ry = o4 (\/ Glgso — 1)2.

6.3 “Knee” Position

Beyond the functional form that best describes the data, a natural question to ask

is how the data compare in absolute terms with the theory. Answering this question
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is not easy because the parameters o; and o3 in Egs. (6.1) and (6.2) differ from
experiment to experiment and furthermore the efficiencies, atomic cross sections and
trap conditions that determine these parameters have not been carefully measured.
One absolute comparison that can be made, however, is the “knee” position, defined
to be the intensity at which the contribution from the quadratic part of the Ry vs. R;
relation equals the contribution from the linear part. To relate the knee position to
the nonclassical correlations of the excitation field, it is chosen to express this special
point of “equipartition” in terms of the OPO gain G,

From the theory of Ficek and Drummond [44, 45|, the rate of two-photon excita-

tion scales as

Ry (1+%) N%+ N, (6.18)
2

(see Eq. (5.14)), which implies that knee position is at

NemeaFD B 6] (6.19)
Y2+ 3

To obtain the numerical value of N*me&FD the values v ~ 5 MHz and 73 ~ 3.2
M H z have been used. The OPO gain at the knee point can be shown to be,[79] (see

also Appendix C)
GmeaED 1, 33, (6.20)

The theory of Ficek and Drummond from which the above prediction for the knee
position is derived, is a broadband theory in contrast with the actual experiment for
which the bandwidth of squeezing was finite (~ 7 —9 M Hz). For this reason, Dr. A.
S. Parkins carried out a numerical integration of the master equation [81] to produce
more accurate results; see Appendix C. The prediction for the knee position based
on this theory is almost identical to G*"*¢¥? and has the same value to the second

decimal point,
Ghree = 1.33. (6.21)

It should be noted, that even though both the broadband theory of Ficek and Drum-

mond and the narrowband theory of A. S. Parikns predict the same gain for the
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“knee” position,as far as we can tell, this is of no fundamental significance.

Turning now to the experiments, the knee position is determined from the fo.z (R;)
fits to the data. In particular, from the fit Ry = BsR? + (,R; the knee position is
calculated in terms of R; to be

Br

Rknee oy 6.22
1 ﬁﬁ ( )

Then, by fitting R; = aq (\/Gs - 1)(Eq. (6.16)) to the R; versus Ggso data, the gain

at the knee point is estimated to be

2
knee ﬁ'?
—_— 1 ¥
G, (a1ﬁa + ) + 8g, (6.23)

with

im0 Or )", (€8s zgz)z_zcov(ﬁs,m
©7 b (a156+1) \/(al) +()86) +(ﬁ7 BB (6.24)

The uncertainty eg of G*¥"°¢ comes from error propagation of the uncertainties e,, , g,

and eg, of ay, fs and G, found by the fits. The quantity cov (5, 87) is the covariance

of G and [(; estimated from the variance-covariance matrix of the fits.

Experiment o Bs (x1077) | Bz (x10%) | cov(Bs, Br) (e
11/17/94 181824 691 | 0.3740.04 1.240.5 | -6.72x10* | 1.39+0.20
11/29/94 182394 423 | 0.4240.04 1.54+0.4 | -1.84x107%3 | 1.4340.17
12/06/94 2714141339 | 0.24+0.01 1.140.3 | -2.88x 10~ | 1.37+0.13
12/20/94a | 11592+ 259 | 1.01+£0.06 1.9+0.6 | -6.52x10~13 | 1.3540.16
12/20/94b 66954 220 | 1.8840.18 45+1.1 | -1.67x10~12 | 1.8440.32

Table 6.2: Fit parameters and OPO gain at the knee position, G*"¢¢ for the non-
classical excitation experiments.

The values of the fit parameters and the gain at the knee point derived from Eqgs.

(6.23) and (6.24) are shown in Table 6.2. The average of G¥"*¢ (calculated using the
least squares estimator Z+2=7_%/% % +1/,/>" %) is equal to

Gi"** =1.4140.08 . (6.25)
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Figure 6.5 shows graphically these results. Note that our data for the gain at the
knee point are systematically higher than the theoretically predicted value, although
after taking the average, they are only lo away from this value. Although we have
no quantative explanation for this discrepancy, we believe that it may be related to
imperfections in the experiment as compared with the theory, which include laser
detunings, frequency drifts, density fluctuations in the trap and the imperfection
of the OPO output as discussed in Chapter 4. One possible explanation for the
deviation of our data from the full theory is that there are nonzero detunings which
move the “knee” position as discussed in Appendix D. However, a full investigation
of the effects of detunings has not been carried out and although we do have some
calculations (see Appendix D) that show that the knee position moves around with

detunings, it remains an issue for future investigation.

2.25
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1.75 .

we TEEL. . 1. csse L O S £5 53 00ty Yt o o T 1 S
i Experiment:
m 11.41+£0.08
[t

G knee

Theory: ~1.33
1251 Ry

-

100 e i i e el e e e S = —1 No squeezing, G=1

0.75 I ] ] ] ]
11/17/94  11/29/94 12/06/94 12/20/94a 12/20/94b

Figure 6.5: Gain at the knee position G*"¢¢ for the non-classical excitation exper-
iments. The solid line at G = 1.33 is the prediction from the full theory and is
approximately the sames as the value predicted from the theory of Ficek and Drum-
mond. The solid line at G = 1.41 is the average of the experimental values and the
two dotted lines symmetrically around it are the 1o error bars.
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6.4 Combining all Data

To complete the analysis, a normalization procedure is implemented to combine all
experiments into a single plot and compare them to theory. Experimentally, the
quantities that have been measured are the one and two-photon excitation rates R;
and Rs, and the OPO gain G**P. These parameters are related to the theoretical
predictions for the excited state population ps3, the OPO output intensity character-
ized by the photon flux in the idler beam ng;7 and the OPQO gain G** via the simple
proportionality relations Ry = --p33 and Ry = ;-ngi7 (see Egs. (6.1) and (6.2)) and
the equality condition for the gain G*P = G*. Hence, the goal of normalizing the
data to the theory reduces to identifying the parameters oy and os.

The normalization procedure begins by considering the following set of equations

based on theory

P33 = )\1719174-/\2?7:317, (6.26)

ngir = Mg (V G 1) : (6.27)
2

g = Ja ( Gth — 1) 4 e (\/Gth - 1) , (6.28)

which relate in a redundant way the quantities {p33,n917, G”‘} to each other. The
coefficients )\; are determined by fitting Eqs. (6.26)-(6.28) to a set of values of
{pss, no17, G} obtained by numerically integrating the appropriate master equa-
tion for our system; Refs. [79, 81] and Appendix C. These values are found to be
A = 0.985 x 1075, Ay = 18.05 x 1075, Az = 0.459, Ay = MAs = 4.52 x 107, and
s = A2 = 3,80 x 1075,

Counterparts to Egs. (6.26)-(6.28) are the following functions that describe the

experimental data

Rz = ,LL1R1+,LL2R%, (629)
B = R (\/GEXP—l), (6.30)

By = pg (\/@—1)+y5 (\/556—1)2, (6.31)
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with the parameters y; determined from fits to the experiments. By comparing Eqgs.
(6.26)-(6.28) to Eqs. (6.29)-(6.31), the parameters u; and \; are seen to be related to
each other by

Moo= m (6.32)
01
02
da = pacs, (6.33)
)\3 = U3T1, (634)
/\4 = H409, (635)
)\5 = H502. (636)

Taking the log of these equations leads to a linearized set of equations

1E-5

1 LA L Lill

vl

vl

1E-8

ool

Figure 6.6: Excited state population ps3 due to nonclassical two-photon excitation
as a function of OPQO output intensity expressed in terms of the intracavity photon
number for the idler field, ngi7. The solid line is the full theory and the dotted lines
are the linear and quadratic asymptotes to the theory. The data points are the
normalized data from the five experiments.
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from which the normalization parameters o; and o, are calculated using the well

known least squares procedure for a set of linear equations.

(a)
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Figure 6.7: Residuals of the normalized data (a) relative to the

relative to the linear asymptotes to the theory.

quadratic and (b)
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The fact that the normalization parameters o; and oy are determined from an
overspecified system of linear equations implies that a priori there is no guarantee
that there are two such parameters that would simultaneously satisfy all five condi-
tions. For example, if Egs. (6.26)-(6.28) do not describe the data, then there is no
reason why just two parameters (o; and o3) should scale the data to these functional
forms. On the other hand, a consistency of the linear system of these five equations
(Eq. (6.37)) would further indicate that the data are described by the suggested
theory.

For each experiment the normalization parameters o, and o, are calculated and
then the data are scaled accordingly. Figure 6.6 shows the result of this normaliza-
tion procedure along with the full theory from the integration of the master equation
and the linear and quadratic asymptotes to this theory. The data at the low end of
the scale extend to a region of slope < 1.3 which is far below the classical value of
2 (quadratic dependance). To further demonstrate the properties of the data with
respect to the linear and quadratic asymptotes, Fig. 6.7 shows the residuals with re-
spect to these curves. Here the set of points for the quadratic residual {rq + e,,,n}
is calculated from the set of experimental data points {ps3 + €,,,, 7} and the the-
oretical prediction for the dependance of p33 on n,, which is broken into two parts

according to

P33 = pls + P (6.38)

Here pZ; is the linear part and p% is the quadratic part of the theory, see Appendix

C and are given by
pL = 1.16 x 10 5n,, (6.39)

and
P = 24.31 x 107 %} (1 — 0.4875—_12"“0-;566) ; (6.40)
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respectively; see Fig. (C.1). Then the quadratic residuals are defined to be

(%) (3)
(2) + 6(1) = P33 | e €p33 (641)

P33( (1)) 1033 ( (1))

where the index i signifies the i'" point from the experimental data points. Similarly,
the linear residual is defined to be

o (0 (0
P4l | BBy :I:—em— (6.42)

Pis ( ()) P ( (z))
6.5 Summary

In conclusion, the analysis of the two-photon experiment has demonstrated from var-
ious aspects that the data obtained from nonclassical excitation experiments exhibit
nonclassical behavior. Observations for the excitation rate as a function of intensity
indicate rates that scale with intensity with slopes as low as 1.3 in sharp contrast with
classical theory from which a quadratic relation is expected. The difference from clas-
sical excitation was confirmed by control experiments which exhibit no statistically
significant deviation from classical predictions (slope ~ 2.0 4= 0.1). The analysis has
concentrated in three main areas: a) identifying the functional form that best de-
scribes the data, b) comparing in absolute terms theory with experiment in terms of
the so called “knee” point and ¢) normalizing all data to the theory. In the first part
it has been shown that the linear plus quadratic model fg, describes the data better
than any of the alternative models that were considered, which was quantified by the
cumulative statistics S and C. For the absolute comparison with theory, the gain
point at which the contributions from the quadratic and linear components become
equal was calculated from the data to be GP = 1.41 +0.08, which is to be compared
to the theoretical prediction G%* = 1.33. Finally for the normalization of the data
to the theory, two parameters o; and os for each experiment were used, which were

determined from the values of the fitting parameters and the full theory of the system.
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Chapter 7 Multiple-Field, Two-Photon

Excitation and Quantum Interference

The subject of quantum interference (QI) and control of QI has been extensively stud-
ied, with applications in a variety of fields ranging from atomic and molecular physics
to chemistry. It includes the study of quantum state synthesis in Rydberg atoms[82],
control of chemical reaction[83], control of phase-sensitive yields of above-threshold
ionization [84] and control of photodissociation processes[85], to mention just a few
examples. In addition, of particular interest to basic atomic physics, has been the
study of lasing without inversion,[86, 87, 88, 89, 90| and the phenomenon of electro-
magnetically induced transparency,[91, 92, 93, 94, 95] and the associated enhancement
of the index of refraction accompanied by vanishing absorption,[96, 97, 98, 99] all of
which are direct effects of QI in atomic systems. Finally, in this admittedly brief
(incomplete) survey of literature in the vast field of QI, more relevant to the present
work, is the study of inhibition or enhancement of two-photon absorption by Agar-
wal et al.,[100] and that of the manipulation of excited state populations by Luo et
al.[101]

Within the domain of this extensive theoretical and experimental studies, here
a recent experiment [102] and the theory developed to study the underlying physics
will be presented. This particular experiment demonstrated a new atomic system
that exhibits QI with potential applications in frequency metrology and ultra-high
frequency mixing. In particular, the excited state population ps3 of a three-level atom
excited via two-photon absorption is sensitive to the relative phase of three lasers used
for the excitation. An extension of the initial work provided promising experimen-
tal results [103] for improvements of several orders of magnitude in the bandwidth
of homodyne detection of nonclassical states of the electromagnetic field with the

particular demonstration having been carried out for a frequency offset of 25 THz be-
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tween squeezed signal and idler fields. The common theme in both the experiments
of Refs.[102, 103] is QI, which provides the tool not only to demodulate and observe
beatnotes of lasers that differ in frequency by 10-100’s of THz, but also to control
atomic multiphoton excitation rates by controlling the relative phase of the exciting
lasers. Alternatively, by monitoring the two-photon excitation rate, stabilization of
the relative phase of individual lasers could be achieved.[102] Independently from the
work to be presented here, V. Blanchet et al. have recently also demonstrated QI in

a similar experiment.[104]

Figure 7.1: The two-photon transition [1) — |3) is excited by three fields via two
alternative excitation pathways, which lead to QL.

To be more specific, the physical system under consideration consists of a three-
level atom, Fig. 7.1, excited by three lasers at frequencies (w;,ws,wp) chosen so that
they are close to the atomic eigenfrequencies (ws1,wss, %wgl), respectively. Atomic
excitation can then proceed in two alternative ways, namely either via the near reso-
nant dipole absorption of two photons from the w; and ws laser beams or via the far
detuned quadrupole (i.e., simultaneous two-photon) absorption from the wy beam.
The presence of these two alternative excitation pathways gives rise to QI with the

“control knob” being the relative optical phase of the three lasers.
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After this brief introduction, in the remainder of this chapter, theoretical and
experimental developments of the last two years related to QI in the atomic system
of Fig. 7.1 will be described. First in Section 7.1 the physical system that will be
analyzed is presented. Then, in Section 7.2, a perturbative model valid for weak field
excitation will be discussed [105] followed by a “full” theoretical analysis based on the
master equation for the system in Section 7.3.[106] To complement this theoretical
discussion, a “Quantum Interference Calculator” (QuInC) has been developed and
will be briefly outlined in Section 7.4.[50] Section 7.5 deals with a proof-of-principle
experiment.[102] In Section 7.6 a generalization to multiphoton processes will be
suggested and in Section 7.7 the idea of internal correlations in the atomic population

will be put forward. Finally, the chapter concludes with a brief summary.

7.1 The 3-level Atom and Excitation Scheme

The basic structure of the system to be analyzed is shown in Fig. 7.1. A three-level
atom with eigenstates |1), |2), |3) in a ladder configuration is taken to have eigenfre-

quencies (wg;, w3z, %wgl) defined by w;; = E—;EJ— The atom is further characterized by

the generalized decay rates {71, ¥, Vs, V12, Y23, 713} Where ~y; are the population and
vij ¢ # j the coherence decay rates.

The total excitation in the system consists of three parts corresponding to three
laser fields of distinct frequencies illuminating the atom, namely (w;,ws,wp), and is

given by

E=&+E+8& (7.1)

where
E=¢ge P fori=0,1,2, (7.2)

with @; = w;t + ¢;. Here ¢; is the amplitude and ¢; the spatial phase of the field at

the site of the atom. The frequencies of the three lasers are chosen to be “close” to
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the eigenfrequencies of the atom with corresponding detunings (61, 82, 8p) defined by

wp = wo +61,

we = w3y + 06, (7.3)
w

Wy = % =+ (5{) o

Throughout the analysis it is assumed that §; < w for ¢ = 0, 1,2 and w being any of
the transition or excitation frequencies in the problem, thus allowing the elimination
of certain rapidly oscillating terms of the form e **i=%)  When this assumption is
relaxed, interesting effects associated with low frequency fields at w; — ¢; appear and
will be the subject of future study.

In addition to the é;’s the quantity A is defined to be

(7.4)

and represents the non-degeneracy frequency distance of the intermediate excited
state from the frequency of the two-photon eigenfrequency of the atom (see Fig. 7.1).
Throughout the following treatments it is also assumed that A > §; for ¢ = 0,1, 2.
To prelude the analysis, it is pointed out that the QI in the system relies on a
particular relative phase of the three lasers used for the excitation and arises from
imbalance between the dipole allowed (|1) — |2) — |3)) and quadrupole (|1) —
|3)) excitation pahtways. More explicitly, two amplitudes contribute to ps3,with the
first (a;_.0_.3) arising from the two polarizations of the |1) — |2) and |2) — |3)
transitions (oscillating as e~ #“1+«2)t) and the second (a;_3) from the direct |1) —
|3) excitation (oscillating as e~*?*°%). Hence, the overall excitation population is
given by pss ~ |a1_2-3 + al_,3|2, which has an oscillating cross term proportional to
[e‘i(z“"’_“’l_“"*)t + cc]. Therefore, the excited state population pss has an oscillating
component which has the phase & = &, + @, — 29, as its argument, so that external
variation of any of the &; can be viewed as a “control knob” of QI in the system.

The phase & can also be written as @ = Aw -t + A¢ with Aw = w; + ws — 2wy and
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Ap = ¢ + ¢ — 2¢9 . Hence the atom acts as a nonlinear mixer that demodulates
the frequencies (wy,ws,wp) with wy being the analog of the local oscillator (LO) in
the usual non-linear mixer theory and the distance éw = |w; — wp| >~ |wa — wo| being
the LO to “sideband” separation at which the nonlinear mixer operates. By realizing
that in atomic systems this separation 6f = g—ﬁ ranges up to 100’s of THz, it is

recognized that this scheme offers new opportunities in the field of nonlinear mixing

and demodulation of optical fields.[102]

7.2 Perturbative Analysis

7.2.1 Equation of Motion

The starting point for the formal analysis is the general Schrodinger equation for the

density operator,[107, 108] which in this case simplifies to

. 1
Pig = =y +iwyg)py — |

~

, Plij (7.5)

, o F
. 7
=~ +iwg)pis — 5 > (Vo — pinVis)
k=1

where p is the reduced density matrix (p;; = |¢) (j|) representing the atom. The
first term in the above equation describes the free Hamiltonian evolution of the atom,
while the second term describes the atom-field interaction via the interaction potential
V' that couples the various atomic levels with the radiation field. Note that in the
present work, all fields are taken to be in coherent states. In the usual perturbation
approach it is assumed that only dipole interactions are allowed and hence only Vi,
and Vi3 are non-zero while Vi3 = 0 and V;; = 0 for 4 = 1,2,3. The real matrix

elements V;; = V}; have the form:

Vor = %—1 [(Eo+ &) e ™ +ce]
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Vag = % (&0 + &) g% 4 el , (7.6)

where 1; and 9, are phases that arise from the fact that the atomic dipole moments
pi2 = pre” ™1 and g3 = poe™ Y2 are taken to be complex quantities with p; and ps real.
The two-photon absorption from the wy beam that leads to the direct excitation of the
|1) — |3) transition is thus modeled within this formalism as two far detuned (from
the intermediate level |2)), dipole absorptions as described by the components of Vs,
and V3, proportional to &;. The rest of the terms in V5; and Va5 proportional to £; and
E,, respectively, correspond to the near resonant dipole absorptions, the combination
of which completes the stepwise pathway for excitation via the |[1) — |2) — [3)

transition.

The next step is to perform a change of variables that casts the problem into a
dimensionless form. Towards this end the dimensionless time parameter 7 is intro-

duced,

T=~t, (7.7)
where v is the geometric mean of the decay constants s and =z,

YT=V7273 - (7-8)

In addition, the dimensionless parameter « is defined to be the square root of the

ratio of the linewidths of the second and third excited states of the atom,
Y2
a=,/—. 7.9
73 (#:9)
Finally all frequencies and detunings are normalized to 7, i.e.,

= w for all w’s

= § for all §’s and (7.10)

R[> |E
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A — éEA.
Y

With this new parametrization, by expanding the master equation given by Eq. (7.5)

and keeping only the lowest order terms in the interaction potentials V;;, the following

set of equations of motion is derived:

;)11
2’12
522
Ps
;)23

P33

where (3 is defined by

~

~

~

~

12

0,
a . )
= (5 — Zwm) piz + iVisp11 ,
vl
—apay — Vo (P12 = .021) )

L = .
= (% — 1&131) p13 + iVazpiz
— (B — iwsa) pas — 1 (V1913 — p2aVis)

1 g
—EP33 = 71V3’2 (P23 — p3z2)

1 1

and the new interaction potentials V; are given by

’ —
Vo =

and

M

2hy
H1

2Ry

H2

2hry
25

2hy

[(Eo + &) e + c.c]

[(Eoe—i(on+¢o+191) +€1e—i(w1’r+¢'1+191)) +C.C.]

[(&o + E2) e + c.c.]

bl

[(Eoe—i(on+¢a+'t92) _|_628—i(w2'r+¢2+192)) +C.C.] .

7.2.2 Solution for ps3 and QI

(7.11)
(7.12)

(7.13)
(7.14)

(7.15)
(7.16)

(7.17)

(7.18)

(7.19)

Within the context of a perturbative solution, the above system of differential equa-

tions (Egs. (7.11)-(7.16)) is solved by first assuming that the ground state population



122

p11 is fixed and then integrating the equations in the order they appear, while substi-
tuting the solutions in turn into subsequent equations. It is easy to see that the first
equation is of 0 order in the interaction potentials V;;, the second of 1°¢ order, the
third and fourth of 2" order, the fifth of 3" order and finally the sixth equation is
of 4** order in the Vj;’s.

The details of integration and the solutions of the equations of motion (Egs.
(7.11)-(7.16)) are documented elsewhere [105]. Here, only the solution to the excited
state population pss of the third excited level will be given. In particular, the analytic

solution for ps3, cast in a very suggestive way for QI, is found to be
pa3 (1) =X2—-2XYsin(©+ &) +Y? (7.20)

with X and Y defined by

2
Vg & S

k4 =\/ L 2 2 (7.22)
(62 + 502) (61 + 62)° + £22)
Clearly the quantities X and Y in Eq. (7.20) play the role of path amplitudes and
indeed from their definitions (Egs. (7.21) and (7.22)) they are evidently the excitation
probability amplitudes for the |1) — |3) and [1) — |2) — |3) excitation pathways,
respectively.
The three dimensionless Rabi frequencies involved in the definitions of X and Y

have been defined to be

Hi1€1
= — 2
H2€2
= 7.24
o = 42 (7.24)
and \
s M . (7.25)

T 4y2AR?
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Note that @, is an effective two-photon Rabi frequency that is proportional to the
intensity rather than the amplitude of the field, and to the square rather than the
linear expectation value of the position operator for the electron. Also notice that for
a three-level atom (1), (r), = (%) 5.
The size of the interference term in Eq. (7.20) (second term) depends on the phase

® + O, where ® and O are defined according to

48160 (61 + 62) + 2 (614 62) + 52561 — &o
~ 206 (61 + 62) + 26, (260 — 61 — 62) + &

tan (7.26)

and

O = (2wo —ws —w1) T+ (205 — @2 — ¢1) = (260 — 61 — 62) T + (2¢0 — 1 — ¢#2) ,

(7.27)
respectively. Observe that the phase @ is static and that the only dynamical phase
in the problem is © which can be a function of time either because the excitation
frequencies w; do not satisfy a “triangle equality” 2wy — ws — w7 = 0 or because the
phases ¢; of these fields vary at the site of the atom, ¢; (1) as via Doppler shifts for
a moving atom, 2kg — k; — kg # 0 (which of course amounts to a frequency shift).
In either case, ps3 as a function of time will vary due to the interference term in
Eq. (7.20), with the temporal modulation analogous to a spatial fringe pattern and
the depth of modulation analogous to the corresponding visibility.[109] With this
terminology, the fringe pattern for the QI arising in Eq. (7.20) is expressible as a
single sinusoid with ® + © as its argument. The population ps3(7) has a mean value

of
gl = X* 4 %% (7.28)

and a “visibility” (depth of modulation) V defined by [109]

y= o8 —e 2 XY (7.29)
~ pMAX | pMIN T X2 Y2 ’

With these definitions at hand, p33 can be rewritten as
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P33 (T) > p§s[1 + Vsin (© + )] . (7.30)

7.3 “Full” Theory

Although the preceding analysis gives simple analytic results that have an intuitive
meaning, the solution is limited to weak field excitation and interesting saturation
and inversion effects are not within the scope of that calculation. For this reason,
further analysis was performed that incorporates the case of strong field excitation
by applying a semiclassical formalism based upon the master equation with the usual
dipole interaction Hamiltonian to describe one-photon absorption and with an effec-
tive interaction Hamiltonian to describe quadrupole (two-photon) absorption. As a
result, a set of optical Bloch equations was derived, the solutions of which fully de-
scribe QI in the three-level atom excited by three fields of arbitrary strength in the
semiclassical regime. It is noted that although this formalism is different from that
of the previous section, solutions derived here apply not only to the strong excitation
limit, but also encompass the weak excitation of perturbative aproach as a special
case. However, the generality of the current approach is gained at a loss of some of
the simplicity of the solutions of Section 7.2. In particular, while in the perturbation
theory, analytical expressions for the excited state population and visibility of the QI
have been derived, giving insight into the underlying physical process, in the present
work only a matrix solution is given (valid under a “closed-triangle” constraint, see

below), which however can easily be numerically inverted to generate explicit results.

7.3.1 Hamiltonian Formalism

The starting point of this analysis is the master equation in the interaction picture,

given by [110]

2
ap 1’ 1 74 — = . 'iwi—-wj
e [H1,6) - 5 Z Viersa1 (PSTST + S Sy p— 287 pSF) e | (7.31)

4=l
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where the first term arises from the reversible interaction of the atom with the input
fields while the second term describes spontaneous emission. In the above equation
the Si are tramsition operators defined by S;7 = |i+ 1) (i] and S; = (S} )Jr for
i = 1,2. The decay rates -y;; are defined by 75, = 72, 133 = 73 while the diagonal
terms 753 = 74, correspond to the transfer rate that couples the 2 — 3 and 2 — 1
coherences.[110] However, 755 and ~4, will not play any role in the final solutions
because they represent rapidly oscillating terms that can be neglected.[110] Recall
that this is a consequence of the assumption that the spacings between the atomic
energy levels are not equal and, in fact, are very large as compared to the atomic
linewidths.

The interaction Hamiltonian H; is taken to be

Hy = —ibvYy [Sfe’i“l““”l) o Sfe"(dl”‘ﬁl)}
_iﬁ/’YQz [S;e—i(52t+¢'2) _ Sg—e’i(52t+¢2)}
—iﬁ’yQQG [|3> <1| e—i2(5ot+¢o) _ |1> (3] 61'2(50t+¢0)]

—Ty* Qo (B3 13) (3] — A1 [1) (1) (7.32)

where 7 is defined in Eq. (7.8) and the Rabi frequencies 21, Qs and Q, given by Egs.
(7.23), (7.24) and (7.25), respectively.

The first and second terms in Eq. (7.32) are the usual semiclassical terms under
the rotating-wave approximation for dipole induced resonance fluorescence driven by
coherent fields &;, & for the 1 — 2 and 2 — 3 transitions, respectively.[110, 111] The
last two terms are “effective” interaction Hamiltonian terms,[112, 113, 114, 115, 116,
117] and account for the interaction of the atom with the &, field which is responsible
for the quadrupole (two-photon) transition that couples the (|1), |3)) states directly
via the simultaneous absorption of two photons from the &, field. In particular, the
third term describes the two-photon absorption for the |1) — |3) excitation and is
of identical qualitative form to that of dipole transitions with the exception that the
effective driving Rabi frequency is of higher order, (Q o piuqe?, [113]). The fourth
term in Eq. (7.32) is due to dynamical Stark shifts induced by &, and is a necessary
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addition to the “effective” Hamiltonian that describes the interaction of the atoms
with &, in order to properly account for the case of strong driving &, fields.[113, 117]
The parameters #; and 3 quantify the strength of the intensity-dependent Stark shifts
of the |1) and |3) levels, respectively, due to the virtual transition to the intermediate
(12)) level.[117] These parameters, 3; and [3, can be shown from Ref.[113], Eq. (63)

to be related to each other and in particular to satisfy the following equation

L 73
ﬁ = — = — =5 7_33
' B3 |M1| V2 ( )

where the last equality follows from Eq. (21) in Ref. [44].

Finally, note that while the inclusion of the fourth term is necessary to account
correctly for effects associated with strong &, fields, the corresponding strong field
effects associated with the & and &; fields are built into the model since the full
microscopic Hamiltonian is used to describe the interaction of the atom with & and
&,. In particular, by setting £ = 0 this theory reduces to the case studied in Ref.
[110] (which likewise accounts for strong &, and &, fields with &, = 0). In fact, it
has been verified that the two theories (that of Ref. [110] and the present) predict

identical results.

7.3.2 Equation of Motion

Similarly with perturbation theory the master equation in this case, Eq. (7.31), is
cast in a dimensionless form by changing time variables according to Eq. (7.7). After
some algebra the following equation of motion for the atomic populations p; and ps3

are derived:

. 1 . | B :
Poo= —pas + P33~ Q4 (Pueﬁwl T leewl) + Qg (0236 b2 4 P326292) ) (7.34)

z 1 —i ' —i i
Pag= ——pas — Qo (paze™™ + p3ze®?) — Qo (p13e™% + p31e™%) (7.35)
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while the atomic coherences p1s, po3 and pi3 are shown to satisfy

L (6% . 1 3 i i
Pra= — (5 + ’&EQO) P12 + Qoprze ™ + Q,p3262% + QU (2p2g + p33 — 1) ', (7.36)

L] 1 1 . =" i il
Poz= — {— (CM s _a—) S WQO] pa3 — Ship1ze 1 Qopaie 2o — () (P22 — p33) e " )

2
(7.37)
L] 1 " 1 01 7 i
P13= — [% +2 (a =+ a) QO} p13 + Q1 pase™ — Q2p126 + Qo (p2z + 2p33 — 1) €% .
(7.38)

The differential equations for the rest of the components of the density matrix follow
trivially from the trace condition Tr (p) = 1 which gives p;; and from the relation
pij = pj; which gives ps;, ps2 and ps;. Note that due to the trace condition the
density matrix has only eight independent components. Furthermore, it is noted that
the definitions used here for all parameters (namely v, «, 61, 62, 8, 1, Q2 and @,)
are identical to those used in the perturbation theory which greatly simplifies the
quantitative comparison of the results of the two theories.

Before proceeding further, it is worth pointing out the physical significance of
various terms in Eqs. (7.34)-(7.38) to gain insight into the underlying dynamics of
the system. First by examining Eq. (7.34) it is obvious that the population pgo is
increased due to the decay from level |3) and decreased due to decay to the ground
state |1), where in the dimensionless representation used here, the corresponding rates
of these two processes are given by a and %, respectively. In addition the presence of
the Q; and £, fields couples the p1; and po3 coherences to the population of the second
excited level, while the @), field which drives the |1) — |3) transition has no direct
influence on the population of the |2) level. Next, from Eq. (7.35) it is clear that the
population ps3 is depleted due to decay to the intermediate level |2), while the presence
of the 5 and Q, fields couple it directly to the ps3 and p;3 coherences, respectively.
Similar comments apply to the differential equations for the coherences p;s, p23, and
P13, Egs. (7.36)-(7.38). Finally, it is observed that the intensity dependent Stark
shifts, due to the &, field (terms proportional to iQ,), enter the above system of

coupled differential equations only through the equations of motion of the atomic
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coherences.

7.3.3 Solution

To solve the system of coupled differential equations (7.34)-(7.38), the problem is
formulated in a matrix form where, with appropriate changes of variables, all com-
ponents of the matrix become real quantities. Although the algebra is somewhat
involved, it is nonetheless straightforward and here only the results will be given.

First, a set of new quantities is defined according to

VVi = Pii (739)

for ¢ = 2,3 for the populations. For the coherences p;3 and po; introduce

X1 = proe™ + pyie (7.40)
01 eigl
e (7.41)

X = p12e

and similarly, for po3 and ps3s define

Y1 = pase " + pare® | (7.42)
T = paze”" z— p3pei?? , (7.43)
and for p;3 and p3; define
Zy = piae— e 4 pg1efPo (7.44)
o prae~i20e — p gi20o | (7.45)

i)
These transformations lead to equations and solutions for {Wa, W3, X3, Xs, Y7, Vs,

Zy, Zs} from which the atomic populations are immediately identified, while for the
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coherences the simple inverse transformations

. X1+iXs

P12 = Pa1 = _1—2‘—23 e (7.46)
+ Al

Pz = P = _l—z_ze L (7.47)
2 Zi+1iZy

P13 = P31 = _12—23 " (7.48)

must be applied.

Finally, the system of coupled differential equations of the density matrix compo-

nents, Egs. (7.34)-(7.38), transforms to

—_
dw’

—_— —
=M(7) - ¥ + m? | (7.49)
dr
where
ﬁE (W27W3=X1:X2:Y’133/27217Z2) y (750)

and where m is the “nitial condition” of the problem defined by
m = (0,0, -204,0,0,0,—2Q,,0) . (7.51)

The real matrix M (1) is defined by

—a é - 0 Qs 0 0 0
0 -1 0 0 - 0 -@, 0
40, 20 =g JANY Q.c Qos Qoc —ys
B} 0 0 -4 il QRos —Quc Qs Qsc (7.52)
-2 20 —Q.c —Q,s -3 N —Qc Qs
0 0 —Q,s Qoc  —As -3 —s —Qc
2Q, 4Q, —Shec —fhs e s —5 A
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where 8 = £ (¢ + 1) and ¢ = cos© and s = sin © with the angle © given by

0= 290 — 0, — 0, = (250 — 51 — (52)’1" + (2¢0 i le — qbg) - (753)

The detunings A;, ¢ = 0, 1, 2 include both the intensity dependent Stark shifts induced
by the &, field and the frequency offsets of the excitation lasers from the unshifted

atomic energy levels and are given by

1
A = &+ —Q

(0]
Ay = &+aQ, (7.54)
Ao = 26o+(a+é) Qo

Note that as was the case with perturbation, there is only one dynamical phase
(©) in the problem, which is a particular relative phase between the three exciting
fields. A minor detail is that although Eq. (7.53) is identical to Eq. (7.27), there
is a hidden /2 difference between these two phases that traces back to the original
Hamiltonians, namely Eq. (7.5) and Eq. (7.31), and in particular to the fact that
H; in Eq. (7.5) is taken to be proportional to V;; compared to iV;; of Eq. (7.31).
Therefore, direct comparisons of the ©-dependent results from the two theories over
the region of common validity will be shifted by 7 /2, which is simply a notational
difference.

Note that the matrix M (7) is, in general, time dependent via the quantity ©,
which is either explicitly time dependent for 26, — é; + 82 # 0 or if the union of ¢;
is a function of time (e.g., as for a moving atom). However, in the special case that
the “closed triangle” condition 26, — §; — 82 = 0 holds, and ¢; # ¢; (7), the matrix M
becomes time independent and the steady-state solution %I’? = 0 is formally given
by

o — _M'.mT. (7.55)

In the subsequent discussion, we analyze only this special case for which a simple

numerical matrix inversion is required and mainly concentrate on the solutions as a
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function of the angle ©. More complex numerical integration of Eq. (7.49) will yield
solutions in more general cases where the “closed triangle” condition is not necessarily

satisfied.

QUANTUM INTERFERENCE CALCULATOR ({QuInC)
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Figure 7.2: Quantum Interference Calculator (QuInC) is available on the WWW at
http://www.cco.caltech.edu/~qoptics/QIHome/QuInC/QuInC.html

7.4 QuInC

The theory presented in the previous two sections reveals a very rich phenomenology
in the two-photon excitation process of a three-level atom in schemes such as the
one shown in Fig. 7.1. The effects of QI are profound in the modulated atomic
populations, in phase-sensitive atomic inversions, in “unusual” (asymmetric and with
multiple peaks) excitation spectra and in the visibility of the QI fringe patterns. These
effects have all been discussed in detail elsewhere [105, 106] and for that reason here

no specific examples will be given. The multidimensionality of the solution space



132

which is spanned by the atomic properties summarized in a = \/3——3 , the strength
of the excitation lasers characterized by 2y, €23 and @,, the detunings 6, §; and
b0 and the relative phase of the excitation amplitudes O, suggests that there are
many more unexplored regimes beyond those discussed in Refs. [105, 106]. For
this reason, in order to allow the reader to investigate further the possibilities of
the QI scheme outlined here, a Quantum Interference Calculator (QulnC) has been
developed; see Fig. 7.2. The calculator implements Eq. (7.20) and (7.55) for a
set of user defined parameters and calculates excited state populations and fringe
visibilities. The program is written in Java and is made publicly available on the

WWW.[50]

7.5 Experiment

To demonstrate that QI is indeed observable in two-photon excitation by three lasers,
a proof-of-principle experiment was conducted.[102] The atomic system used in this
experiment was again the 651,F = 4 — 6P30F" = 5 — 6D5,F"” = 6 transition
in Cs; see Fig. 1.2. The experimental setup is shown in Fig. 7.3 and it is very
similar to that of the previous experiments (see Section 3.2, Fig. 3.3, and Section
5.2, Fig. 5.4) with some minor modifications indicated in Block VI. In particular,
in order to generate the three coherent excitation beams, a small portion of one
of the trapping beams (which was shifted to be resonant with the 65,,F = 4 —
6P3,,F' = 5 transition) is injected into the OPO which amplifies it and generates
a conjugate (idler) beam. The idler is also in a coherent state and its frequency is
resonant with the 6P3/;F' = 5 — 6D5,2F" = 6 transition as described in Section 4.3.
Note that as before the Ti:Sapphire laser is kept in resonance with the two-photon
6S1/2F = 4 — 6D5;F" = 6 transition frequency at 884 nm. Before reaching the
MOT the coherent signal and idler outputs of the OPO are mixed with a portion of
the master laser and so the atoms are illuminated by three beams with corresponding
wavelengths A\; = 852 nm, Ay = 917 nm and Ao = 884 nm in resonance with the

relevant atomic transitions, realizing in this way the excitation scheme of Fig. 7.1.
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Figure 7.3: Setup for the QI experiment.

By virtue of the process that generates the three excitation lasers wy, ws and wy,
and despite the fact that there are two independent lasers involved (the Ti:Sapphire
that generates the wy beam at 884 nm and the “trapping” diode laser that generates
the w; beam at 852 nm), the phases of these beams are interlocked and satisfy the
relation @, + @, — 2Py = const, where @; is defined in Eq. (7.2). The reason for this
is the phase matching condition of the NDOPO which requires that the idler beam
is generated with a phase @, = 2@, — &,. This constraint further implies that the
phase © = const in Egs. (7.20) and (7.55). Therefore, there would be no modulation

due to QI unless some frequency shift is introduced to one of the beams, which in
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the setup in Fig.7.3 is accomplished by a PZT at the path of the wy beam which is
scanned at a rate that produces a frequency shift w,, ~ 10 Hz of the wg beam (i.e.,

Wo — Wo £ Wp,).
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Q_/2n~22Hz
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— : , . , . , . : .
2000 2050 2100 2150 2200 2250 2300
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Figure 7.4: Fluorescence from the 6D5/F" = 6 — 6P;,,F" = 5 transition as a
function of time for excitation of the atoms in the MOT by a combination of three
coherent beams with corresponding wavelengths 852 nm, 917 nm and 884 nm. The
phase of the 884 beam is modulated with a PZT at a frequency 9= ~ 11 Hz.

Figure 7.4 shows a segment of a characteristic time sequence of data points ac-
quired in the experiment. Plotted along the y — awis is the fluorescence from the
6D5/2F" = 6 — 6P5/9F" = 5 decay and the x — axis is time. Since the fluorescence
is proportional to the excited state population pss, the data may also be interpreted
as a measure of ps3 as a function of time. The solid line is a sinusoidal fit to the
data with variable amplitude, phase, offset and frequency. The observed modulation
is a clear indication of QI and exhibits some of the characteristic aspects of the the-
ory presented earlier. In particular, note that the modulation frequency is equal to

%;rﬂ ~ 22 Hz, which is twice the modulation frequency of the w, beam by the PZT
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(which for this run was 11 Hz) as expected from the definition of ©, Eq. (7.27)
and (7.53). The other important feature demonstrated by this experiment is that
the visibility (contrast) of the signal is large enough so that from a practical point of
view it can be used in applications, some of which will be proposed in the following
two chapters. Adopting the language of fringes and visibility from the interference of
optical fields,[109] the signal in Fig. 7.4 has visibility defined in Eq. (7.29) which in
this case is approximately Ve, = 0.30.

To compare directly the experimental results in Fig. 7.4 with the theory developed
earlier in the chapter, the visibility for the conditions of the experiment is calculated
based on the perturbation theory, Eq. (7.20) and full theory, Eq. (7.55) models.
Note that while in the perturbation theory there is an analytic expression for V, Eq.
(7.29), in the case of the full theory the value for V must be calculated numerically.
The parameters that enter both calculations are {a = \/% , 1, Qa, Qo, 61, b2,

b0} and for the experiment o ~ \/g ~ 1.29, the Rabi frequencies are estimated
from the powers of the excitation beams, measured to be P, ~ P, ~ 0.5 nW and
Fy ~ 5 mW, and the detunings, which are all experimentally arranged to be close
to zero, &, =~ 6 ~ Oy =~ 0. Observe that in perturbation theory only the ratio
%—fl == 4 /1—31150’?/_\. ~ (.35 enters the visibility calculation. Based on these parameters
the value of V is calculated to be Vp.,; =~ 0.84 which is significantly higher than the
measured value of Ve, =~ 0.30. Realizing, however, that the excitation intensities
are close to saturation, ( Pf* ~ P§* ~ 0.5 nW and P§* ~ 10 mW), it is of no
surprise that perturbation fails. Applying the full theory model with parameters
Q) =Q =1and @, = 0.35 (in analogy with perturbation), the estimated visibility
is Vyuu =~ 0.29 = Vexp, although admittedly, the correspondence is too good given the
uncertainties in the parameters {«, 61, 82, 6o, 21, 22, Qo } and in the spatial overlap of

the excitation fields.
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7.6 Multiphoton Excitations

Having discussed the case of quantum interference in two-photon excitation, it is
natural then to ask about quantum interference in higher order multiphoton processes.
Taking the simplest possible approach, we consider a generic multiphoton system
shown in Fig. 7.5, where the n'® atomic state is excited from the ground state by

using several lasers, and inquire as to the nature of quantum interference. Without

3 2 3 [n>
Ot X, X, |X X :
O R 1172173 m i
D3 o
(6)) e >
2 ry ? |3
W] ———
r'y 2 12>
| 1>
Figure 7.5: Multiphoton excitation with multiple lasers {w;, wa, ..., wi}. Several

excitation paths {X;, Xg,....X,,} contribute to the overall excited state population
Pnn, Tesulting in QL.

going into details that are beyond the scope of the present discussion, it is noted
that if several lasers are employed for the excitation resulting in m distinct excitation
pathways for reaching the n*” level, then corresponding amplitudes {X;, X, ....X,,}
will be associated with each of these paths. While in the two-photon case these
amplitudes were quadratic in electric field amplitudes, in this more general case the

amplitudes will be proportional to a set of powers {p1, p2, ...pm } of the field, i.e., X; ~
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¢Pi, depending on how many “photons” are involved in the it* excitation pathway. A
simple generalization of Eq. (7.20), together with the assumption of phase coherence

between the excitation amplitudes, allows to write the excited state population as

m m—1 m
prn=  XI+> > X;X;sin0 (7.56)

i=1 i=1 j=itl
where ©;; are generalized relative phases corresponding to the phase © in the two-
photon excitation. The complexity of the above expression and most importantly the
nonlinearity of Eq. (7.56) in the field amplitudes suggests the possibility of a very
complex behavior in the system. The full implications of such extensions have not
been worked out yet, but they do promise a variety of interesting effects for future

investigation.

7.7 Internal State Correlations

Lastly, the fact that for sufficiently strong excitation all three atomic levels can have
large phase-sensitive populations is examined. Figure 7.6 shows a particular example
of such large modulation calculated applying the full theory model. Evidently, all
three populations p11, p2o and ps3, have comparable sizes and modulations in contrast
with the perturbative regime where ps3 << poo < p11.

On the other hand, the effects of quantum interference are usually manifested as
modulation of only the final state of the system that is excited in the presence of mul-
tiple excitation pathways as for example in the classic Young’s double slit experiment
best described by Feynman.[118] However, in this case, due to the additional trace
constrain 7'r (p) = 1, modulation can arise for the ground (initial) and intermediate
state populations as well as that of the final state. For strong excitation, the com-
pound nature of the atomic population feeds back the effects of interference of the
excitation amplitudes even to the ground state. Hence, the usual meaning of “initial”
and “final” states is lost and this “feedback” by virtue of the trace condition makes

all states subject to modulation from QI.
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Figure 7.6: Atomic state populations p1;, p2e and pz3 as functions of the phase O,
calculated from the full theory model using o = /2, 6, = —5—2—5, Oy = —w%,

153
50=§%—523nd91=§22=@o=2.

In somewhat more quantitative terms, the system (i.e., the atom) is divided in two
parts by considering the combined atomic population of any two of the three levels
together and the third by itself, i.e., p1 = pi; + p;j; and pa = pgi for 4,7,k € {1,2,3}
and 7 # j # k. The trace condition then trivially gives that p; = 1 — p, and leads to

perfect anticorrelation between p; and ps, which is more formally described by

g = <(Pl = ﬁ1)2> — <(PZ = ﬁ2)2> = ((Pl = ﬁl) (P? = 7’-2» ) (7-57)



139
with the covariance matrix C of the variables p; and p; taking the simple form
1 -1
C(pr,p2) =¢ - (7.58)
—1 1
Moreover, one can also show that the full covariance matrix for the populations of
the system pi1, poo and pas, can be written in terms of only three (instead of six)

parameters, (3, (2 and (3, in the following form

G ¢3 — (¢ + ¢3)
C (p11, p22, p33) = (3 (e —(¢2+ () : (7.59)
—(G+G) —(G+G) G+G+2G

Here (1 = ((p1 —ﬁ1)2>s G = ((p2 —52)2> and (5 = ((p1 — P1) (P2 — P2))-

7.8 Summary

In conclusion, this chapter outlines the work that has been done on QI in two-photon
excitation of a three-level atom (|1), |2), |3)) by the combination of three excitation
lasers (w, ws, ws) in near resonance with the [1) — [2), |2) — |3) and |1) — |3) tran-
sitions, respectively. Quantum interference in the system arises from the presence of
multiple excitation pathways. Theoretical models based on a perturbative treatment
and the master equation have been developed to study the effects in the weak and
strong field excitation regimes. A proof-of-principle experiment was conducted that
demonstrated that QI is observable with fairly large visibility Ve, =~ 0.30, which
compares favorably with theory. Extension of this work to multiphoton excitation
has been suggested and interesting effects of internal correlations in the atomic pop-

ulations have been described.
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Chapter 8 Ultrafast Homodyne

Detection

In view of the developments in quantum interference presented in the previous chapter
and the work on nonclassical two-photon excitation presented in Chapters 5 and 6, it is
natural to wonder as to what would happen if quantum interference is combined with
nonclassical excitation. In the discussion of QI presented in the previous chapter and
Refs. [102, 105, 106], two-photon excitation by classical fields has been extensively
considered. There the total excitation field £ is taken to be composed of three parts
&, &1 and & (i.e., £ = &+ & + &2) and each of them is assumed to be in a coherent
state and in near resonance with the quatrapole |1) — |3), dipole |1) — |2) and dipole
[2) — |3) transitions of a three-level atom, respectively (see Section 7.1). Here, the
goal is to investigate what happens when the coherent &£ and &, fields are replaced
by the squeezed signal and idler &£ and &; outputs of an NDOPOQO. This excitation
scheme is depicted in Figure 8.1 and will be the subject of the present chapter.

To motivate the subsequent discussion a close analogy can be drawn between
the usual balance homodyne detection of squeezing [75, 76] and QI in two-photon
excitation as shown in Fig. 8.1.[103] In the case of balanced homodyne detection (Fig.
8.2a), a coherent local oscillator (LO) beam is mixed with the signal and idler beams
from an OPO on a 50/50 beamsplitter. The frequency of the LO w0 is chosen to be
at the center of the signal and idler frequencies w; and w; so that wro = % The
light from each of the output ports of the beamsplitter is detected on photodiodes
producing photocurrents ¢; and i3 which are subtracted to produce the difference
current Ai = i; — %3. The Fourier transform of A7 has nonzero frequency content at
the beatnote frequency €2, = “*5** due to nonclassical correlations between the signal
and idler beams [13] which are detected in this way on a spectrum analyzer.

By contrast, in the case of QI in two-photon excitation, an atom is illuminated by
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Figure 8.1: Two-photon excitation by a combination of a coherent RO field with
frequency w,, in resonance with the two-photon |1) — |3) transition, and the signal
and idler outputs of an NDOPO at frequencies w, and w; in resonance with the dipole
|1) — |2) and |2) — |3) transitions, respectively.

the combination of the signal and idler output beams from an OPO in conjunction
with a coherent reference oscillator (RO) beam (Fig. 8.2b). Here the RO plays the role
of the LO in homodyne and its frequency is chosen likewise to be wro = “F*¢. The
atom’s response to the three fields results in a modulated signal due to QI as discussed
in the previous chapter. Viewed differently, the atom acts as a nonlinear mixer that
combines the frequencies of the signal, idler and RO beams to produce a demodulated
beatnote signal around 2 = 0 (de-frequency), (recall that pzs ~ |a3o-3 + al_,g,|2 o

|92t . g Bl 2). Hence the size of modulation is proportional to the product

of the signal and idler fields, providing in this way a handle on the nonclassical
correlations between the two.

Somewhat more formally, the contrast between homodyne detection of squeezed
light and QI with squeezed light can be quantified with respect to the corresponding
observables, which in the first case is the Fourier transform ¥ (2) of the autocorrela-
tion function of the photocurrent and in the second case a photocounting time series

whose Fourier transform is defined to be ® (2). Based on an extension of Mollow’s
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Figure 8.2: a) Homodyne detection of squeezing. b) Detection of nonclassical corre-
lations with QI where an atom is utilized as a nonlinear mixer.

treatment,[77] these two signals have been shown in Ref. [103] to be equal to

T(Q) =elp [1 - zfjf] §(Q) +2e26 [N () + | M ()| cos (2620 + ¢5)]  (8.1)
and
P (Q) = €ro {1 ¥ Qizfe” cos (2¢r0 + @s) | 6 (2) + 2exo N () - (8.2)
RO

Here the coherent LO (RO) field is given by £ro0 = eppe iwroterolt (£p5 = epo
e~ "wrotérO)t) where ero (e€ro) is the amplitude and ¢ro (¢ro) the spatial phase of
the field at the site of the atom. The parameters N (2) and M (2) = |M (§2)] e® are
defined by Egs. (5.9) and (5.8) and characterize the quantum field. Their “effective”
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values have been defined to be Nojp = [ N () dSY and Mg = [ |M (V)] dS2.

Summarized in Eqgs. (8.1) and (8.2) are the characteristics, features and distinctive
differences of the two methods. More specifically, it is clear from Eq. (8.1) that in ho-
modyne detection the term that gives information about the nonclassical correlation
M peaks at the same frequency that M (£2) peaks at, which is £, = “*5*¢. Realizing
that photodetectors are limited in bandwidth to few 10’s of G H z, it is clear that this
sets an upper limit to the range of detectable nonclassical correlations, which can be
quantified by the dimensionless quantity Af = *«<=. In the optical and near IR
regions, the range Af is therefore limited to Af < 107°. On the other hand, in the
case of detection with QI, information about M appears in the term proportional to
M, s at de-frequency and in principle the detectable range Af is not limited. In fact,
for the atomic system considered here for which an experimental realization [103] will
be outlined below, Af ~ 0.07. Note that for large values of Af the form of amplitude
quadratures changes and interesting effects (which up to now have been beyond any
observational capabilities) have been predicted.[120, 121]

The gain in the detectable range A f comes, however, at the expense of an unam-
biguous classification of classical versus quantum states. In particular, in homodyne
detection by choosing cos (2¢, + ¢s) = —1 the second term in Eq. (8.1) becomes
proportional to N — |M| and hence directly tests the quantum squeezing condition
N? < |[M]*> < N (N + 1) which is only valid if N — |M| < 0. On the other hand
with the method of QI only the condition |M| # 0 can be directly verified by detect-
ing a non-zero modulation in Eq. (8.2). To overcome this deficiency complementary
methods to the QI detection scheme have been proposed.[103]

After this brief introduction, in Section 8.1 the full theory developed to model the
system of Fig. 8.1 will be outlined [119]. Section 8.2 presents an experiment that
demonstrates that nonclassical correlations between the signal and idler beams from
the NDOPO,.which are separated in frequency by 25 T'H z, are indeed observable as

a result of QI with the atom acting as a nonlinear mixer.[103]
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8.1 Theory

8.1.1 Excitation Field

The basic structure of the atomic system under consideration and notation to be used
here has been introduced in Section 7.1. However, the excitation field is replaced for
the purposes of the current discussion by E=28+ g'q, which is composed of two
parts. First, the field g'o is taken to be in a coherent state with eigenvalue given by
Eo = egeHwottd0) where ¢ is the amplitude and ¢ the spatial phase of the field at
the position of the atom. This field & will be referred to as the reference oscillator
(RO). The second part of the field, é';, is taken to be the output of a subthreshold
NDOPO. As usual,[12] the output of the NDOPO consists of two energy carrying
sidebands, namely the signal and idler fields with spectral distributions centered at
frequencies w,; = wy = A’, which are positioned symmetrically around the frequency
wp. Note that the NDOPO may generate many such pairs of sidebands, but due to
atomic resonance conditions described below, only a single pair is relevant for the
problem considered here. For the purposes of the present analysis, it is assumed that
the frequency wy of the coherent field &y is the same as of the central frequency wy, for
the signal and idler fields (wp = wf). Therefore, the electromagnetic field illuminating
the atoms consists of three frequency components centered at wp, ws, = wo + A’ and
w; = wg — A’. The detunings of the components of the driving field from the atomic

eigenfrequencies are defined to be 6y, 6; and 6, and are given by

W31

W = 7 + 6g ,
Ws = waol + 637
w; = Ws3g =+ 61 . (83)

Since w,; = wp £ A/, this implies that

0 = 50+(A,—A),
8 = fo— (A —A) . (8.4)
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In the subsequent analysis, it is assumed that wy =~ “2, i.e., & is small, and that
A =~ A/, with the residual detunings é; and §; of order the atomic linewidths (-2, 73).
The quantum field g'q is also assumed to be a broadband field with respect to the
atomic linewidths (72, v3), so that §; and §; do not enter the description of the dy-
namics of the system. This assumption eliminates the complexity of finite-bandwidth
squeezed excitation.[81] However, the coherent part of the total excitation field & is
by definition narrowband, so that the detuning &y will be important in the system’s
dynamics.

Finally the quantum field gq (t) in the time domain is described by the expectation
values of the correlation functions N and M of the creation and annihilation operators

@ (w) and @' (w) in frequency domain. These correlation functions are N;, Ny and M,

and are defined similarly to Egs. (5.9) and (5.8):

Nl = (ET (ws)a(w5)> ’ (85)
and
M = |M ()| €% = @ (w,) @ (w;)) . (8.7)

8.1.2 Hamiltonian Formulation and Master Equation

The system under consideration is similar to the one studied by Ficek and Drummond
in Ref. [44], with the important addition of the RO field &. Hence the starting point
in the analysis is the master equation of Ref. [44]. Since the bulk of the formalism
used here to deal with the quantum fields is drawn from Ref. [44], it will be briefly
explained and taken as is. Note, however, that the addition of the classical RO field
as part of the total excitation field leads to a rich new phenomenology arising from
quantum interference of excitation pathways, which is a new arena within the context
of the interaction of squeezed light with atoms.

With this in mind, the total Hamiltonian H;,; of the system is written as
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Hiop = HA + HF + Hint ) (88)

where H,4 describes the free evolution of atomic operators and is given by
Hy |m) = B, |m) , (8.9)

for each of the atomic eigenstates m = 1,2,3. Hp is the free-field Hamiltonian given
by
Hp — nfaf (e Bt el (8.10)

where the coherent state field & has been ignored in Hp since it contributes only a
c-number to the overall energy. The interaction of the field with the atom is described

by H;nt, defined to be

H,. = ih f dw HZZ% (w) Sij} a(w) — H.C.J

i g
— iRy Qo [(Sare200tH90) — G 5ei(Bottd0)) 4 4 (53835 — B1S1)] ,(8.11)

where g;; are coupling coefficients and S;; atomic operators defined by S;; = |7) {j|,

1,7 = 1,2,3. As usual these operators satisfy the commutation relation
[Sis» Spal = Sigbip — Spibai » (8.12)

where §;; is the Kroniker delta function. Note that in the electric dipole-approximation,
g13 = 0. The parameter @, is a “Rabi-like” frequency defined in Eq. (7.25) and as
before v = /727s. Note that the first term of Eq. (8.11) describes the interaction
of the atoms with the quantum field Eq and has been extensively discussed in Ref.
[44]. This first term is responsible for driving the [1) < [2) and |2) < [3) atomic
transitions. To account for the additional coherent-state component gg of the field
the second term of Eq. (8.11) is added and is of the same form as that introduced in

the semiclassical analysis in the previous chapter. It accounts for the driving of the
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|1) — |3) transition and the intensity dependent Stark shifts via the £, and O3 terms
defined in Eq. (7.33).
Without getting into the details of the derivation, which are explicitly presented
in Ref. [119], it is simply stated here that starting from the above Hamiltonian the

master equation for the system of Fig. 8.1 can be shown to be

2
8p 1 < o0 S —t(wit+w; —2wo
ot _27M§:(Sx‘05j —SjS;"p—l—.S'fpSf—pS{*Sf)e R

1,j=1
2

- P - T S B . === —t(w;+w;—2w
_§7M Z(Si pS; — S5 S; p+ S5 pS; — pS; Sj)e (wi+wj—2wo)t

3,j=1

2
— Z Ni’y:'j (pS;S:_ + S;S:_p e 28’:‘,95’;’—) ei(wz‘—'wj)t

=1

2
= Y (Ni+1) 5 (0S5 S5 + SF 87 p — 255 pSiF) et

é7=1
_,.),2@0 [(Sﬁ;lp . 9531) 672i(50t+¢o) - (8139 - ,0813) eZi(égt+¢o)]
+i7*Qo [Bs (S33p — pS33) — B1 (S11p — pS11)] (8.13)

where the first five terms correspond to the results of Ficek and Drummond of
Ref.[44]a Eq. (20), while the last two terms are due to &. In the above equa-
tion v;; , 2 = 1, 2, are equal to half the radiative decay constants for the [1) — |2) and
|2) — |3) transitions (hence, v;; = % and v = ). The additional damping terms
v12 and ~yo; (as defined in Eq. (21) of Ref.[44]a) are in general non-zero, but because
it is assumed that the atom has non-equidistant energy levels, with A large, these
terms are rapidly oscillating and may be dropped. Terms corresponding to Stark

shifts due to the weak quantum field gq as well as Lamb shifts have been neglected.

More details and explicit derivation of Eq. (8.13) can be found in Refs. [44, 119].
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8.1.3 Equations of Motion

The next step is to expand Eq. (8.13) and arrive at a set of coupled differential equa-
tions for the elements of the density matrix. In particular, for the atomic populations

P22 and pa3 it is found that

8 —2i60T * 16T
gj-z = —Mpi3e 207 — M*p31€*°7 + aN7 (1 — poo — pas)
1 1
— (N1 e 1) P22 — anggz + E (N2 =+ 1) £33 (8'14)
and
8 1 —2ipT 1 * 260 T 1 1
_gf = ;Mpue o +5M 2 Ca + = Nopoe — — (N2 +1) p3a

~ s (P13€_2i(507+¢°) + P3162i(6ﬂT+¢°)) ) (8.15)

while the atomic population of the ground state can be calculated from the trace

condition T'r (p) = 1. For the atomic coherences pia, pa3, and py3 it is similarly found

that
a 1 * 00T 1 1
_5’71—2 — EM p3282 L 5 IiNza = NlOt + (Nl =+ ]-) CV:I P12
| ;
_iaQomz + Qopse™CoHee) | (8.16)
8 1 * 16T 1 1 1
(‘5:3 = 5iM' p21@26° — 5 {Nga + (N2 + 1) a‘ =+ (Nl -+ l)a:l P23
_iaQOPQS e Qop2162i(6ﬂT+¢o) ) (817)
and
a * 1607 ]' * 60T 1 1
5;3 = —M*pye”®T + §M (1 — pag) €%7 — 2 l:Nla +if+1) E} a

1 ;
—1 (CV oe a) Qop1s + Qo (2p33 + p22 — 1) e 3 (8.18)
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while the rest of the atomic coherences can be calculated from the relation p;; = pj;.
Note that Egs. (8.14)-(8.18) have been transformed into dimensionless form as was

done in the previous chapter and the parameter o = , /{% is the same as before.

8.1.4 Solution for the Atomic Populations

The quantities of interest here are the atomic populations pss and ps3 whose derivation
is simplified because the above set of differential equations decouples into two groups
of linearly independent differential equations. In particular to solve for the atomic

populations only the closed set of differential equations for pos, p33, p13 and p3; needs

. ) —2iégT
to be considered. Therefore, in steady state (%% = () Qg’% =0, ip—m;—ol = 0 and
8(ps1ei0T . : ; : 5 :
(psl; = 0) the differential equations reduce to simple algebraic ones given by

~ - 1 1 I
Mpis+ M P13 = alN; — (Od + 2aN; + ENQ) P22 + (a —alN; + aNg) P33, (819)

1

—21 1 = 4 1 * | Tk 1
(Qofi o §M) p13 + (Q062 bo — QM ) Pis = ENQPQQ g (No+1) p3g , (8.20)

L

s 1 < - : 1 &
P13 =74 (——M +:68”" ¢°) pag -+ 22@362 %2 pgg + r

5 GM* — Qoe%%) . (8.21)

2

where pi3 is defined to be

P13 = prae 2007 (8.22)
and the quantity A is given by
1 1 . 1
A=g N1a+(N2+1)EJ +4 {260+ (a+5> QO] ; (8.23)

After some algebra to eliminate g3 and pz; from Egs (8.19)-(8.21), it is found that
the atomic populations pss and ps3 are given in terms of the following two linear
equations

Aipea +Ei1p3z =1, (8.24)

and

A2P22 + Ezp33 =L (825)
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For the special case when the coherent-field &, is resonant with the two-photon tran-
sition, (i.e., for & = 0) and assuming that & is a weak field so that the Stark shift
contribution (i.e., (& + 2) Q,) can be neglected, the quantities A;, =1, Ay and Z, can

be shown to be equal to

_ 3|M|* —2Q, |M|cos® — 3 [Ma+ (N2 +1) 2] (a+2aN;, + 1N,)

Ay = ., (8.26
' |M|2—2|M|roos<b—%aN1 [Niao+ (Vo + 1) 1] (8:26)
- T4 |Mlcos® + Mot M+ DI (E—aMi+3N) oo

! |M|* —2|M|Q,cos® — laN; [Nya+ (Ny + 1) 1] '
. 42 + 3| M|* — 8Qo | M|cos® — L [Nya+ (N2 + 1) 1] NV, (8.28)

: 4Q2 + |M|* — 4Q, | M| cos @ ’ '

and

—  8Q2—4Q.|M|cos® + L [Nia+ (N2 +1) 2] (N2 + 1) (8.29)

Sip = " 3

4Q2 + |M|? — 4Q, | M| cos @
while in the more general case these expressions became much more complicated. In
Eqgs. (8.26)-(8.29) the phase ® is a combination of the phases of the squeezing ¢, and
of the RO ¢, and is given by

S =20, + ¢ . (8.30)

Hence, the solutions for the atomic populations ps; and ps3 are given by

1— =2

(8.31)

(1| [1

P22 = =
Az fi 4= 52A1

and
A — Ay
P33 = AaE, — AL (8.32)
Note that from the above solution it is clear that the atomic populations have
a phase-sensitive modulation determined through the dependence of A; and =; on
®, which is the only phase left in the final answer. Furthermore, all phase-sensitive
terms are of the form |M|Q,cos®, corresponding to interference between the RO

field as described by @, and the quantum field output of the NDOPO as described

by the correlations of the field-quadrature fluctuations given by M. However, since
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no cross (interference) terms between N;, N, and @), exist, it is obvious that these
correlation functions are incoherent with each other and with @Q,. Indeed, as shown
in Ref.[13], the signal and idler outputs of the NDOPO when viewed in isolation
from each other are described by their total intensities /N; and N, respectively, and
correspond to incoherent, thermal fields and hence should not be expected to interfere
with @, although they do contribute to the overall excitation probability by virtue
of the energy they carry. More explicitly, note that for excitation with thermal fields
(M = 0) the coupling between ps3 and p;3 due to the signal and idler fields vanishes.
By contrast, the quantum correlations between the signal and idler fields as given
by M drive a non-zero coupling of p;3 with ps3 as does @),, thus giving rise to QI
(assuming the RO and squeezed fields are phase coherent).

Although at this point the discussion will turn away from the theoretical consid-
erations, it is noted that an extensive discussion of the consequences of these results
is presented in Ref. [119]. There, important experimental constraints of a finite fo-
cusing angle of the squeezing onto the atoms are investigated. It has been shown that

for a small focusing angle ¢ the excited state populations p33 and ps; are given by
paa = Ny (0) + O [v* ()] , (8.33)
and

pas = [46°Q2 + (|M|* @® + N1N2) 0% (6) — 402Q, | M| v (8) cos @] + O [v* (8)] ,

(8.34)
where
1 1
#{8) = 5 |i1 ~g (3 + cos? 9) cos 6’] , 0 € (0,7 . (8.35)
Note that Eq. (8.34) can be rewritten as
p3s = (X2 — 2X,X,, cos® + qul) -+ Xq22 ) (8.36)

where the quantities X, = 20Q, and X, = /X2 + X2, (with X, = a|M|v () and
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X, = vV/NiNzu (8)) are excitation amplitudes due to the coherent field & and the
quantum field Eq, respectively. Written in this form, ps3 is obviously the result of two
quantum interfering pathways with amplitudes X, and X, , plus a third incoherent
contribution whose amplitude is X,,. The physical interpretation of this observation
is that excitation via the RO and M interfere via the p;3 coherence where excitation
via N7 and N; proceeds incoherently as discussed earlier so that their contribution to
the total excitation probability adds incoherently.

In addition, in Ref. [119] effects of phase-sensitive inversion due to squeezing have
been analyzed and new methods for detecting nonclassical effects of the interaction

of squeezed light with atom have been presented.

8.2 Experiment

Turning now to the experimental observation of QI with squeezed light the discussion
begins with the description of the setup shown in Fig. 8.3 which is similar with the
setup of the previous experiments and in particular with the setup for the experiment
of QI with coherent beams described in the previous chapter. Since most of the setup
has been described already, here only two minor modifications are noted. First, the
beamsplitter that combines the squeezed light with the coherent 884 nm RO beam is
a 99/1 beamsplitter so as to minimize the losses of squeezing and second the detection
strategy has been changed because the signal is very weak and instead of accumulating
the photocounting time series on the PC, the signal is Fourier transformed and viewed
on a spectrum analyzer.

The power of the RO beam was measured to be Pggq = 5 mW and that of the signal
and idler outputs of the NDOPO was estimated from parametric gain measurements
to be Pyse =~ Py17 =~ 1 pW. The three co-propagating beams (RO, signal and idler)
are focused with a waist of 10 pm into the atomic Cs sample in the MOT. Their
intensities are %;1: ~ 1 and ﬁ: = %ﬁ ~ 1073, where I, I3, and IS, are the
saturation intensities of the quadrupole 6S5;,,F = 4 — 6D5,F” = 6 and dipole
651/2F =4 — 6P33F' =5 and 6P3/2F" = 5 — 6D5,2F" = 6 transitions, respectively.
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Figure 8.3: Experimental setup for observation of QI with squeezed light.

The excited state population pss is monitored as before by observing the fluorescence
Ir from the 6Ds5/3F" = 6 — 6P, F' = 5 decay. With the given intensities for
the excitation fields and for the efficiencies in the setup, the collected counting rates
are Cy, =~ 2 /sec for excitation by the squeezed field alone and Cro =~ 10*/sec for
excitation by the coherent RO field alone. Modulation of the excited state population
pa3 due to QI is induced by scanning a PZT along the path of the RO beam at a rate

¢m 2z 11 Hz. As a result, the phase of the RO has the following time dependence

$ro (£) = Wt + 5, (8.37)
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where gbgg) is the static spatial phase of the RO field at the side of the atom.
Because the focussing angle of squeezing onto the atoms is only 6 ~ 5°, the excited
state population ps3 is given by Eq. (8.34) and therefore the observed signal I o p3s

is of the form

I = [Cro + 24/CroCig c0s (2wt + 265 + 6,) ] T (8.38)

where T' is the photocounter integration time. Here terms of order Cj; have been
neglected since Cs; <« Cgro. Note that the accumulated data is a time series of
Ir, given by {Ip (¢,),Ir (to+T),Ir (t, +2T),...}. Therefore, in order to observe
QI fringes two constraints must be satisfied: first, the Nyquist sampling theorem

which requires that T < ﬁ and second a coherence constraint which requires that

1

Teoh

the average time before stochastic jumps scramble the phase quf,g()) + ¢s) which for

< Wp,. Here 7.y, is the coherence time between the RO and squeezed fields (i.e.,

~

the experiment is estimated to be 100 ms. The combination of these two constraints
imposes an upper limit on the integration time, T' < s¢»  and hence an upper limit
for the signal Ir. Rewriting Ir as Ir = (Ir) + 6Ip where (Ir) is the mean value
of the signal and 6§/ the modulation due to QI, implies that for the counting rates
Cs; and Cro of the experiment (Ip) < 500 and 6Ip < 12. Taking into account
the uncertainty due to the Poissonian (counting) statistics of (Ir) which is of order
/{Fr) = 22 implies that direct observation of the QI modulation 65 in the time
domain is not possible. Therefore, an alternative strategy is implemented where the
signal Iy is Fourier transformed and viewed on a spectrum analyzer. Note that based
on these considerations in order to observe QI with squeezing in the time domain
(similarly with the case for QI with coherent fields, Fig. 7.4), the condition —62'% i
\/m > 1 must be satisfied. In addition, when the assumption C,; < Cgo is
relaxed so that Csy ~ Cro ~ C then (Ir) =~ (Cro + 2C5) T and hence the signal to
noise threshold for observation of QI in the time domain becomes \/6@—1:) = %CTwh B

L,

Figure 8.4 shows two traces from the spectrum analyzer. The first one is a control
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Figure 8.4: Power spectrum R (f) of the photocounting time series Ir. a) Control
spectrum with the squeezing turned off for which no modulation at either w,, or 2w,,
is observed; b) spectrum with the squeezing on for which a peak at frequency 2w,
appears.

trace for which the squeezing is turned off by detuning the temperature of the nonlin-
ear K NbOj3 crystal in the OPO, and as evident there is no modulation at either wy, or
2wy, (recall that £= ~ 11 Hz). The second trace is with the squeezing turned on and
a peak appears at ~ 22 Hz which is equal to 2w,,. The peak that appears in Fig. 8.4b
is a signature of the quantum correlations between the signal and idler outputs of the
NDOPO although strictly speaking it only demonstrates that M = <g};52§917> = 0
but not necessarily that the quantum criterium N2 < |[M[*> < N (N +1) (where
N = <gg52‘§552> = <‘§317<§;17>) is satisfied. Alternative methods to directly compare
N with M using QI are currently under investigation and some indirect methods have

already been proposed.[103]



156
8.3 Summary

In conclusion, in this chapter the illumination of a three-level atom by a combination
of a coherent RO field and the squeezed output of an NDOPO has been studied.
As a result of multiple excitation pathways for two-photon excitation, QI in the
excited state population psz has been predicted. A theoretical model based on the
master equation of the system has been developed to enable detail calculations of
features of QI in the system.[119] An experimental realization with Cs has shown
that QI with squeezed light is indeed observable. Realizing that the modulation
terms due to QI in the excited state population pss are proportional to the nonclassical
correlations, M = (E’sa> suggests that by using this method detection of squeezing
can be achieved. Furthermore, by drawing an analogy between the behavior of the
atom in this system and conventional nonlinear mixers, it has been pointed out that
atoms have much greater “bandwidth.” In particular, for the experimental realization
presented, correlations have been detected between the signal and idler beams from
an NDOPO which are separated in frequency by 25 T'Hz. In the next chapter the

use of atoms as nonlinear mixers will be examined in more detail.
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Chapter 9 Atoms as Ultrafast Nonlinear

Mixers

The modulation in the excited state population pss due to QI discussed in the last
two chapters can also be interpreted as nonlinear mixing of three fields with the atom
acting as the mixer and the modulation in p33 being the demodulated signal.[102]
Figure 9.1 shows schematically this analogy. In this generic representation, three
fields with amplitudes ¢y, €; and €2, and corresponding frequencies wy, w; and ws,
are the input to the nonlinear mixer which in this case is simply a three-level atom.
The atom “processes” the input fields, and the output is the demodulated beatnote
of them, V,,; o 1 + Eedejen cos [(2wo — w1 — wa) t] (see Eq. (7.20)). Here V,,; is the
voltage from a photodetector that monitors the excited state population ps3 and &
depends on atomic parameters. Note that the static phase 2¢9 — ¢1 — ¢ + @ that
appears in Eq. (7.20) has been neglected for simplicity. In addition, although in
the preceding discussion monitoring of ps3 has been accomplished by detecting the
fluorescent decay from the |3) — |2) transition, alternative methods to observe pss
such as excitation to a different level or ionization from the |3) excited level, may also
be implemented.

The important advantage of atomic nonlinear mixers (ANM’s) is that they op-
erate at optical frequencies and that the distance between the fields that can be
demodulated with this technique (quantified by § f = “1-*2) can reach 100’s of THz.
Conventional nonlinear mixers, which in the optical range are simply fast photode-
tectors, can only reach 10’s of GHz. Hence, ANM’s are several orders of magnitude
“faster” than ordinary photodetectors (albeit in rather narrow windows) and can offer
alternative solutions to comparing fields which are separated by large frequency in-
tervals. In the remainder of this chapter, details and implications of atomic nonlinear

mixing will be discussed with emphasis on potential applications.[122]



158

Non - Linear Mixer

____________________________

Figure 9.1: A three level atom acting as a nonlinear mixer. Three input fields at
frequencies wq, we and wsz are “mixed” to result in a “demodulated” output signal.

9.1 Characterization of Atomic Nonlinear Mixers

Atomic nonlinear mixers based on QI are wavelength specific and operate at narrow
frequency ranges due to the vanishing response of atoms to excitation by fields that
are far off resonance from the eigenfrequencies. To quantify the frequency response
of ANM’s, consider an atom with energy levels {|1), |2), |3)} and eigenfrequencies
{#8*, wa1, wap} corresponding to the two-photon |1) — |3) and one-photon [1) — |2)
and |2) — |3) transition frequencies. The atom is excited by three fields {&;, &1, &2}
with amplitudes {ey, €1, €2} and frequencies {wy, wi, wa} as defined in Eq. (7.2).
For simplicity, the spatial phases of these fields are set to zero. The detunings of
the excitation field frequencies from the atomic eigenfrequencies are {&o, 61, 62} as
defined in Eq. (7.3). Assuming perturbation theory (see Section 7.2) we find that
the excited state population ps;z is given by Eq. (7.20). Note that the perturbation
limit requires that psz < 1 which from Eq. (7.20) is equivalent to requiring that X,
Tl
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9.1.1 ANM Frequency Response with Fixed Excitation Power

The response of the ANM is quantified by two parameters: the mean excited state

2XY
X2+Y2

Eqgs. (7.28) and (7.29)). Recall that X and Y (defined by Egs. (7.21) and (7.22)) are

population pg; = X?+Y? and the visibility of the demodulated signal ¥V = (see
the excitation amplitudes associated with the two alternative excitation pathways,
namely the simultaneous two-photon absorption from the wy field (|1) — |3)) and the
stepwise absorption of one photon from each of the w; and wy fields (|]1) — [2) — |3)),
respectively. Optimum performance of the ANM occurs when both p§; and V are as
large as possible. To achieve optimum visibility (i.e., maximize the fringe contrast of
the demodulated signal V,,:), the amplitudes X and Y must be adjusted to be equal
(e.g., by tuning the field amplitudes) so that ¥V = 1. Furthermore, to maximize the
mean signal p§; for fixed power levels of the excitation fields, the frequency detunings
must be all zero. Combining these two conditions (i.e., X =Y and g = 6; = 6 =
0) gives that for optimized performance the Rabi frequencies (or equivalently the

excitation field amplitudes) must satisfy

=212A=_, (9.1)

where A is defined by Eq. (7.4) and a = ,/22. Assuming this condition is satisfied,

the mean excited state population p%, is equal to
oo — 807Q2 — 320303 (9.2)

and the visibility of the demodulated signal is ¥V = 1.

Having defined a measure of “optimum” performance for the ANM (Egs. (9.1)
and (9.2)), the frequency response can now be quantified with respect to these opti-
mum conditions. In particular, for fixed field amplitudes that satisfy the “optimum?”

condition in Eq. (9.1), the following two measures are defined:

_ P53 1 !
1.6 60) = B2 i 9.3
Pub ) =5 T L) @ i) (Gt )
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and V (61,62,60) =V (%—?2 = %), which is derived from Eq. (7.29) to be

o/ (483 + g2 (&7 + L) (6 + 62)° + %)
(62 + 1a2) (61 + 62)° + 12) + = (453 + 122)

Recall that the 6; are dimensionless quantities, since they are normalized by v =

v/ Y273-

V (81,62, 60) = (9.4)

[«
0.6} i
7\
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. -5 -2.5 0 25 5
3

Figure 9.2: Frequency response of p in (a), (b) and (c¢) and V in (d), (e) and (f) as
functions of the detuning 6. Solid lines are for §; = 8, o = 0, ép = 0; dotted lines
are for §; =0, 6, = 6 , 6§, = 0; dashed lines are for 6, = 0, 63 = 0, &g = 6. The value

of = /2 is for (a) and (d) o = =, for (b) and (e) o = \/——g—- and for (c) and (f)
o = 4/22. Note that 6 is in units of ¥ = \/727s.
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To elaborate further on the physical meaning of the frequency response mea-
sures defined in Egs. (9.3) and (9.4), it is first noted that p (61, 62, 6) quantifies the
dependence of the mean excited state population on the detunings, normalized by
the optimum value of p§;. Therefore, when the fields are resonant with the atomic
eigenfrequencies, this measure is equal to unity, p(61 =0,8: = 0,00 =0) = 1. As
the detunings move away from zero, the value of p decays, indicating that the mean
detectable signal V,,; decreases accordingly. Similarly, V (61, 8:,60) quantifies the
visibility drop due to nonzero frequency detunings. Both p and V are complicated
functions of {61, 82, 80, a} and hence a full description of all their features is beyond
the scope of the present discussion. However, few special cases are shown in Fig.
9.2. In particular, the frequency dependence of p and V is shown as a function of
one of the three detunings while the other two are kept equal to zero. Note that for
this choice of detunings p > 3 which is not necessarily the case if more than one of
the detunings are different from zero. Furthermore, notice that the linewidths of all
curves in Fig. 9.2 are of order of few v = \/727s.

To quantify the “linewidth” of the response functions, it can be shown that for
the special case that 6, = 6y = 0, the FWHM of the visibility function V (Eq. (9.4))

is equal to

1
Afdosa (fo == 0) = 7—,|2 (— (1+ at) + \/(1+a4)2+8a4 (3+2\/§)).
(9.5)
Similarly, for the cases that §; = § = 0 and §; = 6 = 0, the FWHM of V is given by

2 3.6

AByirne G0 =51 =0 = 2. [(3+2v3) ~ 28 (9.6)
142 |/ 1.8

A rag (61 =6, =0) = Y (3 + 2\/5) Shemy (9.7)

respectively. Notice that Ag),v HM = 2A§9‘),V i and that they both scale as <, which

and



162
means that in a practical application for which 6y or & is large, a good choice of an
ANM would be such that @ <« 1, or equivalently such that v < 3. On the other
hand, A%I),V s 18 @ more complicated function and in fact it has a maximum at a = 1
for which Age,‘,HM (¢ = 1) ~ 1.65. Figure 9.3 shows the Ag)WHM as functions of a.

Notice that for large values of «, the linewidths AE,II),V g and A%)/V 1 become equal,

1 2
AE?I)/VHM = AE‘?Y)/VHM‘
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Figure 9.3: Full width at half maximum /_\E,f)w gt =0,1,2 for the visibility V as a
function of a = , /22. Note that AS?WHM is in units of v = /7273.

9.1.2 ANM Frequency Response with Variable Excitation

Power

So far in the discussion of frequency response of ANM, the power of the excitation

fields was fixed according to Eq. (9.1). However, if the power is allowed to change,
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then the effective bandwidth of the ANM’s is limited only by the available power in
each of the fields since in principle, for any detuning, the excitation amplitudes X
and Y can be kept constant by adjusting the field powers. In practice, of course,
the available laser power is limited and furthermore for large detunings other atomic
energy levels come into play.

Nevertheless, detunings can be compensated to a large extent by increasing the
field power. It is clear from Eq. (7.21) that in order to keep X constant for large
detunings of the & field, & > «, é, 61, 62, the ratio };—3 must be also kept constant.
Similarly from Eq. (7.22) in order to keep Y constant while §; is increased, the
ratio % must be fixed while if 6, is increased the ratio %} must be fixed. Notice
that the required power F, to keep X constant increases linearly with §, while to
keep Y constant, P, must be scaled as 6] and P, as §2. Also note that although
mathematically it is valid to increase P, to compensate for §;, physically this does
not work because if 65 is small, then P, will saturate the |2) — |3) transition which
will limit Y, (recall that Eq. (7.22) applies only in the perturbative limit). Similarly,
increasing P, to compensate for é; does not work either.

As an example of the detunings that can be compensated by increased laser power,
consider the experiment described in Section 7.5.[102] There the excitation powers
were Pggy ~ 5 mW and Pgsy ~ FPs17 =~ 0.5 nW. Assuming that the power could be
increased to 1 Watt for each of the beams, it is easy to calculate that similar results
with Fig. 7.4 could be observed for detunings as large as gsq4 =~ 42 , 6gs5o ~ 62 and
6917 ~ 5940 which since v ~ 3.9 M H z translate to 160 M Hz, 240 M Hz and 23 GHz,

respectively.

9.2 Database of Atomic Nonlinear Mixers

Although atomic nonlinear mixers are limited in bandwidth and work only for specific
wavelengths due to the resonance conditions that must be satisfied, there is neverthe-
less an abundance of possible excitation schemes where this method could be applied

to. In particular, any three-level atom that can be excited by three fields via two
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alternative excitation pathways will act as a nonlinear mixer for these three fields.
For the purposes of the present discussion, only atoms in a ladder (Z) configuration
will be considered, although V' and A systems could also be used; see Fig. 9.4. Like-
wise, the discussion is limited to the alkali elements Li, K, Na, Rb and C's for which
databases of their energy levels are readily available.[123, 124] Of course other atoms

and even molecules would work in the same fashion.

Vv A

Figure 9.4: From the three possible two-photon excitation schemes, =, V' and A, only
the first one is considered here. The other two also exhibit QI and could be also used
as nonlinear mixers.

To consider all possible three-level configurations that can be used as ANM’s, all
combinations {n; L, J1, noLoJa, n3L3J3} of energy levels in each atom must be consid-
ered. Here n; is the principal quantum number, L; is the orbital angular momentum
and J; the total angular momentum of the i*® energy level of the atom. These com-
binations are limited by three constraints. First, because the discussion here is only
for = systems, the condition E,, < E,, < E,;, where E,, is the energy of the ith
level, is imposed. Second, to avoid microwave frequencies and the very closely spaced
Rydberg states, the wavelength of each of the three transitions is constrained to be
Aij < 2000 nm, where \;; is the wavelength of the |¢) — |j) transition. Finally, for
the transitions to be allowed, the parity selection rules |L; — L] = |Ly — Ls| = 1
and the conservation of angular momentum selection rules |J; — J2| = 0,%+1 and
|Jo — J3| = 0,41 must be satisfied. Note that these constraints allow systems for
which n;L; is not necessarily the ground state. For these systems, it is assumed

that considerable atomic population can be built up in the n, L, level by excitation
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from the ground state. Applying these criteria to the energy levels of Li, K, Na, Rb
and Cs [123, 124] gives about 6900 distinct three-level systems which can be used as
ANMs.

Figure 9.5 shows the sideband-to-carrier separation Af as a function of the car-
rier wavelength A, for the data base of 6900 ANM’s. Here the carrier frequency
is defined to be the two-photon resonance frequency *2* corresponding to the qua-
trapole |1) — |3) transition and the sideband-to-carrier separation is defined by
Af = % ’wzl — 5’5‘1] = 51; ‘w32 — “’Jfl|, where as before the frequencies ws; and wso
are the resonance frequencies for the |1) — |2) and |2) — |3) transitions, respectively.
Notice that our experimental demonstration of Section 7.5 [102] where demodulation
of fields with Af = 12.5 T'Hz has been observed, is rather insignificant compared to

what is possible according to Fig. 9.5, where Af can be as large as ~ 240 T'H z!

9.3 Frequency Metrology

The capability for optical demodulation demonstrated in the experiment described
in Section 7.5, together with the numerous possibilities for nonlinear mixing illus-
trated in Fig. 9.5 suggest exploiting QI in two-photon excitation for applications
in frequency metrology. In particular, to obtain an absolute measurement of a
given target frequency in terms of a handful of reference frequencies, one faces the
daunting challenge of bridging intervals that are often comparable to the optical fre-
quency itself. Numerous schemes to “conquer” these large frequency intervals have
been investigated,[125, 126, 127, 128] including resonant multiwave mixing in atomic
vapors.[129, 130]

Within this context, we have proposed a new method for absolute comparison of an
(arbitrary) target frequency w; to one or more reference frequencies wy,, wr,, ...,[128]
by exploiting atoms as ultrafast nonlinear mixing elements. As for the actual im-
plementation of the proposed scheme, the first step is to construct from the set of
available frequencies Q, = {wy,,Wy,, ...} and w; a new set Q; = {w}, ws,..wjy, } via

sum and difference frequency generation and harmonic conversion, where one allows
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Figure 9.5: ANM characteristics for the sideband-to-carrier separation A f versus the
carrier wavelength A, for the database of 6900 transitions in the alkali elements. The
circled point corresponds to the experimental demonstration with A, ~ 884 nm and
Af ~ 125 THz.

for combinations of the form w; + w; with {w;,w;} C Q, Uw;. This process may be
repeated for up to k stages to generate a final set of frequencies €2, with the number
of resulting frequencies growing exponentially in k; see Fig. 9.6.

Of course, finally we need only three of these frequencies to mix with the aid
of an atom. To decide which three must actually be generated, all possible triplets
(W), wp,w!) from the set 2 = {w;} U Q, U Q... U Q. that can be traced back to w;
must, be considered. From this large number of possibilities, only those triplets that
satisfy w + wj, — 2w, < Aw’, where Aw’ is the maximum offset that can be either
directly detected or compensated via electro-optic modulation (Aw’ < 500 GHz),
must be kept. These triplets are then cross-referenced to the database of two-photon

transitions with a search algorithm that optimizes a criterion such as the sum ¥ of
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Figure 9.6: By frequency sum and difference generation and harmonic conversion
(w; £wj;), an initial set of reference frequencies 2, together with the target frequency
wy results after k stages of nonlinear transformations into a new set of frequencies €.
From . the three “best” frequencies {wa, ws, w.} for the particular application are
chosen.

absolute detunings, ¥ = |w)—wia| + | wy—was| + | w,—iwis|, and thereby chooses
the particular atomic transition for the measurement and a set of three frequencies
{wWa, wp, w.} that must be generated.

The three frequencies w,, wy, and w, chosen with the above procedure are linear

combinations of the frequency standards w,, € §2, and target frequencies w; which

can be expressed as

Wn = PpWwi + Z Qn;Wr; (98)

where n € {a, b, c} and the coefficients p, and g,, are integers. Then, by illuminating
the chosen atom with the three frequencies w,, w, and w,, two-photon excitation is
induced by two alternative pathways leading to QI which is observed as a modulation

of the excited state population. The frequency of this modulation is given by Qp =
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Wq + wp — 2w, which in combination with Eq. (9.8) implies that

- QB = Z (ch.i T b, — 2qci)w7‘z’
(pa. +pb - 2p0)

(9.9)

Wy

Clearly an additional constraint must be satisfied in order for w; to be measurable by
this technique, namely p, + py — 2p, # 0.

Once the target frequency has been measured with respect to the references which
by definition are stable and well determined, the target itself becomes a new reference
frequency. In this way new frequency standards may be established. Furthermore,
by setting frequency standards as the targets, the internal consistency of the existing

set of standards may be verified.

9.4 Optical Communication

A specific application of the methods described in the previous section is in optical
communication. In particular, by using ANMs the goal is to establish frequency stan-
dards in the 1.5 — 1.55 pum range which is relevant for optical communications.[131]
As fiber networks become more crowded with techniques such as wavelength division
multiplexing (WDM), the need for such standards increases and the ability to opera-
tionally define a frequency reference that is well measured and stabilized with respect
to other already established frequency standards could have significant market value
as well. Preliminary studies have indicated that the methods outlined in the previ-
ous section allow for the determination of practically any frequency in the range of
200 — 2000 nm. Therefore, this dense coverage clearly suggests that ANMs could also
be applied for the task of establishing frequency standards in optical communication.
Realizing this possibility we have filed a patent application for ANMs and the method
of QI for demodulating frequencies that are separated by large intervals. Details and

examples of these applications will appear in a future publication.[122]
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9.5 Summary

In conclusion, in this chapter the properties of ANM'’s have been analyzed and mea-
sures to determine their frequency response have been defined. By analyzing these
measures general dependencies of the ANM “bandwidth” on the atomic linewidths
have been discussed. By expanding the view to systems other than the one that has
been studied so far (i.e., the 65,3 — 6P3;3 — 6D5/, transition in Cs), a database
of 6900 possible transitions in the alkali elements Li, Na, K, Rb and C's has been
constructed. Each of these transitions can be utilized as an ANM which due to QI can
demodulate the beatnote of three incident laser fields which could differ up to 100’s
of THz. Applying ANMs to frequency metrology, we have suggested a novel method
for bridging large frequency intervals and establishing new frequency standards has
been suggested. A particular application of this method in optical communication
could have significant technology implications. Work in these areas is continuing, and

more details will appear in the near future.[122]
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Chapter 10 Epilogue

Reflecting back on my research of the last six years, it is a fair judgement to say
that it has been a very rewarding experience with several important milestones along
the way. The goal of this Thesis was to outline these developments and to describe
in detail crucial aspects of the experiments. Complementing the Thesis are several
publications which, with some unavoidable overlap, present the same subjects from a
different point of view. In particular, five papers have already been published,[7, 48,
49, 102, 103] three have been submitted for publication,[105, 106, 119] and two are
under preparation.[122] In addition, a patent has been filed for the idea of utilizing
atoms as ultrafast nonlinear mixers.

To summarize, it is noted that motivated by theoretical developments and predic-
tions about the interaction of squeezed light with atoms, I was the principal student
to initiated a research program to study specific examples of these effects. Unique
capabilities for producing tunable squeezing in resonance with atomic transitions that
were developed earlier in our labs were adapted to perform the nonclassical excita-
tion experiment described in Chapters 5 and 6. In preparation for these experiments,
several issues had to be resolved, including the construction of a MOT and the de-
velopment of experimental tools to perform spectroscopy on the atoms in the MOT.
Furthermore, the excited level of the particular transition that we chose to study was
not well known, and for that reason a classical high precision spectroscopy experiment
was performed. After all this preparatory work, we finally attempted and successfully
completed the task of observing a nonclassical effect of the interaction of atoms with
squeezed light. This was the deviation from quadratic form and an asymptotically
linear excitation rate in the two-photon excitation of a three-level atom by the signal
and idler outputs of an NDOPO. Note that to the present day this is the only instance
of such an observation.

Subsequent to the above experiments, I entered a different arena of research and
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studied QI in two-photon excitation by multiple fields. A proof-of-principle experi-
ment strikingly demonstrated that atoms can act as ultrafast nonlinear mixers due to
QI, which motivated me to further pursue the study of these phenomena. Most of my
efforts have been concentrated in the theoretical analysis of QI for which perturba-
tive and master equation solutions have been derived. By analyzing these solutions I
have discovered several interesting phenomena which have been discussed elsewhere.
Furthermore, by generalizing the particular system that was studied experimentally,
I have created a database of 6900 possible transitions that can be used in similar fash-
ion. Based on these discoveries my colleagues and I have suggested novel techniques
for frequency metrology and optical communications.

In addition, combining these results with nonclassical excitation, we proposed
new techniques for observing nonclassical correlations that have been up to now be-
yond reach due to the limitations in bandwidth in the existing detectors. Again, to
demonstrate the feasibility of our suggestions, we have performed a proof-of-principle
experiment, and to back our results I developed a theoretical model based on the
master equation of the system.

Last but not least there has also been a significant effort to observe the interaction
of squeezed light with a two-level atom in a microcavity,[2] which, however, was
not covered in this Thesis. In these cavity QED experiments, the atoms behave as
one-dimensional systems and the coupling of squeezing to them should be greatly
simplified. Several experiments have been performed and significant theoretical work
has been done in order to understand the system. The results will be published in
the near future; they have already been extensively discussed in Quentin Turchette’s
Ph.D. Thesis. Two main accomplishments of this research are worth mentioning
here. First a unique unidirectional coupling of two independent quantum systems
(the mode of the OPO and the atom in the microcavity), which were physically
separated by several meters from each other, was accomplished. Second observations
of the interaction of squeezed light with a two-level atom have been recorded as a
function of several parameters. However, the situation was somewhat analogous with

the experiment described in Section 8.2, where although there have been observations
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of the interaction with squeezed light, there was no direct proof that this was due to
the nonclassical character of the squeezed excitation. Despite this deficiency, these
experiment represents the only other instance besides the experiment of Section 5.2
that investigates the fundamental alteration of radiation processes for the interaction
of squeezing with atoms.

It is my hope that the foundations established by my work will contribute to fur-
ther developments and better understanding of the interaction of nonclassical states
of light with atoms, and that my work on QI will open new avenues in the fields of

frequency metrology and ultrafast nonlinear mixing,.
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Appendix A OPO Gain for the Single
and Double-Sided Cavity

A crucial parameter for the OPO characterization is the gain, which is determined
operationally by observing the amplification and deamplification of a small injected
beam into the cavity. The characterization of our own OPO in this fashion was
explained in detail in Chapter 4. Here, based on input-output relations and a coupling
term between the pump and the signal and idler fields, I derive theoretical expressions
for the OPO gain, in terms of the pumping parameter z (see Eq. (4.1)), for a variety

of cases.

A.1 Degenerate OPO (DOPO)

We begin with the DOPO case. Figure A.1 shows a very general case of an OPO
pumped by a classical field b of frequency 2w. Here, we are only considering subthresh-
old OPO’s for which the pump is not depleted, and since it is also non-resonant with
the OPO cavity, it is shown in Fig. A.l to go through the OPO unaltered. The
fundamental mode at frequency w inside the cavity is denoted by « and is coupled to
the pump mode b by a coupling constant p, which is due to the nonlinear properties
of the crystal (assumed to be also constant). Furthermore, we consider two small
coherent injected fields (denoted by a and a') at the fundamental frequency w, which
enter the OPO cavity either through the output coupler M,,; or through the high
reflector My, which are characterized by loses given in terms of the linewidths v and
~', respectively. Finally, with this configuration, the output field is called a,,; and
will be the one we measure to determine the OPO gain. The goal here is to express
aoye in terms of the rest of the parameters and hence derive a theoretical expression

for the operationally determined gain, Eq. (4.2), as a function of the pumping pa-
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rameter z. Furthermore, to model additional losses in the OPO, e.g., light induced
absorption, a loss factor, called ", is introduced. Note, that either, or both, of the
two input coherent fields (a, a’) can be turned off, and the formulas will reduce to
the corresponding specific case. In particular, in our experiments a = 0. However,
because we will only consider semiclassical fields, when both a and a' are turned off,

then @ = 0.

DOPO
' d
M1 > Y

IVlout > Y

>aout

bin | ry". b t"'bm a

ou

Figure A.1: DOPO configuration.

The starting point in the analysis is the following rate equation for the intracavity
field «,
Z—? = —(v+ v +7" +iw) a + 2/ma’b + /2va + /2v'd. (A.1)
Clearly, the first term describes the decay of the intracavity field due to the various
losses (v, 7' and ") while the last two terms are due to the injected fields a and a'.
The second term comes from the coupling of the fundamental mode o with the pump
b.[73, 74] The various fields have the following forms:

o = e iWttde) (A.2)

b
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a = ge~Uwttda) (A.3)

a = e Wttda) (A.4)
and

b= Gemit2uers) (A5)
where the quantities with “7” over them are taken to be the real and slowly varying

components of the fields. Hence, from Eq. (A.1) one finds that in steady state (i.e.,

dc

dt

Lae (‘f"a ¢a) +- ﬂ_ 3(¢a—¢a’)

(' +1") ¢ (A.6)
1e— ;L'el@‘ba @p) ’ ’

B ==

Here z is the threshold parameter given by

b
b
where Em is defined to be
o + 7 _+_ 1"
g, =ty +7) (A.8)

2R

Note that the above definition of z is in accord with the definition of Eq. (4.1).
Equation (A.6) has several interesting features. First, if both a and @’ are non-zero
then there will be interference between the two which will ultimately determine the
intracavity field in addition to the nonlinear properties of the cavity. If however one
of them is zero, then the phase ¢, will be “locked” to the phase of the injected beam
and then the only phase sensitive term will be the one in the denominator. This is in
fact the case we are interested in, namely when one of the two injected fields is zero.

To derive the output field we use the input-output relation

Bout = —8 + /275 (A.9)
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A.1.1 Probe Injected Through M;

The first case we consider is when a = 0. Then,

i |

=~ e ?
Aout = 2’}/1 _ mei(2¢a’“¢b), (A].O)

which implies that the power gain (which is what we experimentally measure, see Eq.

(4.2)) is equal to

2 1

- 1 —2zcosb + z2’

ot ()
s (=10

G

(A.11)

where 0 = 2¢, — ¢p. Experimentally, the phase sensitive gain is characterized by G
which gives the two extrema of G as the angle ¢,/ is varied by a PZT at the path of

the injected beam. Hence,
1

.
(1Fz)?

(A.12)

A.1.2 Probe Injected Through M,,;

In this case @’ = 0, and the output field is derived to be

Gt = -1+ 1 - Iei(2¢a_¢5) a,

which implies that the gain is equal to

B 1+2%coso9+f”i%

— Al
1 —2zcosf + z2’ (A.14)

2y
6 i ke o A

PZT at the path of the injected beam a) then the gain is also modulated and the

where 0 = 2¢p, — ¢p and I' = —1 + As the phase 0 is scanned (e.g., by a

maximum and minimum of it can be calculated from Eq. (A.14). To compute G4

from Eq. (A.14) we note that there are two different cases, namely I' # 0 and I = 0.
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In the first case, the extrema of the gain occur at 8 = 0 and 7 and take the values

z\ 2
G (T #0) = Gi;) : (A.15)

For the second case, I' = 0 = v = 7' ++", one needs to be more careful. In particular,
the output field is given in this case by

i6
af'out = (L) a (A16)

1 — zet

which means that when the gain is turned off, i.e., z = 0, then the output is equal to

zero, G = 0 and hence the definition of the gain, Eq. (A.11), diverges. Furthermore,

14

2, :
1%) in accord with

in the special case that v > v/, ¥, '~ land GL ('=1) = (
the formulas derived in Ref. [12].

Finally, notice that while in the case when the probe is injected through the
output mirror M,,; the additional losses in the cavity alter the gain (through I'),
when the probe is injected through the high reflector M; then the gain is independent

of additional losses.

A.2 Non-Degenerate OPO (NDOPO)

We now turn our attention to the NDOPQO. The set up we are considering is shown
in Fig. A.2. The notation is similar to the one used for the DOPO with the only
difference being that we now have two non-degenerate modes (signal and idler, de-
noted by a; and ay) that are present in the cavity. In the most general case, different
linewidths « and couplings p can be present, and for this reason all parameters have
been duplicated with the subscripts 1 and 2 to distinguish between the characteris-
tics for the signal and idler modes. Finally, in this very general representation of the
NDOPO, a maximum of four injected inputs are possible, a;, as, a} and a5; see Fig.
A.2.

The starting point of the analysis is again the rate equations for the intracavity



Figure A.2: NDOPO configuration.

fields oy and «g, which are given in analogy with Eq. (A.1) by

dCdl

r hais (7 + 7+ Fdwr) ar + 2y/agb + 1/271a1 + v/27a], (A.17)
and

do . 4

d—; = — (72 + 75 + 75 + iwz2) as + 24/paaib + /27202 + /27505, (A.18)

In generalizing Eq. (A.1) to Egs. (A.17) and (A.18), the Hermitian conjugates of the
o and oy fields were taken to be al = a and ag = aj. Following similar steps as
before, we solve for the slowly varying components @; and as of the intracavity fields

in the steady state case. First by simplifying Eqs. (A.17) and (A.18), we obtain that

271 ei(d‘“l _d’“l)N Mei(dbo‘l -¢“'1) -
7 m a1 r m al, (Alg)
(i 4+ 7 +H (r+v+7)

a1 — (mlew) iy =
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and

i| Pan—@, 1 )
. . ™ 2")/26 (d’ag ¢‘u2) I ( 2 a2
16 *
Qs — (z2e") af = as ; A.20
e ) (e +7+7% (vz+7z+vé’) % (8.20)
where z; = -(%b t=1,2 and 0 = ¢4, + ¢o, — ¢». Hence, a; and &, are equal
to
5 = 1 2fylei(¢a1—¢a1)al N mez(%l—%)g .
(1—z23) | (m+71+A m+A+7v)
.'131@2'9 /2,),26—‘i(¢a2 "‘¢‘a2) az 27£e—i(¢m2_‘t’a’2) o (A 21)
(1—z1z3) | (e+712+72 (e +v%+) | '
and

_ 1 Speiteatun) . froi(teatay)

Qy = as + aq | +
(1 —2122) | (v2+75+7%) (2 +v%+7)

x2ei9 F\/Ee—i(‘bal —®ay ) . 27;6_’5((%1 ‘¢“'1) g
(1 — 1T ) ( + ~ n_ 4 / 7 ay| - (AZZ)
1o it ) (m+7n+)

These expressions, along with the input-output relations
Zil,out = -El + 2’)’1621, (A23)

and

Ao.out = — 02 + /27202, (A.24)

give the signal and idler output fields. In an experiment to measure the gain of the
OPO, one will usually inject only a single beam into the cavity. Therefore, we assume

that as = a, = 0 and consider the two cases as before, where either {a; = 0, a} # 0}

or {oy & 0, ) =0}
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A.2.1 Probe Injected Through M,

In this case (a; =0, a] # 0, az = a, = 0) the output fields are given by

~ 1 2 ’7171 ~1
a1 out = y A.25
BT (1 = mze) (A + ) (A.28)

and

e et #

09 out = e
WU T M —mz) (m+n+Y

The gain of the OPO is then defined in accord with Eq. (4.13) and (4.15) to be

G = |Bew @z |* 1 (A.27)
= al,out (b = O) (1 . 113'1113'2)2 -
and
8, MZZE(LY (A.28)
"B 0=0)| T \T =213 |

Note that b = 0 is equivalent to setting z; = 0 and x> = 0. Finally, note that for the

special case when v, = v, and x; = x,, the relation G, = G, (1 — 7};21) holds.

A.2.2 Probe Injected Through M,

The last case to consider is for a; # 0, a} = 0 and as before a; = a%, = 0. Here the

output fields are

g 1 2’71 o
out = |—1+ ay, A.29
= (I—zz) (m+7+)] " ( )
and
0 2
sl BLE = (A.30)

a —
208 T (1= myza) (m + % + )

Then the gain for the signal and idler fields is equal to

al,aut (mla x?)
a'il,ou‘t (b = 0)

GlE

271
(’71+’Y'1+’7f)

9 1 _ 271 1 2
_ [ (n+v+7) Umﬂz)] ’ (A.31)
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and
_ ( ) 5 2ym72 2
a2,0ut (T1, T2 (m+vi+y Z2
Gy = |= — A.32
2= | Fout (6 =10) MR T ——ry ey

(’71-4—’7{-0—'71’)
In the special case when ~v; > ~/, ¥/ (e.g., in our experiment), these expressions
P ) 1> N g Xp

simplify to

_ 1+ T1To £
gy (Lmer)’ e
and
2
By (A.34)

(1= zz)?
which if 45 = v, and x; = z5 implies further that G; — G; = 1, in accord with the

formulas derived from Ref. [12].

A.3 Summary

In this appendix we have studied the properties of the amplified or deamplified coher-
ent output from a DOPO and NDOPO when a small coherent injected beam enters
the cavity either through the output coupler or one of the high-reflectors. Analytic
expressions for the gain have been derived in each case that correspond to what one
would normally measure in an experiment. The goal throughout this exercise is to
relate the experimentally measured quantity G with the fundamental parameter z for

the OPO from which the squeezed output properties can be inferred.
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Appendix B Nonclassical Two-Photon
Experiment: Data Plots, Fits and Fit

Parameters

The goal in this appendix is to show details of our data for the nonclassical excitation
experiments discussed in Chapters 5 and 6. For each of the experiments we show
three graphs. In the first graph, the data points R; vs. Ry are plotted on a log-
log scale along with the best quadratic plus linear fit (solid lines) of the form R, =
fo (R1) = BsR? + 7R, (see Eq. (6.6)), and the best quadratic fit (dashed lines) of
the form Ry = fg (R1) = 51R? (see Eq. (6.3)). In the two bottom panels we indicate
the residuals of the data to these two fits. The i** point of the quadratic plus linear

residual is defined by

R('i) e(")
'r'gg)jLL:i:efoM = —2—(1_)—1 . %— ; (B.1)
fo+r (31 ) Jo+r (R1 )
and similarly the i** point of the quadratic residual is given by
(4) eld
(2 :i:e(’)— R—Q-—l == —R’———l, s (B.2)

fa (RS fa (RY)

where {Rgi), Réi)} is the i** data point of the particular experiment. The error bars
€ro., and e, of the residuals are computed from the experimental uncertainties e,
of R, as indicated in the above expressions.

Finally, for completeness, we show for each of the experiments the fit parameters

B, ..., Br for the fo, forc, fp and foip model functions; see Egs. (6.3)-(6.6).
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B.1 Exp. 11-17-94 (Nonclassical Excitation)

Non-Classical Excitation
100 r

Exp. 11-17-94
— Ry=Bs'Ri+B, R,

10

i}

-0 R2=B1*R?

R, (counts/sec)

0.1
(a)

0.0 ] -
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Figure B.1: a) Ry vs. R; data from the 11-17-94 experiment. The solid line is the
best linear plus quadratic fit and the dashed line the best quadratic fit. b) Quadratic
plus linear residual, define in Eq. (B.1) ¢) Quadratic residual, defined in Eq. (B.2)

o B =442 x 1078
o B =421x1078
o (3 =046
e 3, =198x10""
e (35 =185
e B =371 x 1078

e B, =1.20x10*
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B.2 Exp. 11-29-94 (Nonclassical Excitation)

Non-Classical Excitation
100 .

Exp. 11-29-94
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Figure B.2: a) Rs vs. R; data from the 11-29-94 experiment. The solid line is the
best linear plus quadratic fit and the dashed line the best quadratic fit. b) Quadratic
plus linear residual, define in Eq. (B.1) ¢) Quadratic residual, defined in Eq. (B.2)

e 5, =5.38x10"8
® 3, =5.01 x 1078
o (G5 =047
» By =52 % 10T
o 35 =1.76
o (B =4.46 x 1078

o ;=119 x 104



185

12-06-94 (Nonclassical Excitation)

Non-Classical Excitation
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Figure B.3: a) Ry vs. R; data from the 12-06-94 experiment. The solid line is the
best linear plus quadratic fit and the dashed line the best quadratic fit. b) Quadratic
plus linear residual, define in Eq. (B.1) ¢) Quadratic residual, defined in Eq. (B.2)

o 3, =288x%x1078
® [, =278 x 1078
o (33 =0.39
o 3 =270x 1077
o 05 =1.78
e B =2.37 x 1078

e 3;=120x10*
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B.4 Exp. 12-20-94a (Nonclassical Excitation)

Non-Classical Excitation

100 v
Exp. 12-20-94a
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Figure B.4: a) Ry vs. R; data from the 12-20-94a experiment. The solid line is the
best linear plus quadratic fit and the dashed line the best quadratic fit. b) Quadratic
plus linear residual, define in Eq. (B.1) ¢) Quadratic residual, defined in Eq. (B.2)

e 3, =119x 1077
e ;=116 x 10""7
o (33 =0.24
o B, =6.64x 107"
o 35 =1.82
o Gs=1.01x%10""

e B, =194x%10*
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B.5 Exp. 12-20-94b (Nonclassical Excitation)

Non-Classical Excitation
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Figure B.5: a) Ry vs. R; data from the 12-20-94b experiment. The solid line is the
best linear plus quadratic fit and the dashed line the best quadratic fit. b) Quadratic
plus linear residual, define in Eq. (B.1) ¢) Quadratic residual, defined in Eq. (B.2)

o 1 =2.56 x 1077
o By =2.45x 1077
e (33 =0.40
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e 05 =167
o (s =188 x 1077

o [ =4.46 x 1074
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B.6 Exp. 12-22-94 (Coherent Excitation)

Control Experiment: Coherent Excitation
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Figure B.6: a) Ry vs. R; data from the 12-22-94 experiment. The solid line is the
best linear plus quadratic fit and the dashed line the best quadratic fit. b) Quadratic
plus linear residual, define in Eq. (B.1) ¢) Quadratic residual, defined in Eq. (B.2)

e B =149 x 1077
e B, =146 x 1077
e 83 =0.11
o By =318 x 1077
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B.7 Exp. 01-12-95 (Coherent Excitation)

Control Experiment: Coherent Excitation
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Figure B.7: a) Ry vs. R; data from the 01-12-95 experiment. The solid line is the
best linear plus quadratic fit and the dashed line the best quadratic fit. b) Quadratic
plus linear residual, define in Eq. (B.1) c¢) Quadratic residual, defined in Eq. (B.2)
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Appendix C Results from Numerical
Integration of the Master Equation for
the Nonclassical Two-Photon Excitation

Experiment

In order to better model the nonclassical excitation experiment described in Ch. 5
and Ch. 6, A. S. Parkins has numerically integrated the master equation of the system
taking into account the finite bandwidth of squeezing, which was not included in Ficek
and Drummond’s work.[44, 45] The results he has derived and details of relating his
parameters to our experiment are presented in this Appendix. Note that numerical
results shown here are from private communication between A. S. Parkins and the
Caltech group that conducted the experiment, while the rest of the calculations are

due to the present author.

C.1 Master Equation

The master equation that describes the interaction of the signal (a) and idler (b)
modes of the NDOPO with a three-level atom is a special case of what was discussed
in Ref. [81]. In particular, A. S. Parkins has considered the following master equation

for the density matrix p of the three-level atom:

% = % [aaTbT — e*ab,p]
—|—%l€a (2&,0(:[r —alap — paTa) =+ %nb (2bpr — bibp — prb)

—Vaka¥a1 { [0 ap] + H.c} — /Morysz { 0%, bp] + H.c}

i _ v =
+'2"Y21 (2‘712P‘7fL2 - 050129 = .005012)
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1 _ _ _
+§’732 (2023PU§E; — 033050 — Pgéraaza) (C.1)

Here, o;; = (oi"J’.)f = |i) (j| are atomic raising and lowering operators. The linewidths
o1 and y3o are the FWHM of the atomic linewidths of the intermediate and upper
state of the three-level atom, respectively, while «, and «; are the FWHM linewidths
of the “cold” OPO cavity for the signal and idler modes. Note, that implicit in
equation Eq. (C.1) is that the signal mode a drives the |1) — |2) transition, while
the idler mode b drives the |2) — |3) transition. The parameters 7, and 7, (75 < 1)

are coupling efficiencies between the OPO output modes a and 6 and the three-level

atom. Finally the parameter ¢ is the pump strength with which the OPO is driven.

C.2 Parameters and Notation

Expressed in terms of ¢, the parameters N and M that characterize the squeezing

are given by

N = (@ o) awa)) = (B ) Blun)) = = (C2)

(irars =)

and
Ex/Kakp (%manb + 82) (C 3)

(ot =27

M = (G (wa) blwr)) =

These expressions can be rewritten in terms of the pumping parameters x; = 167 and
2 a

Ty = ﬁ (see Appendix A) to give the more familiar expressions

dxixy 2x .
N = = ; C4
(1 - CEI.’L'2)2 (1 = .’Ez) ( )
and
M= 2./Z1Z3 (1 + z122) B 2z (1 + z2?) (C.5)
(1— 2122)° (1-22)?" '

where the last equality in Egs. (C.4) and (C.5) come from the simplifying assumption

that kK, = k; = &k and hence z; = zo = z. Clearly, as expected for minimum
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uncertainty states, M? = N (N + 1). Furthermore, the expressions with z; = z3 =
are identical to those derived in Ref. [12]; see Eq. (56) and (57) therein.!
Lastly, we must express the output photon flux and output intensity from the

OPO in terms of the pumping parameters x; and x,. These are given by
Ji=ring (C'G)

and

for i = a,b, where f; is the photon number flux of the signal and idler modes (i = a
and ¢ = b, respectively), I; is the intensity and n; is the intracavity photon number.
Note that n; # N, because one must integrate over the bandwidth of the OPO in

order to obtain the total photon number. In particular,

N, = <a’F (t)a (t)> = % [dw'ei(“_‘“') <ET (wo) @ (w;)> (C.8)

and similarly for the idler mode b; see Eq. (5) in Ref. [12]. Generalization of the
results shown in Ref. [12] (Eq. (23)) leads to the photon flux for the signal,[79] which

is given b,
g ¥: 52
fo = KaNg = kKgprotr = e o (C.9)
a a'va a l e 2 - - 1 _ 3 .
1%akb & Kq + Kb I1Z9

and similarly the flux of the idler field,[79] which is given by

Xi 62
Ka+Ky Ralp 1T
Jo = spmp = Ky = (C.10)

lkako — €2 Ko+ k(1 — 2122)

1Combining the expression for N given in Eq. (C.4) with the expression for the operationally
determined gain G, (Eq. (A.27)), it is easy to see that

Gs=i(\/N+1+1)2.
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Hence,

- Kp I1T9 1 11','2
= Ko+ & (1 — 213) 21 — 22’ (g

and

Ka T1To 1 z2

(C.12)

W= Ko + Kb (1 — 2123) 21 — 2’
where the last equality in Egs. (C.11) and (C.12) holds for the special case where

Ko =Kp=K. 2

| & p(x107%) | &  pss(x107%) [ &  ps3(x107%) ]

0.10 0.0337 | 0.75 2.340 | 1.80 34.969
0.15 0.0762 | 0.80 2.741 | 1.90 44.307
0.20 0.1364 | 0.85 3.190 | 2.00 56.229
0.25 0.2149 | 0.90 3.695 | 2.10 71.557
0.30 0.3128 | 0.95 4.259 | 2.20 91.373
0.35 0.4312 | 1.00 4.891 | 2.30 117.206
0.40 0.5714 | 1.10 6.388 | 2.40 151.182
0.45 0.7350 | 1.20 8.259 | 2.50 196.316
0.50 0.9241 | 1.30 10.599 | 2.60 257.167
0.55 1.1408 | 1.40 13.526 | 2.70 339.970
0.60 1.3876 | 1.50 17.196 | 2.80 454.404
0.65 1.6675 | 1.60 21.808 | 2.90 614.895
0.70 1.9838 | 1.70 27.619

Table C.1: Data from numerical integration of the master equation appropriate for
the nonclassical excitation experiment of Ch. 4 and 5. (From private communication
with A. S. Parkins, Feb. 1995).

C.3 Results

The integration of the master equation described in the previous section was carried

out for the following set of parameters, corresponding to our experiment:

e kK,=7.3 MHz and kK, = 8.6 MHz,

21t is clear from this discussion that the OPQ output intensities of the signal and idler beams are
not exactly the same. In particular, the ratio of the two is given by

55

I A

For our experiment A, ~ 852 nm and Xy =~ 917 nm, hence Igso ~ 1.08 Igy7.



194
® v =950 MHz and 32 = 3.2 MHz,

e 1, =1, =0.0005 (n = % =z (1 — co8 %), where (2 is the solid angle covered by

the squeezing; 6 is the focusing angle which in our case is 6 &~ 5.6°),

e 15 = 83 = 0 (detunings of the a and b fields from the atomic transition
frequencies).
1E-5 T T T T T T T lI T T T L] T T T II T Ll T ’,l T

T TTTTT
L4 1 1ail

psa“’ =an, +p ”b2 (1-ye™®) ® Numerical Data

| o= 1.1624E-6 £+ 3.6343E-9 .
1E.6 L| B =24.314E-6 +6.3755E-8 |
E | y= 0.4868  x 0.00097 ;
[ | 6= 0.55657 =+ 0.00652 ]
P 1E-7 e -]
a - w43 ]
L [(b) 12| .
i sal =
e s 3
@ _ Vi 2 | \/ i
B Pgg — o Ny +pB n | oof W, @ §
i «'= 0.985e-6 P/ Pas 1 1

’ p'= 18.050e-6 | °° 0.01 0.1 1

r]E_g 1 L 1 1 L1 1 1T 1 1 L P B | 1 1 L ' I T |
1E-3 0.01 0.1 1

n, (Intracavity Photon number for 917 mode)

Figure C.1: a) Circles: Excited state population p33 as a function of the intracavity
photon number of the idler mode n;, from numerical integration of the master equation
by A. S. Parkins. b) Solid line: “Phenomenological” fit to the numerical data of the

form p%) = any + OBn? (1 — fye‘zsh). ¢) Dashed line: Best linear plus quadratic fit to
the numerical data of the form p:%) = oa'ny + Fni. d) Insert: Ratio of the two fits

(1)
shown in (b) and (c), fgg;.
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The results are shown in Table C.1, where the values of the excited state pop-
ulation p33 are tabulated as a function of the strength of the pumping field £. By
converting the values of ¢ to intracavity photon numbers of the idler beam, ny, = ng7
as given in Eq. (C.12), we plot in Fig. C.1 the excited state population ps3 as a
function of n,. To obtain an analytic expression for the full theory, we fit to the

numerical data a “phenomenological” function of the form
pSy = amy + Bn} (1 - 76‘%&) , (C.13)

which is approximately a linear plus quadratic function with a correction that enters
via the v and 6 terms. Alternatively, the numerical data may also be fitted to a purely

linear plus quadratic function of the form
pg%) = o'ny + A'nl, (C.14)

which however, does not describe the data as well as the pg? model of Eq. (C.13).
The difference between the two fits of Eqs. (C.13 and (C.14) is depicted in the insert

of Fig. C.1, where the ratio of the two is plotted as a function of n.

C.4 “Knee Position”

The “knee” position is defined to be the point at which the excited state population
P33 is due to equal parts from the linear and quadratic contributions to the excitation.
For a function of the form y = az + bz? this is equal to the point z = ¢. On a log-log
scale, i.e., in a plot of logy vs. logz the “knee” position is the point at which the

slope of the graph is equal to 1.5, as can easily be seen from

3
K L (C.15)

b

dlogy _a+2bz

a+ bz

dlogz

=

—a
E=

Applying the definition of Eq. (C.15) to the two fits to the numerical data (Egs.
(C.13) and (C.14)), gives that the knee position for p%) is at nf"*®! = 0.0704, and
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Figure C.2: Log-log slope %‘%ﬁf—f as a function of the idler intracavity photon-number

ny. a) Slope of pSy (solid line); b) slope of p3 (dashed line); ¢) slope of pkP (n < 1)
(dotted line).

for p$2 at ne"e?* — 0.0546. These values of n, can be converted to values of gain,

G, corresponding to what we measure experimentally, by the use of Egs. (A.27) and

(C.12) which relate the two via

@, = ((ﬁ‘ﬁ—@nb + 1)2. (C.16)
K
Hence, for the parameters of our experiment, we conclude that the model pgy predicts
gain G*neel = 1.33 at the “knee” point (which is very close to the value predicted
from the theory of Ficek and Drummond; see Sec. 6.3), and the model pg) gain
Ghmeed = 1,25,
(1)

To elaborate somewhat further, we note that the log-log slope for ps; is given
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explicitly by
_dlogply  a+26n,—By(2— %) nye™ ¥

8 = = = ’ C.17
' dlogmy a+ Bny, — Bynpe™ ( )
and for the pg? by
dl (2) i /
gy SPEfu B BTy (C.18)

dlogn, o + B'ng
For the parameters «, 3, v, 8, @ and 3 shown in Fig. C.1, appropriate for the
numerical data describing our experiment, the two slopes s; and s, are shown in
Fig. C.2 as a function of n;. The slope s; of the linear plus quadratic model varies
smoothly, as expected, between the values of 1 and 2. The physical interpretation
of this behavior is, of course, that for small enough excitation intensities (i.e., small
ng) the excitation rate is asymptotically linear (slope of 1), while for large n, we
approach the classical regime where the slope is 2 and the excitation probability scales
quadratically with intensity. On the other hand, the more accurate description of the
numerical data by pgg has a slope that also starts at 1 for small enough intensities
and approaches 2 for large intensities, but there is also a region where it “overshoots”
and exhibits slopes bigger than 2.

For completeness, in Fig. C.2 we also show the slope of the broadband theory,

as calculated by Ficek and Drummond.[44, 45] In particular, Ficek and Drummond

have shown that in the broadband theory, the excited state population is given by

PP (< 1) ~ v () 22 KHE) N2+N}, (C.19)
Y32 Y21

see BEq. (23) in Ref. [45]. Here, for simplicity, we assume that the coupling efficiency 7
is the same as the parameter v (0) by Ficek and Drummond. In addition, because the
theory of Ficek and Drummond is a broadband theory, we assume that N ~ 45“7";"—"711,
(which can be obtained from Egs. (C.4) and (C.12) by assuming that n, < 1) and

hence, the log-log slope is given by

_dlog[pfP(n< )] 8 (—Mif ) (1 + ‘32“3) me+1

§3 = = 5 (020)
dlogny g(mim) (1422 np+1
Y21
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which is shown in Fig. C.2. Solving as before for the knee point (i.e., setting s3 = 1.5)
gives that n, = 0.0700 and hence, Gy = 1.33.
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Appendix D Effect of Detunings on the
“Knee” Position in the Nonclassical

Two-Photon Excitation Experiment

In an attempt to investigate in more detail the effects of detunings in the nonclassical
two-photon excitation experiment described in Ch. 5 and 6, A. S. Parkins has carried
out numerical calculations with parameters close to the experimental settings. Here,
the results of these calculations are briefly outlined.

There are two detunings in the problem that can affect the two-photon excitation

rate. First there is the §2; detuning defined to be

691 = wa — Wa, (D.1)
and then there is the 835 detuning, similarly defined by

632 = way — Wh. (D.2)

Here, wy; and ws, are the eigenfrequencies of the |1) — |2) and |2) — |3) transitions,
respectively, and w, and wj are the frequencies of the signal and idler modes of the
OPO that drive these two transitions.

The results from the numerical integration of the master equation of the system
are shown in Table D.1. Here, the master equation given by Eq. (C.1) is integrated
for each set of detunings (61, &) for a series of different values of £ to produce the
excited state population ps3 as a function of ny, which is calculated from Eq. (C.12).
The “knee” point nf"e is then defined to be the point at which the log-log slope is
equal to 1.5 and from this value the gain at the “knee” point is calculated using Eq.

(C.16). Except for the detunings, the rest of the parameters used here are the same
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as in Sec. C.3, which correspond to the experimental conditions.

17(521 (MHZ) 632 (MHZ) n’bmee anee pggee (X].O_g) |

0.0 0.0 0.0695 1.326 14.70
1.0 0.0 0.0646 1.301 9.76
0.0 1.0 0.0627 1.292 9.62
0.5 0.5 0.0633 1.295 9.71
1.0 1.0 0.0510 1.235 4.24
-1.0 1.0 0.0721 1.339 15.0
1.0 -1.0 0.0721 1.339 15.0
-2.0 2.0 0.0809 1.384 16.0
-3.0 3.0 0.0949 1.456 17.3
-5.0 5.0 0.1330 1.663 19.1

Table D.1: “Knee” position and detunings: data from numerical integration of the
master equation for two-photon excitation with nonclassical fields.
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